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Abstract: (1) Background: Olive in Colombia is not a traditional crop, but in the Andean Region,
ancient olive trees are widespread. The area is characterized by a climate condition with a high
intensity of UV rays and meteoric events that negatively affect the olive grown. In this work, changes
in the soil of olive trees subjected to different pruning will be established. (2) Methods: Olive trees of
2-years-old were cultivated in Boyacd (Colombia). Trees were pruned into a vase shape, globe shape,
and natural shape. Physical, chemical, and biological soil analyses were carried out. (3) Results:
In the olive tree, V and G pruning significantly increase the P content in the soil compared to NS,
and these pruning forms reduce the OOC significantly in the rhizosphere soil by 87.5% and 78.3%,
respectively. In all conditions, the roots established an association with Arbuscular Mycorhizal Fungi
and stimulated the presence of other microorganisms, despite the trees being more vegetative than
productive in this latitude. (4) Conclusions: The results of the study indicate that, in Colombian
conditions, the pruning does not affect the rhizospheric soil conditions.

Keywords: Olea europaea L.; symbiosis; physical soil properties; chemical soil properties; nitrogen-fixing;
enzymatic activity

1. Introduction

Olive cultivation in Colombia is not a traditional practice. Nevertheless, in the Andean
region (over 2200 m above sea level), it is possible to find mature olive trees with more
than 3 m in trunk circumference, and heights of 5 m high or more. In some orchards, the
trees are not pruned, presenting a branched and dense canopy without fruit production [1].
Some olive cultivars from Portugal, Spain, and Italy have been propagated, but have not
been identified biologically or morphologically; their phenological behavior is partially
determined under the edaphic and climatic conditions of the high-Andean tropics, where
the induction and floral differentiation occur at different times of the year [2]. Contrary to
the Mediterranean climate, in the high-Andean tropic conditions, there are no seasons, the
light period is much longer and constant (approximately 1614 h/year), there are high levels
of UV-B radiation, and large temperature differences on the same day (with an average day
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and night temperature of 26 and 7 °C, respectively), factors that probably cause the vertical
growth of the olive tree branches while remaining it vegetative and, therefore, the floral
induction season is uncertain [3]. Apparently, under these conditions, floral differentiation
is mainly determined by rainfall [4].

The olive tree is a day-neutral plant and the flower bud induction and subsequent
flower differentiation is a process influenced mainly by temperature [5], radiation [6,7],
nutrition [8-10] and phytohormones concentrations, such as GA (gibberellins), ABA (ab-
scisic acid), and certain cytokinins [11-13]. In seasonal climate conditions, olive trees show
an alternate bearing, that is, the presence of “on” and “off” years, which means that the
developing fruits during the summer have an inhibitory effect on the flowering of the next
season [14-16]. In this way, the flowering intensity is inversely related to the previous
year’s yield.

Pruning is commonly done during winter by removing the branches that were pro-
ductive in the previous season, and, therefore, promoting flowering in the branches that
were induced at that time. This practice influences canopy characteristics, such as leaf area
density, angular spatial distribution, and porosity [17-19] which will affect physiological
processes, such as nutritional balance, hormonal regulation, the rate of photosynthesis
and transpiration, and source-sink relationship [20,21], as well as the alternate bearing,
homogenize fruitlet distribution, and improve the oil quality [22,23]. By changing the
hormonal balance between ABA/GA, pruning can promote the association with arbuscular
mycorrhizal fungi (AMF) [24,25] and thus survive under stress.

Associations with AMF could increase water availability and low mobility nutri-
ents [26-28], promote growth [29] and improve resistance to diseases and pests [30-33].
Root colonization by AMF is affected by soil conditions, such as organic matter (OM), nitro-
gen, phosphorous, humidity, and pH [34,35]. Soil OM, due to its biochemical composition
(proteins, carbohydrates, resins, fatty acids, among others), is a source of nutrients for the
soil organisms that participate in element cycling and mineralization [36-38]. Organic soil
amendments are common practice; however, it is recommended to take into account the
origin of the material, the type of organisms present, and the content of organic molecules
and elements to avoid nutritional imbalances in soil that could affect plants [39,40].

During the OM transformation, humic substances are produced; these molecules with
high resistance to biochemical degradation and with a variable structure according to their
origin, play an important role in the soil aggregate stability, the cation exchange capacity
(CEQ), the control of acidity, the nutrient recycling, and fertility [41,42]. In this way, the
relationship between microorganisms and plants can affect soil characteristics.

The indigenous OM added to a soil increases their population and activities, as they
found adequate quantities of resources, such as nutrients, water, and temperature. In these
conditions, the OM mineralization rate is higher [43], enhancing soil-plant processes and
relationships, for example, symbiosis, and root exudates released, which maintain microbial
populations in the rhizosphere. In this context, pruning influences vegetative response and
flower induction, but it is not known how it alters the rhizosphere soil. Moreover, in the
tropics, the plant diversity, development, and behavior are different compared to plants in
seasonal conditions [2,44,45]. For this reason, this research aimed to evaluate the changes
in the physical, chemical, and biological properties of the rhizosphere soil of olive trees cv.
‘Picual’, pruned into three different shapes in high-Andean Colombian tropic conditions.

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

This experiment is a part of research that began in 2012, with the aim to understand
olive trees’ behavior in high-Andean Colombian tropic edaphoclimatic conditions [2,44,45].
The research was carried out in the Huerto Olivanto orchard, located in Sutamarchan
municipality, Boyacd, Colombia, in the Alto Ricaurte zone, summoned on the highland
mountain chain of the Andes (5°37'14” N, 73°37/17" W, 2150 m above sea level). The soil has
a limited pedological development with an ochric epipedon and a cambic endopedon. The
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Ap, Bw, and C1 horizons present a high saturation of Ca?t, Mg2+, and low K* concentration;
the Ap horizon is fine textured with the presence of fine to medium gravels in the range of
15% to 35%, low OM content, and an average infiltration rate of 26 cm h~!. The rooting
space is characterized by a fine subangular block structure, being exceptionally fine in Ap,
medium laminar in Bw, and unstructured in C1 (Table 1).

Table 1. Physical and chemical properties of the soil in the experimental area before orchard estab-
lishment. Data provided by Universidad Pedagdgica y Tecnoldgica de Colombia (UPTC).

Depth of Horizon (cm)

Variable

Ap (0-12) Bw (12-27) C1 (27-52)
Sand (%) 22.88 16.88 6.88
Silt (%) 34.00 38.00 40.00
Clay (%) 43.12 45.12 53.12
Textural class Ar Ar Ar
Pd (g cm™3) 2.65 2.65 2.65
Bd (g cm~3) 1.61 1.65 1.69
Tpor (%) 39.25 37.74 36.23
pH 4.76 4.80 493
EC (dSm™1) 1.19 0.98 0.80
Exchangeable acidit
(AL %Cmolc kg*l)y 0.30 0.30 0.30
00C (%) 0.67 0.53 0.53
OM (%) 1.15 0.92 0.92
TN (%) 0.06 0.05 0.05
P (mg kg™ 5.46 6.86 3.52
Ca?* (cmol. kg™ 9.40 7.50 8.80
Mg?* (cmolc kg™1) 3.36 3.04 3.02
K* (cmol. kg~1) 0.15 0.08 0.10
Na* (cmol. kg~1) 1.02 1.37 1.19
ECEC (cmolc kg™1) 13.93 11.99 13.11
Fe?* (mg kg™ 1) 50.00 53.00 49.00
Mn?* (mg kg™1) 0.94 0.00 0.00
Cu?* (mgkg™1) 0.18 0.00 0.00
Zn** (mg kg~ 1) 2.04 1.76 1.76
Ca/Mg 2.80 2.47 291
Ca/K 62.67 93.75 88.00
Mg/K 22.40 38.00 30.20
Ca*Mg/K 85.07 131.75 118.20

Pd: particle density, Bd: bulk density, Por: total porosity, EC: electrical conductivity, OOC: oxidizable organic
carbon, OM: organic matter, TN: total nitrogen, ECEC: effective cation exchange capacity.

Between 2012 and 2016, the climate had low variability; on average, the diurnal, and
nighttime temperatures ranged between 20-26 °C, and 7-9 °C, respectively; rainfall was
900 mm year !, and a photoperiod of 12.5 h day 1.

In 2012, 1-year-old olive trees cv. ‘Picual’ were planted in 40 cm x 40 cm x 40 cm holes
filled with a substrate consisting of a 70:30 mixture of soil and organic matter (manure and
chaff), 1 kg of 15-15-15 fertilizer (NPK), and 1 kg of phosphate rock Ca(PO4)OH. The plants
received water only from rainfalls (Figure 1). In 2016, unpruned trees of about 3 m in height
were pruned up to 2 m in height to induce bud sprouting.
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Figure 1. Monthly average temperature (line) and rainfall (bars) behavior in the experimental area
for the 20-year period between January and December.

2.2. Experiment Design

A completely randomized design was used with three treatments corresponding to the
tree pruning types into a vase shape (V), globe shape (G), and natural shape (NS) (Figure S1)
with eight repetitions per treatment, where the experimental unit was a tree.

2.3. Soil Sampling

Rhizosphere samples were taken before the rainy season, about 105 days after pruning
(dap). To classify the soil and determine changes in the rhizosphere, a trial pit was used. In
the orchard, a soil sample of 500 g was taken from the tree drip line at a depth of 30 cm to
determine its physical and chemical properties. For the quantification of the spores, at a
depth of 20 cm, 200 g samples from the rhizosphere and 10 sub-samples of 2 g of young
secondary and tertiary roots with absorbent hairs were taken. For the quantification of
microorganisms at a depth between 10 and 20 cm, a 200 g sample was taken and refrigerated
to be transported to the laboratory.

2.4. Physical and Chemical Soil Properties

The soil texture and structure were determined by using the Bouyoucos-hydrometer
method and the wet sieving method [46,47], respectively. Particle density (Pd) was
measured utilizing the pycnometer method [48], and the bulk density (Bd) by the core
method [48] and was used to calculate the total porosity (Por). The coefficient of linear
expansion (CLE) was determined following the IGAC methodology [48]. The consistency
was calculated based on liquid (LL) and plastic limits (PL), and the color according to a
Munsell table [49]. Soil pH was determined using the 1:1 soil to water ratio, and the ex-
changeable acidity (Al>*) was extracted by KC1 1 N. The OM content was quantified by the
Walkley-Black method [50], while available phosphorus was via the Bray II—Colorimetry
method. The Ca?*, Mg2+, K*, and Na* contents were by ammonium acetate extraction and
atomic absorption; electrical conductivity (EC) by saturation extract (conductivity meter),
and the effective cation exchange capacity (ECEC) was calculated by summing cations.

2.5. Mycorrhizal Fungal Spore Counting, Nitrogen-Fixing, Cellulolytic, Phosphate Solubilizers
Microorganisms, and Enzymatic Activity

For the spore’s extraction, the method described by Sieverding [51] was used. Root
processing was performed according to the staining method described by Posada and
coworkers [52]. The percentage of total AMF colonization or inoculum (I) was calculated



Agronomy 2022,12, 1159

50f 15

as the quotient between the number of fields colonized by any AMF structure and the total
number of observed fields, multiplied by 100.

Nitrogen-fixing microorganisms quantification was carried out following the Dobere-
iner and Day [53] protocol using a culture medium composed of KH,PO4, MgSOy, 7H,0O,
NaCl, CaClp, FeClz, MoO4Na 2H,0, malate, bromothymol blue, and agar-agar. Each
sample was inoculated in triplicate and the counting was performed by using UV. For
cellulolytic microorganisms counting, first, the soil samples were diluted with 0.1% peptone
water up to 1075, inoculated in 1% carboxymethyl cellulose (CMC) agar culture medium,
and incubated at 35 °C for 48 h, then, inoculated again in 1% CMC agar culture, and finally,
using the Congo red tests, the colonies with larger hydrolytic haloes were selected [54]. The
isolation of phosphate-solubilizing microorganisms was performed by incubating 500 mL
from the sample with 250 mL of semolina and 50 mL of molasses. Then, the microorganisms
were separated from the solid and liquid phases following the serial dilution method, using
the culture medium suggested by Osorio and Habte [55], enriched with finely ground
phosphate rock (from 90 to 500 um). The next day, the colonies that produced a yellow halo
were isolated.

The phosphatase activity was measured according to the p-nitrophenyl phosphate
method [56], and the cellulase activity was determined by the 3,5-dinitrosalicylic acid (DNS)
method [57].

2.6. Data Analysis

Continuous response variables (MWD, Pd, Bd, CLE, pH, P, Ca?t, Mg2+, K*, Na*, A%+,
EC, ECEC, Pho, and Cel) were analyzed by ANOVA or by the Kruskal-Wallis test if the
homogeneity of variance and normality of residuals assumptions were violated. Count
response variables (Spo, cel.nO, Nf, Ps) were modeled with negative binomial regressions,
and, for the proportional response variables (Por, OM, I), a beta regression with the logit
link function was conducted [58]. Means comparison of the count and proportion variables
were analyzed with least-square means [59].

A principal component analysis (PCA) was used to reduce the dimensions of the
data through the correlation between the physical, chemical, and microbiological variables
measured in the rhizosphere soil samples in each treatment. Correlations were analyzed
using Kendall’s rank method for non-normal data [60] with Bonferroni-adjusted p-values,
and a significance level of 0.05. The relationship between the cellulase activity (Cel) and
percentage of inoculum (I), phosphate-solubilizing microorganisms (Ps) and nitrogen-
fixing microorganisms (Nf), and the effective cation exchange capacity (ECEC) and calcium
content (Ca?*), were modeled by simple linear regressions. All statistical analyses were
performed using the RStudio software [61] and FactoMineR [62], ggplot2 [63], corrplot [64],
MASS [65], and betareg [58] packages. Figures showing inferential statistics were plotted
according to Weissgerber et al. [66], who suggest that univariate scatterplots are the better
choice to summarize small studies.

3. Results
3.1. Physical and Chemical Soil Properties

Mean values for the measured variables in each treatment are related in Table 2. The
Kruskal-Wallis tests showed statistical evidence of the effect of tree pruning on soil P
content (x? = 10.29, p < 0.01, df = 2), and the Nemenyi multiple comparison tests [67]
indicated that V and G pruning significantly increases the P content in the soil compared to
NS (Figure 2A).
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Table 2. Physical, chemical, microbiological and enzyme activity mean values for the pruning
treatments: spherical vase shape (V), globe shape (G) and natural shape (NS).

Treatments
Variable
A G NS
Sand (%) 31.88 33.63 34.13
Silt (%) 37.25 37.25 34.75
Clay (%) 30.87 30.37 31.12
Pd (g cm~3) 241 2.55 2.37
Bd (g cm~3) 1.11 1.09 1.07
Por (%) 53.64 56.98 54.53
MWD (mm) 3.99 3.86 391
LL 39.26 40.73 40.07
PL 28.59 28.12 28.55
PI 10.67 12.61 11.52
CLE 0.06 0.06 0.06
pH 4.90 5.07 5.07
EC(dSm™1) 0.51 0.56 0.56
00C (%) 0.39 0.45 1.05
P (mg kg~ 1) 56.31 52.06 33.14
Ca* (cmol. kg™1) 6.69 7.91 7.88
K* (cmolc kg™1) 0.81 0.93 0.73
Mg?* (cmolc kg™1) 3.15 3.34 3.25
Na* (cmol. kg~1) 0.15 0.18 0.20
ECEC (cmolc kg™ 1) 12.60 13.58 13.44
I (%) 72.50 76.00 76.25
Spo (%) 3557.50 4551.25 4538.25
A3 (cmolc kg™ 1) 1.80 1.24 1.39
Nf (CFU) 1.71 x 10° 4.76 x 10° 1.52 x 10°
Ps (CFU) 3.16 x 10° 5.76 x 10° 1.32 x 10°
cel.uO 6.25 13.75 5.00
Pho (uM/min/g) 77.97 57.03 178.92
Cel (uM/min/g) 1.39 1.56 1.64

Por: Porosity percentage, MWD: mean weighted diameter, LL: liquid limit, PL: plastic limit, PI: plasticity index,
CLE: coefficient of linear expansion, I: inoculum percentage, Spo: spores percentage, Nf: nitrogen-fixing, Ps:
phosphate-solubilizing, cel.uO: cellulolytic microorganisms, Pho: phosphatase, Cel: Cellulase.

According to the beta regression, V and G tree pruning significantly reduces the OOC
in the rhizosphere soil by 87.5% and 78.3%, respectively (Figure 2B). The negative binomial
regression indicated that the Nf number is expected to have a 0.3 times lower rate in G
concerning NS (Figure 2C). For Ps, the count is expected that V pruning has a rate 2.4 times
higher compared with NS, and for G, it is expected to have a rate 0.44 times lower than NS
(Figure 2D).

According to PCA (Figure 3), three main components or dimensions were extracted,
Dim 1, Dim 2, and Dim 3, which explain approximately 20.54%, 15.19%, and 11.88% of
the total variance in the data, respectively (Figure 3, Table 3). Dim 1 was significantly
correlated with ECEC, EC, cel.nO count, and the concentration of Na* and Ca?* ions; while
the correlation with the microorganisms Nf and Ps was negative. Dim 2 was significantly
influenced by pH, Cel activity, I, CLE, Spo, and negatively by Na*, AP*, and Pho. For
Dim 3, the positive correlation was with P, CLE, Bd, and MWD, and negative with Ca?*,
This means that Dim 1 is mostly explained by bases and its effect on EC and ECEC, Dim 2,
is influenced by pH and biological activity in terms of Cel, I, and Pho. Dim 3 is dominated
by P and physical properties of the soil.
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Figure 2. Effects of the olive pruning shape, vase (V), globe (G), and natural shape (NS), in olive
trees rhizosphere soil on (A) P contents. Nemenyi test following Kruskal-Wallis H test was used to
compare P content in rhizospheric soil between pruning treatments. (B) Oxidizable organic carbon.
After beta regression, pairwise comparisons using Tukey’s adjustment were used for comparing
pruning treatments. (C) Nitrogen-fixing microorganisms count and (D) Phosphate solubilizers
microorganism count were fitted to a negative binomial model and the differences between pruning
treatments were tested with pairwise comparisons using Tukey’s adjustment. Different letters denote
significant (p < 0.05) differences between the means. Figures are plotted according to Weissgerber et al.
(2015) [66].
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(a)

Dim 2 (15.19%)

-0.5

(b)

Dim 3 (11.88%)

0.0 OIS 1'0 —1‘0 —0‘5 0.0 OIS 1‘0
Dim 1 (20.54%) Dim 1 (20.54%)

Figure 3. Principal components analysis variable factor map for physical, chemical, and biological
variables measured in the rhizospheric soil of olive trees 105 days after pruning. The three first
components or dimensions were extracted (Dim 1, Dim 2, and Dim 3). (a) Dim 1 vs. Dim 2; (b) Dim 1

vs. Dim 3.

Table 3. Explained variance by principal components or dimensions Dim 1, Dim 2 and Dim 3, and

correlation values of the measured variables with respect to each Dim.

Variable Correlation
Dim 1 (20.54%)
ECEC 0.88 ***
EC 0.82 ***
Ca?* 0.76 ***
Mg2* 0.70 ***
cel.pO 0.57 ***
Nat 0.50 *
Ps —0.56 ***
Nf —0.63 ***
Dim 2 (15.19%)
pH 0.67 ***
Cel 0.66 ***
I 0.52 **
CLE 0.47 *
Spo 0.45 *
Na* —0.50 **
AP+ —0.52**
Pho —0.64 ***
Dim 3 (11.88%)
P 0.76 ***
CLE 0.70 ***
Bd 0.62 ***
MWD 0.58 ***
Ca%* —0.41*

* Significant at p < 0.05, ** Significant at p < 0.01, *** Significant at p < 0.001.



Agronomy 2022,12, 1159

9of 15

The Kendall correlation coefficients (r_t) (Figure 4) showed moderate positive and
significant correlations (p < 0.05) between EC and Mg?* (0.34), Mg?* and ECEC (0.43), Ca®*
and ECEC (0.55), P and CLE (0.45), I and Cel (0.37), AI** and ECEC (0.34), Spo and Ca?*
(0.29), Spo and pH (0.45), MWD and CLE (0.44), Por and Cel (0.33), Pho and Nf (0.34), and
Ps and Nf (0.5). On the other hand, high and significant negative moderate correlations
were found between pH and AI** (—0.76), Pho and Cel (—0.32), Nf and P (—0.3), Nf and
cel.pO (—0.34), Nf and EC (—0.41).
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Figure 4. Correlogram reporting the relationship between physical, chemical, and biological variables
measured in the rhizospheric soil of olive trees. Colored cells indicate a significant correlation at a
confidence level of 95%. Blue cells indicate a positive correlation and red cells indicate a negative
correlation. The value inside each cell corresponds to Kendall (r¢) correlation coefficient with

Bonferroni-adjusted p-values.

3.2. Mycorrhizal Fungal Spore Counting, Nitrogen-Fixing, Cellulolytic, Phosphate Solubilizers
Microorganisms, and Enzymatic Activity

Simple linear regressions (Table 4) established that the percentage of inoculum (I) can
significantly predict Cel (t = 2.59, p = 0.017); moreover, it explained 23% of the vari-
ability of Cel (adjusted R?). On the other hand, the Nf contributed (58%) significantly
(p < 0.001) to the variability of Ps, meaning that a change of one unit of Nf will increase Ps
by 1.22 units. The Ca?* concentrations in the rhizosphere soil solution have a significant
effect (p < 0.0001) on the ECEC. In this way, an increase of one unit of Ca?* is expected to
increase ECEC by 1.17 units.
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Table 4. Results of the simple linear regressions.

Variables
Equation R2 Significance
Dependent Independent
Cellulase activity (Cel) Inoculum percentage (I) y =041+ 1.49x 0.23 0.017
Phosphate-solubilizing (Ps) Nitrogen-fixing (Nf) y =18,070.2 + 1.22x 0.58 <0.0001
Effective cation Exchange Calcium (Ca2*) y =445+ 1.17x 0.74 <0.0001

capacity (ECEC)

R?: coefficient of multiple correlation; Significance: two-tail observed significance levels (p) for t-statistic.

4. Discussion

Olive trees can grow in poor soil [68]. To produce 10 kg of olive fruits, trees require
between 1.5t02.0 gof N, 0.1t0 0.3 g of P, 0.8 g of K*, 1.0 g of Ca®*, and 0.1 g of Mg?* [69-71].
In this experiment, the rainfall was less than 300 mm per semester. In addition, some soil
conditions could have restricted the orchard’s growth and development [72-74].

In the literature, there are no studies that have investigated the correlation between
the tree pruning shape (V, G, and NS) and the properties of the soil. The results obtained
in this research do not show significant differences between the plants with different
pruning shapes.

For the mycorrhizal fungal spore counting, the observable high percentages of I
(Table 2) could be due to the low rainfall (Figure 1). The correlation between I and Cel,
highlighted in Table 3 and Figure 4, can be explained by the fungi’s Cel, which behaved
to degrade and penetrate the root cell walls and exchange nutrients with carbon com-
pounds [75-77]; moreover, these nutrients, are useful to maintain and improve the symbi-
otic relationship [78]. Since the low populations of cel.nO are related to the scarcity of OM,
the correlation between Cel and I is an indicator of the trees” water requirements.

For the physical and chemical soil properties evaluations, the low P availability could
be caused by the experimental orchard characteristics, which consisted of an average
day temperature of 28 °C and a very strongly acidic pH. Moreover, the observed low
P availability, the high activity of Nf, and the release of N from the soil in the form of
NH* can explain the negative correlation between P and Nf. The low levels of N found
in the rhizosphere soil of the different pruning forms of trees (Figure 1) could be due
to temperatures, which represent the main factor that affects the enzymatic activity in
soils [79].

Low N and OM contents and a very strongly acidic soil pH affected P, K*, Ca?*, and
Mg?* availability [9,80-86]. The low demand for P for olive trees [84], and the high clay
sorption capacity [85], could explain the high soil P levels. Furthermore, Ca?* content
and its relationship with ECEC could be due to Ca?*, which is the one with the highest
incidence in the exchange complex, even if it is part of the soil parent material (Table 1) and
all cations are in excess. The Ca?*, Mg?*, and K* concentrations are higher in the pruned
trees, but despite the ECEC having medium values (5-10 cmolc/kg), the correlation with
Ca?" and Mg?" is significant (Figure 4).

The relationship between P and MWD, CLE, and Bd, observable in the correlogram
(Figure 4), might be due to the acidic pH. At acid pH, indeed, P is present with the most
assimilable P chemical species, that is HPO,?". This phosphate form binds to clay surfaces,
replacing OH- groups. The strongly acidic pH in the experiment suggests that HPO4% binds
to clay or OM, thus increasing cation adsorption as Ca?* and Mg?* [86,87]. In this condition,
P is on microsites that are part of the aggregates that increased in size, presumably, as an
effect of the glomalin [88-90]. As a result, increasing MWD, expanding the clays (CLE),
and, as a consequence, decreasing Bd, contribute to the adaptation of olive trees in this type
of soil.

These stressing conditions could have promoted the presence of beneficial microor-
ganisms in the soil because nitrogen-fixing and phosphate solubilizes microorganisms, and
AMEF are biological indicators of the low nutrient availability [91-95]. Therefore, the root
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microbiota and the rhizosphere found in the Alto Ricaurte olive trees could increase the
availability of P for plants [96].

Due to a strongly acidic pH, the concentrations of Al** and Fe3* immobilize P, thus
pH and I showed a positive correlation (Figure 4). P immobilization induces the plant
to establish a symbiosis with fungi to acquire P. Furthermore, symbiosis can induce sig-
nificant changes in soil pH that enhance P availability [76,97-99]. Some soil microorgan-
isms require elements like P to construct membranes and synthesize ATP, and proteins
useful in the N, fixation process. This last process requires additional Fe and Mo for
synthesizing leghemoglobin and nitrogenase [100-103]. Therefore, P mobilization could be
improved by microbial activity, and microbial activity could be promoted by phosphatase
activity [86,104,105] that, in turn, is affected by the total N in the soil. Moreover, the rela-
tionship between Nf, Ps, and Pho activity [106] (Figure 3 and Table 3) in this experiment,
could be due to the transport carried out by AMF to the plants of N, as NH** or NO3~ [107].

5. Conclusions

The soil where the olive trees were planted showed physical, chemical, and micro-
biological changes due to root activity. The roots established an association with AMF
(Arbuscular Mycorhizal Fungi) and stimulated the presence of other nitrogen-fixing (Nf),
phosphate-solubilizing (Ps), and cellulolytic microorganisms (cel.nO) microbial popula-
tions which is evident by the enzymatic activity of phosphatase (Pho) and cellulase (Cel).
However, pruning forms do not seem to significantly affect the root activity.

The olive trees’ growth in the experiment are affected by the nutritional imbalances,
the low rainfall, and the strongly acidic pH existing in the experimental area.

Nevertheless, the ability of olive trees to adapt to adverse climate and soil condi-
tions has allowed its presence in the Zaquencipa valley, located in Alto Ricaurte, Boyaca-
Colombia, thus confirming the location as an alternative for site olive trees revegetalization,
and, possibly, olive trees cultivation with productive purposes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12051159/s1, Figure S1: Tree pruning types [108].

Author Contributions: J.EG.-M.: conceptualization, research, methodology, software, writing—
original draft, writing—review and editing; W.J.C.-B.: formal analysis, research, methodology,
software; M.R.: research, methodology, software, writing—review and editing; L.S.].-G.: research,
methodology, formal analysis, software; T.G.: conceptualization, methodology, writing—review
and editing, project management. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We gratefully thank the company Frutalia de Colombia™, and the owner of the
Huerto Olivanto orchard for their support to carry out this research.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Garcia-Molano, J.F. Acercamiento a la olivicultura en Boyaca. Cult. Sci. 2010, 8, 8-14.

2. Ruiz, S.L.M,; Carvajal, R.D.C.; Garcia, ].E; Almanza-Merchan, PJ. Produccién de Aceitunas y Aceite de Oliva en el Clima de la
Region del Alto Ricaurte en Boyaca, Colombia. Rev. Colomb. Cienc. Hortic. 2019, 13, €9202. [CrossRef]

3.  Lopez-Bernal, A Garcia-Tejera, O.; Testi, L.; Villalobos, EJ. Genotypic variability in radial resistance to water flow in olive roots
and its response to temperature variations. Tree Physiol. 2020, 40, 445—-453. [CrossRef] [PubMed]

4. Garcia-Molano, J.F.; Cheverria-Gonzalez, E.Y. Comportamiento fenologico del olivo (Olea europaea L.) en el Alto Ricaurte (Boyaca).
Rev. Logos Cienc. Tecnol. 2014, 6, 1-13. [CrossRef]


https://www.mdpi.com/article/10.3390/agronomy12051159/s1
https://www.mdpi.com/article/10.3390/agronomy12051159/s1
http://doi.org/10.17584/rcch.2019v13i1.9202
http://doi.org/10.1093/treephys/tpaa010
http://www.ncbi.nlm.nih.gov/pubmed/32031664
http://doi.org/10.22335/rlct.v6i1.136

Agronomy 2022, 12,1159 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Haberman, A.; Bakhshian, O.; Cerezo-Medina, S.; Paltiel, J.; Adler, C.; Ben-Ari, G.; Mercado, J.A.; Pliego-Alfaro, F,; Lavee, S.;
Samach, A. A possible role for flowering locus T-encoding genes in interpreting environmental and internal cues affecting olive
(Olea europaea L.) flower induction. Plant Cell Environ. 2017, 40, 1263-1280. [CrossRef]

Rosati, A.; Marchionni, D.; Mantovani, D.; Ponti, L.; Famiani, F. Intercepted Photosynthetically Active Radiation (PAR) and
spatial and temporal distribution of transmitted PAR under high-density and super high-density olive orchards. Agriculture 2021,
11, 351. [CrossRef]

Gomez-Del-Campo, M.; Trentacoste, E.R.; Connor, D.]. Long-term effects of row spacing on radiation interception, fruit character-
istics and production of hedgerow olive orchard (cv. Arbequina). Sci. Hortic. 2020, 272, 109583. [CrossRef]

Erel, R.;; Yermiyahu, U.; Yasuor, H.; Cohen Chamus, D.; Schwartz, A.; Ben-Gal, A.; Dag, A. Phosphorous nutritional level,
carbohydrate reserves and flower quality in olives. PLoS ONE 2016, 11, e0167591. [CrossRef]

Chatzistathis, T.; Monokrousos, N.; Psoma, P.; Tziachris, P.; Metaxa, I.; Strikos, G.; Papadopoulos, EH.; Papadopoulos, A.H. How
fully productive olive trees (Olea europaea L., cv. “Chondrolia Chalkidikis”) manage to over-satisfy their P nutritional needs under
low Olsen P availability in soils? Sci. Hortic. 2020, 265, 109251. [CrossRef]

Christopoulou, N.; Chatzistathis, T.; Papatheodorou, E.M.; Aschonitis, V.; Monokrousos, N. The crucial role of soil organic matter
in satisfying the phosphorus requirements of olive trees (Olea europaea L.). Agriculture 2021, 11, 111. [CrossRef]

Dabbaghi, O.; Oden, S.; Willems, T.; Attia, F.; Hammami, M.; Prinsen, E.; Mechri, B. Foliar application of bio-fertilizers influenced
the endogenous concentrations of phytohormones and amino acids in leaves and roots of olive trees (Olea europaea L. cv. Chemlali).
Afr. ]. Agric. Res. 2018, 13, 1777-1786. [CrossRef]

Aneed, N.; Al-Isaw, M.; Mohammed, A.; Al-Janabi, I. Effect of foliar application with kinetin and amino acids in the vegetative
growth and chemical content of young olive trees cv. “K18.” Ann. Rom. Soc. Cell Biol. 2021, 25, 10067-10076.

El-Tanany, M.M.; Shaimaa, A.M. Effect of foliar application of cytokinin, active dry yeast and potassium on fruit size, yield, fruit
quality and leaf mineral composition of Valencia orange trees. EQypt. ]. Hortic. 2016, 43, 389—414. [CrossRef]

Dastkar, E.; Soleimani, A.; Jafary, H.; de Dios Alche, J.; Bahari, A.; Zeinalabedini, M.; Salami, S.A. Differential expression of genes
in olive leaves and buds of ON- versus OFF-crop trees. Sci. Rep. 2020, 10, 15762. [CrossRef] [PubMed]

Fichtner, E.J.; Chao, Y.Y; Ferguson, L.; Verreynne, ].S.; Tang, L.; Lovatt, C.J. Repeating cycles of ON and OFF yields in alternate
bearing olive, pistachio and citrus trees—Different mechanisms, common solutions. Acta Hortic. 2021, 1315, 1-10. [CrossRef]
Fichtner, E.J.; Lovatt, C.J. Alternate bearing in olive. In Proceedings of the VIII International Olive Symposium, Split, Croatia,
30 April 2018; pp. 2281-2297.

Motisi, N.; Ribeyre, F.; Poggi, S. Coffee tree architecture and its interactions with microclimates drive the dynamics of coffee berry
disease in coffee trees. Sci. Rep. 2019, 9, 2544. [CrossRef]

Jiménez-Brenes, FM.; Lopez-Granados, F.; De Castro, A.I; Torres-Sanchez, J.; Serrano, N.; Pefia, ].M. Quantifying pruning impacts
on olive tree architecture and annual canopy growth by using UAV-based 3D modelling. Plant Methods 2017, 13, 55. [CrossRef]
Miranda-Fuentes, A.; Llorens, J.; Gamarra-Diezma, J.L.; Gil-Ribes, ]J.A.; Gil Moya, E. Towards an optimized method of olive tree
crown volume measurement. Sensors 2015, 15, 3671-3687. [CrossRef]

Albarracin, V,; Hall, A.].; Searles, P.S.; Rousseaux, M.C. Responses of vegetative growth and fruit yield to winter and summer
mechanical pruning in olive trees. Sci. Hortic. 2017, 225, 185-194. [CrossRef]

Lodolini, E.-M.; Polverigiani, S.; Paolasini, F.; Evangelista, G.; Tarragoni, A.; Neri, D. Effect of root pruning on vegetative-
reproductive balance of young olive trees. In Proceedings of the X International Symposium on Modelling in Fruit Research and
Orchard Management, Montpellier, France, 10 May 2017; pp. 113-118.

Assirelli, A.; Romano, E.; Bisaglia, C.; Lodolini, E.M.; Neri, D.; Brambilla, M. Canopy index evaluation for precision management
in an intensive olive orchard. Sustainability 2021, 13, 8266. [CrossRef]

Contreras, R.L.G.; Duarte, RM.; Carvajal, A.L.; Contreras, FR.; Ramirez, EN. Effect of rejuvenation pruning on the vegetative
growth and productivity in olive under hot and arid environment of Mexico. Asian |. Agric. Hortic. Res. 2020, 6, 46-52. [CrossRef]
Martin-Rodriguez, J.A.; Huertas, R.; Ho-Plagaro, T.; Ocampo, J.A.; Ture¢kova, V.; Tarkowska, D.; Ludwig-Miiller, J.; Garcia-
Garrido, J.M. Gibberellin-abscisic acid balances during arbuscular mycorrhiza formation in tomato. Front. Plant Sci. 2016, 7, 1273.
[CrossRef] [PubMed]

Liao, D.; Wang, S.; Cui, M,; Liu, J.; Chen, A.; Xu, G. Phytohormones regulate the development of arbuscular mycorrhizal symbiosis.
Int. J. Mol. Sci. 2018, 19, 3146. [CrossRef] [PubMed]

Abu-Elsaoud, A.M.; Nafady, N.A.; Abdel-Azeem, A.M. Arbuscular mycorrhizal strategy for zinc mycoremediation and dimin-
ished translocation to shoots and grains in wheat. PLoS ONE 2017, 12, e0188220. [CrossRef] [PubMed]

Tedersoo, L.; Bahram, M. Mycorrhizal types differ in ecophysiology and alter plant nutrition and soil processes. Biol. Rev. 2019,
94, 1857-1880. [CrossRef]

van der Heijden, M.G.A.; Dombrowski, N.; Schlaeppi, K. Continuum of root—fungal symbioses for plant nutrition. Proc. Natl.
Acad. Sci. USA 2017, 114, 11574-11576. [CrossRef]

Begum, N.; Qin, C.; Ahanger, M.A; Raza, S.; Khan, M.L; Ashraf, M.; Ahmed, N.; Zhang, L. Role of arbuscular mycorrhizal fungi
in plant growth regulation: Implications in abiotic stress tolerance. Front. Plant Sci. 2019, 10, 1068. [CrossRef]

Boutaj, H.; Chakhchar, A.; Meddich, A.; Wahbi, S.; El Alaoui-Talibi, Z.; Douira, A.; Filali-Maltouf, A.; El Modafar, C. Bioprotection
of olive tree from Verticillium wilt by autochthonous endomycorrhizal fungi. J. Plant Dis. Prot. 2020, 127, 349-357. [CrossRef]


http://doi.org/10.1111/pce.12922
http://doi.org/10.3390/agriculture11040351
http://doi.org/10.1016/j.scienta.2020.109583
http://doi.org/10.1371/journal.pone.0167591
http://doi.org/10.1016/j.scienta.2020.109251
http://doi.org/10.3390/agriculture11020111
http://doi.org/10.5897/ajar2018.13339
http://doi.org/10.21608/ejoh.2016.3561
http://doi.org/10.1038/s41598-020-72895-7
http://www.ncbi.nlm.nih.gov/pubmed/32978460
http://doi.org/10.17660/ActaHortic.2021.1315.1
http://doi.org/10.1038/s41598-019-38775-5
http://doi.org/10.1186/s13007-017-0205-3
http://doi.org/10.3390/s150203671
http://doi.org/10.1016/j.scienta.2017.07.005
http://doi.org/10.3390/su13158266
http://doi.org/10.9734/ajahr/2020/v6i330076
http://doi.org/10.3389/fpls.2016.01273
http://www.ncbi.nlm.nih.gov/pubmed/27602046
http://doi.org/10.3390/ijms19103146
http://www.ncbi.nlm.nih.gov/pubmed/30322086
http://doi.org/10.1371/journal.pone.0188220
http://www.ncbi.nlm.nih.gov/pubmed/29145471
http://doi.org/10.1111/brv.12538
http://doi.org/10.1073/pnas.1716329114
http://doi.org/10.3389/fpls.2019.01068
http://doi.org/10.1007/s41348-020-00323-z

Agronomy 2022, 12,1159 13 of 15

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.
55.

56.
57.
58.
59.
60.

61.

Boutaj, H.; Chakhchar, A.; Meddich, A.; Wahbi, S.; El Alaoui-Talibi, Z.; Douira, A.; Filali-Maltouf, A.; El Modafar, C. Mycorrhizal
autochthonous consortium induced defense-related mechanisms of olive trees against Verticillium dahliae. ]. Plant Dis. Prot. 2020,
128, 225-237. [CrossRef]

Hao, Z.; Xie, W.; Chen, B. Arbuscular mycorrhizal symbiosis affects plant immunity to viral infection and accumulation. Viruses
2019, 11, 534. [CrossRef]

Dara, S.K. Non-entomopathogenic roles of entomopathogenic fungi in promoting plant health and growth. Insects 2019, 10, 277.
[CrossRef]

Mohanty, S.P.; Hughes, D.P.; Salathé, M. Using deep learning for image-based plant disease detection. Front. Plant Sci. 2016,
7,1419. [CrossRef]

Soudzilovskaia, N.A.; Douma, J.C.; Akhmetzhanova, A.A.; van Bodegom, PM.; Cornwell, WK.; Moens, E.J.; Treseder, K.K,;
Tibbett, M.; Wang, Y.P.; Cornelissen, ].H.C. Global patterns of plant root colonization intensity by mycorrhizal fungi explained by
climate and soil chemistry. Glob. Ecol. Biogeogr. 2015, 24, 371-382. [CrossRef]

Lehmann, J.; Kleber, M. The contentious nature of soil organic matter. Nature 2015, 528, 60-68. [CrossRef]

Tisdall, J. Formation of soil aggregates and accumulation of soil organic matter. In Structure and Organic Matter Storage in
Agricultural Soils; CRC Press: Boca Raton, FL, USA, 2020; pp. 57-96.

Parton, W.J.; Ojima, D.S.; Schimel, D.S. Models to evaluate soil organic matter storage and dynamics. In Structure and Organic
Matter Storage in Agricultural Soils; CRC Press: Boca Raton, FL, USA, 2020; pp. 421-448.

Ameloot, N.; Sleutel, S.; Das, K.C.; Kanagaratnam, J.; de Neve, S. Biochar amendment to soils with contrasting organic matter
level: Effects on N mineralization and biological soil properties. GCB Bioenergy 2013, 7, 135-144. [CrossRef]

Marzi, M.; Shahbazi, K.; Kharazi, N.; Rezaei, M. The influence of organic amendment source on carbon and nitrogen mineralization
in different soils. J. Soil Sci. Plant Nutr. 2020, 20, 177-191. [CrossRef]

Oldfield, E.E.; Wood, S.A.; Bradford, M.A. Direct effects of soil organic matter on productivity mirror those observed with organic
amendments. Plant Soil 2017, 423, 363-373. [CrossRef]

Caulfield, M.E.; Fonte, S.J.; Tittonell, P.; Vanek, S.J.; Sherwood, S.; Oyarzun, P; Borja, RM.; Dumble, S.; Groot, J.C]. Inter-
community and on-farm asymmetric organic matter allocation patterns drive soil fertility gradients in a rural Andean landscape.
Land Degrad. Dev. 2020, 31, 2973-2985. [CrossRef]

Lazicki, P.; Geisseler, D.; Lloyd, M. Nitrogen mineralization from organic amendments is variable but predictable. ]. Environ.
Qual. 2020, 49, 483-495. [CrossRef]

Bello-Alvarez, O.E; Garcia-Molano, J.F; Cuervo-Bejarano, W.]J. Cuantificacion de diazétrofos en la rizésfera del olivo (Olea
europaea L.) cultivado en Boyaca, Colombia. Acta Agron. 2016, 65, 109-115. [CrossRef]

Beghe, D.; Garcia-Molano, J.E; Fabbri, A.; Ganino, T. Olive biodiversity in Colombia. A molecular study of local germplasm. Sci.
Hortic. 2015, 189, 122-131. [CrossRef]

Bouyoucos, G.J. Hydrometer method improved for making particle size analyses of soils. Agron. J. 1962, 54, 464—465. [CrossRef]
Yoder, R.E. A direct method of aggregate analysis of soils and a study of the physical nature of erosion losses. Agron. J. 1936, 28,
337-351. [CrossRef]

Instituto Geografico Agustin Codazzi. Meétodos Analiticos del Laboratorio de Suelos; Reptublica de Colombia Departamento
Administrativo Nacional de Estadistica: Bogot4, Colombia, 2006.

Munsell, A. Munsell Soil Color Charts; Munsell Color: New Windsor, NY, USA, 1994.

Walkley, A; Black, L. A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci. 1934, 37, 29-38. [CrossRef]

Sieverding, E. Manual de Métodos de Investigacion para la Micorriza Vesiculo-Arbuscular en el Laboratorio; Consultative Group on
International Agricultural Research (CGIAR): Montpellier, France, 1983.

Posada, R.H.; Sanchez de Prager, M.; Pomar, D.; Castillo, M. Metodologias Bdsicas para el Trabajo con Micorriza Arbuscular y Hongos
Formadores de Micorriza Arbuscular; Posada, R.H., Sanchez de Prager, M., Velasquez Pomar, D., Narvaez, M., Eds.; Universidad
Nacional de Colombia: Palmira, Colombia, 2010; ISBN 978-958-8095-60-8.

Dobereiner, J.; Day, J. Associative symbiosis and free-living systems. In Proceedings of the 1st International Symposium on Nitrogen
Fixation, Pullman, WA, USA, 3-7 June 1974; Washington State University Press: Pullman, WA, USA, 1976; pp. 518-538.

Wood, PJ. Specificity in the interaction of direct dyes with polysaccharides. Carbohydr. Res. 1980, 85, 271-287. [CrossRef]
Osorio, N.W.; Habte, M. Synergistic influence of an arbuscular mycorrhizal fungus and a P solubilizing fungus on growth and P
uptake of Leucaena leucocephala in an oxisol. Arid Land Res. Manag. 2001, 15, 263-274. [CrossRef]

Tabatabai, M.A.; Bremner, ].M. Use of P-nitrophenyl phosphate for assay of soil phosphatase activity. Soil Biol. Biochem. 1969, 1,
301-307. [CrossRef]

Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426-428. [CrossRef]
Cribari-Neto, F.; Zeileis, A. Beta regression in R. J. Stat. Softw. 2010, 34, 1-24. [CrossRef]

Lenth, R.; Singmann, H.; Love, J.; Buerkner, P.; Herve, M. Emmeans: Estimated Marginal Means, aka Least-Squares Means. 2019.
Available online: https://CRAN.R-project.org/package=emmeans (accessed on 14 March 2022).

Newson, R. Parameters behind “Nonparametric” statistics: Kendall’s tau, Somers’ D and median differences. Stata J. 2002, 2,
45-64. [CrossRef]

RStudio Team. RStudio: Integrated Development Environment for R; RStudio Team: Boston, MA, USA, 2019.


http://doi.org/10.1007/s41348-020-00365-3
http://doi.org/10.3390/v11060534
http://doi.org/10.3390/insects10090277
http://doi.org/10.3389/fpls.2016.01419
http://doi.org/10.1111/geb.12272
http://doi.org/10.1038/nature16069
http://doi.org/10.1111/gcbb.12119
http://doi.org/10.1007/s42729-019-00116-w
http://doi.org/10.1007/s11104-017-3513-5
http://doi.org/10.1002/ldr.3635
http://doi.org/10.1002/jeq2.20030
http://doi.org/10.15446/acag.v65n2.44270
http://doi.org/10.1016/j.scienta.2015.04.003
http://doi.org/10.2134/agronj1962.00021962005400050028x
http://doi.org/10.2134/agronj1936.00021962002800050001x
http://doi.org/10.1097/00010694-193401000-00003
http://doi.org/10.1016/S0008-6215(00)84676-5
http://doi.org/10.1080/15324980152119810
http://doi.org/10.1016/0038-0717(69)90012-1
http://doi.org/10.1021/ac60147a030
http://doi.org/10.18637/jss.v034.i02
https://CRAN.R-project.org/package=emmeans
http://doi.org/10.1177/1536867X0200200103

Agronomy 2022, 12,1159 14 of 15

62.
63.
64.
65.
66.
67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Lé, S.; Josse, J.; Husson, F. FactoMineR: An R package for multivariate analysis. J. Stat. Softw. 2008, 25, 1-18. [CrossRef]
Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.

Wei, T.; Simko, V. R Package “Corrplot”: Visualization of a Correlation Matrix; RStudio Team: Boston, MA, USA, 2017.

Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002; ISBN 0-387-95457-0.
Weissgerber, T.L.; Milic, N.M.; Winham, S.J.; Garovic, V.D. Beyond bar and line graphs: Time for a new data presentation
paradigm. PLoS Biol. 2015, 13, €1002128. [CrossRef]

Signorell, A.; Aho, K.; Alfons, A.; Anderegg, N.; Aragon, T.; Arachchige, C. DescTools: Tools for Descriptive Statistics; R Package
Version 0.99; R Studio Team: Boston, MA, USA, 2019.

Pio, R.; de Souza, F.B.M.; Coelho, V.A.T,; Rodas, C.L.; da Silva, I.P.; de Melo, E.T. Visual symptoms and nutritional deficiencies in
olive trees under subjected to nutrient deprivation. Acta Sci. Agron. 2019, 41, 39582. [CrossRef]

Tekaya, M.; El-Gharbi, S.; Mechri, B.; Chehab, H.; Bchir, A.; Chraief, I.; Ayachi, M.; Boujnah, D.; Attia, F.; Hammami, M. Improving
performance of olive trees by the enhancement of key physiological parameters of olive leaves in response to foliar fertilization.
Acta Physiol. Plant. 2016, 38, 101. [CrossRef]

Zipori, L; Erel, R.; Yermiyahu, U.; Ben-Gal, A.; Dag, A. Sustainable management of olive orchard nutrition: A review. Agriculture
2020, 10, 11. [CrossRef]

Erel, R.; Yermiyhu, Y.; Ben-Gal, A.; Dag, A. Olive fertilization under intensive cultivation management. Acta Hortic. 2018, 1217,
207-224. [CrossRef]

Tejada, M.; Benitez, C. Effects of different organic wastes on soil biochemical properties and yield in an olive grove. Appl. Soil
Ecol. 2020, 146, 103371. [CrossRef]

Alcaras, L.M.A.; Rousseaux, M.C.; Searles, P.S. Responses of several soil and plant indicators to post-harvest regulated deficit
irrigation in olive trees and their potential for irrigation scheduling. Agric. Water Manag. 2016, 171, 10-20. [CrossRef]

Torres, M.; Pierantozzi, P.; Searles, P.; Rousseaux, M.C.; Garcia-Inza, G.; Miserere, A.; Bodoira, R.; Contreras, C.; Maestri, D. Olive
cultivation in the southern hemisphere: Flowering, water requirements and oil quality responses to new crop environments.
Front. Plant Sci. 2017, 8, 1830. [CrossRef]

Fikrinda, F,; Syafruddin, S.; Sufardi, S.; Sriwati, R. Combined application of native mycorrhizal and cellulolytic fungi to manage
drought effects on maize. IOP Conf. Ser. Earth Environ. Sci. 2019, 334, 012072. [CrossRef]

Hinsinger, P.; Herrmann, L.; Lesueur, D.; Robin, A.; Trap, J.; Waithaisong, K.; Plassard, C. Impact of roots, microorganisms and
microfauna on the fate of soil phosphorus in the rhizosphere. Annu. Plant Rev. 2015, 48, 375-407. [CrossRef]

Rich, M.; Eschorderet, M.; Ereinhardt, D. The role of the cell wall compartment in mutualistic symbioses of plants. Front. Plant Sci.
2014, 5, 238. [CrossRef]

Essahibi, A.; Benhiba, L.; Babram, M.A.; Ghoulam, C.; Qaddoury, A. Influence of arbuscular mycorrhizal fungi on the functional
mechanisms associated with drought tolerance in carob (Ceratonia siliqua L.). Trees 2017, 32, 87-97. [CrossRef]

Zheng, H.; Liu, Y.; Zhang, J.; Chen, Y.; Yang, L.; Li, H.; Wang, L. Factors influencing soil enzyme activity in China’s forest
ecosystems. Plant Ecol. 2017, 219, 31-44. [CrossRef]

Ramos, ET.; Dores, E.ED.C.; Weber, O.L.D.S.; Beber, D.C.; Campelo, ].H., Jr.; Maia, ].C.D.S. Soil organic matter doubles the cation
exchange capacity of tropical soil under no-till farming in Brazil. J. Sci. Food Agric. 2018, 98, 3595-3602. [CrossRef]

Matsui, K.; Takata, Y.; Matsuura, S.; Wagai, R. Soil organic carbon was more strongly linked with soil phosphate fixing capacity
than with clay content across 20,000 agricultural soils in Japan: A potential role of reactive aluminum revealed by soil database
approach. Soil Sci. Plant Nutr. 2021, 67, 233-242. [CrossRef]

Fink, J.R.; Inda, A.V.; Tiecher, T.; Barrén, V. Iron oxides and organic matter on soil phosphorus availability. Cienc. AgroTecnol. 2016,
40, 369-379. [CrossRef]

Yang, X.; Chen, X.; Yang, X. Effect of organic matter on phosphorus adsorption and desorption in a black soil from northeast
China. Soil Tillage Res. 2019, 187, 85-91. [CrossRef]

Rodriguez Sousa, A.; Parra-Lopez, C.; Sayadi-Gmada, S.; Barandica, ].M.; Rescia, A.J. Impacts of erosion on the sustainability of
organic olive groves: A case study (Estepa region, southwestern Spain). Sustainability 2021, 13, 7983. [CrossRef]

Yu, K; Chen, X; Pan, G.; Zhang, X.; Chen, C. Dynamics of soil available phosphorus and its impact factors under simulated
climate change in typical farmland of Taihu Lake region, China. Environ. Monit. Assess. 2016, 188, 88. [CrossRef]

Lemanowicz, J. Dynamics of phosphorus content and the activity of phosphatase in forest soil in the sustained nitrogen
compounds emissions zone. Environ. Sci. Pollut. Res. 2018, 25, 33773-33782. [CrossRef] [PubMed]

Do Nascimento, C.A.C.; Pagliari, PH.; da Faria, L.A.; Vitti, G.C. Phosphorus mobility and behavior in soils treated with calcium,
ammonium, and magnesium phosphates. Soil Sci. Soc. Am. J. 2018, 82, 622-631. [CrossRef]

Cissé, G.; Essi, M.; Kedi, B.; Mollier, A.; Staunton, S. Contrasting effects of long-term phosphorus fertilization on glomalin-related
soil protein (GRSP). Eur. ]. Soil Biol. 2021, 107, 103363. [CrossRef]

Liu, H.; Wang, X,; Liang, C.; Ai, Z.; Wu, Y.; Xu, H.; Xue, S.; Liu, G. Glomalin-related soil protein affects soil aggregation and
recovery of soil nutrient following natural revegetation on the Loess Plateau. Geoderma 2020, 357, 113921. [CrossRef]

Zhang, D.; Easterling, K.A.; Pitra, N.J.; Coles, M.C.; Buckler, E.S.; Bass, H.W.; Matthews, P.D. Non-mendelian single-nucleotide
polymorphism inheritance and atypical meiotic configurations are prevalent in hop. Plant Genome 2017, 10, 32. [CrossRef]
[PubMed]


http://doi.org/10.18637/jss.v025.i01
http://doi.org/10.1371/journal.pbio.1002128
http://doi.org/10.4025/actasciagron.v41i1.39582
http://doi.org/10.1007/s11738-016-2122-x
http://doi.org/10.3390/agriculture10010011
http://doi.org/10.17660/ActaHortic.2018.1217.27
http://doi.org/10.1016/j.apsoil.2019.103371
http://doi.org/10.1016/j.agwat.2016.03.006
http://doi.org/10.3389/fpls.2017.01830
http://doi.org/10.1088/1755-1315/334/1/012072
http://doi.org/10.1002/9781118958841.ch13
http://doi.org/10.3389/fpls.2014.00238
http://doi.org/10.1007/s00468-017-1613-8
http://doi.org/10.1007/s11258-017-0775-1
http://doi.org/10.1002/jsfa.8881
http://doi.org/10.1080/00380768.2021.1902750
http://doi.org/10.1590/1413-70542016404023016
http://doi.org/10.1016/j.still.2018.11.016
http://doi.org/10.3390/su13147983
http://doi.org/10.1007/s10661-015-5087-0
http://doi.org/10.1007/s11356-018-3348-5
http://www.ncbi.nlm.nih.gov/pubmed/30276700
http://doi.org/10.2136/sssaj2017.06.0211
http://doi.org/10.1016/j.ejsobi.2021.103363
http://doi.org/10.1016/j.geoderma.2019.113921
http://doi.org/10.3835/plantgenome2017.04.0032
http://www.ncbi.nlm.nih.gov/pubmed/29293819

Agronomy 2022, 12,1159 15 of 15

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

Syib’li, M.A.; Muhibuddin, A.; Djauhari, S. Arbuscular mycorrhiza fungi as an indicator of soil fertility. Agrivita J. Agric. Sci. 2013,
35,44-53. [CrossRef]

Kabir, A.H.; Debnath, T; Das, U.; Prity, S.A.; Haque, A.; Rahman, M.M.; Parvez, M.S. Arbuscular mycorrhizal fungi alleviate
Fe-deficiency symptoms in sunflower by increasing iron uptake and its availability along with antioxidant defense. Plant Physiol.
Biochem. 2020, 150, 254-262. [CrossRef]

Zou, Y.-N.; Zhang, D.-].; Liu, C.-Y.; Wu, Q.-S. Relationships between mycorrhizas and root hairs. Pak. J. Bot. 2019, 51, 727-733.
[CrossRef]

Igiehon, N.O.; Babalola, O.O. Rhizosphere microbiome modulators: Contributions of nitrogen fixing bacteria towards sustainable
agriculture. Int. ]. Environ. Res. Public Health 2018, 15, 574. [CrossRef]

Aasfar, A.; Bargaz, A.; Yaakoubi, K; Hilali, A.; Bennis, I.; Zeroual, Y.; Meftah Kadmiri, I. Nitrogen fixing Azotobacter species as
potential soil biological enhancers for crop nutrition and yield stability. Front. Microbiol. 2021, 12, 628379. [CrossRef]
Menezes-Blackburn, D.; Giles, C.; Darch, T.; George, T.S.; Blackwell, M.; Stutter, M.; Shand, C.; Lumsdon, D.; Cooper, P.; Wendler,
R.; et al. Opportunities for mobilizing recalcitrant phosphorus from agricultural soils: A review. Plant Soil 2018, 427, 5-16.
[CrossRef] [PubMed]

Cruz-Paredes, C.; Diera, T.; Davey, M.; Rieckmann, M.M.; Christensen, P.; dela Cruz, M.; Laursen, K.H.; Joner, E.J.; Christensen,
J.H.; Nybroe, O.; et al. Disentangling the abiotic and biotic components of AMF suppressive soils. Soil Biol. Biochem. 2021, 159,
108305. [CrossRef]

Della Ménica, LE.; Godeas, A.M.; Scervino, ].M. In vivo modulation of arbuscular mycorrhizal symbiosis and soil quality by
fungal P solubilizers. Microb. Ecol. 2020, 79, 21-29. [CrossRef] [PubMed]

Liu, M.; Shen, Y; Li, Q.; Xiao, W.; Song, X. Arbuscular mycorrhizal fungal colonization and soil pH induced by nitrogen and
phosphorus additions affects leaf C:N:P stoichiometry in Chinese fir (Cunninghamia lanceolata) forests. Plant Soil 2021, 461, 421-440.
[CrossRef]

De Souza-Torres, A.; Govea-Alcaide, E.; Gémez-Padilla, E.; Masunaga, S.H.; Effenberger, EB.; Rossi, L.M.; Lopez-Sanchez, R.;
Jardim, R.F. Fe30,4 nanoparticles and Rhizobium inoculation enhance nodulation, nitrogen fixation and growth of common bean
plants grown in soil. Rhizosphere 2020, 17, 100275. [CrossRef]

Da Pereira, A.P.A.; Santana, M.C.; Zagatto, M.R.G.; Brandani, C.B.; Wang, ].-T.; Verma, ].P; Singh, B.K.; Cardoso, E.J. Nitrogen-
fixing trees in mixed forest systems regulate the ecology of fungal community and phosphorus cycling. Sci. Total Environ. 2021,
758,143711. [CrossRef]

Singh, S.; Varma, A. Structure, Function, and Estimation of Leghemoglobin. In Rhizobium Biology and Biotechnology; Springer:
Cham, Switzerland, 2017; pp. 309-330.

Aleixo, S.; Gama-Rodrigues, A.C.; Gama-Rodrigues, E.F.; Campello, E.F.C,; Silva, E.C.; Schripsema, J. Can soil phosphorus
availability in tropical forest systems be increased by nitrogen-fixing leguminous trees? Sci. Total Environ. 2020, 712, 136405.
[CrossRef]

Widdig, M.; Schleuss, P.-M.; Weig, A.R.; Guhr, A.; Biederman, L.A.; Borer, E.T.; Crawley, M.].; Kirkman, K.P,; Seabloom, E-W.;
Wragg, P.D.; et al. Nitrogen and phosphorus additions alter the abundance of phosphorus-solubilizing bacteria and phosphatase
activity in grassland soils. Front. Environ. Sci. 2019, 7, 185. [CrossRef]

Margalef, O.; Sardans, J.; Fernandez-Martinez, M.; Molowny-Horas, R.; Janssens, L. A.; Ciais, P.; Goll, D.; Richter, A.; Obersteiner,
M.; Asensio, D.; et al. Global patterns of phosphatase activity in natural soils. Sci. Rep. 2017, 7, 1337. [CrossRef]

Nehls, U.; Plassard, C. Nitrogen and phosphate metabolism in ectomycorrhizas. New Phytol. 2018, 220, 1047-1058. [CrossRef]
Biicking, H.; Kafle, A. Role of arbuscular mycorrhizal fungi in the nitrogen uptake of plants: Current knowledge and research
gaps. Agronomy 2015, 5, 587-612. [CrossRef]

Muiioz-Cobo, M.P,; Guillén, J.H. Poda del olivo. Moderna olivicoltura. Editorial Agricola Espafiola 1998, 52, 77.


http://doi.org/10.17503/Agrivita-2013-35-1-p044-053
http://doi.org/10.1016/j.plaphy.2020.03.010
http://doi.org/10.30848/PJB2019-2(39)
http://doi.org/10.3390/ijerph15040574
http://doi.org/10.3389/fmicb.2021.628379
http://doi.org/10.1007/s11104-017-3362-2
http://www.ncbi.nlm.nih.gov/pubmed/30996482
http://doi.org/10.1016/j.soilbio.2021.108305
http://doi.org/10.1007/s00248-019-01396-6
http://www.ncbi.nlm.nih.gov/pubmed/31218384
http://doi.org/10.1007/s11104-021-04831-1
http://doi.org/10.1016/j.rhisph.2020.100275
http://doi.org/10.1016/j.scitotenv.2020.143711
http://doi.org/10.1016/j.scitotenv.2019.136405
http://doi.org/10.3389/fenvs.2019.00185
http://doi.org/10.1038/s41598-017-01418-8
http://doi.org/10.1111/nph.15257
http://doi.org/10.3390/agronomy5040587

	Introduction 
	Materials and Methods 
	Experimental Area and Plant Material 
	Experiment Design 
	Soil Sampling 
	Physical and Chemical Soil Properties 
	Mycorrhizal Fungal Spore Counting, Nitrogen-Fixing, Cellulolytic, Phosphate Solubilizers Microorganisms, and Enzymatic Activity 
	Data Analysis 

	Results 
	Physical and Chemical Soil Properties 
	Mycorrhizal Fungal Spore Counting, Nitrogen-Fixing, Cellulolytic, Phosphate Solubilizers Microorganisms, and Enzymatic Activity 

	Discussion 
	Conclusions 
	References

