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Abstract: Soil conditioners and beneficial microorganisms are important tools that can be used to
increase the sustainability of agro-systems. However, the high diversity of conditions where they can
be applied may influence the results, which requires extensive field research. In this study;, a field
trial of four years was conducted in olive (Olea europaea L.) to assess the effect of biochar, zeolites
and a commercial mycorrhizal inoculum in the photosynthetic performance, nutritional status of
trees, olive yield and soil properties. The experimental design also included a fertilizer treatment
with nitrogen (N), phosphorus (P), potassium (K) and boron (B), which nutrients were applied at
50 kg ha=! of N, P,O5 and K,O and 2 kg ha~! of B, and an untreated control. The mineral fertilizer
treatment increased significantly the dry mass of pruning wood and the average olive yield by 21%
over the control treatment. The mineral treatment increased plant N nutritional status, the most
likely reason why the trees of this treatment performed better. Overall, the soil treatments had net
photosynthetic rates similar to each other and higher than the control treatment, from the second
year onwards. Biochar increased soil organic matter, as a result of the carbon (C) contained in the
amendment itself, and probably by stimulating soil biological activity. Biochar and zeolites did not
improve the productive performances of the tress, but increased the soil cation exchange capacity
(CEC), which can benefit the system in the long-term. Mycorrhizal fungi did not show any benefit
for soil or plants, which could mean that mycorrhization was not established, or their effect was
not better than that of native microorganisms. In the conditions of this study, the interest of using
commercial mycorrhizal fungi in a mature olive orchard seems to be low.

Keywords: Olea europaea; soil conditioners; soil improvers; biofertilizers; plant biostimulants

1. Introduction

The intensification of agriculture has been a response to the global demand for food.
However, the intensive use of soils may create diverse problems of degradation, related to
erosion, salinization, acidification or nutrient mining that reduce their productive poten-
tial [1]. There is currently a widespread awareness that soil is a non-renewable resource
that must be preserved for future generations [2].

In the Northeast Portugal, soils can also be a breaking point in the increasing intensifi-
cation of cropping, due to their low natural fertility. They are shallow, due to the sloping
relief and continuous erosion, and have low levels of organic matter [3,4]. There is also
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no water available or irrigation infrastructures, most crops being rainfed managed. Plants
have to deal with several types of environmental stress, including the high temperatures of
the Mediterranean summer, which are getting worse due to climate change [5]. Currently,
farmers tend to maintain crop productivity mainly by using chemical fertilizers. However,
these products are often associated with environmental contamination, neamely water eu-
trophication and greenhouse gas emissions into the atmosphere [6] and shoul be reduced as
much as possible. In recent years, several materials have been proposed to be a complement
or an alternative to the use of fertilizers, as they can improve physical, chemical and/or
biological soil properties and reduce the harmful effects of fertilization on the environment.
Some materials, such as biochar and zeolites, usually known as soil conditioners, may
have the potential to regulate nutrient bioavailability and to improve some physical and
biological processes in soils [7,8]. The use of beneficial microorganisms, currently included
in the group of plant biostimulants [9], is also expanding fast since they can facilitate plants
to access nutrients and water, and provide protection against abiotic and biotic stresses.
One of the groups that has been received increased attention are arbuscular mycorrhizal
(AM) fungi [10].

Biochars are carbon-rich products obtained from thermochemical conversion of or-
ganic materials under limited oxygen conditions [11]. Biochars have been recommended as
soil amendments for their positive effects on soil properties [12,13], environmental protec-
tion, by reducing greenhouse gas emissions [14], nitrate leaching [15] or phytostabilization
of heavy metals [16], and /or on crop productivity [12-14]. However, although a large num-
ber of studies have shown some positive effects from the use of biochars, studies already
exist were diverse inconsistencies were found [11,17,18]. A meta-analysis performed by
Gao et al. [7] showed a fairly consistent increase in available P and an overall negative effect
on the accumulation of inorganic N when biochars were applied to agricultural soils. The
slowing of the N cycle is a major risk of the use of biochars as this can cause N deprivation
during the growing season [15,19].

Zeolites represent a broad range of crystalline aluminosilicates of natural occurrence.
There are over 40 species of natural zeolites, of which clinoptilolite is apparently the
most abundant, both in soils and in sediments [20]. Synthetic zeolites can also be made
from coal fly ash or biomass fly ash by hydrothermal treatments [21,22]. Generally, the
structure of zeolites can be considered as an inorganic polymer built from [Si04]*~ and
[AIO4]* tetrahedral linked by the sharing of all oxygen atom. When some of the Si** in
the silica framework is replaced by Al**, this makes the framework negatively charged,
which is compensated by the presence of extra-framework cations, usually alkali or alkali-
earth metals [20]. Zeolites are characterized by the ease of retaining and releasing water
and exchanging cations without structural changes [23]. Some experimental work has
shown that the use of zeolites can improve soil properties [23,24] and enhance nutrient use
efficiency and crop productivity [25-27]. In any case, studies with zeolites are much less
abundant than with biochars, which increase the importance of obtaining more data about
these materials, especially from field trials.

Most land plants including cultivated species can establish mutualistic relationships
with endophytic fungi. Some fungi of the subphylum Glomeromycotina form arbuscules in
the cortical cells of roots that facilitate exchanges of nutrients between the fungi and the host
plants [28]. AM fungi may establish underground hyphal networks that increase the ability
to explore the soil as an extension of the plant’s root system [10]. As AM fungi are obligate
biotrophs, the plant provides photosynthates for their proliferation [28,29]. In exchange,
fungi provide nutrients and water and help plants to cope with abiotic and biotic stresses,
which usually enhance crop productivity [30-32]. The importance of microorganisms for
plants and the need to promote the sustainability of the agro-systems have increased the
industry of commercial plant biostimulants, which include fertilizing materials containing
microorganisms [9,33]. However, plant mycorrhization is ubiquitous in nature and the
use of commercial mycorrhizal fungi can be redundant in face of the usual presence of
indigenous inocula in the soil, which justifies further studies in field conditions.
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Olive is the main crop in the Northeast of Portugal, one of the few that can generate
some income even though it is grown in such poor ecological conditions. Due to the
weaknesses of these agro-systems, it would be important to know whether soil conditioners
and biofertilizers can enhance soil properties and improve tree crop performance and
productivity. Thus, in this study the effect of two soil conditioners (biochar and zeolites)
and a biofertilizer or plant biostimulant (commercial mycorrhizal inoculum) was com-
pared to mineral fertilization and an untreated control, by measuring the photosynthetic
performance of the trees, their nutritional status, the olive yield and soil properties in a
rainfed managed orchard. Known from other studies the theoretical potential of these
products to regulate nutrient cycling and nutrient use efficiency and, directly or indirectly,
several soil properties, the working hypothesis for this study is that these materials will
bring measurable benefits to soil and/or trees compared to mineral fertilization and control
treatment.

2. Materials and Methods
2.1. Study Site

The field trial was carried out during four years in a non-irrigated olive orchard of
mature trees (~30-year-old) of cv. Cobrangosa, located in Mirandela (41.513946; —7.187348),
Northeast Portugal. The planting density is ~204 trees ha~! (trees spaced at 7 m x 7 m). The
climate of the region is typically Mediterranean, with an average annual air temperature of
14.3 °C and a cumulative annual rainfall of 509 mm. Average monthly temperature and
precipitation recorded during the experimental period is shown in Figure 1. The parent
material of the experimental plot is schist and the soil is loamy-sand textured (78.4% sand,
15.4% silt and 6.2% clay). Other selected soil properties determined in the beginning of the
field trial are presented in Table 1.
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Figure 1. Monthly precipitation and average monthly temperature during the experimental period in
Mirandela, Northeast Portugal.

Table 1. Selected properties (average + standard deviation) of the 0-20 cm soil layer.

Soil Properties Soil Properties (cont.)
! Organic C (gkg™!) 7.82£1.51 5 Extract. Cu (mg kgfl) 2.8 £0.37
2 pH (H,0) 5.88 +0.10 6 Exchang. Ca (cmol. kg™1) 3.93 +£0.84
2 pH (KC) 4.66 + 0.06 6 Exchang. Mg (cmol. kg™1) 0.73 £0.20
3 Extract. P (mg P,05 kg™!) 77.8 £23.8 6 Exchang. K (cmol. kg™1) 0.22 £+ 0.08
4 Extract. B (mg kg™!) 144023 6 Exchang. Na (cmol. kg™1) 0.59 + 0.52
5 Extract. Fe (mg kg*]) 38.1 £5.62 7 Exchang. acidity (cmol. kg’]) 0.08 £ 0.02
5 Extract. Mn (mg kg~1) 61.5 4+ 13.40 8 CEC (cmol. kg™1) 5.55 4 1.50
5 Extract. Zn (mg kg™1) 20+£0.21

1 Walkley-Black; 2 Potentiometry; 3 Ammonium lactate; * Hot water, azomethine-H; ° ammonium acetate and
EDTA; ® Ammonium acetate; 7 Potassium chloride;  Cation exchange capacity.



Agriculture 2022,12,171

40f 15

2.2. Experimental Design, Fertilizing Materials and Orchard Management

The experiment was arranged as a completely randomized design with five treatments:
(i) biochar; (ii) zeolites; (iii) arbuscular mycorrhizal fungi; (iv) inorganic fertilization; and
(v) non-fertilized control. Each treatment was applied to six trees (six replicates) of similar
canopy volume in a row separated to a row of untreated trees.

Biochar was obtained in a pyrolytic reactor from woody biomass of silver wattle (Acacia
dealbata) and was applied at a rate of 5 t ha~!. The main physical and chemical properties of
biochar are presented in Table 2. The zeolite was applied at a rate of 1t ha~!. The zeolite is a
natural aluminosilicate of alkaline metals and alkaline earth metals. The main properties of
the zeolite are also presented in Table 2. The mycorrhizal inoculum (Offyougrow Standard®,
manufacturer Symbiom s.r.0., Sazava, Czech Republic) contained the propagules (spores,
mycelium and colonized root fragments) of five different species of AM fungi (Rhizophagus
irregularis, Funneliformis mosseae, F. geosporum, F. coronatum and Claroideoglomus claroideumn)
and a natural zeolite acting as a carrier. The rate of the commercial product applied was
680 kg ha~! yr~1. Biochar, zeolite and mycorrhizal fungi were applied only in the first two
years (2017 and 2018) in this four-year study, in rates within the ranges recommended by
the vendor, and considered sufficient to assess their effect on soil and plants but also for
safety reasons, because the first two contain heavy metals although in low levels. Inorganic
fertilization consisted of the program usually followed by local farmers, 50 kg ha~! of N,
P05 and KO, applied as a compound NPK (10: 10: 10) fertilizer every year. B was also
applied in the inorganic treatment as borax (11% B) at a rate of 2 kg B ha~! yr~!. The
amendments and fertilizers were applied late in march and were homogeneously spread
beneath the tree canopy.

Table 2. Selected properties of biochar and zeolites used in the experiment (data provided by the

manufacturer).
Biochar Zeolites
Moisture (%) <30 General formula: (Ca, K3, Nay, Mg);AlgSiy0Oo-24H,0
Conduct (1S ecm™1) 948 Mineral composition (%) Chemical composition (%)
Bulk dens. (g cm®) 0.35-0.40 Clinoptilolite 84 Si02 65.0-71.3
Particle size (mm) <8 Cristobalite 8 Al203 11.5-13.1
Ash (%) <5 Clay mica 4 CaO 2.7-5.2
Organic C (%) >90 Plagioclase 3-4 K20 2.2-34
Volatiles (%) <5 Rutile 0.1-0.3 FeO3 0.7-1.9
pH 8 Quartz Traces MgO 0.6-1.2
Total N (%) <0.5 Ion exchange (mol kg 1) Na20 0.2-0.3
Fe (mg kg™!) 99.5 Ca++ 0.64-0.08 Physical and mechanical properties
Pb (mg kg 1) 0.5 K+ 0.22-0.45 Vol. density 1600-1800 kg m~>
Hg (mg kg 1) <0.1 Mg++ 0.06-0.19 Porosity 24-32%
Cd (mgkg™) <0.05 Na+ 0.01-0.19 Diameter of pores 0.4 nm

CEC 1.2-1.59 Specific surface 30-60 m? g~!

In this orchard the weeds have been usually controlled by conventional tillage with
two passes of cultivator during spring. This soil management system was maintained
during the experimental period. The first tillage was done shortly after the application of
the amendments and fertilizers allowing their incorporation into the soil along with the
control of weeds. The second tillage was performed late in spring, the date depending on
whether the spring was more or less rainy. Tillage depth was between 10 to 15 cm.

During the experimental period the tagged trees received a light pruning every year
as a mean of maintaining a similar foliar area over the years. The pruning wood was used
as an indicator of the response of the trees to the fertilizer and amendment treatments. It
was not necessary to apply pesticides during the experimental period since no relevant
phytosanitary problems were observed. The harvest was done by a branch shaking machine
by which the fruit were pull down. Sheets spread on the floor allowed to recover the fruits,
which were weighed separately per tree.
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2.3. Field Determinations

The trees were pruned every year as mentioned above. Total pruning wood was
weighed in fresh per individual tree. Thereafter, a random subsample was taken and
separated into stems and leaves and weighed also in fresh. The subsamples were then sent
to the laboratory, oven-dried at 70 °C and weighed dry. The procedure allowed to use the
pruning wood as a result of this experiment. Olive yield per tree was also determined in
the field as mentioned above.

Leaf gas exchange measurements were performed during the 4 years of the experiment
in healthy and full expanded mature leaves on cloudless mornings (photosynthetic photon
flux density above 1500 pmol m™2 s’l) using a portable IRGA (LCpro+, ADC, Hoddesdon,
UK), operating in the open mode. Net photosynthetic rate (A, pmol CO, m~2 s~ 1), stomatal
conductance (gs, mmol H,O m~2 s~!) and the ratio of intercellular to atmospheric CO,
concentration (C;/C,) were estimated using the equations developed by von Caemmerer
and Farquhar [34]. Intrinsic water use efficiency was calculated as the ratio of A/g;
(umol mol ™).

2.4. Field Sampling and Laboratory Analysis

Twice a year, in the summer (late July) and in the winter (December) leaf samples
were taken by the standard procedure for olive to monitor the nutritional status of the trees.
Young fully developed leaves were detached from the middle of the shoots developing in
the current growing season from all quadrants. In June 2020, the soil was also sampled at
three depths (0.0-0.1 m, 0.1-0.2 m and 0.2-0.3 m), beneath the canopy in the zone were the
fertilizers and amendments were applied. Each soil sample was prepared as a composite
sample by collecting and mixing soil from 10 points. From each treatment, three composite
soil samples were prepared, sent to the laboratory, oven-dried at 40 °C and sieved (2 mm
mesh).

The dried and sieved soil samples were submitted to the following analytical de-
terminations: (1) pH (H,O and KCl) (by potentiometry); (2) organic C (Walkley-Black
method); (3) cation exchange capacity (ammonium acetate, pH 7.0); (4) extractable P and
K (ammonium lactate solution at pH 3.7); (5) extractable B (hot water, and azomethine-H
method); (6) extractable Fe, Mn, Zn and Cu (ammonium acetate and EDTA, determined by
atomic absorption spectrometry). In the initial samples there were also determined (7) clay,
silt and sand fractions (Robinson pipette method). Methods 1-3 and 5-7 are fully described
by Van Reeuwijk [35] and method 4 by Balbino [36].

Elemental analyses of tissue samples were performed by Kjeldahl (N), colorimetry (B
and P), and atomic absorption spectrophotometry (K, Ca, Mg, Fe, Mn, Cu, Zn) methods [37]
after tissue samples had been digested with nitric acid in a microwave.

2.5. Data Analysis

Data was firstly tested for normality and homogeneity of variances using the Shapiro-
Wilk test and Bartlett’s test, respectively. The comparison of the effect of the fertilizer
treatments was provided by one-way ANOVA. When significant differences were found
(o0 < 0.05), the means were separated by the multiple range Tukey HSD test (x = 0.05). In
the analysis of data related to soil properties, the randomized block model was considered,
with soil depths entering the model as blocks.

3. Results
3.1. Olive Yield and Pruning Wood

Average total olive yield varied between 31.8 kg tree™! in the biochar treatment and
44.4 kg tree™! in the mineral fertilizer treatment (Figure 2). However, these values were not
significantly different at p < 0.05 level. The olive yields of 2017 and 2019 varied significantly
between treatments. The higher average values in 2017 were found in the mycorrhizal
(12.7 kg tree~ ') and in 2019 in the mineral fertilizer (18.7 kg tree!) treatments.
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Figure 2. Annual olive yield and accumulated total. Separated by year (lowercase letters) and total
(uppercase letters), means followed by the same letter were not significantly different by Tukey HSD
test (o = 0.05). Vertical bars are the standard errors.

Pruning wood followed a similar hierarchy between treatments to that observed
with olive yield (Figure 3). However, in this case, total pruning wood varied significantly
between treatments. The highest average value was found in the mineral fertilizer treatment
(21.5 kg tree” 1), whereas the lowest one was in the control treatment (17.5 kg tree ™).
Separated by years, significant differences between treatments were found in 2017 and
2020, with the highest average values to be found respectively in the zeolites (5.0 kg tree™)
and in mineral fertilizer (6.8 kg tree™!) treatments, respectively.
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Figure 3. Annual pruning wood and accumulated total. Separated by year (lowercase letters) and
total (uppercase letters), means followed by the same letter were not significantly different by Tukey
HSD test (x = 0.05). Vertical bars are the standard errors.

3.2. Leaf Gas Exchange

The response of leaf gas exchange variables to the applied treatments varied with the
monitored dates (Figures 4 and 5). Regarding net photosynthesis and stomatal conductance,
a significant influence of treatments was only observed from the second year of the study
(Figure 4). Although several fluctuations among the sampling dates were recorded, in
general trees from control treatment had more frequently lower CO, assimilation rates
in a closely association with g5 values. Nevertheless, non-stomatal limitations were also
evident as supported by the trend towards lower A/gs and greater C;/C, in control
treatment (Figure 5). Meanwhile, there was no relevant trend for the existence of significant
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differences among soil treatments that received mineral fertilization, soil conditioners or
the plant biostimulant.
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Figure 4. Evolution of net photosynthetic rate (a) and stomatal conductance (b) throughout the
experiment. Different letters demonstrate significant differences by Tukey HSD test (p < 0.05) between
treatments in each date. Vertical bars are the standard errors; * (p < 0.05), ** (p < 0.01) and *** (p < 0.001)
are the results of analysis of variance.
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Figure 5. Evolution of intrinsic water use efficiency (a) and the ratio of intercellular to atmospheric
CO, concentration (b) throughout the experiment. Different letters demonstrate significant differences
by Tukey HSD test (p < 0.05) between treatments in each date. Vertical bars are the standard errors;
*(p <0.05), ** (p < 0.01) and *** (p < 0.001) are the results of analysis of variance.

3.3. Plant Nutritional Status

Leaf N concentration varied significantly between treatments in four of the seven
sampling dates (Figure 6). The line corresponding to the mineral fertilizer treatment usually
appeared at the top of the figure. The lines of biochar, mycorrhizal and control are those
that most frequently appeared below the set of lines. In general, leaf N concentrations
appeared close to or below the lower limit of the sufficiency range. Leaf P concentration
varied significantly between soil treatments in six of the seven samplings. The line of
control and mycorrhizal treatments were those observed more frequently in the lower
part of the set of lines, even if the last sampling date was an exception for mycorrhizal
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treatment. Anyway, leaf P levels were usually found within the sufficiency range of the
element for olive. Leaf K concentration varied significantly between treatments in two of
the seven samplings. Overall, the values fluctuated greatly between sampling dates but
without a coherent trend between treatments. Sometimes, K levels were found below the
lower limit of the sufficiency range. Regarding the other nutrients analysed, no significant
differences between treatments were usually found, and when they occasionally occurred,
no consistent trend was found with the other sampling dates (data not shown).

24 1
21 A
18
15 A
12

Leaf N (g kg!)

Leaf K (g kg!)
o

o | —@—Control =—9— Mineral F —&- - Biochar = =Zeolites ==&=- Mycorrhizal

0 T T T T T T )
J17 D17 J18 D18 J19 D19 J20
Sampling date

Figure 6. Leaf concentrations of nitrogen (N), phosphorus (P) and potassium (K) in seven consecutive
samplings in July (J) and December (D) from July 2017 (J17) to July 2020 (J20). Horizontal dashed
lines are the lower and higher limits of the sufficiency ranges; vertical bars the standard errors; ns
(not significant), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001) are the results of analysis of variance.

3.4. Soil Properties

Soil treatments influenced significantly some relevant soil properties, such as organic
matter, extractable P and CEC (Figure 7). Soil organic C varied significantly between soil
layers, with the average values decreasing from 10.0 to 3.4 g kg~ ! between the layers
0.0-0.1 m and 0.2-0.3 m. The mineral fertilizer and biochar treatments resulted in signifi-
cantly higher levels of organic C than in the control, zeolites and mycorrhizal treatments.
Extractable P decreased significantly from the surface layer to the layers below, with values
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ranging from 76.6 mg P,O5 kg ! to 24.7 mg P,Os kg, respectively in the layers 0.0-0.1 m
and 0.2-0.3 m. The levels of P in the soil also varied significantly between treatments. The
mineral fertilizer treatment displayed the higher value (71.5 mg P,Os kg~ 1), the lower one
being found in the mycorrhizal treatment (30.1 mg P,Os kg~ !). CEC varied significantly
from the depth 0.0-0.1 m (7.4 cmol. kg ~!) to 0.1-0.2 m (6.4 cmol. kg 1), but not from the
latter to 0.2-0.3 m (5.7 cmol kg~1). CEC also varied significantly with soil treatments. The
biochar and zeolites treatments gave values significantly higher than the control, mineral
fertilizer and mycorrhizal treatments. In the surface layer, the increase in exchange sites
was occupied mainly by Ca and to a lesser extent by K. In the case of the biochar and
zeolites treatments, the increase of exchange sites was occupied mainly by Na, Ca and
to a lesser extent by K. Many other soil properties were determined, usually without sig-
nificant differences between treatments, and were considered of little relevance for the
interpretation of the results of this experiment (data not shown).
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Figure 7. Organic carbon (C), extractable phosphorus (P) and cation exchange capacity (CEC) as a
function of soil depth and treatment. Within soil depth and treatment, means followed by the same
letter are not significantly different by Tukey HSD test (o« = 0.05). Error bars are the standard errors.

4. Discussion

Although no significant differences were found in the accumulated olive yield in the
four years of study, the average value of the mineral fertilizer treatment was higher than
that of the other treatments. Furthermore, the sum of the pruning wood from the four
pruning events was significantly higher in the mineral fertilizer in comparison to the other
treatments, namely the control, allowing to agree that mineral fertilization had a very posi-
tive effect on the performance of the trees. The mineral fertilizer treatment also increased
the N nutritional status of the trees. Leaf N concentration in mineral fertilizer treatment
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persisted within the sufficiency range, as set by Fernandez-Escobar [38], while in the other
treatments leaf N concentration was found close to the lower limit of the sufficiency range
or even often below. Considering the concentration of other minerals in the leaves, usually
within the sufficiency ranges, we may infer that the effect of treatments on trees’ perfor-
mance can be mainly attributed to N. This soil has a low content of organic matter and clay
minerals, which are the soil constituents responsible for the largest soil N reserves, organic
matter holding the organic N fraction and clay minerals interlamellar NH4*, with a role
in balancing the negative charges resulting from the isomorphic substitutions of Si** by
AR* [1]. Thus, this type of soil provides little N to the plants. In previous studies it was
found that olive [39,40] and many other tree species [3,41] grown in similar soils respond
clearly to the application of N, in contrast to that sometimes occurs in regions of clayey
soils with a greater capacity to supply nutrients to plants [42,43].

Generally, all soil treatments contributed to improve olive tree gas exchange responses
relatively to control plants, at least during certain periods of the experiment. The positive
influence was more evident on A than on gs and, as a consequence, A/gs was generally
higher with the application of soil amendments than in control, while the ratio Ci/Ca
tend to be lower. This combination of results demonstrates that the positive effects of
soil treatments were mainly due to lower non-stomatal limitations to photosynthesis. It
should also be noted that, despite the non-application of mineral fertilizers in biochar,
zeolites and mycorrhizal treatments, their photosynthetic performance was identical to
mineral fertilizer treatment, which is of great interest. Biochar has been reported to benefit
soil properties and, consequently, crop productivity [12-14], although inconsistencies in
the observation of positive effects have also been frequent [11,44]. It has also been found
that the effect of biochar on soils and crops may vary depending on feeding material and
pyrolysis conditions, particle size and application rate and methodology, as well on soil
texture and pH [45-47], which makes it difficult to clarify the value of these materials as
soil conditioners. Moreover, most of the positive impacts of biochar application has been
observed when biochar was applied with other organic amendments and fertilizers [48].
Normally, there is greater consensus to consider that biochar is a win-win solution to C
sequestration and ecosystem function. Zeolites are characterized by the ease of retaining
and releasing water and exchanging cations without structural changes [21]. In this study,
however, the use of zeolites was also not reflected in the improvement of the tree’s perfor-
mances. Arbuscular mycorrhizal fungi are known for their potential to favour water and
nutrient acquisition by plants [10], and in a very particular way the increased supply of
P [49,50] due to their role in solubilizing P from P-sparse sources usually not available to
host plants [28]. AM fungi usually also increase Ca and Mg acquisition by plants in acidic
soils [51]. However, although this soil is very acidic, which could facilitate the observation
of positive effects on P, Ca and Mg acquisition from the application of AM fungi, perhaps
the native microorganisms, well adapted to these conditions, have obscured the role of the
commercial mycorrhizal fungi. Thus, in this study, no beneficial effect of using commercial
AM fungi was observed either due to a deficient establishment of mycorrhiza or due to
their inability to provide better conditions to plants than native soil microbiology. Myc-
orrhizal fungi can also favour the supply of N to plants. Koller et al. [29] hypothesized
that AM fungi and protozoa interactively facilitate plant N acquisition from organic matter.
However, these soils are very poor in organic matter which minimizes a possible benefit
for the plant through this route.

Soil organic matter was significantly higher in the mineral fertilizer and biochar in
comparison to the other treatments. However, the higher levels of organic matter in the soil
in the mineral fertilizer and biochar treatments may be due to different reasons. Mineral
fertilization, in particular soil N availability, tends to increase herbaceous vegetation [4,40]
and, just as there was recorded an expansion of the aerial part of the trees measured as
pruning wood, probably the root system also increased due to the higher availability of
photosynthates. Thus, it is likely that the increase in organic matter in the soil in the mineral
fertilizer treatment was due to the increase in the debris of the herbaceous vegetation and
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the enhanced activity of the root system of the trees. In the case of biochar, it is likely that
itis only C added by the application of the product due to its recalcitrant property in the
soil [12,17]. However, it is known that biochar can protect some soil microbiology, due to
its high porosity, and increase biological activity due to better soil aeration [17,52], which
may mean that part of the organic C found in this treatment may correspond to microbial
C.

Soil P levels were higher in the mineral fertilizer than in the other treatments, probably
due to the direct application of P in the compound NPK fertilizer. It should be noted that
mycorrhizal fungi, although can benefit the plant from several ways, the most universally
reported effect is their contribution to P acquisition, as previously mentioned. The low
levels of P in the soil, are a convincing proof that mycorrhization has not occurred at
a relevant level. In addition to the fact that higher levels of P in the leaves were not
detected by the application of mycorrhizal fungi, which could be justified by the fact that P
accumulates preferentially in the roots [53], soil samples should have shown higher levels
of P. Soil sampling and sieving (2 mm) procedures did not remove the hyphae of the fungi
and thinner roots, which means that if the mycorrhiza had been established, an increase of P
in the soil should be observed due to the increased content of P in these tissues, as reported
by Rodrigues et al. [54]. The application of commercial mycorrhizal fungi on mature trees
has not been common. The positive effects of plant inoculation with mycorrhizal fungi
have been obtained mainly in young nursery plants or when they are being installed in the
field [30,51,54].

The application of biochar and zeolites increased soil CEC. Biochar possesses high
surface area and porosity and a variety of functional groups with high ion adsorption
potential [11,17], these being the reasons of the increase of CEC through the application of
biochar. Some of the properties which make zeolites and interesting soil conditioner for
agricultural purposes are high cation exchange capacity, high water holding capacity and
high adsorption capacity [23]. Under certain conditions, these properties can benefit plant
growth, which was not the case of this experiment. Although no short-term benefits for
plants were recorded, CEC is an important soil property, as it helps to regulate the retention
of cations such as NH,*, Ca?*, Mg?* and K* in the soil [1] and should be considered a
positive aspect of the application of these soil conditioners.

5. Conclusions

The mineral fertilization improved the performance of trees, mainly due to the supply
of N, in a soil of reduced natural N availability, due to low level of organic matter and
2: 1 clay minerals. Biochar and zeolites did not show beneficial short-term effects to
plants. However, they contributed to increase CEC, a relevant soil property that helps to
regulate the availability of cation nutrients (such as NHy*, Ca?*, Mg?* and K*) in the soil
reducing the risk of being leached out. No benefits were found from the use of commercial
mycorrhizal fungi. No improvement was noted in the trees’ performance, nutritional status
or soil properties. The reason for the failure was attributed to its application to mature
trees probably already mycorrhized with native soil microorganisms better adapted to local
ecological conditions.

Author Contributions: M.A.R. and C.M.C. planned the experiments with the help of J.LL.; J.LL.,
A.G,LP,SM., C.B,].M.-P.and S.R. performed all the experiments with the help of M.A., M.AR.
and C.M.C.; J.1L. analyzed the results and wrote the manuscript with the help of CM.C. and M.A.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Operational Group “Novas praticas em olivais de sequeiro:
estratégias de mitigacao e adaptagdo as alteragdes climaticas”, funded by PT2020 and EAFRD
(European Agricultural Fund for Rural Development). The authors are grateful to the Foundation for
Science and Technology (FCT, Portugal) and FEDER under Programme PT2020 for financial support
to CIMO (UIDB/00690/2020) and CITAB (UIDB/04033/2020) and also to AgriFood XXI project, n°.
NORTE-01-0145-FEDER-000041, co-financed by the European Regional Development Fund (ERDF)
through NORTE 2020 (North Regional Operational Program 2014 /2020).



Agriculture 2022,12,171 13 of 15

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.  Weil, R.R.; Brady, N.C. The Nature and Properties of Soils, 15th ed.; Pearson: London, UK, 2017.

2. Keesstra, S.D.; Bouma, J.; Wallinga, J.; Tittonell, P.; Smith, P.; Cerda, A.; Montanarella, L.; Quinton, J.N.; Pachepsky, Y.; Van der
Putten, W.H.; et al. The significance of soils and soil science towards realization of the United Nations Sustainable Development
Goals. Soil 2016, 2, 111-128. [CrossRef]

3.  Arrobas, M,; Santos, D.; Ribeiro, A.; Pereira, E.; Rodrigues, M. A. Soil and foliar nitrogen and boron fertilization of almond trees
grown under rainfed conditions. Eur. J. Agron. 2019, 106, 39-48. [CrossRef]

4. Rodrigues, M.A,; Correia, C.M.; Claro, A.M.; Ferreira, 1.Q.; Barbosa, ].C.; Moutinho-Pereira, ] M.; Bacelar, E.A.; Fernandes-Silva,
A.A.; Arrobas, M. Soil nitrogen availability in olive orchards after mulching legume cover crop residues. Sci. Hortic. 2013, 156,
45-51. [CrossRef]

5. Quinteiro, P,; Rafael, S.; Vicente, B.; Marta-Almeida, M.; Rocha, A.; Arroja, L.; Dias, A.C. Mapping green water scarcity under
climate change: A case study of Portugal. Sci. Total Environ. 2019, 696, 134024. [CrossRef]

6.  Werner, W. Environmental aspects of fertilizer application. In ‘Ullmann’s Agrochemicals, Fertilizers, 3; Chapter 9; Wiley-VCH Verlag
GmbH & Co.: Weinheim, Germany, 2007; pp. 99-111.

7. Gao, S.; DeLuca, T.H.; Cleveland, C.C. Biochar additions alter phosphorus and nitrogen availability in agricultural ecosystems: A
meta-analysis. Sci. Total Environ. 2019, 654, 463-472. [CrossRef] [PubMed]

8. Yu,H.; Zou, W,; Chen, J.; Chen, H.; Yu, Z.; Huang, ].; Tang, H.; Wei, X.; Gao, B. Biochar amendment improves crop production in
problem soils: A review. . Environ. Manag. 2019, 232, 8-21. [CrossRef]

9. Du Jardin, P;; Xu, L.; Geelen, D. Agricultural functions and action mechanisms of plant biostimulants (PBs): An introduction. In
The Chemical Biology of Plant Biostimulants; Geelen, D., Xu, L., Eds.; Wiley: Hoboken, NJ, USA, 2020; pp. 3-29.

10. Lanfranco, L.; Bonfante, P.; Genre, A. The mutualistic interaction between plants and arbuscular mycorrhizal fungi. Microbiol.
Spectr. 2016, 4, 1-20. [CrossRef] [PubMed]

11. Kavitha, B.; Reddy, P.V.L;; Kim, B.; Lee, S.S.; Pandey, S.K.; Kim, K.-H. Benefits and limitations of biochar amendment in agricultural
soils: A review. ]. Environ. Manag. 2018, 227, 146-154. [CrossRef]

12.  Arif, M,; Ilyas, M.; Riaz, M.; Ali, K.; Shah, K.; Haq, I.U.; Fahad, S. Biochar improves phosphorus use efficiency of organic-inorganic
fertilizers, maize-wheat productivity and soil quality in a low fertility alkaline soil. Field Crops Res. 2017, 214, 25-37. [CrossRef]

13.  Sun, Y;; Zhang, N.; Yan, J.; Zhang, S. Effects of soft rock and biochar applications on millet (Setaria italica L.) crop performance in
sandy soil. Agronomy 2020, 10, 669. [CrossRef]

14. Zheng, J.; Han, J.; Liu, Z.; Xia, W.; Zhang, X.; Li, L.; Liu, X; Bian, R.; Cheng, K.; Zheng, J.; et al. Biochar compound fertilizer
increases nitrogen productivity and economic benefits but decreases carbon emission of maize production. Agric. Ecosyst. Environ.
2017, 241, 70-78. [CrossRef]

15. Li, S.; Wang, S.; Shangguan, Z. Combined biochar and nitrogen fertilization at appropriate rates could balance the leaching and
availability of soil nitrogen. Agric. Ecosyst. Environ. 2019, 276, 21-30. [CrossRef]

16. Bian, R.; Joseph, S.; Cui, L.; Pan, G.; Li, L.; Liu, X.; Zhang, A.; Rutlidge, H.; Wong, S.; Chia, C. A three-year experiment confirms
continuous immobilization of cadmium and lead in contaminated paddy field with biochar amendment. ]. Hazard Mater. 2014,
272,121-128. [CrossRef]

17.  Shaaban, M.; Zwieten, L.V.; Bashir, S.; Younas, A.; Nufiez-Delgado, A.; Chhajro, M.A.; Kubar, K.A.; Ali, U.; Rana, M.S.; Mehmood,
M.A; et al. A concise review of biochar application to agricultural soils to improve soil conditions and fight pollution. J. Environ.
Manag. 2018, 228, 429-440. [CrossRef] [PubMed]

18. Rodrigues, M.A.; Garmus, T.; Arrobas, M.; Gongalves, A; Silva, E.; Rocha, L.; Pinto, L.; Brito, C.; Martins, S.; Vargas, T.; et al.
Combined biochar and organic waste have little effect on chemical soil properties and plant growth. Span. J. Soil Sci. 2019, 9,
199-211. [CrossRef]

19. Liu, Z; He, T; Cao, T.; Yang, T.; Meng, J.; Chen, W. Effects of biochar application on nitrogen leaching, ammonia volatilization
and nitrogen use efficiency in two distinct soils. J. Soil Sci. Plant Nutr. 2017, 17, 515-528. [CrossRef]

20. Smedt, C.; Someus, E.; Spanoghe, P. Potential and actual uses of zeolites in crop protection. Pest Manag. Sci. 2015, 71, 1355-1367.
[CrossRef]

21. Santasnachok, C.; Kurniawan, W.; Hinode, H. The use of synthesized zeolites from power plant rice husk ash obtained from
Thailand as adsorbent for cadmium contamination removal from zinc mining. J. Environ. Chem. Eng. 2015, 3, 2115-2126.
[CrossRef]

22. Fukasawa, T.; Horigome, A ; Karisma, A.D.; Maeda, N.; Huang, A.-N.; Fukui, K. Utilization of incineration fly ash from biomass

power plants for zeolite synthesis from coal fly ash by microwave hydrothermal treatment. Adv. Powder Technol. 2018, 29, 450-456.
[CrossRef]


http://doi.org/10.5194/soil-2-111-2016
http://doi.org/10.1016/j.eja.2019.02.014
http://doi.org/10.1016/j.scienta.2013.04.035
http://doi.org/10.1016/j.scitotenv.2019.134024
http://doi.org/10.1016/j.scitotenv.2018.11.124
http://www.ncbi.nlm.nih.gov/pubmed/30447585
http://doi.org/10.1016/j.jenvman.2018.10.117
http://doi.org/10.1128/microbiolspec.FUNK-0012-2016
http://www.ncbi.nlm.nih.gov/pubmed/28087942
http://doi.org/10.1016/j.jenvman.2018.08.082
http://doi.org/10.1016/j.fcr.2017.08.018
http://doi.org/10.3390/agronomy10050669
http://doi.org/10.1016/j.agee.2017.02.034
http://doi.org/10.1016/j.agee.2019.02.013
http://doi.org/10.1016/j.jhazmat.2014.03.017
http://doi.org/10.1016/j.jenvman.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30243078
http://doi.org/10.3232/SJSS.2019.V9.N3.04
http://doi.org/10.4067/S0718-95162017005000037
http://doi.org/10.1002/ps.3999
http://doi.org/10.1016/j.jece.2015.07.016
http://doi.org/10.1016/j.apt.2017.10.022

Agriculture 2022,12,171 14 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Bernardi, A.C.D.C.; Bezerra, M.; Monte, D.M.; Renato, P.; Paiva, P.; Werneck, C.G. Dry matter production and nutrient accumula-
tion after successive crops of lettuce, tomato, rice, and andropogon grass in a substrate with zeolite. Rev. Bras. Ciénc. Solo 2010, 34,
435-442. [CrossRef]

Aminiyan, M.M.; Sinegani, A.A.S.; Sheklabadi, M. Aggregation stability and organic carbon fraction in a soil amended with some
plant residues, nanozeolite, and natural zeolite. Int. J. Recycl. Org. Waste Agricult. 2015, 4, 11-22. [CrossRef]

Palanivell, P.; Ahmed, H.O.; Majid, N.M. Minimizing ammonia volatilization from urea, improving lowland rice (cv. MR219)
seed germination, plant growth variables, nutrient uptake, and nutrient recovery using clinoptilolite zeolite. Arch. Agron. Soil Sci.
2016, 62, 708-724. [CrossRef]

Liator, M.I.; Katz, L.; Shenker, M. The influence of compost and zeolite co-addition on the nutrients status and plant growth in
intensively cultivated Mediterranean soils. Soil Use Manag. 2017, 33, 72-80. [CrossRef]

Guaya, D.; Mendoza, A.; Valderrama, C.; Farran, A.; Sauras-Yera, T.; Cortina, J.L. Use of nutrient-enriched zeolite (NEZ) from
urban wastewaters in amended soils: Evaluation of plant availability of mineral elements. Sci. Total Environ. 2020, 727, 138646.
[CrossRef] [PubMed]

Valentine, A.J.; Mortimer, P.E.; Kleinert, A.; Kang, Y.; Benedito, V.A. Carbon metabolism and costs of arbuscular mycorrhizal
associations to host roots. In Symbiotic Endophytes; Aroca, R., Ed.; Springer-Verlag: Berlin/Heidelberg, Germany, 2013; pp. 233-252.
Koller, R.; Rodriguez, A.; Robin, C.; Scheu, S.; Bonkowski, M. Protozoa enhance foraging efficiency of arbuscular mycorrhizal
fungi for mineral nitrogen from organic matter in soil to the benefit of host plants. New Phytol. 2013, 199, 203-211. [CrossRef]
Bati, C.B.; Santilli, E.; Lombardo, L. Effect of arbuscular mycorrhizal fungi on growth and on micronutrient and macronutrient
uptake and allocation in olive plantlets growing under high total Mn levels. Mycorrhiza 2015, 25, 97-108. [CrossRef]

Berdeni, D.; Cotton, T.E.A.; Daniell, T.J.; Bidartondo, M.I;; Cameron, D.D.; Evans, K.L. The effects of arbuscular mycorrhizal
fungal colonisation on nutrient status, growth, productivity, and canker resistance of apple (Malus pumila). Front. Microbiol. 2018,
9, 1461. [CrossRef]

Ouledali, S.; Ennajeh, M.; Zrig, A.; Gianinazzi, S.; Khemira, H. Estimating the contribution of arbuscular mycorrhizal fungi to
drought tolerance of potted olive trees (Olea europaea). Acta Physiol. Plant. 2018, 40, 80-93. [CrossRef]

Kumar, R.; Kumawat, N.; Sahu, Y.K. Role of biofertilizers in agriculture. Pop. Kheti 2017, 5, 63-66.

von Caemmerer, S.; Farquhar, G.D. Some relationships between the biochemistry of photosynthesis and the gas exchange of
leaves. Planta 1981, 153, 376-387. [CrossRef]

Van Reeuwijk, L.P. Procedures for Soil Analysis, 6th ed.; Technical Paper 9; ISRIC, FAO: Rome, Italy, 2002.

Balbino, L.R. La méthode Egner-Riehm et la détermination du phosfore et du potassium «assimilavel» des sols du Portugal. II
Col. Medit. Cont. Fert. Plantas Cultivadas 1968, 55-65.

Temminghoff, E.E.J.M.; Houba, V.G. Plant Analysis Procedures, 2nd ed.; Klwuwer Academic Publishers: Dordrecht, The Nether-
lands, 2004.

Fernandez-Escobar, R. Fertilization. In El Cultivo del Olivo, 7th ed.; Barranco, D., Fernandez-Escobar, R., Rallo, L., Eds.; Mundi-
Prensa: Madrid, Spain, 2017; pp. 419-460. (In Spanish)

Rodrigues, M.A,; Pavao, F,; Lopes, ].I.; Gomes, V.; Arrobas, M.; Moutinho-Pereira, ].; Ruivo, S.; Cabanas, J.E.; Correia, C.M. Olive
yields and tree nutritional status during a four year period without nitrogen and boron fertilization. Commun. Soil Sci. Plant Anal.
2011, 42, 803-814. [CrossRef]

Ferreira, 1.Q.; Arrobas, M.; Moutinho-Pereira, ].M.; Correia, C.M.; Rodrigues, M.A. The effect of nitrogen applications on the
growth of young olive trees and nitrogen use efficiency. Turk. J. Agric. For. 2020, 44, 278-289. [CrossRef]

Rodrigues, M.A.; Grade, V.; Barroso, V.; Pereira, A.; Cassol, L.C.; Arrobas, M. Chestnut response to organo-mineral and
controlled-release fertilizers in rainfed growing conditions. J. Soil Sci. Plant Nutr. 2020, 20, 380-391. [CrossRef]
Fernandez-Escobar, R.; Marin, L.; Sanchez-Zamora, M.A.; Garcia- Novelo, ].M.; Molina-Soria, C.; Parra, M.A. Long-term effects
of N fertilization on cropping and growth of olive trees and on N accumulation in soil profile. Eur. J. Agron. 2009, 31, 223-232.
[CrossRef]

Fernandez-Escobar, R.; Garcia-Novelo, ].M.; Molina-Soria, C.; Parra, M.A. An approach to nitrogen balance in olive orchards. Sci.
Hortic. 2012, 135, 219-226. [CrossRef]

Wei, W.; Yang, H.; Fan, M.; Chen, H.; Guo, D.; Jian Cao, ].; Kuzyakov, Y. Biochar effects on crop yields and nitrogen loss depending
on fertilization. Sci. Total Environ. 2020, 702, 134423. [CrossRef]

Zornoza, R.; Moreno-Barriga, F; Acosta, ].A.; Mufioz, M.A; Faz, A. Stability, nutrient availability and hydrophobicity of biochars
derived from manure, crop residues, and municipal solid waste for their use as soil amendments. Chemosphere 2016, 144, 122-130.
[CrossRef] [PubMed]

Ye, L.; Camps-Arbestain, M.; Shen, Q.; Lehmann, J.; Singhm, B.; Sabir, M. Biochar effects on crop yields with and without fertilizer:
A meta-analysis of field studies using separate controls. Soil Use Manag. 2020, 36, 2-18. [CrossRef]

Schmidt, H.-P.; Kammann, C.; Hagemann, N.; Leifeld, J.; Bucheli, T.D.; Monedero, M.A.S.; Cayuela, M.L. Biochar in agriculture
—A systematic review of 26 global meta-analyses. Bioenergy 2021, 13, 1708-1730. [CrossRef]

Alkharabsheh, H.M.; Seleiman, M.E,; Battaglia, M.L.; Shami, A.; Jalal, R.S.; Alhammad, B.A.; Almutairi, K.E; Al-Saif, A.M. Biochar
and Its Broad Impacts in Soil Quality and Fertility, Nutrient Leaching and Crop Productivity: A Review. Agronomy 2021, 11, 993.
[CrossRef]


http://doi.org/10.1590/S0100-06832010000200017
http://doi.org/10.1007/s40093-014-0080-0
http://doi.org/10.1080/03650340.2015.1077229
http://doi.org/10.1111/sum.12324
http://doi.org/10.1016/j.scitotenv.2020.138646
http://www.ncbi.nlm.nih.gov/pubmed/32330722
http://doi.org/10.1111/nph.12249
http://doi.org/10.1007/s00572-014-0589-0
http://doi.org/10.3389/fmicb.2018.01461
http://doi.org/10.1007/s11738-018-2656-1
http://doi.org/10.1007/BF00384257
http://doi.org/10.1080/00103624.2011.552656
http://doi.org/10.3906/tar-1905-26
http://doi.org/10.1007/s42729-019-00119-7
http://doi.org/10.1016/j.eja.2009.08.001
http://doi.org/10.1016/j.scienta.2011.11.036
http://doi.org/10.1016/j.scitotenv.2019.134423
http://doi.org/10.1016/j.chemosphere.2015.08.046
http://www.ncbi.nlm.nih.gov/pubmed/26347934
http://doi.org/10.1111/sum.12546
http://doi.org/10.1111/gcbb.12889
http://doi.org/10.3390/agronomy11050993

Agriculture 2022,12,171 15 of 15

49.

50.

51.

52.

53.

54.

Hu, J.; Lin, X.; Wang, J.; Dai, J.; Cui, X.; Chen, R.; Zhang, J. Arbuscular mycorrhizal fungus enhances crop yield and P-uptake of
maize (Zea mays L.): A field case study on a sandy loam soil as affected by long-term P-deficiency fertilization. Soil Biol. Biochem.
2009, 41, 2460-2465. [CrossRef]

Ortas, I; Bykova, A. The effect of mycorrhiza inoculation and phosphorus application on phosphorus efficiency of wheat plants.
Commun. Soil Sci. Plant Anal. 2018, 49, 1199-1207. [CrossRef]

Lopes, ].I; Arrobas, M.; Brito, C.; Gongalves, A; Silva, E.; Martins, S.; Raimundo, S.; Rodrigues, M.A; Correia, C.M. Mycorrhizal
fungi were more effective than zeolites in increasing the growth of non-irrigated young olive trees. Sustainability 2020, 12, 10630.
[CrossRef]

Palansooriya, K.N.; Ok, Y.S.; Awad, Y.M.; Lee, S.S.; Sung, ].-K.; Koutsospyros, A.; Moon, D.H. Impacts of biochar application on
upland agriculture: A review. . Environ. Manag. 2019, 234, 52-64. [CrossRef] [PubMed]

Ferreira, 1.Q.; Rodrigues, M. A.; Moutinho-Pereira, ].M.; Correia, C.; Arrobas, M. Olive tree response to applied phosphorus in
field and pot experiments. Sci. Hortic. 2018, 234, 236-244. [CrossRef]

Rodrigues, M.; Piroli, L.B.; Forcelini, D.; Raimundo, S.; Domingues, L.S.; Cassol, L.C.; Correia, C.M.; Arrobas, M. Use of
commercial mycorrhizal fungi in stress-free growing conditions of potted olive cuttings. Sci. Hortic. 2021, 275, 109712. [CrossRef]


http://doi.org/10.1016/j.soilbio.2009.09.002
http://doi.org/10.1080/00103624.2018.1455849
http://doi.org/10.3390/su122410630
http://doi.org/10.1016/j.jenvman.2018.12.085
http://www.ncbi.nlm.nih.gov/pubmed/30616189
http://doi.org/10.1016/j.scienta.2018.02.050
http://doi.org/10.1016/j.scienta.2020.109712

	Introduction 
	Materials and Methods 
	Study Site 
	Experimental Design, Fertilizing Materials and Orchard Management 
	Field Determinations 
	Field Sampling and Laboratory Analysis 
	Data Analysis 

	Results 
	Olive Yield and Pruning Wood 
	Leaf Gas Exchange 
	Plant Nutritional Status 
	Soil Properties 

	Discussion 
	Conclusions 
	References

