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ARTICLE INFO ABSTRACT

Keywords: Current trends of intensification of olive cultivation including irrigation and fertigation have dictated a need to
Nitrogen reconsider fertilization management practices. We evaluated the long-term effect of nitrogen (N) fertilization
Fertilization level on the productivity of field grown olive trees in an intensively cultivated orchard in order to optimize N
Fe.rtigation fertilization and achieve maximum yields and profits with minimal negative environmental impact. Deficient N
;)rl:l‘: set fertilization reduced vegetative growth and lowered fruit and oil yields, attributed to down-regulation of
Flowering flowering intensity and reduced rate of perfect flowers and fruit set. In addition, under low N availability trees

appeared to be more susceptible to alternate bearing. The highest N level was the most effective in promoting
vegetative growth, but did not induce an increase in yield. An intermediate annual level of 150 kg N hectare ~*
was optimal for maintaining highest long-term yield and reducing alternate bearing. The results correspond to
previous findings from container-grown trees that N availability significantly affects tree reproductive traits.
Proper N fertilization is concluded to be fundamental to successful management of intensive cultivated olive

orchards.

1. Introduction

The popularity of olive (Olea europaea L.) oil consumption has
soared over the last two decades, promoted by public awareness re-
garding the gastronomic and health benefits of olive oil (Covas et al.,
2006; Lépez-Miranda et al.,, 2010), and the production of olive oil
constantly increasing (International Olive Oil Council, 2017). Tradi-
tional olive cultivation is typically involves low-intensity management
characterized by old trees planted at low density on marginal soils
without irrigation, producing low yields (Duarte et al., 2008; Vossen,
2007). Elevated demand and desire to increase profitability have led to
intensification of olive cultivation. New densely planted olive orchards
grown on deep and fertile soils, using modern varieties are character-
ized by vigorous growth and high productivity (Lavee, 1989; Ledn
et al., 2007). In addition, micro-irrigation and fertigation systems (Bar-
Yosef, 1999) have been integrated into olive orchard management. As
intended, the shift to intensive cultivation led to a substantial increase
in orchard productivity (European Commission, 2012; Vossen, 2007).

The olive tree reproductive cycle normally begins with initiation of
inflorescences from lateral buds at leaf axils of previous season

* Corresponding author.

vegetative growth at the end of winter (Haberman et al., 2017; Lavee,
1996). Hence, current season vegetative growth is the platform for the
following season flowering and its extent sets the flowering potential
(Dag et al., 2010). The magnitude of olive annual flowering and yield
varies greatly. In most cases, this is attributed to the alternate bearing
pattern of olive (Lavee, 2007), in which fruit load inhibits both flow-
ering and vegetative growth (Dag et al.,, 2010; Samach and Smith,
2013). In "on"-years, trees tend to produce vast numbers of flowers
(Martin, 1990). However, only about 1-2% of flowers normally set
fruits (Lavee, 1996).

Olive flowers are organized in branched inflorescences (panicles),
containing roughly an average of 12-21 flowers (Griggs et al., 1975;
Lavee et al., 1996). This number varies according to cultivar, physio-
logical and environmental conditions (Lavee, 2007; Lavee et al., 1996).
Flowers can be either perfect (hermaphrodite) or male (staminate),
which form due to abortion of the pistil at primordial stages (Griggs
et al., 1975). Both perfect and male flowers produce viable pollen
grains (Reale et al., 2006), but only perfect flowers set fruit. The rate of
perfect flowers in the inflorescence is genetically determined (Seifi
et al.,, 2011; Vuletin Selak et al., 2012), but is also affected by
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physiological and environmental conditions, such as water stress during
inflorescence development (Hartmann and Panetsos, 1961; Rapoport
et al., 2012).

Olive productivity depends highly on water availability (Ben-Gal
et al., 2011; Moriana et al., 2003; Naor et al., 2013). In traditional
cultivation, where water availability relies solely on rainfall, it is likely
a predominant limiting factor for productivity. This is particularly true
in the Mediterranean Basin, where the majority of the globe's olive
orchards are cultivated (Vossen, 2007) and which is characterized by
dry summers and mild winters (Lionello et al., 2006). Integration of
irrigation systems into olive cultivation remove water availability as the
limiting factor for productivity allowing for other factors, such as mi-
neral nutrition to become limiting. The increase in tree density and
vigor under irrigation (Ben-Gal et al., 2011) should lead to higher de-
mand of mineral nutrients. In addition, nutrient availability under ir-
rigation may change compared to traditional dryland cultivation
(Zipori et al., 2015).

Nitrogen (N) is a major essential plant nutrient and the most applied
mineral in fertilization programs of horticultural crops (Kirkby, 2012).
There is a debate regarding the significance of annual application of N
for olive productivity as part of olive orchard management including
claims that N is generally supplied in excess (Fernandez-Escobar, 2011).
This claim was supported by a long-term (13 year) experiment in rain-
fed olive orchards in which N fertilization did not affect tree perfor-
mance (Ferndndez-Escobar et al.,, 2009a) and validated in a recent
study (Centeno et al., 2017). Hartmann (1958), found a positive effect
for N fertilization only in orchards gowning in shallow infertile soils,
while Ferreira et al. (1986) found a positive response only when trees
were under high fruit loads. Morales-Sillero et al. (2009) did find in-
crease in fruit yield as a result of N applied by fertigation. Olive tree
nutritional N status is commonly diagnosed by measuring leaf N con-
centration during July with concentration below 1.2-1.4% considered
deficient (Fernandez-Escobar et al., 2009b; Lépez-Villalta and Mufoz-
Cobo, 1996; Therios, 2009).

Erel et al. (2013b, 2008) demonstrated in experiments with con-
tainer-grown olive trees that N availability significantly affects tree
performance. Low N availability led to reduced vegetative growth,
flowering, fruit set, and subsequent fruit yield, while high levels of N
impaired fruit set and yield. The conclusion from these experiments was
that optimum fruit production corresponds to an intermediate N level.
In addition, high levels of exposure to and accumulation of N were
found to negatively influence oil quality (Dag et al., 2009; Erel et al.,
2013a).

In modern intensive cultivation, adjusting N fertilization is essential
to maximize long-term yields and avoid excessive fertilization.
Guidelines for N fertilization of olive orchards are few and founded
mainly on studies conducted in traditional rain-fed agro-systems and
available experimentally based knowledge for fertilization of olives in
intensive cultivation is lacking. The objectives of this study were to
evaluate the long-term effect of different N fertilization levels on pro-
ductivity of field grown olive trees in intensive cultivation and to verify
the insights from previous controlled experiments conducted on con-
tainer-grown trees (Erel et al., 2013b, 2008).

2. Materials and methods
2.1. Experimental design

The experiment was conducted in a commercial intensive cultivated
olive orchard, located in the southern coastal plain of Israel at an ele-
vation of 80 m above sea level, near Kibbutz Negba (31°39'7.50”N
34°40’54.00”E). Orchard soil texture varied between loam to clay loam
and average soil saturated paste extract was 7.6. Soil texture, saturation
percentage, CEC, extractable P and K, CaCO3 and organic matter con-
tent are presented as supplementary material (Table S1). The orchard
was planted in 2007 with trees of the cultivar Barnea (Lavee et al.,
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1986), at distances of 4m X 7m, producing a density of 360 trees
hectare ~*. Trees were generally trained to form a cup-shape suitable for
a mechanical trunk-shaker, with a single trunk about 70 cm tall and 3-5
leaders per tree. The orchard was monitored and treated regularly for
pests. Bactrocera oleae levels of infestation throughout the experiment
were moderate and relatively homogeneous in the orchard. Three
hectares of the orchard were divided into plots, each plot consisting of
at least 12 trees (three rows X four trees in the rows). Two uniform
trees in the center of each plot were selected for sampling and mea-
surements. The experimental set up was randomized blocks with seven
plots per treatment level, producing 14 trees per level (replications).

Trees were irrigated twice a week through a drip system, (one drip
line per row of trees with 1.3L h™! drippers spaced at 0.75 cm) with
fresh water (electrical conductivity = 0.4-0.5dS m~1). Seasonal irri-
gation started after three consecutive weeks with no precipitation
(usually during March - April) and ceased after the first significant
rainfall (at least 20 mm, usually occurring in October - November).
Weekly irrigation quantity was according to local commercial practice,
determined according to return the potential evapotranspiration, cal-
culated by a modified Penman-Monteith method (Allen et al., 1998),
multiplied by a crop coefficient ranging within the season between
0.27-0.70. Meteorological data was obtained from a nearby station
(Negba) of the Israeli Ministry of Agriculture and Rural Development.
Annual irrigation amounts varied from 480 to 620 mm. Average winter
precipitation was 487 mm, falling mainly between October to April.
Additional precipitation and temperature data is presented as supple-
mentary material (Figure S1). Fertilizers were applied continuously
through the irrigation system (fertigation), starting at the beginning of
the seasonal irrigation and during each irrigation until annual target
application levels were completed at the end of August.

Differential annual amounts of N fertilization, 0, 75, 150 and 300 kg
N hectare ™! season™! (designated: N0,40, N75, N150, N300, respec-
tively), began in June 2011 and were implemented over a period of six
consecutive years until 2016 season (including). During the experiment,
trees in the plots receiving the 0 kg N hectare ™! treatment appeared to
be in poor condition, exhibiting severe N deficiency symptoms.
Therefore, in the 2015 and 2016 seasons their N fertilization was ad-
justed to 40 kg hectare ! and the treatment was designated NO,40.
Each fertilization level (treatment) had a separate computer controlled
and monitored irrigation and fertilization (fertigation) system including
a unique liquid fertilizer container. The liquid fertilizers were prepared
according to each treatment's specifications and supplied by Israel
Chemicals Ltd (ICL). Each fertilizer was compiled such that annual
application per hectare included, in addition to the N portion, 250 kg
potassium (K), 35 kg phosphorus (P), 3.8 kg iron (Fe), 1.9 kg zinc (Zn),
940 g manganese (Mn), 140 g copper (Cu) and 100 g molybdenum
(Mo). The ratios between nutrients were constant except N, which was
the tested variable and was provided as 50% ammonium and 50% ni-
trate.

Based on the amounts of fertilizer and water applied, average K and
P concentrations in the irrigation water were about 50 and 7 ppm, re-
spectively. Nitrogen concentrations were about 8 (in the seasons
2014-2016), 15, 30 and 60 ppm for the N0,40, N75, N150 and N300
treatments, respectively. To ensure accuracy, irrigation solution was
sampled from drippers every two weeks, from two plots of each N level
and nutrient concentrations were validated. In the season prior to the
initiation of the experiment (2010), the orchard was fertilized con-
stantly by fertigation during the irrigation season with annual amounts
of 250kg N, 175kg K hectare ", and no P.

2.2. Measurements

2.2.1. Leaf N concentration

Each July, about 100 fully developed leaves from current season
growth of shoots with no fruit were sampled per tree. Leaves were
rinsed in distilled water, dried at 70 °C and ground to powder in a mill.
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Powder (0.1 g) was digested with sulfuric acid and hydrogen peroxide
(Merck, Darmstadt, Germany; Snell and Cornelia Snell, 1954). Nitrogen
concentration in the aquatic extraction was determined colorimetrically
(Gallery Plus Automated Photometric Analyzer, Thermo Scientific), and
percentage of N in leaf dry matter was calculated.

2.2.2. Vegetative growth

Every spring from 2011 to 2017 tree trunk circumference was
measured at a marked point about 50 cm above ground. Increase in
circumference from spring 2011 to spring 2017 was divided by the
initial circumference measured in spring 2011 and transformed to
percentage to express the relative increase over the six years. Following
harvests in the 2014-2015 seasons (January-February 2015-2016), a
professional crew pruned the trees. Pruning material of each tree was
shredded and weighed.

2.2.3. Flowering and fruit set

At flowering time, trees were given a visual score ranging from 0 to
5, with ‘5’ representing the highest flowering intensity. In the
2014-2015 seasons, flowering was also assessed as the rate of re-
productive buds in pre-selected shoots. Before flowering initiation, six
shoots per tree were selected and marked for the survey. At flowering,
the total number of buds in the shoot section that grew over the pre-
vious season and the number of buds that initiated reproductively were
determined. The number of reproductive buds was divided by the total
number of buds in the shoot section to produce the rate of reproductive
buds.

To characterize flowering quality, a sample of ten inflorescences
was collected from each tree. In each inflorescence, the numbers of
flowers and perfect flowers were counted and used to calculate the
average number of flowers per inflorescence and rate of perfect flowers.
To determine the rate of fruit set, six shoots were selected per tree and
the number of inflorescences in each shoot was recorded. Three months
later (July), shoots were further surveyed and the number of fruit per
inflorescence was calculated. The number of inflorescences in the shoot
was converted to number of flowers, and percentage of fruit set was
calculated.

2.2.4. Yields

Under low fruit load, fruit tends to ripen earlier (Dag et al., 2011).
Therefore, in order to harvest the fruit at the most uniform maturity
level, trees were divided into categories of high or low fruit load before
harvest and the low fruit load trees were harvested at an earlier date.
Each fruit load category was harvested when 50% of the fruit started to
turn from green to purple. Fruit was removed from individual trees by a
mechanical trunk-shaker with simultaneous rod beating. Average
weight of a single fruit was calculated from a sample of 100 fruit per
tree. Estimated number of fruit per tree was calculated by dividing fruit
yield weight by the average single fruit weight. Fruit oil content was
determined for each tree from a sample of fruit taken at harvest and
crushed to paste in a laboratory mill (Abencor System; mc2, Ingenieria
y sistemas, Seville, Spain). The olive paste oil content was measured by
a calibrated NIR system (Near Infrared analysis; OliveScan, Foss, Hil-
leroed, Denmark; Zipori et al., 2016. Tree-scale oil yields were calcu-
lated by multiplying fruit yield weight with specific fruit oil content.

2.3. Data analysis

To overcome possible delayed effects of treatments due to initial N
in the trees and soil, the effect of the N fertilization level was studied
following two consecutive years of treatment application (2011-2012).
In order to normalize effects of biannual bearing and reduce the re-
sulting variance, means of pruning material weight, yields, fruit size
and flowering intensity were calculated with data of two or four con-
secutive seasons. In order to overcome variance due to flowering in-
tensity, only trees that flowered at medium to high intensities were
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Fig. 1. Effect of N fertilization on leaf N concentration. Experiment plots
were fertilized with annual amounts of 0 (40 in 2015-2016 seasons), 70, 150 or
300 kg N hectare ™ '. Leaf N concentration was determined as percentage of leaf
dry weight (DW) sampled during July. Numbers are mean values of 14 re-
plicates (trees) + standard error of the mean (bars). Different letters indicate a
statistical significant difference between N levels in July 2015 according to
Tukey-Kramer HSD test (P < 0.05).

analyzed for number of flowers in an inflorescence, rate of perfect
flowers and rate of fruit set.

Data was analyzed by one-way analysis of variance (ANOVA), using
JMP software version 13 (SAS Institute, Cary, NC, USA). Significant
differences were determined by Tukey-Kramer honest significant dif-
ference (HSD) or Hsu's multiple comparisons with the best (MCB) test,
at P < 0.05.

3. Results
3.1. Leaf N concentration

At the beginning of the experiment (July 2011), leaf N concentra-
tion was similar for all treatments €1.3%; Fig. 1). A year later (July
2012), leaf N concentration had responded to the N fertilization treat-
ments. Highest concentration of N in leaves was found in response to
the highest fertilization level (N300) and lowest where N was not ap-
plied (NO,40; Fig. 1). As the experiment progressed, differences in-
creased and concentrations reflected the levels of N fertilization. After
four consecutive years of the fertilization treatment, mean concentra-
tion in the N300 level reached 1.79% while in the NO0,40 level mean
concentration decreased to 1.25% (Fig. 1).

3.2. Vegetative growth

During the six years, from the beginning of the experiment till
spring 2017, the mean relative increase in trunk circumference for the
NO,40 level was the lowest (64%; Fig. 2a), and was respectively higher
for trees receiving the higher N levels, reaching a mean of 77% in the
N300 level (Fig. 2a). The mean pruning material weight corresponded
to the N fertilization levels (Fig. 2b), similar to the increase in trunk
circumference. Differences between pruning weights are not statisti-
cally significant due to high variance.

3.3. Yields

In the first two seasons of the treatment application, fruit and oil
yields were similar among the N fertilization levels (Fig. 3a, b). In the
subsequent four seasons, tree mean fruit and oil yields were lowest for
the N0,40 level and highest for the two intermediate N levels (Fig. 3c,
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Fig. 2. Effect of N fertilization on vegetative growth. Experiment plots were
fertilized with annual amounts of 0 (40 in 2015-2016 seasons), 70, 150 or
300 kg N hectare ™ 1. (a) Relative increase in trunk circumference over six years,
from spring 2011 (before initiation of the treatment) to spring 2017. (b) Mean
annual pruning material weight following 2014-2015 seasons. Numbers are
mean values of 14 replicates (trees) + standard error of the mean (bars).
Different letters indicate a statistical significant difference according to Hsu's
MCB test (P < 0.05).

d). Fruit yield of the N150 level was 47% higher than for the lowest N
level (Fig. 3c). Unlike the vegetative growth, in the N300 level there
was a reduction of 15% in fruit yield relative to the N150 level, how-
ever that decrease was not statistically significant (P-value = 0.13;
Fig. 3c). In contrast, the average weight of a single fruit was highest for
the NO,40 level (Fig. 3e). Fruit number per tree was affected by N
treatment in a trend similar to that found for yield, with a peak for the
N150 trees (Fig. 3f). Seasonal fruit yields are presented as supplemen-
tary material (Table S2).

3.4. Flowering and fruit set

The effect of N fertilization on flowering was similar in both assays
conducted, the visual estimate (Fig. 4a) and the rate of reproductive
buds (Fig. 4b). Trees at the N0,40 level flowered at the lowest intensity
(Fig. 4a, b) while, for the intermediate N150 level, trees produced the
highest flowering (Fig. 4a, b). Similar to the yield components, the
N300 level generated a non- significant reduction in flowering (Fig. 4a,
b).

The number of fruit generated in an inflorescence was the highest
for the intermediate N levels, reaching an average of 1.05 fruit per
inflorescence at the N150 level (Fig. 4c). For the N0,40 level the re-
duction was the most severe, with an average of 0.66 fruit per in-
florescence and the trend of a slight reduction at the N300 level once
again observed (Fig. 4c). These differences cannot be explained by
different numbers of flowers in the inflorescences, as this number did
not vary much among N levels (Fig. 4d). However, the rate of perfect
flowers was reduced significantly by the N0,40 level (Fig. 4e), leading
to a smaller number of fertile flowers in inflorescences. The same re-
curring trend was found for general fruit set, with the lowest perfor-
mance in the NO0,40 level, N150 having a superior level, and the N300
level inducing a slight reduction (Fig. 4f).

3.5. Alternate bearing

Among trees producing non-varied medium fruit load (24-50kg
tree™'; on-year; Fig. 5a), following-season flowering was significantly
different between treatments (Fig. 5b). Trees receiving the two higher N
levels (N150 and N300) produced the highest flowering intensity in the
following season and flowering was lower in the two lower N levels,
with the NO,40 level generating a significant reduction in flowering
(Fig. 5b). It appears that trees receiving higher levels of N fertilization
were less susceptible to the inhibitory effect of fruit load on following
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season flowering, and thus less susceptible to alternate bearing.
4. Discussion

In a study with container-grown olive trees, Erel et al. (2008) found
a solid positive correlation between N concentration in the irrigation
solution and leaf N concentration. In our experiment, mean leaf N
concentration increasingly corresponded to the level of N fertilization
over time (Fig. 1), indicating that the fertilization treatments indeed
affected N availability and tree nutritional status. In trees where leaf N
concentration was below 1.3% productivity decreased substantially,
whereas above 1.75% there was no increase recorded (Fig. 6). These
values correspond to the values found for container-grown olive trees
(Erel et al., 2013b) and in the literature for olive (Lopez-Villalta and
Munoz-Cobo, 1996; Therios, 2009). Nevertheless, the coefficient of the
correlation between tree productivity and leaf N was relatively low
(Fig. 6). In our experimental layout of field-grown trees, factors other
than N may have limited performance and thus masked the effects of N
availability on tree productivity.

Vegetative growth is the platform for the following season pro-
ductivity, thus its promotion is in general positive. The quantification of
vegetative growth vigor by the increase in tree trunk circumference and
pruning material in the current experiment indicates that higher N
availability promotes vegetative development, similar to findings of
previous studies in olive and other plant species (Erel et al., 2013b;
Hawkesford et al., 2012; Therios and Sakellariadis, 1988). This is not
surprising, as N availability to roots is considered a decisive factor for
plant growth (Hawkesford et al., 2012).

Nitrogen availability also affected tree productivity and increased
fruit yield by as much as 47% (Fig. 3c). This demonstrates the im-
portance of N fertilization in intensive olive cultivation, as opposed to
previous reporting regarding olive cultivation under traditional man-
agement conditions (Ferndndez-Escobar, 2011; Fernandez-Escobar
et al., 2009a; Ferndndez-Escobar and Marin, 1997). In the first two
seasons of our experiment, fruit and oil yields were similar regardless of
the N fertilization (Fig. 3a, b). Thus, even with no N fertilization, tree
and soil N pools were apparently sufficient to support productivity for
two seasons. This delayed response of the trees to the fertilization de-
monstrates the importance of long-term field experiments.

Effect on fruit development cannot explain the differences in yields
since fruit size was highest for the N level producing the lowest yields
(NO0,40; Fig. 3e). Differences can however be attributed to the number
of fruit per tree, with differences between N levels reaching 76%
(Fig. 3f). Both flowering intensity and fruit set were affected by N level
in a similar trend to yield (Fig. 4a, f), suggesting that these were the
major attributers to the yield response. The number of flowers in an
inflorescence in our study was not affected (Fig. 4d), and thus cannot be
accountable for the significant difference in fruits per inflorescence. The
significantly reduced rate of the fruit-producing perfect flowers at the
NO,40 level (Fig. 4e) compared to the other N levels indeed does explain
the general response.

Our results suggest that the combination of a significant lower rate
of fruit set with a reduction in the general number of flowers and in
perfect flowers is accountable for the effect of N availability on the
number of fruit per tree and subsequent yields. Nitrogen is a basic
component in nucleic-acids, amino-acids and hence proteins, enzymes
and chlorophyll (Raven et al., 2004), and therefore essential to most
biological processes. Nitrogen deficiency can impair various physiolo-
gical processes in the tree, lowering its fitness (Hawkesford et al.,
2012). Trees may respond to N deficiency stress by down-regulating
productivity, possibly as a means to economize resources. Such econ-
omizing of resources is demonstrated in olive through the effect of
flowering density and distribution on the rate of fruit set (Lavee et al.,
1999; Suarez et al., 1984).

Under low N availability, subsequent-season flowering among trees
with similar fruit loads was relatively lower and hence alternate bearing
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Fig. 3. Effect of N fertilization on yields. Experiment plots were fertilized with annual amounts of 0 (40 in 2015-2016 seasons), 70, 150 or 300 kg N hectare ™.
Mean annual fruit (a, ¢) and estimated oil (b, d) yield, in 2011-2012 (first two seasons of the experiment; a—b) and 2013-2016 (c—d) seasons. (e) Average single fruit
weight, in 2013-2016 seasons. (f) Estimated annual number of fruit per tree for 2013-2016 seasons. Numbers are mean values of 14 replicates (trees) + standard
error of the mean (bars). Different letters indicate a statistical significant difference according to Hsu's MCB test (P < 0.05).

intensity was stronger (Figure 5). In a study on the interaction between
fruit load and macro-element concentrations in fertigated olive trees,
Bustan et al. (2013) found that N concentrations in trees were generally
unaffected by fruit load. Perhaps tree fitness and thus reproductive
proficiency are reduced by both low N availability and high fruit load.
This may be an example of a synergetic impact of the two on re-
productive regulation. Overall, well-fertilized trees appear to be less
susceptible to alternate bearing.

The N300 level was the most favorable for vegetative growth
(Fig. 2). However, yields at this level were slightly lower than for the
N150 treatment. A similar phenomenon was reported for container-
grown trees, where a significant reduction in fruit number was observed
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in response to the highest N level (14 mM N; Erel et al., 2013b, 2008). In
addition to reducing yields, excessive N fertilization contributes to
groundwater contamination (Hallbrg, 1987) and can negatively affect
olive oil quality (Dag et al., 2009; Erel et al., 2013a; Fernandez-Escobar
et al., 2006).

The recurring trend of the N level influence on various measures of
tree productivity is in accordance to the classic description of re-
lationships between plant performance and nutrient supply, char-
acterized by deficient, adequate and toxic ranges (Romheld, 2012). The
N300 level might be in the toxic range and thus reduce yields. Possibly,
this toxicity led to down-regulation of flowering and fruit set (Fig. 4a,
f). Fernandez-Escobar et al. (2008) reported that excess N led to
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reduced ovule longevity that may impair fruit set. The mechanism of
plant reaction to N surplus is not clear (Hawkesford et al., 2012). Hy-
pothetically, the toxicity may be in part the result of excessive con-
sumption of carbohydrates in the roots for N assimilation and translo-
cation causing energetic limitations (Finnemann and Schjoerring,
1999).

Regardless of the N fertilization level, tree-level seasonal fruit yields
appeared to have decreased over the duration of the experiment
(Fig. 3a, c and Table S2). Evaluating the yields in the first seasons of the
experiment (2011-2012), we find that yields were high (14.8 ton
hectare ™ 1) relative to the average yield of Barnea olives cultivated in
Israel (~11 tonhectare™'). Trees in the experiment were planted in
2007, so in seasons 2011-2012 the orchard was four-five years old, an
age when Barnea olives orchards in Israel usually reach their maximum
productivity. In the following seasons, yields were lower and similar to
average yields in Israel. This decrease in yield throughout the
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Fig. 4. Effect of N fertilization on flowering and fruit set.
Experiment plots were fertilized with annual amounts of 0 (40
on 2015-2016 seasons), 70, 150 or 300 kg N hectare 1. (a)
Mean seasonal flowering intensity estimate (on a scale of 0-5,
‘5’ representing the highest flowering intensity), for
2014-2017 seasons. (b) Mean rate of reproductive buds in
2014-2015 seasons. (c—f) Trees that flowered at medium to
high intensities (index of 3-5) on seasons 2014-2017. (c)
Number of fruits produced per inflorescence. (d) Number of
flowers in an inflorescence. (e) Rate of perfect flowers. (f) Rate
of fruit set. Numbers are mean values of 14 (a-b) or 17-28
(c—f) replicates (trees) + standard error of the mean (bars).
Different letters indicate a statistical significant difference
according to Hsu's MCB test (P < 0.05).

Q O
FE

experiment's seasons can probably be attributed to the entering of the
trees to alternate bearing.

Olive trees have an exceptional ability to grow and survive in
marginal infertile soils under arid conditions (Fernandez, 2014;
Therios, 2009). In accordance, traditional olive cultivation manage-
ment is characterized by minimal intervention. In a long-term experi-
ment in traditionally grown rain-fed orchards, N fertilization had no
effect on the trees (Fernandez-Escobar et al., 2009a), supporting the
common notion that annual application of N is unnecessary for main-
taining olive orchard productivity (Fernandez-Escobar, 2011). Perhaps
in traditional cultivation management tree performance is down-regu-
lated due to other limiting factors, such as water availability. Under
intensive cultivation, where the management includes irrigation, the
contribution of fertilization, as reported here, becomes pertinent and
valuable.

The highest mean yields in our experiment, where N was applied
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Fig. 6. Correlation of fruit yield to leaf N concentration. Mean leaf N con-
centration for 2014-2015 seasons per tree, determined as percentage from
leaves dry weight (DW) sampled during July. Mean annual fruit yield of
2015-2016 seasons. Each marker represents a single tree.

constantly by fertigation during the irrigation season, were produced at
the N150 level (Fig. 3c). On one hand, under lower inadequate N fer-
tilization, long-term yields might be reduced significantly. On the other
hand, excess N fertilization might damage oil quality (Dag et al., 2009;
Erel et al., 2013a; Fernandez-Escobar et al., 2006), generate excessive
spending on fertilizer, lead to groundwater contamination (Hallbrg,
1987), and perhaps even reduce yields. Optimal fertilization levels
likely will be site-specific and proper fertilization should be adjusted to
an orchard’s characteristics, including planting density, soil type and
water properties.

5. Conclusions

The results of this study, showing a clear optimal level of N fertili-
zation for maximizing olive yield of field-grown trees in a commercial
orchard, tender N fertilization recommendations for olive in intensive
cultivation. In addition, the current results support previous findings
from container-grown olive trees (Erel et al., 2013b, 2008). Together,
the studies validate the ability of fine-tuned, controlled experimental

Q
<8

Annual N fertilization (kg hectare')
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Fig. 5. Effect of N fertilization on alternate bearing.
Experiment plots were fertilized with annual amounts of 0 (40
in 2015-2016 seasons), 70, 150 or 300kg N hectare ™.
Following season flowering intensity (a) in trees that bore in
2013-2016 seasons a medium fruit load (24-50 kg tree’’; b).
Numbers are mean values of 15-20 replicates (trees) +
standard error of the mean (bars). Different letters indicate a
statistical significant difference according to Hsu's MCB test
(P < 0.05).

O
&

systems to simulate relevant growing parameters and reinforce the
importance of intelligent N fertilization as an integral part of orchard
management in intensive cultivation.
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