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Abstract: Four soil treatments, consisting of two commercial mycorrhizal fungi, one zeolite and an
untreated control, were arranged in a factorial design with two foliar fertilization treatments, a foliar
spray and a control to study the effects of commercial mycorrhizal fungi and zeolites on the growth
of young, rainfed olive trees planted in very acidic soil. The concentrations in the plant tissues of
most of essential nutrients, particularly nitrogen (N), phosphorus (P), potassium (K) and boron (B),
did not significantly change with the soil treatments, whereas leaf N and B concentrations significantly
increased with foliar fertilization. Leaf calcium (Ca) and magnesium (Mg) levels were found to be
much lower than their respective sufficiency ranges and increased with soil amendments, also giving
positive outcomes for plant water status, photosynthetic activity and assimilation area. Ultimately,
the mycorrhizal fungi increased the growth of the young trees, whereas the effect of zeolites was
much smaller and not significantly different to the control. Thus, it seems that in this very acidic soil
and under rainfed conditions, the major benefits for plants from the application of mycorrhizal fungi
and zeolites were the alleviation of drought stress and tissue Ca and Mg disorders.
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1. Introduction

As has been called for by society, the scientific community seeks to help farmers in the search for
ever more sustainable methods of soil management. It is agreed that the use of chemical fertilizers
should be reduced in order to avoid environmental contamination. Many other fertilizing materials,
however, such as soil conditioners and biostimulants, can be used as a means of reducing the use of
chemical fertilizers while maintaining or increasing agricultural productivity [1-3].

Natural zeolites are hydrated crystalline aluminosilicates of alkali and alkaline earth metals,
among which clinoptilolite is apparently the most abundant [4,5]. Zeolites have high cation exchange
capacities (CECs) and high void volumes. These unique features facilitate the movement of ions to and
from the mineral structure, increasing nutrient sorption and improving soil moisture conditions [6].

Sustainability 2020, 12, 10630; doi:10.3390/su122410630 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0003-2370-6084
https://orcid.org/0000-0002-3599-6712
https://orcid.org/0000-0002-5367-1129
https://orcid.org/0000-0003-2482-7873
http://www.mdpi.com/2071-1050/12/24/10630?type=check_update&version=1
http://dx.doi.org/10.3390/su122410630
http://www.mdpi.com/journal/sustainability

Sustainability 2020, 12, 10630 2 of 15

The negative charges of the clinoptilolite zeolite can retain nutrients which can be released in a timely
manner, increasing nutrient use efficiency [7,8] while reducing nutrient losses from soils by leaching [9]
or ammonia volatilization [8]. Studies have also shown that zeolites can increase water availability to
plants [4,6] and ultimately improve crop yield [10].

Among biostimulants, in addition to those containing N»-fixing microorganisms, which are the
most studied and widely used in agriculture [11], there are others of increasing interest which contain
mycorrhizal fungi. It is remarkable that ~90% of all terrestrial plants, including cultivated species,
establish mutualistic associations with mycorrhizal fungi [12,13]. Mycorrhizal fungi develop extensive
hyphal networks in the soil, which are able to significantly increase the uptake of nutrients and
water, thereby benefiting the host plant [13,14]. Phosphorus (P) is the nutrient that is most likely to
be supplied by mycorrhizal fungi, especially in P-limited soils [15-17]. However, it has also been
proven that under particular conditions, plants can benefit from the increased uptake of the majority
of essential nutrients [18-20]. The mycorrhizal associations may also increase a plant’s tolerance to
drought [21,22] or to heavy metals in the soil [23,24]. They may also help plants cope with biotic
stresses [25]. Additional non-nutritional effects have also been reported, namely the role of mycorrhizal
hyphae on carbon (C) input into soil organic matter [26,27].

Despite the potential for using soil conditioners and biostimulants, an important step that needs
to be further studied is how, and under what conditions, agriculture should take advantage of the
effective use of commercial products [28]. Should farmers adopt the widespread use of these materials,
or should they only be used in agroecological environments where previous studies have shown
positive results? It is necessary to take into account that soil conditioners and biostimulants have a cost
that producers have to bear. Mycorrhizal associations, on the other hand, are ubiquitous in nature and
are present in most agricultural ecosystems [12,13]. This means that in many situations, the use of
commercial mycorrhizal fungi is being left redundant through non-use.

In vast areas of the Mediterranean basin, where irrigation water is not available, the olive tree is
the only cash crop that is capable of mitigating the depopulation of rural areas, due to its adaptation
to both drought stress [29-31] and low-fertility soils [32,33]. However, in such harsh conditions, it is
particularly important to have tools that can help plants to maintain growth and yield at a profitable
level. From a theoretical point of view, soil conditioners and biostimulants are tools that can help
the plants cope with such environmental constraints. In the region, zeolites have been consistently
advertised by vendors as having high potential as a soil conditioner to promote plant growth, as well
as plant biostimulants containing mycorrhizal fungi. Regarding biostimulants, of the commercial
products available on the market, the options selected for this study were two that had a greater
diversity of fungi. As none of the products were obtained from local microbiology, perhaps more
biodiverse products may have had greater versatility in dealing with local ecological conditions. Thus,
the working hypothesis is that zeolites or commercial mycorrhizal fungi applied upon the planting of
a rainfed olive orchard can improve the nutritional status and performance of the plants in comparison
with those grown under an untreated control.

2. Materials and Methods

2.1. Study Site

An on-farm field trial was established in Passos (41.451879, —7.241243) in the municipality of
Mirandela in northeast Portugal. Young rooted Cobrangosa olive trees ~60 cm in height were planted
on March 15, 2017. The distance between rows and plants within the rows was 7 X 7 m, the planting
density (204 trees ha™!) commonly used in managed rainfed olive orchards in the region. The climate
of the region was of a Mediterranean type, with an average annual air temperature of 14.3 °C and a
cumulative annual rainfall of 509 mm. Meteorological data recorded during the experimental period is
presented in Figure 1. The soil of the orchard was of the Cambisol group, being loamy sand-textured
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(78.4% sand, 15.4% silt and 6.2% clay) and formed in a bed rock of schist. Other selected soil properties
at the beginning of the field trial are presented in Table 1.
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Figure 1. Average monthly air temperature and precipitation recorded during the experimental period
in the weather station at Paradela, close to the experimental plot.

Table 1. Selected soil properties (average + standard deviation) from samples taken at depths of 0-30
cm at the beginning of the field trial.

Soil Properties Soil Properties (cont.)
1 Organic carbon (g kg™!) 45+09 5 Extract. Zn (mg kg™!) 0.5+0.12
2 pH (H,0) 45+0.12 5 Extract. Cu (mg kg™1) 0.9 + 047
2 pH (KCl) 3.6 +0.06 6 Exchang. Ca (cmol. kg™1) 4.8 +0.96
3 Extract. P (mg P05 kg_l) 32.0+4.3 6 Exchang. Mg (cmol. kg_l) 1.1+0.28
3 Extract. K (mg K,O kg_l) 81.5+15.2 6 Exchang. K (cmol, kg_l) 0.3 +£0.04
4 Extract. B (mg kg_l) 0.5 + 0.06 6 Exchang. Na (cmol. kg_l) 0.2 +0.01
5 Extract. Fe (mg kg™!) 36.2 +3.28 7 Exchang. acidity (cmolc kg™') 0.1 +£0.08
5 Extract. Mn (mg kg 1) 76.1 £15.50 CEC (cmol. kg™ 6.4 +1.24

1 Wet digestion (Walkley-Black); 2 potentiometry; 3 ammonium lactate; 4 hot water, azomethine-H; > ammonium
acetate and EDTA (ethylenediaminetetraacetic acid); ® ammonium acetate; 7 potassium chloride.

2.2. Experimental Design and Management

The experiment was arranged as a factorial design with four soil treatments (zeolites, two
biostimulants containing propagules of mycorrhizal fungi and a non-treated control) and two foliar
fertilizing treatments (foliar spray and an untreated control), with three replications and three plants
per replication.

The zeolite used in this experiment was a natural aluminosilicate of alkali and alkaline earth metals,
applied at a rate of 120 g plant™!. The main properties of the zeolite are presented in Table 2. One of
the commercial biostimulants (mycol) contained the propagules (spores, mycelium and colonized
root fragments) of five different species of arbuscular mycorrhizal (AM) fungi (Rhizophagus irregularis,
Funneliformis mosseae, F. geosporum, F. coronatum and Claroideoglomus claroideum), where a natural zeolite
acts as a carrier of fungi (Offyougrow Standard®, Symbiom s.r.0., Czech Republic). The second
biostimulant (myco2) contained the propagules of nine species of ectomycorrhizal fungi and nine
species of AM fungi. The ectomycorrhizal fungi were Pisolithus tinctorius, Rhizopogon spp. (four
species), Scleroderma spp. (two species) and Laccaria spp. (two species). Regarding the AM fungi,
seven were of the genus Glomus, and the other two species were Rhizophagus irregularis and Paraglomus
brasilianum (Roots®, M-Roots, 3:3:3, LebanonTurf). The biostimulants mycol and myco2 were applied
at the rates recommended by the vendors, 120 and 15 g plant™!, respectively. In this first study in
the region with these biostimulants, and taking into account that they were commercial products
prepared to be used by farmers, it was decided to use the rates recommended by the vendors, which
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were the rates that farmers would apply. The commercial product myco2 was enriched in NPK by
the manufacturer (3% N, 3% P,0s5, and 3% K;O). Taking this into account, all the other treatments,
including the control treatment, received this small rate of N, P and K as a compound NPK (10%
N, 10% P>05 and 10% K,O) fertilizer to isolate the effect of microorganisms. Both biostimulants
were homogenously spread in the burrows opened to plant the young trees to easily reach the root
system. Olive planting and the application of zeolites and biostimulants were performed on 15 March
2017. As foliar sprays, two commercial products were applied twice a year, first on March 15 and 15
September 2018, and again on 15 March and 15 September 2019. A liquid NPK (w/w; 12% N, 4% PO,
6% K,0) fertilizer enriched with micronutrients (0.02% B, 0.01% Cu-EDTA, 0.02% Fe-EDTA, 0.01%
Mn-EDTA, 0.005% Zn-EDTA and 0.005% Mo) was used. As dicot species display chronic B deficiency
in the region [34,35], foliar fertilization was supplemented with the application of a liquid fertilizer
containing B in ethanolamine form (11% B, w/w).

Table 2. Selected properties of zeolites used in this experiment (data provided by the manufacturer).

General Formula: (Ca, K3, Nay, Mg)4AlgSig9096.24H,0

Mineral composition (%) Chemical composition (%)
Clinoptilolite 84 SiO; 65.0-71.3
Cristobalite 8 AL, O3 11.5-13.1
Clay mica 4 CaO 2.7-5.2
Plagioclase 3-4 K,O 22-34
Rutile 0.1-0.3 FeO3 0.7-1.9
Quartz Traces MgO 0.6-1.2
Na,O 0.2-0.3
Ton exchange (mol kg™?) Physical and mechanical properties
Ca%* 0.64-0.08 Volume density 1600-1800 kg m~3
K* 0.22-0.45 Porosity 24-32%
MgZ* 0.06-0.19 Diameter of pores 0.4 nm
Na* 0.01-0.19 Specific surface 30-60 m? g~!
CEC 1.2-1.59

2.3. Field Determinations

The young plants were subjected to a light pruning twice a year, and the pruning wood was
weighed fresh per experimental unit (three plants). Random subsamples were taken and separated into
stems and leaves and weighed again fresh. The subsamples of the different tissues were thereafter sent
to the laboratory, oven-dried at 70 °C and weighed dry. This procedure allowed us to use the pruning
wood and the concentration of mineral nutrients in the pruning wood as the results of this experiment.

The plant height and stem diameter at 20 cm above ground were also measured three and two
times during the experimental period, respectively. The dates of the plant height measurements were
14 January 2018, 15 April 2019 and 15 April 2020. The stem diameter was measured only on the second
and third dates.

Leaf gas exchange measurements were performed four times during the experiment on cloudless
summer days (July and September of 2018 and 2019), using a portable infrared gas analyzer (LCpro+,
ADC, Hoddesdon, UK) operating in open mode. Atmospheric conditions consisted of a photosynthetic
photon flux density above 1500 pumol m~2 s~! and an air temperature between 32 °C and 35 °C. The net
photosynthetic rate (A, pmol CO, m~2 s71), stomatal conductance (gs, mmol H,O m~2 s71) and ratio of
intercellular to atmospheric CO, concentration (C;/C,) were estimated using the equations developed
by Von Caemmerer and Farquhar [36]. Intrinsic water use efficiency was calculated as the ratio of
A/gs (umol mol~1).
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2.4. Laboratory Analysis

Soil samples were oven-dried at 40 °C and sieved (2 mm mesh) before being submitted to
the following analytical determinations: (1) pH (H,O and KCI) (potentiometry); (2) organic C
(Walkley-Black method); (3) cation exchange capacity (ammonium acetate, pH 7.0); (4) extractable
P and K (ammonium lactate solution, pH 3.7); (5) extractable B (hot water and azomethine-H);
(6) extractable Fe, Mn, Zn and Cu (ammonium acetate and EDTA, determined by atomic absorption
spectrometry); and (7) soil separation (by the Robinson pipette method). Methods 1-3 and 6-7 are fully
described by Van Reeuwijk [37], method 4 by Balbino [38] and method 5 by Jones [39].

Plant tissues were oven-dried at 70 °C and ground. Elemental analyses of all the tissues (leaves
and stems) were performed by the Kjeldahl (N), colorimetry (B and P), and atomic absorption
spectrophotometry (K, Ca, Mg, Fe, Mn, Cu and Zn) methods [40] after tissue samples were digested
with nitric acid in a microwave.

2.5. Data Analysis

Data was first tested for the normality and homogeneity of variances using the Shapiro-Wilk
test and Bartlett’s test, respectively. The comparison of the effect of the treatments was performed by
two-way ANOVA for variables taken once during the experimental period. In situations where the
variables were taken multiple times (nutrient concentration in plant tissues), three-way ANOVA was
performed, considering the sampling date a third experimental factor. When significant differences
were found (e < 0.05), the means were separated by the multiple range Tukey honestly significant
difference (HSD) test (« = 0.05).

3. Results

3.1. Plant Growth

The pruning wood varied significantly with the soil and foliar treatments (Figure 2). Significant
differences in leaf, stem and total prunings between soil treatments were recorded for most of the
pruning events and the total pruning wood. Mycol gave significantly higher values than the control
and zeolite treatments. Myco2 gave higher average values than the control and zeolite treatments,
but the differences were not statistically significant. Foliar sprays also increased the leaf, stem and total
prunings significantly in comparison with the untreated control, at least when comparing the sum of
the prunings of the four pruning events.
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Figure 2. Total dry matter (DM) of prunings after four consecutive pruning events in July (Jul) 2018
and 2019 and January (Jan) 2019 and 2020. Within the soil and foliar fertilization factors, and for
each pruning (lowercase letters) or the sum of the four pruning events (uppercase letters), the means
followed by the same letter were not significantly different by the Tukey HSD test (x = 0.05). The
vertical bars are the standard errors.
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The increase in plant height was not significantly different between soil treatments (Figure 3).
The plants grew on average between 125 and 135 c¢m in height during the experimental period.
The foliar sprays, however, significantly increased the plant height in comparison with the unfertilized
control. At the end of the experimental period, an increase in height of 121.8 and 137.3 cm was recorded
in the control and foliar fertilizer treatments, respectively.
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Figure 3. Variation (A) in plant height growth from March 2017, the date of planting, to the end
of the experimental period. Within the soil and foliar fertilization factors, and for each measuring
period (lowercase letters) or total plant height increase (uppercase letters), the means followed the
same letter were not significantly different by the Tukey HSD test (« = 0.05). The vertical bars are the
standard errors.

The stem diameters of the young olive plants did not vary significantly between soil treatments
until April 2019 (Figure 4). However, in the last measurement in April 2020, myco2 gave significantly
higher values than the untreated control. Foliar fertilization gave a significant increase in stem diameter
from the first measurement to the last in comparison with the unfertilized control.
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Figure 4. Stem diameter at 20 cm above ground, measured in April 2019 and April 2020. Within soil
and foliar fertilization factors, the means followed by the same letter were not significantly different by
the Tukey HSD test (« = 0.05). The vertical bars are the standard errors.

3.2. Nutrient Concentration in Plant Tissues

The N concentration in the leaves decreased significantly over the experimental period (Figure 5).
The average values dropped from 17.0 g kg~! in July 2018 to 11.7 g kg~ ! in January 2020. Soil treatments
did not influence the N nutritional status of the plants. The average values were found to be between
14.6 and 15.4 g kg™!. Foliar spray use significantly increased the leaf N concentration in comparison
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with the untreated control. Leaf P increased significantly over the experimental period. The higher
average values were found in the last sampling date in January 2020. The leaf P concentration did not
vary with soil or foliar treatments. The average values were found to be between 1.1 and 1.2 g kg~ !.
Leaf K levels varied significantly with the sampling dates. Summer sampling gave significantly higher
values than winter sampling. Soil treatments or foliar sprays did not have a significant effect on the
leaf K concentrations. The average values were found to be between 7.3 and 7.7 g kg .
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Figure 5. Leaf nitrogen (N), phosphorus (P) and potassium (K) concentrations in response to the
sampling date, soil treatment and foliar spray. Within the sampling date, soil treatment or foliar spray,
the means followed by the same letter were not significantly different by the Tukey HSD test (o« = 0.05).
The vertical bars are the standard errors.

The leaf Ca concentration varied significantly with the sampling date (Figure 6). The average
values in the two last samplings were significantly lower than in the previous ones. The plants with the
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zeolite, mycol and myco2 treatments gave significantly higher values than those of the untreated control.
Foliar treatment did not significantly influence the leaf Ca concentration. Taking all the treatments
into account, the average leaf Ca levels varied between 2.4 and 3.4 mg kg~!. The concentration of
Mg in the leaves also varied significantly with the sampling date. The first sampling in July 2018
gave lower values. Leaf Mg levels varied significantly with the soil treatment. The plants with the
myco2 treatment displayed significantly higher values than that of the control. Foliar sprays did not
significantly influence the leaf Mg levels. The average Mg concentrations varied from 0.9 to 1.2 g kg™!.
Leaf B levels varied significantly with the sampling date. The higher and lower average values were
found, respectively, in the first and second sampling dates. Soil treatments did not significantly change
the leaf B levels. Foliar sprays gave significantly higher B values than the untreated control. Overall
average values varied from 12.3 to 14.1 mg kg~!.

4.0 1
a
3.5 1 ES
304 b a
~ .| M
él) 2.5 4 .
202.0 1
S 1.5 1
s 1.0 1
—l
0.5 1
0.0 — - L. L1 ] ‘. ; :
Jul 2018|Jun 2()]9l‘lul 2()]9|J‘dn 2020 Conll‘o]l Zeolite l Mycol l Myco2 | Control | Foliar
Sampling date Soil treatment Foliar spray
1.5 1
a
L2 '_I- ab ab
) 1 & A
0 0.9 1 e
e
en 0.6 1
p=
8 0.3
—
0.0 +—h=d :
Jul 2()18'.];111 2()1‘)'.]111 2()1‘)'.]2111 2020 Comroll Zeolite l Mycol l Myco2 | Control | Foliar
Sampling date Soil treatment Foliar spray
18 1
154 2
Ea b ab ab a
~ 12 5 ] 53
50 e
w9 1
o6
0 L . . L
Jul 2018|Jan ZOIQIJUI ZOIQIJan 2020 Conlroll Zeolite l Mycol l Myco2 | Control | Foliar
Sampling date Soil treatment Foliar spray

Figure 6. Leaf calcium (Ca), magnesium (Mg) and boron (B) concentrations in response to the sampling
date, soil treatment and foliar spray. Within the sampling date, soil treatment or foliar spray, the means
followed by the same letter were not significantly different by the Tukey HSD test (x = 0.05). The
vertical bars are the standard errors.
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The leaf concentrations of Fe, Mn, Zn and Cu varied significantly between sampling dates.
However, none of the concentrations of these nutrients varied significantly with soil or leaf treatments
(data not shown). The average leaf Fe, Mn, Zn and Cu levels were found to be in the ranges of
172-227 mg kg~!, 77-98 mg kg~!, 13-20 mg kg~! and 13-25 mg kg™, respectively.

3.3. Leaf Gas Exchange

Figure 7 shows the influence of soil and foliar treatments on leaf gas exchange variables over the
experimental period. The first evidence of significant differences between treatments was detected
in July 2018, where the foliar fertilized plants had a lower C;/C, than the control plants. Later on,
in September, the effect of the soil treatments started to manifest, as the mycol treatment gave a higher
gs than the control plants, while the zeolite and control treatments presented higher and lower values
of A/gs and C;/C,, respectively, than the mycol and myco2 plants. In addition, a tendency for higher
net photosynthetic rates was observed in the plants with mycol (P = 0.075) and zeolite (P = 0.079)
treatments in comparison with the control treatment. Furthermore, in July 2019, the lower A and
gs of zeolite, relative to the control and myco2 treatments, stood out, whereas in September 2019,
mycol plants had a higher A than the control and a superior g5 to all other treatments. Moreover,
myco2 had a superior A/gs to the control and mycol treatments and a lower C;/C,. During 2019, foliar

fertilization promoted an increase of the A and gs, whereas a tendency toward a higher A/gs (P = 0.081)
was observed in July.
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Figure 7. Net photosynthetic rate (a), stomatal conductance to water vapor (b), ratio of intercellular to
atmospheric CO, concentration (c) and intrinsic water use efficiency (d) responses to soil treatment and
foliar spray. Within the soil and foliar fertilization factors, the means followed by the same letter were

not significantly different by the Tukey HSD test (« = 0.05). The vertical bars are the standard errors.
Significance: *p < 0.05, **p < 0.01, **p < 0.001.
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4. Discussion

The dry matter of the prunings and the plant stem diameter were higher under the commercial
mycorrhizal fungi treatments, in comparison with the control. The effect of the soil treatments on
plant height was not significant, perhaps due to the weak apical dominance of the olive tree [41].
Zeolites showed a tendency toward higher average values of pruning wood and stem diameter than
the control, but without significant differences. The mycorrhizal-induced biomass enhancement was
associated with an increase in the assimilation area, judging by the changes in leaf dry mass removed
by pruning and the leaf mass area (LMA) subsamples taken during the last pruning event. In fact,
considering that the leaf dry mass reached 212.5, 181.9 and 1579 g plant_l in mycol, myco2 and
the control treatment, respectively, and the corresponding LMAs were 214.4, 216.6 and 224.1 g m~2,
we estimate that the leaf area removed was 99.1 and 84.0 dm? plant™! in the mycol and myco2
plants, respectively, against 70.5 dm? plant™! in the control treatment. Higher leaf areas and plant
biomass accumulations by mycorrhizal fungi treatments have also been previously reported [42].
Meanwhile, higher net photosynthetic rates in mycorrhizal treatments, mainly in mycol, were observed
on some occasions, as well as in the study of Chandrasekaran et al. [43], due to the lower stomatal and
biochemical limitations, as evidenced by the changes in g5, A/gs and C;/C, data, which also contributed
to better plant performance. It should be emphasized that the accumulation of small increases in net
photosynthesis over a long period might contribute, to some extent, to a higher leaf area and to a
greater pruning dry weight and stem diameter. Interestingly, despite the larger leaf area dimensions,
mycorrhizal inoculated plants, mostly mycol, generally had higher stomatal conductance than the
control plants, which is a good indicator of better plant water status and growth, especially under mild
to moderate drought stress conditions [44]. This response is probably related to the hyphal extensions
of mycorrhiza that allow higher hydraulic conductivity [43].

Mycorrhizal fungi and zeolite treatments had a reduced influence on the concentration of the
macronutrients N, P and K in the leaves. However, N levels decreased continuously over the
experimental period, having dropped below 15 mg kg™!, the lower limit of the sufficiency range [45].
Sufficiency ranges are established for mature trees, but they can also be used as a guide for the
concentration of nutrients in the leaves of young plants [46]. The plots did not receive soil fertilization
during the experimental period, and agricultural soils do not usually contain N in readily available
forms to sustain the normal growth of crops [47], especially in soils with such low levels of organic
matter (Table 1). Thus, the drop in tissue N concentrations was the result of the well-known dilution
effect [48,49], resulting from the increase in plant biomass and reduced N uptake. In the case of
leaf P levels, a growing trend was observed over time, but without significant differences between
treatments, which may reflect the establishment of symbiotic associations between plants and native
microorganisms. It should be noted that the olive tree is the main crop in the region and beneficial
microorganisms, particularly ectomycorrhizal and AM fungi, tend to be ubiquitous in nature and
establish symbiotic associations with most plant species [13,17,50]. P is the most common nutrient
from which plants benefit when these associations are established [20,23,51], particularly in acidic
soils, where it is expected to be poorly available to plants [47,52]. There was also an observed seasonal
fluctuation in tissue K concentrations, a common feature of this nutrient [53,54]. However, the soil
treatments did not influence tissue K concentrations, although in many studies, it has been shown that
mycorrhizal fungi can improve K nutrition [19,55].

Tissue Ca levels increased in plants treated not only with mycorrhizal fungi, but also with zeolites,
in comparison with the control. The average tissue Mg concentrations were also lowest in the control
and significantly different to those of the myco2 treatment. Since this soil is very acidic (pHypo of 4.5),
problems would be expected for the nutrition of the plants, even though the cultivar Cobrangosa is
well adapted to acidic soils [56]. The levels of leaf Ca (2.5-3.5 g kg~!) and Mg (0.9-1.2 g kg™!) were
much lower than the respective sufficiency ranges (10-20 g kg~! and 2-6 g kg~!, respectively) [45],
which highlights these nutrients as important limiting factors for plant growth under such conditions.
In spite of higher plant and leaf biomasses in mycorrhizal inoculated plants, as with the other elements,
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no dilution effect was observed for the Ca and Mg concentrations and, conversely, their enhanced levels,
as in the study of Liu et al. [57], suggest considerable selectivity in the absorption or translocation
of the two elements when Ca and Mg are at suboptimal levels, probably due to the modulation
of nutrient transporters within and among plant organs. In addition, the increased Ca and Mg
concentrations by the mycorrhizal fungi may occur via two mechanisms. The first is to directly enhance
Ca and Mg uptake due to the extension of the hyphae network, an effect previously reported in olive
trees [16,20]. The second is the increased total canopy transpiration, a feature that is supported by
stomatal conductance and leaf area data, which hastens the mass flow of these nutrients through the
soil to the roots of mycorrhizal plants [57]. On the other hand, zeolites contain Ca and Mg in their
own composition (Table 2), and perhaps this can also justify the differences found for the control.
Zeolites have negative charges, as a result of the isomorphic substitutions of Si** by AI** in the silica
framework, and a high ion exchange capacity [6,8], which may also have helped to regulate the supply
of Ca and Mg to plants. Meanwhile, no significant differences were found between soil treatments in
the concentration of micronutrients in the tissues. Although the soil, where nutritional disorders are
more likely to appear, is acidic [47] (Havlin et al., 2014), most of the micronutrients analyzed were
within, or close to, the sufficiency ranges for the crop. B levels were below the sufficiency range,
but they were also not significantly influenced by the soil treatments.

With the exception of the July 2019 leaf gas exchange data, this study reveals, most clearly
for zeolites, some positive associations between net photosynthesis and mycorrhizal fungi- and
zeolite-induced higher leaf Ca and Mg concentrations. In accordance with Wang et al. [58], Ca plays
a significant role in photosynthesis, as the photosynthesis-correlated proteins are regulated by Ca?*.
The nutrient is involved in stomatal and chloroplast movements, the processes of photochemical
reactions and regulating the photosynthetic enzyme activities of C assimilation, as well as the reactive
oxygen species balance, protecting photosystems. Itis also involved in the regulation of photoprotection,
particularly in non-photochemical quenching, a mechanism that protects plants from the adverse
effects of high light intensity. In addition, Ridolfi et al. (1996) reported that a severe Ca deficiency
slightly increased the darkness stomatal aperture and slowed down stomatal opening during dark-light
transitions. These are responses which disturb the plant water and C balance and, thus, water use
efficiency. On the other hand, as described by Farhat et al. [59], Mg is required for chlorophyll formation,
playing a key role in the structure and photochemical activities of photosystems, photosynthetic electron
transport and ribulose-1,5-bisphosphate carboxylase/oxygenase activity. In addition, it is involved in
carbohydrate transport from source-to-sink organs, a process that also affects photosynthetic rates.

Foliar fertilization increased the pruning wood, plant height and stem diameter over the control,
which identifies soil nutrient availability as a limiting factor for plant growth. Higher leaf area
dimensions (97.6 dm? plant™! against 76.8 dm? plant~! in the unfertilized plants that were removed
during the last pruning event) and net photosynthetic rates, mainly during 2019, were key determinants
in these responses. From a nutritional point of view, leaf sprays only significantly increased the levels
of N and B in the leaves. One of the foliar fertilizers used contained 12% N and 0.02% B, and the
other 11% B, which justifies the increase in the concentration of these nutrients in plant tissues. It has
been previously mentioned that these nutrients were found in the tissues below the sufficiency range,
which gives them a particularly relevant role in the performance of plants and justifies the stimulus in
plant growth that was observed in response to the application of fertilizers. In previous studies, it has
also been shown that N and B are the main nutritional constraints in olive trees [35,46,53] and other
fruit trees [34,49] grown under rainfed conditions in the region. Thus, the nutritional issue seems to
have been relevant to the performance of the trees. N and B were probably the main limiting factors,
although the role of commercial mycorrhizal fungi and zeolites in the supply of these nutrients was
reduced. It has been documented that mycorrhiza can increase N availability under certain conditions.
It seems that AM fungi may accelerate decomposition and the acquisition of N directly from organic
matter [60]. Koller et al. [18] hypothesized that AM fungi and protozoa interactively facilitate plant N
acquisition from organic matter. However, these soils are very poor in organic matter (Table 1) and,
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since the beginning of the experiment, the soil was kept free of weeds by tillage, which reduced the
entry of fresh organic residues, an indispensable condition for the beneficial effect of mycorrhiza on soil
N availability [18]. There is also no evidence that mycorrhizal fungi or zeolites improve the availability
of B to plants, nor have we found any reference to this possibility from previous studies. Tissue P
levels have increased over time, which is evidence of the positive role of soil microbiology in supplying
P from P-sparse sources ordinarily not available to host plants [61]. Since this soil is very acidic, it is
expected that the native microbiology could be efficient in solubilizing and taking up P, which may
have obscured the role of the commercial mycorrhizal fungi. Ca and Mg might also have limited plant
growth, given the soil acidity and leaf Ca and Mg concentrations far below the sufficiency ranges.
Both mycorrhizal fungi and zeolite treatments increased the levels of these nutrients in the leaves.
We hypothesize that mycorrhizal fungi may have facilitated nutrient uptake from the hyphae network,
as previously mentioned, and that the zeolites contained these nutrients in their own composition and
increased the cationic exchange capacity of the soil.

5. Conclusions

The commercial mycorrhizal fungi, and to a lesser extent zeolites, increased the growth of the young
olive trees, in association with increments, in general, in stomatal conductance, net photosynthetic rate
and leaf area dimensions. However, the concentration in plant tissues of most of the essential nutrients,
in particular N, P, K and B, did not significantly change with soil treatments, whereas leaf N and B
concentrations significantly increased with foliar sprays rich in those nutrients. Under experimental
conditions that contributed to leaf Ca and Mg levels much lower than their respective sufficiency
ranges, Ca and Mg, in turn, increased with soil treatments in comparison with the control, with positive
outcomes for plant water status, photosynthetic activity and assimilation area. Thus, it seems that in
this very acidic soil and under rainfed conditions, the major benefits for plants from the application of
mycorrhizal fungi and zeolites might have been the alleviation of drought stress and the improvement
in tissue Ca and Mg levels, with these aspects being the reasons why the treated plants grew better
than those in the control treatment.
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