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Abstract: Leaf analysis is essential for diagnosing nutritional status and guiding fertilizer application.
The present study aimed to investigate the appropriate time for leaf sampling and the effect of
genotype on olive nutrition. We determined leaf nutrient concentrations of calcium (Ca), iron (Fe),
and manganese (Mn) in five Greek (‘Amfissis’, ‘Chondrolia Chalkidikis’, ‘Koroneiki’, ‘Mastoidis’, and
‘Kalamon’) and one Spanish (‘Picual’) variety from May 2019 to April 2020. The concentrations of
Ca, Fe, and Mn were significantly affected by genotype and season. The highest concentrations for
all nutrients were determined in April, while the lowest were in May, June, and October. Leaf Ca
concentration significantly increased progressively from May to September for all the varieties. Leaves
of ‘Koroneiki’ had the highest Ca concentration. Iron concentrations were within the sufficiency
thresholds for all the varieties during the whole experimental period, and ‘Mastoidis’ showed the
highest concentration. Leaf Mn concentration for all the varieties increased from May to September
with an instant decrease in June, apart from ‘Amfissis’. The varieties ‘Kalamon’ and ‘Chondrolia
Chalkidikis’ were found to be above the Mn sufficiency threshold throughout the year. Variations
among season and genotype depict the complexity of nutrient transportation in leaf tissues.

Keywords: climate change; nutrients; genotype; leaf analysis

1. Introduction

More than 90% of global olive cultivation is realized in the Mediterranean countries
that are characterized by hot, dry summers and cold, wet winters [1,2]. Management
intensification has led to increased oil production in the recent decades [3]. Olive tree
development and yield are dependent on essential nutrients such as C, H, O, N, P, K, Ca,
Mg, S, Fe, Zn, Mn, Mo, Cu, B, Ni, Si, Co, Na, and Cl, [4]. Apart from C and O, all the
nutrients are absorbed via the soil’s solution while being removed from olive orchards via
fruit harvest and pruning [5]. The same authors observed that the amounts of nitrogen,
potassium, and calcium removed annually by pruning and fruit yield were 54.4, 45.5, and
57.9 kg ha−1, respectively, while for phosphorus and magnesium, they were less than
7 kg ha−1, in mature olive trees growing under rainfed conditions. In the same study,
micronutrient removal was less than 0.12 kg ha−1. Although N, K, and Ca are taken up in
the most considerable amounts, all the elements are essential for plants. Applying the most
deficient nutrient is usually enough to anticipate the deficiency problem even if several
nutrients are in the range of deficiency or adequacy [6].

The olive tree is characterized by different phases of development, supporting an
intense vegetative growth. Fluctuations of nutrient concentration during the growing
season are dependent on these phases of development. The occurrence and duration of
each phenological stage vary and are different for each genotype, area, and season [7].
Presently, leaf analysis is an essential tool for olive fertilization scheduling. Specifically,

Int. J. Plant Biol. 2022, 13, 95–105. https://doi.org/10.3390/ijpb13020010 https://www.mdpi.com/journal/ijpb

https://doi.org/10.3390/ijpb13020010
https://doi.org/10.3390/ijpb13020010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijpb
https://www.mdpi.com
https://orcid.org/0000-0002-9117-3235
https://orcid.org/0000-0002-0079-8900
https://doi.org/10.3390/ijpb13020010
https://www.mdpi.com/journal/ijpb
https://www.mdpi.com/article/10.3390/ijpb13020010?type=check_update&version=1


Int. J. Plant Biol. 2022, 13 96

the leaf is one of the most important metabolic organs where all chemical alterations
due to fertilization occur [8]. However, the soil properties provide an indirect indication
of plant nutrition due to the complexes and precipitations of nutrients, transformation
from one form to another, high or low mobility, and interaction with the microbiological
environment [9].

Available information on the nutritional requirements of olive varieties is limited.
Several studies have been realized using one variety [8,10–14], although few studies have
compared the seasonal variation of nutrients in a range of varieties [15,16]. However, the
relationship between leaf seasonal variation and availability of nutrients supplied from
the soil have indicated that nutrient uptake during the cold winter months is reduced
due to low tree activity under Mediterranean conditions. The appropriate time for leaf
sampling to determine mineral element content is still unclear. Fernandez-Escobar [6] has
proposed that leaf analysis should be held in July in the northern hemisphere using fully
expanded leaves of the current season growth. On the other hand, autumn leaf analysis is
more convenient for deciding on winter fertilization. Seasonal monitoring of leaf nutrient
concentration for a range of varieties is necessary to understand the chemical alterations in
olive nutrition that are dependent on each genotype’s physiology.

Moreover, nutrient concentration fluctuations have been observed to be related to
meteorological conditions. Air temperature and humidity significantly influenced element
mobility and absorption by the trees [8]. A previous study [8] reported low levels of Mn
concentration during the winter, coinciding with a period of low temperatures, which
reduced the absorption of this element by the trees. Moreover, the same authors observed
lower concentrations of leaf P in April and May and higher concentrations during the winter,
supporting the theory that P increase is detected when soil temperature and humidity are
also augmented.

Irrigation is another critical parameter for the cultivation of olive trees. Rainfed
management of olive orchards is the most common globally [1], although yields are lower
when compared to irrigated farms, especially in environments with low precipitation [17].
Water is the most critical factor for nutrient uptake since its availability is reduced during the
long dry summer [11]. The timing of fertilization in rainfed orchards is highly dependent
on rainfall events. Mineral fertilizers are commonly applied in winter or early spring, and
are designed to take advantage of rainfall events to transport minerals into the root zone in
the Mediterranean areas.

One of the most crucial parameters for nutrient deficiencies is the soil physicochemical
characteristics that are responsible for the availability of a specific nutrient. A soil with
characteristics of sand 20–75%, silt 5–35%, and clay 5–35% with pH 7–8, organic matter >1%,
nitrogen >0.10%, available phosphorus (P2O5) 5–35 ppm, exchangeable potassium (K2O)
50–150 ppm, exchangeable calcium (CaCO3) 1650–5000 ppm and exchangeable magnesium
10–200 ppm is suitable for olive cultivation [18]. Calcium deficiency is common in acidic
soils. On the contrary, chlorosis caused by iron deficiency is a nutritional problem that
negatively affects olive tree growth in calcareous soils. Information for Fe levels is scarce
due to the inconsistent separation of chlorotic and non-chlorotic leaves [19]. However, a
comparative study of Fe leaf concentration among varieties could be a useful resource
for guiding fertilizer applications. Iron deficiency appears in the youngest leaves since
iron is not highly mobile within the plant [19]. Iron deficiency is not corrected easily; thus,
selecting a tolerant variety is a potential solution [6]. Manganese does not constitute a
common nutritional problem in olive trees, although soil blockage derived from nutrient
interaction could be a factor in the low availability of this element [5]. Symptoms of
manganese deficiency are observed in recently-matured leaves [19].

The tendency to suggest the summer sampling of olive leaves as being more rep-
resentative in relation to the sampling after the end of the growing season, which has
been applied worldwide for several decades, has prevailed in the Spanish literature in
recent years. The studies that have highlighted this tendency mainly focused on local olive
varieties and soil types. In addition, the limited studies on Greek varieties in terms of



Int. J. Plant Biol. 2022, 13 97

nutrition mostly have used young and not productive trees. In addition, most studies have
been implemented in potted plants.

Considering the poor background on mineral element interactions, the objective of
the present study was to discuss whether the time variation of three nutrients (Ca, Fe, and
Mn) was influenced by the genotype, as well as to detect possible nutritional problems
among varieties during one olive growing season. In order to eliminate the soil and climatic
parameters and highlight the genotypic effect on the nutritional status of olives, the present
study focused on the seasonal fluctuations of leaf Ca, Fe, and Mn concentrations in 50-year-
old trees of five Greek (‘Amfissis’, ‘Chondrolia Chalkidikis’, ‘Koroneiki’, ‘Mastoidis’, and
‘Kalamon’) and one Spanish (‘Picual’) variety during an “off” year, cultivated in the same
field, in a soil composed of low organic matter, with the same fertilizing practices under
rainfed conditions.

2. Materials and Methods
2.1. Experimental Site and Plant Material

Leaf samples of six olive varieties (‘Amfissis’, ‘Chondrolia Chalkidikis’, ‘Kalamon’,
‘Koroneiki’, ‘Mastoidis’, and ‘Picual’) were employed for this study in 2019 and 2020. Rain-
fed, 50 year-old olive trees spaced at 8 × 8 m and grown at the National Olive Germplasm
Bank of Greece, located at Chrisopigi area (35◦29′24” N, 24◦01′33” E) near the Institute of
Olive Tree, Subtropical Crops and Viticulture, ELGO-DIMITRA (Chania, Crete, Greece),
were selected for the experiment. The mean air temperature was 17.8 ◦C, relative humidity
was 69.6%, and annual rainfall was 680 mm in 2019. The hottest month of 2019 was August,
with a mean atmospheric temperature of 25.2 ◦C. February was the coldest month, with
an average temperature of 10.3 ◦C. The mean annual rainfall in 2019 was 680.8 mm. The
highest rainfall in 2019 was observed in February, with an average of 334.6 mm, while the
driest months were June, August, and September at 0 mm. The mean air temperature was
18.6 ◦C, relative humidity was 62.2%, and annual rainfall was 558 mm in 2020. The hottest
month of 2020 was August, with a mean atmospheric temperature of 26.6 ◦C. January was
the coldest month, with an average temperature of 10.4 ◦C. The mean annual rainfall in
2020 was 558.4 mm. The highest rainfall in 2020 was observed in October, with an average
of 196.4 mm, while the driest months were June, August, and September at 0 mm (ELGO-
DIMITRA meteorological station, Chania, Greece). Meteorological data are presented in
Figure 1.

2.2. Soil Physicochemical Properties

Soil samples were initially airdried, crushed, and then sieved through a 10 mm and
2mm mesh. Soil and leaf analyses were carried out as described previously [20]. Soil pH and
electrical conductivity (EC) were determined by preparing a 1:2.5 soil/distilled water (w/v)
suspension, respectively, and the respective measurements were made with a multi-meter
(Mettler-Toledo AutoChem Inc., Columbia, MD, USA ) using the relevant electrodes. Soil
particle size analysis was determined by the Bouyoucos hydrometer method. The modified
Walkley-Black wet combustion method was used to determine the soil organic matter (OM)
content. Available P was measured using the Olsen method, while the carbonate content
(CaCO3 %) was analyzed by the Bernard calcimeter method. Exchangeable cations in soil
(Ca, Mg and K) were extracted using 1N ammonium acetate at a 1:20 dilution, while the
bioavailable fraction of micronutrients (Fe, Mn, Zn, and Cu) was determined by extraction
with 0.005 M DTPA (pH 7.3) [20] and quantified by ICP-OES (Optima 8300, PerkinElmer,
Waltham, MA, USA). Nitrate nitrogen in the soil was measured colorimetrically using the
Cd reduction method and Nitraver reagent (Hach Company, Loveland, Colodaro, USA),
after extraction with 1 M KCl for 1 h. The soil was characterized as sandy–clay–loam,
the pH was slightly acidic (6.6), and the EC was 0.215 dS m−1. The organic matter was
0.4%, and the CaCO3 was 0.12%. The NO3-N, Olsen-P, exchangeable K, Ca, Mg, DTPA-Fe,
DTPA-Mn, and DTPA-Zn were 24.9, 10.4, 58, 470, 56, >20, 15, and 3.23 mg kg−1, respectively.
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2.3. Leaf Mineral Analysis

Leaf samples were collected every month from May 2019 to April 2020, representing
the annual cycle during an “off” year (2019 yield). Each variety was represented by three
blocks (replications), each with four olive trees. A sample of 100 leaves consisting of the
third and fourth pairs of fully expanded leaves, starting from the top of the shoot, was
collected once a month per experimental block, then was washed with distilled water and
dried at 65 ◦C to a constant weight prior to fine grinding with a mill (Figure 2). Ground
samples (1 g) were dry ashed (520 ◦C for 5 h), then dissolved with 1M HCl (1:4) with mild
heating (50–60 ◦C), prior to being filtered and diluted to 25 mL. Concentrations of Ca, Fe,
and Mn in plant tissue were measured by ICP-OES (Optima 8300, PerkinElmer, Waltham, MA,
USA). Element concentrations in plant tissue were then calculated as mg kg−1 d.w. (ppm).

2.4. Statistical Analysis

A two-way ANOVA was used to assess the effects of variety and time, as well as their
interaction, on element concentrations. The least significant difference (LSD) test was used
for mean separation and to provide homogeneous groups for the means (at p ≤ 0.05). All
data were processed in SPSS statistical software version 25 (SPSS Inc., Chicago, IL, USA).
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3. Results and Discussion

Research on olive nutrition has been focused on nitrogen [21], phosphorus [22], and
potassium [23], due to their fundamental role in shaping vegetative growth and maximizing
fruit yields. However, other mineral elements may also play a critical role in crop success.
In order to estimate the appropriate time for leaf sampling and to determine the genotype
effect on the exploitation of soil mineral elements, leaf nutrient concentrations of Ca, Fe,
and Mn in five Greek (‘Amfissis’, ‘Chondrolia Chalkidikis’, ‘Koroneiki’, ‘Mastoidis’, and
‘Kalamon’) and one Spanish (‘Picual’) variety were analyzed. Elucidating the mineral
element content of olive varieties may have significant implications not only for plant
nutrition but also for plant–pathogen interactions [6,24]. In this study, marked differences
in nutrient content were observed among varieties and seasons.

3.1. Genotypic and Seasonal Effect on Leaf Ca Concentration

Calcium concentrations intensively fluctuated in our study due to its fundamental role
in olive tree nutrition, mainly in the stages of flowering, fruit development, maturation, and
new vegetation. ‘Mastoidis’ had the lowest leaf Ca concentration (<1.0%) during the annual
growth, while ‘Koroneiki’ had the highest (>1.0%). Leaf Ca concentration showed signifi-
cant differences between variety, time, and their interaction. Ca concentration increased in
the order: May and June < July < October < August, November, September < December,
March, February, January < April (Table 1).

Leaf Ca concentration increased progressively from May to September, with an instant
decrease in June for ‘Koroneiki’, ‘Mastoidis’, and ‘Chondrolia Chalkidikis’. We detected
a decrease in October, followed by an increase until January for ‘Koroneiki’, ‘Mastoidis’,
‘Kalamon’, and ‘Amfissis’, whereas for ‘Chondrolia Chalkidikis’ and ‘Picual’, the increase
continued until February. In March and April, an increase was observed for ‘Koroneiki’,
‘Mastoidis’, and ‘Kalamon’, whereas for ‘Amfissis’, ‘Chondrolia Chalkidikis’, and ‘Picual’,
there was a slight decrease in March and a subsequent increase in April (Figure 3). Leaf
Ca concentration significantly increased progressively from May to September for all the
varieties. In addition, a significant decrease was detected in October for all varieties,
although it was not statistically significant when compared to July, August, September,
and November. After this period, we recorded a significant increase in December when
compared to October. The values were constant from January to March, while these values
were not significant when compared to August, September, and November (Table 1).
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Table 1. Effects of variety, time, and interaction on the calcium, iron, and manganese concentrations
in ‘Amfissis’, ‘Chondrolia Chalkidikis’, ‘Kalamon’, ‘Koroneiki’, ‘Mastoidis’, and ‘Picual’.

F Value

Source 1 df Ca (%) Fe (ppm) Mn (ppm)

Variety 5 79.966 *** 12.667 *** 90.200 ***
Time 11 50.641 *** 11.344 *** 20.554 ***

Variety × Time 55 2.743 *** 1.286 ns 1.717 **

Mean values ± SE 2

Main factor Ca (%) Fe (ppm) Mn (ppm)

Variety Amfissis 1.11 ± 0.06 c 62.9 ± 3.9 a 30.6 ± 1.6 b
Chondrolia Chalkidikis 0.94 ± 0.03 b 67.5 ± 2.7 a 35.8 ± 1.5 c

Kalamon 0.88 ± 0.04 ab 63.4 ± 3.1 a 47.8 ± 3.1 d
Koroneiki 1.38 ± 0.07 e 68.9 ± 3.9 a 21.5 ± 0.9 a
Mastoidis 0.81 ± 0.02 a 95.9 ± 8.0 b 16.9 ± 0.6 a

Picual 1.24 ± 0.05 d 70.8 ± 2.3 a 28.9 ± 1.5 b
Time May 2019 0.62 ± 0.06 a 87.6 ± 2.9 c 20.2 ± 1.7 ab

June 2019 0.64 ± 0.02 a 53.0 ± 3.1 a 17.5 ± 1.1 a
July 2019 0.89 ± 0.04 b 78.0 ± 4.5 bc 25.6 ± 1.6 b–d

August 2019 1.08 ± 0.05 cd 78.0 ± 7.9 bc 30.8 ± 2.8 c–e
September 2019 1.12 ± 0.07 cd 64.7 ± 4.4 a–c 31.9 ± 3.3 de

October 2019 0.96 ± 0.06 bc 58.5 ± 3.9 ab 24.1 ± 2.0 a–c
November 2019 1.11 ± 0.07 cd 69.1 ± 4.9 a–c 33.2 ± 3.6 de
December 2019 1.13 ± 0.06 d 59.0 ± 3.4 ab 32.8 ± 3.1 de

January 2020 1.22 ± 0.08 d 66.0 ± 2.7 a–c 34.4 ± 3.2 e
February 2020 1.20 ± 0.07 d 66.7 ± 3.9 a–c 34.0 ± 3.7 e

March 2020 1.19 ± 0.06 d 63.2 ± 4.6 ab 34.0 ± 3.0 e
April 2020 1.51 ± 0.09 e 114.2 ± 13.4 d 44.7 ± 4.8 f

1 Values of F: * p < 0.05 ** p < 0.01 *** p < 0.001. 2 Mean values for each measured parameter within factor, with the
same letter are not significantly different (p < 0.05) LSD test.

The mean highest Ca concentration was detected in April (1.51% D.M.) and the lowest
in May (0.62% D.M.) (Table 1). Leaf Ca concentration was above the threshold for sufficiency
of 1.0% for ‘Koroneiki’, ‘Amfissis’, and ‘Picual’ from July to April. ‘Kalamon’ reached a
sufficient concentration only in August and ‘Mastoidis’ in April. ‘Chondrolia Chalkidikis’
reached a sufficient concentration in two periods, being from July to August and January
to April (Figure 3). ‘Mastoidis’ had the lowest mean leaf Ca concentration (0.81%) during
the annual growth, while ‘Koroneiki’ had the highest (1.38%) (Table 1).

Leaf Ca concentration was above the threshold for sufficiency of 1.0% for ‘Koroneiki’,
‘Amfissis’, and ‘Picual’ for ten months (July–April). Spanish researchers [5] have reported
similar results regarding ‘Picual’. ‘Kalamon’ and ‘Mastoidis’ reached a sufficient Ca concen-
tration only for a month each, in August and April, respectively. The variety ‘Chondrolia
Chalkidikis’ reached a sufficient concentration in two periods, from July to August and
January to April. Significant differences were observed among four Croatian and one
Italian variety, highlighting the primary function of the genotypic effect [16]. Calcium
increased during the period June–March of the following year in a previous experiment
with potted plants of the same variety [13]. In our investigation, Ca concentrations were
higher than 0.5% during the whole period for all the varieties apart from ‘Kalamon’ and
‘Amfissis’ in May.
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Figure 3. Seasonal trends of calcium concentration in olive leaves developed during annual growth. 
Error bars represent the standard error of the mean of three replicates. Means within a variety fol-
lowed by the same letters do not differ at p < 0.05 (LSD test). 

Leaf Ca concentration was above the threshold for sufficiency of 1.0% for ‘Koroneiki’, 
‘Amfissis’, and ‘Picual’ for ten months (July–April). Spanish researchers [5] have reported 
similar results regarding ‘Picual’. ‘Kalamon’ and ‘Mastoidis’ reached a sufficient Ca con-
centration only for a month each, in August and April, respectively. The variety ‘Chon-
drolia Chalkidikis’ reached a sufficient concentration in two periods, from July to August 
and January to April. Significant differences were observed among four Croatian and one 
Italian variety, highlighting the primary function of the genotypic effect [16]. Calcium in-
creased during the period June–March of the following year in a previous experiment 
with potted plants of the same variety [13]. In our investigation, Ca concentrations were 
higher than 0.5% during the whole period for all the varieties apart from ‘Kalamon’ and 
‘Amfissis’ in May.  

The leaf Ca seasonal trend was almost similar in alkaline and acidic soils in a previous 
study in Greece [14]. We observed the maximum Ca concentration in April, while the 
minimum was in May. It is suggested that the massive vegetative growth during that pe-
riod underlies the sharp leaf Ca decrease via reallocation from old to new leaves; however, 
this function remains to be verified by future research. Calcium was higher in autumn 
when compared to spring in Spanish varieties [15]. Leaf Ca concentration increased pro-
gressively from May to September, with an instant decrease in June for some of the vari-
eties we evaluated. After this period, a decrease was detected in October for all varieties, 
followed by an increase in December when compared to October, and finally, the values 

Figure 3. Seasonal trends of calcium concentration in olive leaves developed during annual growth.
Error bars represent the standard error of the mean of three replicates. Means within a variety
followed by the same letters do not differ at p < 0.05 (LSD test).

The leaf Ca seasonal trend was almost similar in alkaline and acidic soils in a previous
study in Greece [14]. We observed the maximum Ca concentration in April, while the
minimum was in May. It is suggested that the massive vegetative growth during that period
underlies the sharp leaf Ca decrease via reallocation from old to new leaves; however, this
function remains to be verified by future research. Calcium was higher in autumn when
compared to spring in Spanish varieties [15]. Leaf Ca concentration increased progressively
from May to September, with an instant decrease in June for some of the varieties we
evaluated. After this period, a decrease was detected in October for all varieties, followed
by an increase in December when compared to October, and finally, the values were
constant from January to March. Chatzistathis et al. [25] reported an increase in leaf
calcium concentration from May until September, which then reached its maximum in early
September, and afterward declined until October for ‘Koroneiki’, which agrees with our
data. The partial differences among studies could be attributed to the different varieties
and soil characteristics employed.

Olive trees in the Mediterranean countries have a high leaf Ca content due to their
adaptation to calcareous soils [15]. Additionally, Ca concentration fluctuations upon
element absorption by the trees were observed due to temperature changes and rainfall
events during the winter when compared to the dry period of the summer. Ca concentration
was higher in basal compared to the apical leaves in young ‘Koroneiki’ plants [10].

3.2. Genotypic and Seasonal Effect on Leaf Fe Concentration

Leaf Fe content fluctuated to a lesser extent throughout the year when compared to Ca.
‘Mastoidis’ showed the highest leaf Fe concentration (95.9 ppm), while all the other varieties
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demonstrated a lower Fe concentration, with ‘Amfissis’ showing the lowest (62.9 ppm). In
a previous study of Greek varieties, ‘Kothreiki’ absorbed a significantly greater quantity
of Fe per plant when compared with ‘Koroneiki’ [26]. The maximum concentration was
observed in April (114.2 ppm) and the minimum in June (53 ppm). Leaf Fe concentration
showed significant differences between variety and time but not their interaction (Table 1).
Fe concentration increased in the order: June < October, December, March < September,
January, February, November < July, and August < May < April (Figure 4). Mean leaf Fe
concentration significantly decreased in June when compared to May, July, August, and
April; however, this decrease was not significant when compared to September, October,
November, December, January, February, and March (Table 1).
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Figure 4. Seasonal trends of iron concentration in olive leaves that developed during annual 
growth. Error bars represent the standard error of the mean of three replicates. Means were com-
pared at p < 0.05 (LSD test). 

In our study, iron concentrations were higher than 50 ppm during the whole experi-
mental period for all the varieties. Chatzistathis et al. [25] reported minimum values of 

Figure 4. Seasonal trends of iron concentration in olive leaves that developed during annual growth.
Error bars represent the standard error of the mean of three replicates. Means were compared at
p < 0.05 (LSD test).

In our study, iron concentrations were higher than 50 ppm during the whole exper-
imental period for all the varieties. Chatzistathis et al. [25] reported minimum values of
iron concentration during the period of September–October or at the end of May, while its
maximum ones were in July for ‘Koroneiki’, irrespective of soil type. Leaf Fe concentration
showed a general tendency to oscillate around a value. Fe concentration was higher in basal
compared to the apical leaves in young ‘Koroneiki’ plants [10]. Stateras and Moustakas [8]
also reported a low fluctuation of Fe leaf concentration.

3.3. Genotypic and Seasonal Effect on Leaf Mn Concentration

Mn highly fluctuated throughout our experiment. The maximum Mn concentration
was detected in April (44.7 ppm) and the minimum was in June (17.5 ppm) (Table 1).
‘Kalamon’ showed the highest leaf Mn concentration (47.8 ppm), and ‘Mastoidis’ had the
lowest (16.9 ppm). ‘Kalamon’ and ‘Chondrolia Chalkidikis’ were found above the Mn
sufficiency threshold (20 ppm) for twelve months, while ‘Amfissis’ and ‘Picual’ reached
the sufficient concentration for ten months and ‘Mastoidis’ only for a month. ‘Koroneiki’
reached a sufficient concentration in two periods, for a total of eight months. Leaf Mn



Int. J. Plant Biol. 2022, 13 103

concentration showed significant differences between variety and time and their interaction
(Table 1). Mn concentration increased in the order: June, May, October < July, August,
September, December, November < February, March, January < April. Leaf Mn concentra-
tion for all the varieties increased from May to September with an instant decrease in June,
followed by a decrease in October (Table 1). The instant decrease in June was not observed
in ‘Amfissis’ (Figure 5). The decline in October was not significant when compared to May,
June, July, and August (Table 1). A significant increase in November compared to October
was detected. The values remained constant from January to March, while they were not
significantly different when compared to August, September, November, and December
(Table 1). Leaf Mn concentrations from May to April were above the threshold of sufficiency
(20 ppm) for ‘Kalamon’ and ‘Chondrolia Chalkidikis’ while ‘Amfissis’, and ‘Picual’ reached
sufficient concentrations from July to April, and ‘Mastoidis’ in April (Figure 5). ‘Koroneiki’
reached a sufficient concentration in two periods, from August to September and November
to April.
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Figure 5. Seasonal trends of manganese concentration in olive leaves developed during annual
growth. Error bars represent the standard error of the mean of three replicates. Means within a
variety followed by the same letters do not differ at p < 0.05 (LSD test).

Chatzistathis et al. [25] indicated that the leaf Mn concentration of ‘Koroneiki’ plants
gradually increased, reaching the maximum from August to early September, and after-
wards declined in October, independently of soil type. A study on the Greek olive variety
‘Kothreiki’ [8] also reported an increase from April to May and July to August, while a
decrease was found during the winter, indicating the reduced absorption of Mn by the trees
due to low temperatures of this period. Finally, it should be pointed out that [26] supported
that ‘Koroneiki’ could be considered as an Mn- and Fe-efficient variety when compared
with ‘Kothreiki’ because of its better transport system of these two elements from the root
to the shoot.
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4. Conclusions

Genotype and season affected the leaf nutrient concentration of the investigated ele-
ments, indicating the importance of standardized leaf sampling for nutrient determination
concerning each variety. ‘Amfissis’ and ‘Picual’ reached the sufficiency threshold for both
calcium and manganese at the same periods, while all the other varieties strongly fluctuated
throughout the year. Element adsorption may be influenced by temperature fluctuations,
especially between summer and winter. Additionally, nutrient accumulation is dependent
on the genotype. It is justified by the higher concentration of calcium in leaves of ‘Ko-
roneiki’, iron in ‘Mastoidis’, and manganese in ‘Kalamon’. The results of the present study
may be helpful for genotype-customized fertilization in olive groves under Mediterranean
conditions. Significant economic and environmental benefits may be achieved by a con-
trolled application taking into account genotype and season. The application of fertilizer
for a variety that needs specific nutrients and can uptake these nutrients in a specific period
reduces the risk of pollution, such as emissions of CO2 that are released by the fertilizer
industry and underground water. Moreover, a precise fertilization schedule adapted to a
specific variety in a specific period could save money when compared to over-fertilization.
In addition, many areas comprising soils with low nutrient content could be cultivated with
olive varieties that have the greatest efficiency in nutrient absorption; thus olive cultivation
will be expanded, and uncultivated areas will be more efficiently used.
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