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The majority of olive (Olea europaea L.) production in Mediterranean environments is characterized by low external inputs and is
practiced in hilly areas with shallow soils. This study aimed to study the yield and nutritional status for olive (cv. “Zeiti”) trees in
northwestern Syria and establish correlations between yield, on the one hand, and soil/land factors and tree nutrition, on the other
hand, to determine themost yield-affecting factors. Land and soil fertility parameters (field slope, soil depth, and soil nutrients) and
concentrations of leaf minerals were determined. As olive roots can go deep in the soil profile to extract nutrients, the total available
nutrients per tree (over the whole profile) were estimated. Multiple regression analyses were performed to determine the model
that best accounts for yield variability. Total available soil potassium amount (𝑅2 = 0.68), soil total N amount (𝑅2 = 0.59), and soil
depth (𝑅2 = 0.56) had the highest correlations with olive fruit yields. Available soil potassium amount and soil depth explained
together 77% of the yield variability observed. In addition to these two factors, adding leaf B and Fe concentrations to the model
increased the variability explained to 83%.

This paper is dedicated to the good memory of Mr. Malek Abdeen.

1. Introduction

Olive trees have played an important role in the rural
development of the Mediterranean’s relatively poor rainfed
areas over the centuries [1]. The maintenance of traditional
olive groves is crucial for the environment, as these systems
show high levels of biodiversity and soil conservation [2, 3],
especially given thatmost olive groves are established on slop-
ing lands. For example, 84% of rainfed olive trees in Andalu-
sia are grown on slopes greater than 5% [4].

This study was carried out in Aleppo Governorate in
northern Syria. Olive productivity in this part of Syria lags
behind other producing areas of similar climatic conditions
and some fields are being deserted. External inputs are low
and consist, when practiced, of sheep manure every second

or third year [5, 6], due to farmers’ perception that olive trees
do not need to be fertilized. Moreover, the export of pruning
material for animal feed or combustion results in nutrient
mining and nutrient export from the area, which is typical for
rainfed dry areas [7]. The combination of these management
factors with the high erosion rates results in shallow soil
depths that can be as low as 10 cm in severe cases.

According to Klewinghaus et al. [8], erosion in Afrin area
is function of relief parameters (i.e., slope gradient, aspect,
curvature, landform elements, and upslope area), agricultural
practices, land use and vegetation cover, and roads and build-
ings. In the same area, Hoorelbeke [9] found that soils of olive
groves established on forest lands cleared a few decades ago
were shallower by 31% and less fertile by 50% than neighbour-
ing conifer forest land. The main causes for this degradation
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were the lack of vegetation cover, the intensive subsequent
tillage operations, and the lack of sufficient manure or fertil-
izer application.This researcher also reported that two-thirds
of the interviewed farmers had observed a declining yield
trend due to soil erosion. Barneveld et al. [10] estimated the
actual annual soil loss inAfrin area to reach 8 kgm−2 with five
cultivator passes per year on an olive grove with an average
slope of 25%. To compensate for this loss, some farmers
purchase soil and add it under the tree canopy to increase soil
depth and replenish soil fertility [11].

In spite of these studies, there is almost no information
on the overall effect of soil status on olive yield. Furthermore,
literature information on the relation between soil and leaf
nutrient status and yield is not straight forward and is mostly
obtained through fertilizer trials. While most literature stud-
ies (e.g., [12–14]) indicated that adding N resulted in higher
leaf N concentrations, some authors (e.g., [15]) reported that
N fertilization did not translate into higher yields. Similarly,
there is no agreement among researchers with regard to the
relationship between olive yield and leaf K and P concentra-
tions. For instance, Jasrotia et al. [16] noticed a strong negative
correlation between olive yield and leaf minerals P, K, Ca,
and Mg, whilst Sharma et al. [17] reported that maximum
leaf concentration values of these minerals (in addition to N)
ensured regular olive bearing behaviour. Working on carob,
another evergreen Mediterranean tree, Correia et al. [18]
found that 92% of carob yield variabilitymay be related to leaf
concentration of N, P, K,Mn, and Fe.Marcelo and Jordão [15]
did not find an effect of K

2
O addition on olive yields. The

above studies were designed as fertilizer rate studies and did
not include a wide range of nutrient concentrations or other
variables that could interact with the element in question
(e.g., soil volume explored by the tree). It is therefore fair to
conclude that the occurrence of fertilization effects depends
on soil nutrient levels, balanced fertilization, and the duration
of the study.The assessment of these effects can contribute to
a better identification of bottlenecks for olive productivity in
the area and therefore formulate targeted fertilizer and land
management recommendations for olive growers. The objec-
tives of the present study were to

(i) present the characteristics of a typical low input olive
system in the eastern Mediterranean,

(ii) identify key nutrient deficiencies in marginal-land
olive groves,

(iii) present strategies for orchard and nutrient manage-
ment,

(iv) present recommendations for further research.

2. Methodology

This study was carried out in 2005 in Afrin district, Aleppo
Governorate, northwestern Syria. Tomodel the effects of land
and soil parameters on olive yields, parameters such as land
slope, soil depth, soil bulk density, organic matter content,
and chemical soil fertility were measured as detailed below.
It is assumed that soil moisture will be correlated to soil
depth. In addition, concentrations of leaf minerals were also

determined. Our methodology relied on establishing simple
andmultiple regressions to find the model that best describes
the variability observed.

2.1. Study Area. Afrin district is known to be the first pro-
ducer of olive oil in Syria with its 10+ million trees [19]. The
locally predominant “Zeiti” cultivar ranks first in Syria in
terms of number of trees and oil content, which exceeds 30%
(on dry weight basis) in its natural habitat [20, 21]. Lands in
Afrin area are sloping and are prone to erosion due to wide
tree planting distance (∼10m × 10m), up-down tillage, min-
imal canopy size induced by severe pruning every second or
third year, and absence of cover crops. Afrin area features low
mountains (up to ∼700m asl) and gently undulating rounded
limestone hills. According to Cools et al. [22], the deeper soils
in the calcareous hills are mainly Calcaric Cambisols, while
the shallower soils are classified as Hypersceletic Leptosols,
and Leptic Regosols [23]. Soils are slightly alkaline with pH
ranging between 7.2 and 8.4. Calcium carbonate levels ranged
between 20 and 480 g kg−1 [22]. The climate in the area is a
typical Mediterranean with rainy cold winters and dry hot
summers. Average annual rainfall in the area ranges between
440 and 470mm in the valleys and 600 and 700mm on
hilltops.The amount of rainfall recorded in Afrin in 2005 was
461mm [19].

The sites where the trees were selected are located
between longitudes 36∘5694 E and 37∘1256 E and latitudes
36∘2245N and 36∘5688N (Figure 1). The elevation of the
selected groves ranged between 282 and 654m asl, and the
mean value was 464m asl.

2.2. Criteria for Tree Selection. In order to clearly identify
yield-controlling factors, the fields were selected to account
formaximumdiversity of soil and land factors available in the
area. For example, whenever possible, trees with different soil
depths were sampled on the same site. However, only healthy
looking trees were selected and any disease-affected trees or
those with visible disorders were avoided as those disorders
might distort normal yield relations. It is assumed that large-
size trees selected in flat areas with deep soils would represent
optimum rainfed, low-input growing conditions and yield for
the area.

In spring (March-April) 2005, fifty trees were selected and
marked from 25 orchards across Afrin area. The number of
trees per orchard varied from one to three according to the
uniformity of the sites. In sites with variable tree size and/or
soil conditions (depth, land slope, etc.), two or three trees
were selected to better represent that variability. The follow-
ing criteria were considered in tree selection.

(i) Trees belong to the “Zeiti” cultivar, being the domi-
nant cultivar in the area.

(ii) Trees are in their bearing (on) year.

(iii) Trees are in stable commercial production stage
(older than 15 years, less than 80 years).

(iv) Trees are representative for the grove or a significant
part of it.
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Figure 1: A topography map of northwestern Aleppo Governorate showing Afrin area with the orchard locations (red dots).

(v) Trees were pruned after 2003 harvest in a similar way
(heavy pruning every second year after a good crop,
resulting in a full crop every second year with no crop
in the other year).

(vi) Trees have only one main trunk.
(vii) Trees are healthy and do not show pest infection or

disorder symptoms.
(viii) No trees were selected on north-facing slopes, which

can have particular microclimatic conditions.
(ix) Trees are rainfed (i.e., no irrigation is applied).
(x) No fertilizer or manure was added this year or during

the past 2 years.
(xi) Soil is traditionally ploughed 4–6 times per year to

increase rainwater infiltration, control weeds, and
destroy capillary evaporation.

Most of the selected grove owners were already known to
Agricultural Extension agents in Afrin, which facilitated the
selection of trees, and ensured the collection of good-quality
data. Age of the selected trees varied between 18 and 80 years,

with a mean value of 50 years. Field slope ranged between 0%
and 38% with a mean value of 7.4%.

2.3. Soil and Plant Characteristics. Field slope was estimated
using an inclinometer. Since visual soil colour is one of the
favourite indicators local farmers use to describe a soil [9], a
simple characterization of soil colour (i.e., white, brown, red,
and black and their gradients) was visually performed inMay
and June 2005 after the end of the rainy season when the top-
soil was dry. Based on field observations and literature data
showing that olive roots can extend deeply in the soil, the
complete soil depth was measured by augering soil profile at
two opposite points one meter away from the tree trunk. Soil
augering was then divided into 20 cm increments, and one
composite sample was taken for each depth increment and
analyzed separately to account for soil fertility in the complete
profile, rather than simply using nutrient concentrations
for the topsoil (which is the common approach). Stones
were separated from soil particles by wet sieving through a
2mmmesh, and the stone volumetric fraction in each
increment was computed. Undisturbed soil clods were also
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Table 1: Analytical methods used to determine soil physical and chemical properties.

Element Method and analysis equipment Reference
Soil bulk density Undisturbed clod method Blake (1965) [24]
Soil organic matter Walkley-Black method Walkley and Black (1934) [25]
Nitrogen Kjeldahl wet digestion Bremner and Mulvaney (1982) [26]
Available phosphorus Olsen colorimetry Olsen and Sommers (1982) [27]
Extractable potassium Extractable potassium, Flame Photometer 409 Richards (1954) [28]
Extractable boron Spectrocolorimetry Bingham (1982) [29]
Iron, copper DTPA test. Atomic Absorption Spectrometry Lindsay and Norvell (1978) [30]

collected for bulk density determination. Soil bulk density,
organic matter, total nitrogen, mineral N, and available
concentrations of P, K, and B were determined using the
methods described in Table 1.

The rootzonewas assumed to have a cylindrical shape and
to compute its volume, the soil depth (to a maximum depth
of 1.7m) was measured for each tree, and the root radius was
estimated to be 3m based on planting density.The amount of
each element (𝐴, in kg) in the tree rootzone was computed
by summing up the amounts for each increment, according
to the following formula:

𝐴 = ∑𝐶
𝑖
(𝑉tot − 𝑉stone) × BD, (1)

where 𝐶 is nutrient concentration (kg kg−1) in each soil
increment 𝑖,𝑉tot is soil volumewith stones (L),𝑉stone is volume
of stones in the increment, and BD is bulk density (kg L−1).

These mineral elements will be referred to as total
Nrootzone, mineral Nrootzone, Prootzone, Krootzone, and Brootzone,
respectively. In addition to the amounts of mineral elements
in the soil, the concentration of those elements in the top
20 cm soil layer will be presented to give an idea about soil
fertility levels independently from variable soil depths.

Approximate tree age was determined through discus-
sions with grove owners and/or by expert visual assessments.
Yield per tree (in terms of fresh fruit weight) was assessed in
November 2005.

To study tree nutritional status and its relationship with
yield, leaf samples were collected in late April 2005 before
flowering to determine concentrations of N, P, K, Fe, Cu, Mn,
Zn, and B on a dry weight basis. From each tree, 50–60
fully expanded leaves, initiated during 2004, were selected
between the fourth and sixth pairs of leaves below the shoot
tip from different parts of the tree, as suggested by Bouat
[31]. Leaves were dried in a fan-assisted oven at 85∘C for
four days. Leaf N concentration was determined using the
Kjeldahl wet digestion method. For leaf P concentration, the
sample was digested by Kjeldahl wet digestion method (in
concentrated H

2
SO
4
at 490∘C for 3 hours) and P concen-

trationwas determined by spectrometry. For K andmicroele-
ments (Fe, Cu, and B), the stored samples were ashed in a
muffle furnace at 525∘C for 6 hours and dissolved in 2M
HCl. K concentrationwas determined using Flame Photome-
ter 410 (Sherwood Scientific Ltd., Cambridge, UK) while
Fe and Cu were determined using Atomic Absorption Spec-
trometer 374 (PerkinElmer,Wellesley,MA,USA). Leaf B con-
centration was determined by spectrometry. For leaf Mn

and Zn concentrations, the samples were wet-digested using
HNO

3
-HClO

4
[32] and the concentrations were determined

by Atomic Absorption Spectrophotometry.

2.4. Statistical Analysis. The statistical analysis was per-
formed on 47 trees after dropping three outliers due to
tree health reasons (e.g., disease on tree or fruit, physi-
cal/mechanical damage) developing after the tree selection.
To evaluate the influence of external factors (i.e., soil depth,
soil B amount, soil K amount, soil mineral N amount, and soil
exchangeable P amount) on final tree yields, simple regres-
sions were made between yield and each factor. A multiple
regression analysis was then performed to determine the
model that best accounts for the variance. Although multiple
regression analysis is the standard approach in biological and
ecological system modelling, the inherent collinearity (mul-
ticollinearity) of confounded explanatory variables could
encumber analyses and threaten their statistical and infer-
ential interpretation [33]. However, since our goal of con-
ducting multiple regressions is to develop a model that best
predicts variability in the response, then the problems due to
multicollinearity can be effectively ignored.

Correlations between fruit production and leaf mineral
concentrations were also examined to understand the contri-
bution of these minerals to fruit yield. Analysis of variance
was performed for all the simple and multiple regressions
established. Regressions were considered statistically signifi-
cant at the 𝑃 < 0.05 level. Statistical analysis and correlations
were performed using SPSS 14.0 software [34].

3. Results

3.1. Soil Fertility. Soil colour in the selected groves differed
from white (originated from chalky limestone) to basaltic-
origin black soil (Table 2). For a given site, soil fertility levels
decreased in the lower soil layers compared to the topsoil.The
topsoil was considered as a basis for comparison given the
differences in soil depth. A huge variation among the selec-
ted sites was discovered with regard to the concentration of
organic matter and nutrients in the topsoil, especially with
regard to K concentration, which varied from 14 to
386mg kg−1 (Figure 2). Red soils, mainly on limestone parent
material, generally had the highest organic matter and nutri-
ent concentrations followed by dark brown and black soils,
respectively. White and grey soils had the lowest organic
matter and K concentrations. P concentrations in the topsoil
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Table 2: Characteristics and fertility levels of the topsoil (0–20 cm)
for the selected trees.

Tree number Visual soil colour Soil depth (m)
1 Light black 0.30
2 Brown 1.20
3 Light black 0.20
4 Light black 0.20
5 Light black 0.20
6 Light black 0.20
7 Red 0.60
8 Light brown 0.70
9 Brown 0.90
10 Brown-white 0.20
11 Brown-white 0.40
12 White-grey 0.50
13 White-grey 0.30
14 White 1.20
15 White 0.70
16 White 0.80
17 Brown 0.20
18 Brown 0.20
19 Brown-red 0.25
20 Brown-red 0.20
21 Brown-red 0.25
22 Grey 0.15
23 Grey 0.15
24 Grey 0.30
25 Red 0.30
26 Red 0.15
27 Dark brown 0.60
28 Dark brown 0.50
29 Grey 0.20
30 Grey 0.40
31 Grey 0.25
32 Discarded 0.60
33 Light brown 0.90
34 Light brown 0.70
35 Black 1.10
36 Black 1.20
37 Dark brown 1.60
38 Dark brown 1.70
39 Pale brown 0.60
40 Light brown 0.60
41 Red 0.50
42 Red 0.30
43 Red 0.30
44 Discarded 0.60
45 White 0.20
46 Discarded 0.60
47 Grey 0.40
48 Grey 1.00
49 Grey 0.40
50 Brown 0.80

Table 2: Continued.

Tree number Visual soil colour Soil depth (m)
Minimum value 0.15
Maximum value 1.70
Median value 0.40

Mean 0.536
Standard error 0.055

of the selected fields ranged between 2.4 and 23.2mg kg−1 and
were within the same ranges for all soil colours. Extractable
boron concentrations were highest in black (and grey) soils
(2.86mg kg−1), while the maximum concentration recorded
for any other soil colour was 1.27mg kg−1 (brown soil). There
was no correlation between topsoil fertility and soil depth,
and the highest soil organic matter level was detected in a soil
that was 30 cm deep.

3.2. Tree Nutrient Status and Fruit Yield. Most of the trees
monitored had leaf nutrient concentration values below
deficiency thresholds reported in the literature (Table 3).
Still, no visible nutrient deficiency symptoms were detected
on any of those trees. Almost three of every four trees had
leaf N concentrations lower than the deficiency threshold
level of 14 g kg−1 (in July) reported by Freeman et al. [35] in
California, and 12 trees were below Bouat’s critical value of
12 g kg−1 in France [31]. It is interesting to highlight that leaf
N concentration was not correlated with soil depth.

The mean leaf P concentration was exactly at the defi-
ciency threshold level, and 29 trees were located below that
threshold. Tree K nutrition was better than the other primary
macroelements as half the trees did not have deficient leaf
K concentration values and the mean leaf K concentration
was slightly higher than the deficiency threshold. All the trees
with higher leaf K concentrations were located on red, dark
brown, or black soils.

Wide ranges were also observed for leaf micronutrient
concentrations. For 26 trees, leaf Cu concentration values
were right at the threshold level and only four trees were
below that level. For leaf Fe concentration, there is no
information available on deficiency threshold in olive. Boron
nutrition did not seem to be a concern, as only five trees
had leaf B concentration levels slightly below deficiency
threshold.

Olive fruit yield varied considerably among the trees.
Four trees produced less than 11 kg tree−1, while ten trees pro-
duced more than 40 kg tree−1. In general, trees grown on red
soils tended to have the highest yields and those on white and
grey soils had the lowest yields.

3.3. Simple Regressions between Soil and Land Factors and
Yield. To identify the most important soil and land factors
in determining yield and to separate the individual effects
of each of those factors, simple regression analyses were
carried out between each soil and land factor and tree yield
(Table 4).Themost important factor was Krootzone, explaining
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Figure 2: Fertility levels in the topsoil (0–20 cm): (a) organic matter, (b) total nitrogen, (c) mineral nitrogen, (d) Olsen phosphorus, (e)
extractable potassium, and (f) extractable boron.

two-thirds of the yield variability according to the following
relationship:

𝑌 = 21.4 (±2.16) Log (K) + 30.7 (±1.28)

𝑅
2
= 68.4%, 𝑃 < 0.001,

(2)

where 𝑌 is yield and K is the total amount of available K
in the rootzone soil per tree. The numbers in parentheses
represent the standard error. A logarithmic curve explained
more variability than a linear relation (Figure 3).

Total Nrootzone ranked second with 58% of the variability
explained, while soil depth was the third most important
factor affecting tree yield, explaining 56% of the variability

(Figure 4). The logarithmic relation for soil depth proved to
account formore variability than the linear one. Interestingly,
leaf K concentrationwas significantly correlated to soil depth,
unlike leaf N or leaf P concentrations (Table 5).

Other soil factors related to nutrientswere also important.
Mineral Nrootzone and Brootzone accounted, respectively, for
44% and 41% of the total variability (Table 4) and the
correlations were statistically significant. On the other hand,
olive fruit yield was not significantly correlated to soil organic
matter content.

3.4. Multiple Regressions between Soil/Land Factors and
Yield. Multiple regression analysis data are presented in
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Table 3: Leaf mineral composition of main macro- and micronutrients and olive fruit yield.

Parameter Deficiency
thresholds∗

Number of trees
below deficiency

threshold
Minimum Mean (±standard

error) Maximum

Leaf N concentration
(g kg−1) 14.0 34 9.5 12.9 (±0.2) 15.6

Leaf P concentration
(g kg−1) 1.0 29 0.7 1.0 (±0.2) 1.4

Leaf K concentration
(g kg−1) 4.0 24 1.2 4.4 (±0.3) 10.7

Leaf Cu concentration
(mg kg−1) 5.0 4 2.50 5.80 (±0.28) 10.0

Leaf Fe concentration
(mg kg−1) Unknown N/A 25.0 56.8 (±2.68) 110

Leaf B concentration
(mg kg−1) 14 5 12.8 18.2 (±0.57) 29.4

Leaf Mn concentration
(mg kg−1) 20 6 15.0 19.0 (±0.56) 25.0

Leaf Zn concentration
(mg kg−1) Unknown N/A 9.0 12.7 (±0.31) 15.5

Fresh fruit yield (kg tree−1) N/A N/A 6 30.2 (±2.26) 65
∗Deficiency thresholds as suggested by Freeman et al. (2005) [35].

Table 4: Regressions between olive fruit yield (𝑌) and external factors (𝑥). Coefficients of determination (𝑅2) and statistical significance (𝑃)
are also presented. Models are sorted in descending order of 𝑅2.

Yield vs. parameters Model 𝑅
2

𝑃<

Krootzone 𝑌 = 21.4 log(𝑥) + 30.7 0.68 0.001
Total Nrootzone 𝑌 = 13.4 log(𝑥) − 1.47 0.58 0.000
Soil depth 𝑌 = 38.3 log(𝑥) + 44.7 0.56 0.000
Ktopsoil 𝑌 = 0.0953𝑥 + 17.0 0.47 0.000
Mineral Nrootzone 𝑌 = 10.4 log(𝑥) + 54.2 0.44 0.001
Brootzone 𝑌 = −7784.9𝑥

2
+ 1221.4𝑥 + 19.0 0.41 0.001

Prootzone 𝑌 = 9.90 log(𝑥) + 55.7 0.27 0.023
Slope 𝑌 = −1.0133𝑥 + 37.8 0.21 0.009
Altitude 𝑌 = 0.0006𝑥

2
− 0.5474𝑥 + 157 0.19 0.01

Soil organic matter in topsoil 𝑌 = −3.86𝑥 + 38.1 0.05 0.14

Table 6. Combining “LogKrootzone” with “LogNrootzone”
explained 71% of the total variability, while combining
“LogKrootzone” with “Log soil depth” explained 77% of the
total variability as (3) shows:

𝑌 = 15.3 (±2.44) Log (K) + 19.0 (±4.85) Log (𝐷)

+ 37.8 (±2.12)

𝑅
2
= 76.6%, 𝑃 < 0.001.

(3)

However, a model that combines these three factors did
not improve the model (𝑅2 = 0.77) as compared to (3), and
the effect of “LogNrootzone” was not statistically significant.
Consequently, “LogNrootzone” was dropped from the final
model.

The analysis of best subsets showed that other soil factors
had no or very little addition to the final model, so they
were excluded.On the other hand, the addition of tree-related

parameters significantly improved the model. Leaf macronu-
trients did not add much to the variability explained, but
micronutrients were more important. The biggest improve-
ment in the variability explained by themodel was brought in
by adding “Leaf Fe” and “Leaf B” concentrations to the first
two components as shown in

𝑌 = 12.4 (±2.44) Log (K) + 17.6 (±4.26) Log (𝐷)

+ 0.79 (±0.31) Leaf B + 0.17 (±0.05) Leaf Fe

+ 13.1 (±6.88)

𝑅
2
= 83.0%, 𝑃 < 0.000.

(4)

3.5. Correlations between Leaf Minerals and Yield. Interest-
ingly, fruit yield did not correlate well with leaf N or P
concentrations but correlated significantly with leaf K with
26%of the variability explained (Table 7). Formicronutrients,
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47) and the amount of exchangeable potassium in the rootzone.
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Figure 4: Regression between individual olive tree fruit yield (𝑁 =
47) and soil depth.

fruit yield was significantly correlated with leaf B and Fe
concentrations, which, respectively, explained 35% and 10%
of the total variability. On the other hand, leaf Mn, Zn, and
Cu concentrations were not correlated to fruit yield.

4. Discussion

4.1. Characteristics of a Typical Low Input Olive System
in the Eastern Mediterranean. Soil fertility in our study is
considered on the low end when compared to results from
rainfed Mediterranean basin olive groves, although these
levels of fertility are not uncommon. In a soil fertility survey
across olive groves in Sidi Bouzid area (northwestern
Tunisia), which has rainfall and topography characteristics
comparable to Afrin area, Gargouri and Mhiri [36] reported
values between 6 and 19.9mg kg−1 for P (average of
11.8mg kg−1) and between 90 and 270mg kg−1 for K (average

of 133mg kg−1) in the top soil layer (0–30 cm). Similarly, our
soil K concentrations were within the same range of recent
results from one Andalusian farm reported by Restrepo-
Diaz et al. [37] showing 61–171mgK kg−1 for the topsoil
(30 cm). However, our P and K levels were lower than survey
results from Andalusian olive groves showing extractable K
concentrations in the top 30 cm to range between 105 and
565mg kg−1 [38]. Extractable P levels in the same study
ranged between 60 and 162mg kg−1. In Portugal,Marcelo and
Jordão [15] reported 95 and 191mg kg−1 for available P and K,
respectively, in the topsoil (0–20 cm) of a calcareous olive
grove. The lower values we observed compared to Spanish
and Portuguese levels could be attributed to the lower inputs
in our study area.

4.2. Nutrient Deficiencies. Mineral composition of leaves in
our study was often below sufficiency threshold values, espe-
cially for macronutrients. However, no nutrient deficiency
symptoms could be detected in any of the orchards studied.
This might be explained by the fact that nutrient concen-
trations below the critical level can occur long before any
deficiency symptoms appear on the leaves [35].

Comparing our leaf nutrition results with other Mediter-
ranean areas shows that our trees have consistently lower val-
ues. Leaf N concentrations in our studywere lower than those
recorded by Tubeileh et al. [39] in April for young “Qaisi”
olive trees in an arid area (220mm annual rainfall) in Aleppo
Governorate, Syria, which ranged between 15 and 17 g kg−1 for
rainfed and deficit-irrigated trees, respectively.Moreover, our
values for leaf N, P, and K concentrations were lower than the
values obtained by Dimassi et al. [40] on 17 European culti-
vars grown inGreece. Similarly, in a study conducted on rain-
fed olive trees in Cordoba, Spain, Fernández-Escobar et al.
[41] observed leafN concentration values around 16 g kg−1 for
one-year-old leaves sampled in April (bearing year). Results
from Andalusia, Spain, compiled by Ferreira Llamas [42],
showed higher leaf nutrient concentrations than ours. In
general, low leaf K concentration values are common in
rainfed olive trees [43] and were observed in some foothill
orchards in California [35]. However, leaf K values in our
study were within the same range of those observed by
Fernández-Escobar et al. [41], which were around 5 g kg−1 in
April and slightly above 4 g kg−1 in May for one-year-old
leaves sampled in an “on” year. Survey results from Tunisia
[36] showed similar leaf P (0.58–1.4 g kg−1) and generally
higher K (4.3–9.3 g kg−1) concentrations than our trees.

Leaf micronutrient concentrations in our study were
generally above the deficiency threshold. Our mean value
for leaf B concentration was comparable to the levels of
16.7mg kg−1 for rainfed trees and 17-18mg kg−1 for irrigated
trees found by Androulakis et al. [44] in Crete but lower than
Andalusian values (29mg kg−1) reported by Fernández-
Escobar et al. [41]. Our leaf Fe concentrations were generally
higher than those reported by Fernández-Escobar et al. [41].
Nevertheless, leaf Fe analysis is generally not useful for
diagnosing Fe deficiency because the inconsistency of leaf Fe
levels in separating chlorotic from nonchlorotic leaves [45],
relying on visual leaf assessment, remains the most reliable
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Table 5: Regressions between olive leaf primary macronutrient concentrations (𝑌) and soil depth (𝑥). Coefficients of determination (𝑅2) and
statistical significance (𝑃) are also presented. Models are sorted in descending order of 𝑅2.

Leaf minerals vs. soil depth Model 𝑅
2

𝑃<

Leaf K concentration 𝑌 = 0.11 log(𝑥) + 0.54 0.12 0.019
Leaf P concentration 𝑌 = −0.07 log(𝑥) + 0.10 0.03 0.21
Leaf N concentration 𝑌 = 1.31𝑒

−0.032𝑥 0.01 0.50

Table 6: Multiple regressions between olive fruit yield (𝑌) and soil/land factors (𝑥). Coefficients of determination (𝑅2) and statistical
significance (𝑃) are also presented.

Yield vs. parameters Model 𝑅
2

𝑃<

Krootzone + Nrootzone 𝑌 = 15.4 log(K) + 12.8 log(Nrootzone) + 16.7 0.71 0.000
Krootzone + depth 𝑌 = 15.3 log(K) + 19.0 log(𝐷) + 37.8 0.77 0.0001
Krootzone + depth + Tot Nrootzone 𝑌 = 15.9 log(K) + 20.3 log(𝐷) − 2.21 log(Nrootzone) + 40.7 0.77 0.000
Krootzone + depth + leaf B 𝑌 = 12.5 log(K) + 19.2 log(𝐷) + 0.73leaf B + 24.5 0.79 0.000
Krootzone + depth + leaf Fe 𝑌 = 15.4 log(K) + 17.3 log(𝐷) + 0.165Leaf Fe + 27.8 0.79 0.000
Krootzone + depth + leaf B + Leaf Cu 𝑌 = 13.6 log(K) + 17.5 log(𝐷) + 0.59Leaf B + 1.46Leaf Cu + 18.0 0.82 0.000
Krootzone + depth + leaf B + Leaf Fe 𝑌 = 12.4 log(K) + 17.6 log(𝐷) + 0.79Leaf B + 0.17Leaf Fe + 13.1 0.83 0.000

Table 7: Correlations between olive fruit yield (𝑌) and leaf nutrients (𝑥) sorted in descending order of 𝑅2. Coefficients of determination (𝑅2)
and statistical significance (𝑃) are also presented.

Yield vs. parameters Model 𝑅
2

𝑃<

Leaf B concentration 𝑌 = 44.4 log(𝑥) − 97.7 0.35 0.000
Leaf K concentration 𝑌 = 14.9 log(𝑥) + 44.5 0.26 0.000
Leaf Fe concentration 𝑌 = 14.5 log(𝑥) − 27.8 0.10 0.032
Leaf Cu concentration 𝑌 = 12.2 log(𝑥) + 9.45 0.07 0.073
Leaf Mn concentration 𝑌 = 11.4 log(𝑥) − 49.8 0.037 0.491
Leaf Zn concentration 𝑌 = 10.8𝑒

0.028𝑥 0.038 0.486
Leaf P concentration 𝑌 = 20.6𝑒

2.52𝑥 0.00 0.657
Leaf N concentration 𝑌 = 20.9𝑒

0.1748𝑥 0.00 0.75

method for diagnosing Fe deficiency. On the other hand, leaf
Cu, Zn, and Mn concentrations in our trees were substan-
tially lower than the concentration observed by Fernández-
Escobar et al. [41], who reported values of ∼27, 16 and
30mg kg−1, for the three elements, respectively, for leaves
sampled in April.

Our generally low soil and leaf macronutrient values can
be attributed to the fact that olive trees in this part of Syria,
like most Mediterranean olive growing regions, are usually
grown on poor, hilly, and shallow soils. In addition, tradi-
tional no input or low input production systems do not com-
pensate for crop nutrient uptake. Olive growers add organic
amendments (mostly manure) once every two or three
years while mineral fertilizer application is almost nonexis-
tent in dryland olive groves. Most pruning residues are also
removed from the grove to be used for combustion or animal
feed, which minimizes nutrient recycling within the tree
and in the tree-soil system. Moreover, to avoid any grazing
damage to their trees, most olive growers do not allow sheep
to graze weeds within their groves, which excludes any
indirect manure input in those groves.

Our study revealed that variations in soil potassium and
soil depth were the major factors affecting olive yield under

our typical olive growing conditions. The importance of soil
depth for olive production has already been shown by other
studies in countries south of theMediterranean (e.g., [46]), as
deeper soils allow more water and nutrients to be stored and
explored by tree roots. However, the effect of soil potassium is
more controversial.The good correlations between fruit yield
on the one hand and Krootzone, Ktopsoil, and, to a lesser
extent, leaf K, on the other hand, provide evidence that the
availability of this element can be critical for olive production.
This finding enables us to confirm the observations of
Hartmann et al. [47] in California, who compiled literature
data showing a close relationship between productivity and
leaf K. More recently, Jasrotia et al. [19] found a strong
correlation between soil K and each of fruit set (𝑅2 = 0.8) and
olive yields (𝑅2 = 0.81) in sub-Himalayan India. Jordão et al.
[12] and Fernández-Escobar et al. [41] suggested that a large K
demand by the reproductive structures of olive is responsible
for a buildup of K in leaves during “off” years and a decline of
that K during “on” years. Similarly, Kramer and Kozlowsky
[48] indicated that fruits represent a strong sink for K.
Under variable Mediterranean conditions, foliar application
of potassium significantly increased shoot growth [49] and
olive yields [50]. This is probably because K increases plant
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resistance to drought and cold [51]. In addition, K deficiency
makes olive leaves lose ability to regulate stomatal closure
in irrigated conditions and even more under water-limited
conditions [52], which makes plants more vulnerable to
drought. It is also important to highlight that the authors who
showed no effect of potassium addition attributed that either
to the high level of potassium (inherent or due to previous
fertilizations) in the soil [15, 38, 53] or to the short duration
of their studies [54].

The importance of soil K ahead of soil N is noteworthy.
Soil N in our study ranked second in explaining the total
variability observed and was even not significant when soil
depth was included in the model. Although several papers
emphasize the importance of N for olive production (e.g.,
[38, 55]), some other authors (e.g., [14, 15]) did not observe
an effect of N fertilization on olive yields because leaf N was
above sufficiency threshold.

The absence of correlations between yield on the one
hand and leaves N and P on the other hand, contrarily to
some literature reports, is probably due to mobilization of
these minerals out of the leaves for active vegetative growth
reproductive purposes. Loupassaki et al. [56] suggested the
presence of sink competition between the fruits and the leaves
for minerals and carbohydrates. The strongly negative corre-
lations between yield and leaf nutrients P and K observed by
Jasrotia et al. [16] provide further confirmation of this
competition.

The low nutrient levels in the soil and leaves in our study
stem from different factors. Erosion is a problem throughout
Afrin area, and its negative effects on soil depth and fertility
have been shown by other researchers (e.g., [8, 9]).The lack of
soil inputs to compensate for crop uptake and erosion losses
is also contributing to this degradation problem.

Our results show that themodel is substantially improved
and the variability explained is increased up to 83% if
leaf micronutrient concentrations are taken into consider-
ation according to (4) above. The importance of including
micronutrients in yield predicting models was also shown
by Correia et al. [18] on carob tree (Ceratonia siliqua L.).
However, it should be taken into account that leaf nutrient
concentrations have seasonal variations and they change
according to the bearing pattern (lower values in “on” years).
Our model is therefore a good tool to estimate yield if leaf
nutrient status is determined just before flowering. However,
validation and calibration of this model under different
conditions are needed.

Conducting this type of studies involves challenges
related to the design and technical, statistical, and logistic
levels. The statistical design and selection of trees that would
represent a large area could be tricky tasks.

4.3. Strategies for Orchard and Nutrient Management. The
results of this study show the importance of sound landman-
agement and soil conservation. Reducing up-down tillage
and adopting minimum tillage options would decrease soil
erosion rates. Our findings show the importance of replenish-
ing the amounts of nutrients removed by the crop to improve
olive productivity in this area. Alternative soil amendments

(e.g., olive vegetation water) are being explored to improve
soil fertility and olive yields in this low input system.

5. Conclusion

This field-scale study aimed to relate olive yields to soil and
land parameters and tree nutritional status. Olive tree yield,
soil fertility, and plant nutrition in our study area were lower
than those in other Mediterranean areas of similar climatic
conditions, mainly due to the prevailing low input olive
production system and high erosion rates.

Our results showed that potassium is an element of
prime importance for olive production, which helps explain
the contradicting literature information with regard to the
importance of this element for olive yields. Soil depth
was another important factor and together with soil potas-
sium explained 77% of the total variability. The variability
explained by our model increased to 83% by incorporating
leaf B andFe concentrations.The information and regressions
presented here contribute towards achieving a model that
can predict and optimize olive production in areas of similar
conditions. This model will need more data from other areas
for calibration and validation, especially from areas of higher
and lower rainfall as well as different soil types.
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