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Abstract: Soil degradation and climate change are threatening the sustainability of Mediterranean
olive orchards, typically grown under rainfed conditions and conventional soil tillage. Thus, imple-
menting sustainable soil management practices is crucial to preserve soil health and mitigate the
negative effects on plant performance. In this study, we assessed the effects of conventional tillage
(T), an early maturing and self-reseeding annual legume cover crop (LC) and its combination with
natural zeolites (ZL) on plant physiological performance, tree nutritional status, crop yield, and soil
physicochemical and microbiological properties. Although both LC and ZL enhanced the photosyn-
thetic activity, tree nutritional status, soil moisture and olive yield relative to T, ZL was clearly more
efficient at improving some soil health indicators, namely at the 0–10 cm soil layer, once soil acidity
decreased and Kjeldahl N, extractable P and B, cation exchange capacity and microbiological activity
increased, as evidenced by the higher concentrations of easily extractable and total glomalin-related
soil protein, microbial biomass carbon, microbial biomass quotient, and actinomycetes. Therefore,
using natural zeolite with leguminous cover crops appears to be a promising strategy of sustainable
soil management in rainfed olive orchards, as it is able to provide numerous ecosystem services.

Keywords: climate change; leguminous cover crops; olive tree; soil tillage; sustainable soil management;
zeolites

1. Introduction

Olive tree (Olea europaea L.) is a perennial crop of enormous social and economic impor-
tance throughout the Mediterranean basin, which continues to be grown mainly in rainfed
conditions [1]. Considering the expected climate change scenarios [2], the Mediterranean
region appears to be one of the most climate-vulnerable regions, as it will face a substantial
change in precipitation patterns and an increase in average temperatures as well as an
increase in the occurrence of extreme events [3], with deleterious consequences for plant
growth and photosynthetic processes [4,5]. Moreover, with the increase in temperatures
during the night period, an increase in night transpiration and respiration rates and, con-
sequently, a reduction in water use efficiency are expected [6,7]. Thus, all these changes
will negatively impact agricultural production. In turn, the agriculture sector produces
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a substantial amount of greenhouse gas emissions, while the widespread adoption of
traditional soil management practices, such as tillage, has resulted in cases of severe soil
degradation [8,9]. Soil tillage is an ancestral method of mechanical weed control that leaves
the soil bare and unprotected during rainfall, wind and heat events [10]. This practice, that
dominates Portuguese olive rainfed orchards [1], significantly affects soil physical, chemical
and biological properties [11], which inevitably contribute to the acceleration of processes
such as soil erosion, depletion of nutrients and organic matter, and increases in the emission
of CO2 into the atmosphere [1,12]. In this context, conservation agriculture has emerged
to mitigate the negative effects of conventional soil management practices [12]. Accord-
ing to the Food and Agriculture Organization of the United Nations (FAO), conservation
agriculture is a farming system that promotes minimal soil disturbance (i.e., no tillage) and
maintenance of a permanent soil cover [13]. Thus, soil quality is considered a fundamental
component of sustainable quality agriculture [14]. No-tillage systems, including cover
cropping with legume species and soil amendment with natural materials, such as zeolites,
are just some of the different strategies that have been studied in the recent years [15,16].

Cover cropping has been reported as an efficient way of increasing water-holding ca-
pacity, soil porosity, aggregate stability, nutrient cycling and microbial population [1,17,18].
For use in rainfed orchards, the most suitable cover crops seem to be self-reseeding and
early-maturing annual legumes, since they show reduced competition for water, main-
taining soil protection in autumn and at a reduced cost [1]. Legume cover crops generally
provide high amounts of labile organic carbon, contributing to the abundance or diversity of
bacteria and arbuscular mycorrhizal fungi (AMFs) in soil [19], which, in turn, may establish
symbiotic relationships with roots, increasing nutrient and water uptake [20–22]. Moreover,
AMFs are responsible for the production of a glycoprotein, defined as glomalin-related
soil protein (GRSP) [23,24], with great importance in soil particle aggregation, enhancing
carbon sequestration and reducing organic matter degradation [25]. The introduction
of legume cover crops in olive orchards was already carried out by some studies that
reported positive effects at the plant level, on photosynthetic performance, growth and
yield [26,27], and at the soil level, on soil microbial biomass, water content, N availability,
GRSP and enzyme activity [28,29]. In turn, the application of natural soil amendments
plays a significant role in enhancing the long-term physicochemical properties of soil [30].
Zeolites are naturally occurring alkaline-hydrated aluminosilicates, characterized by an
infinite three-dimensional structure identified by interconnected cavities [30–33]. This
particular structure provides important properties such as high cation exchange capacities
(CECs), water- and nutrient-holding capacities, infiltration rates, adsorption capacities
and hydraulic conductivities [30,32,34,35]. Thus, for all these reasons, natural zeolites
found a wide range of applications in a host of industries [31]. In agriculture, they are
being considered as good soil conditioners, slow-release fertilizers and heavy metal re-
movers [30,31,36,37]. Unlike other soil amendments, zeolite does not break down over
time but remains in the soil to improve nutrient availability [35]. Their application has
been reported in some studies that showed significant effects on plant morphological
traits, relative water content (RWC), leaf nutrient composition, and soil water and nutrient
availability in irrigated olive orchards [34,38,39].

The aim of this study is to compare the effects of conventional tillage (T) with two
strategies of conservation agriculture: a legume cover crop used alone (LC) or combined
with natural zeolites (ZL) in a rainfed olive orchard. The main studied variables were
related to plant physiological performance, olive yield, leaf mineral composition and soil
properties. As far as we know, the present study is the first reporting on the effects of
the combined use of legume cover crops with natural zeolites on leaf gas exchange; tree
nutritional status; crop yield; and physical, chemical and biological soil properties.
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2. Materials and Methods
2.1. Site Description and Experimental Layout

The field experiment was carried out in Suçães (41◦29′ N, 7◦15′ W), Mirandela, in
northeastern Portugal, from September 2016 to December 2019. The meteorological data
recorded during the three years of harvest are shown in Figure 1. The orchard charac-
terization, agronomic practices and experimental design have been previously described,
and details can be found in Martins et al. (2023) [40]. In brief, the experimental field was
divided into three adjacent experimental subplots, each including four rows 60 m in length,
with one to receive conventional tillage (T), consisting of two tillage passes per year in
spring using a cultivator, and two subplots with a cover crop consisting of a mixture of
self-reseeding annual legume species and cultivars. Among the two subplots of cover crop,
one received the application of natural zeolites (1500 kg ha−1 year−1) over the mulch (ZL),
whereas the other had only the plant debris left on the soil surface (LC). The composition
of the legume cover crop, as well the properties of the applied zeolites, provided by the
manufacturer (ZeoCat, Barcelona, Spain), can be found in Martins et al. (2023) [40].
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Figure 1. Average monthly temperature and precipitation conditions recorded at Paradela weather
station next to experimental plot during the three years of harvest.

2.2. Field and Laboratory Determinations

All the physiological and biochemical measurements at the leaf level were performed
in healthy, fully expanded and mature leaves. The leaf gas exchange measurements were
taken periodically during the summer from two leaves per tree on 11 July 2017 (D1),
24 August 2017 (D2), 12 September 2017 (D3), 18 July 2018 (D4), 23 August 2018 (D5),
27 September 2018 (D6), 11 July 2019 (D7), 11 August 2019 (D8) and 21 September 2019
(D9). Leaf samples for biochemical analysis were collected once a year during the summer,
on the D2, D5 and D8 dates. Fully expanded leaf samples were collected around the tree
canopy and immediately frozen in liquid N2. Posteriorly, the leaf samples were stored at
−80 ◦C until proceeding with the biochemical analyses. The leaf samples for mineral status
analysis were collected during the winter resting period (January) and in summer (July) at
endocarp sclerification.

Crop yield was evaluated on 6 November 2017, 27 October 2018 and 7 November 2019.
On the last year of the trial, on the same dates when the leaf gas exchange analyses

were performed, soil samples for the moisture analysis of each replicate were collected
at depths of 0–20 cm. Moreover, at the last crop harvest, composite soil samples of each
replicate (0–10 and 10–20 cm depths), prepared from the soil of five holes, were taken in
order to assess the cumulative effect of the ground cover treatments on soil properties,
microbial activity and GRSP.
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2.2.1. Leaf Gas Exchange

Leaf gas exchange measurements were performed using a portable IRGA (LCpro+,
ADC, Hoddesdon, UK), operating in open mode. Measurements were taken on sun-
exposed leaves, on cloudless days under natural irradiance, around the midday period
(13.30–14.30 local time). Net photosynthetic rate (A, µmol CO2 m−2 s−1) and stomatal
conductance (gs, mmol m−2 s−1) were determined following previously developed equa-
tions (von Caemmerer & Farquhar, 1981) [41], while intrinsic water use efficiency and
intercellular to atmospheric CO2 concentration were calculated through the A/gs and
Ci/Ca ratios, respectively.

2.2.2. Leaf Non-Structural Carbohydrates and Soluble Proteins

Total soluble sugars (TSS) were extracted according to Irigoyen (1992), by heating the
leaf samples in 80% ethanol and measured at 625 nm, after the reaction with anthrone [42].
Thereafter, starch (St) was extracted by adding 30% perchloric acid to the same leaf material
used for SS determination. The St concentration was determined using the anthrone
method, as described for total SS. Total soluble proteins (TSPs) were determined at an
absorbance of 595 nm, using the method of Bradford (1976), using bovine serum albumin
(Sigma-Aldrich, St. Louis, MI, USA) as a standard [43].

2.2.3. Tree Nutritional Status and Olive Yield

Samples of the young mature leaves were collected in the four quadrants around the
tree canopy, at the middle of the non-bearing current season shoots, and oven dried at
70 ◦C to a constant weight, to proceed to elemental composition analyses. Tissue analyses
were conducted using different methods, including Kjeldahl for nitrogen (N); colorimetry
for boron (B) and phosphorus (P); flame emission spectrometry for potassium (K); and
atomic absorption spectrophotometry for calcium (Ca), magnesium (Mg), copper (Cu), iron
(Fe), zinc (Zn) and manganese (Mn) [44].

Olive trees were harvested using a trunk shaker with an inverted umbrella. The yield
from each individual tree was weighed.

2.2.4. Soil Properties

After soil collection, a large part of each sample was air dried and thereafter sieved to
pass through a grid of 2 mm. The remaining part of the soil samples was frozen until use
in the soil microbiology and microbial activity assays. The following were analyzed from
the dried and sieved soil samples: (1) pH (H2O) using the potentiometry method; (2) total
organic C (TOC) using the dry combustion method; (3) Kjeldahl N; (4) exchangeable cations
using ammonium acetate (pH 7.0); (5) extractable Fe, Mn, Zn and Cu, using ammonium
acetate and EDTA and determined with atomic absorption spectrometry; (6) extractable
B using a hot water and azomethine-H procedure; and (7) extractable P and K via the
Egner–Riehm method using ammonium lactate solution (pH 3.7). Methods 1–6 were fully
described by Van Reeuwijk (2002) [45], and Method 7 was described by Balbino (1968) [46].
The soil moisture content was measured using the gravimetric method, based on soil
oven-drying (105 ◦C) [45].

For the analysis of easily extractable GRSP (EE-GRSP) and total GRSP (T-GRSP), air-
dried and sieved soil samples were analyzed according to Wright and Updahyaya, with
some modifications [47]. EE-GRSP and T-GRSP were determined at 595 nm, using 20 mM
citrate (pH 7.0) and 50 mM citrate (pH 8.0), respectively.

2.2.5. Soil Microbial Biomass and Diversity

Soil microbial biomass C (Mic-C) was determined on fresh soil samples, after 24 h of con-
ditioning at 25 ◦C and 60% water holding capacity using the chloroform fumigation–extraction
method [48]. Organic C was assessed with near infrared detection (NIRD) after combustion
in an elemental analyzer (Formac, Skalar) at 850 ◦C. The Mic-C was calculated using a KEC
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factor of 0.33 [48]. The results are expressed on an oven-dried (105 ◦C) weight basis. The
microbial biomass quotient (MBQ) was calculated as a Mic-C/TOC ratio.

The determination of the total counts of aerobic heterotrophic bacteria, total fungi,
and actinomycete populations in the soil samples was carried out using the plate count
method. Ten grams of the soil sample was homogenized in 90 mL of sterile water. After
performing serial decimal dilutions, 0.1 mL aliquots were inoculated onto a plate count
agar (PCA, Liofilchem, Roseto degli Abruzzi, Italy) supplemented with cycloheximide for
quantification of the heterotrophic bacteria after incubation at 30 ◦C for 2 days and onto
a Rose Bengal Agar (RBA, Liofilchem, Italy) for fungal enumeration after incubation at
25 ◦C for 5 days. For the isolation of actinomycetes from the soils, a DifcoTM actinomycete
isolation agar medium was used, supplemented with cycloheximide (100 µg mL−1) and
nalidixic acid (10 µg mL−1) to minimize the growth of fungi and bacteria, respectively.
After incubation at 30 ◦C for 4 to 10 day, the colonies were counted as colony forming units
(cfu). The results were expressed as a mean of log cfu g−1 of dry soil of three replicates.

2.3. Statistical Analysis

Statistically significant differences between means were determined through one-way
analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD)
post hoc test at a 5% significance level). These analyses were conducted using the statistical
software program SPSS for Windows (v. 23).

3. Results
3.1. Leaf Gas Exchange

Figure 2 shows the influence of soil treatments on leaf gas exchange variables over the
experimental sampling period. In general, both LC and ZL treatments enhanced A and
gs in comparison to T plants. However, an exception was verified at D5, once ZL plants
registered a lower A and gs, compared to LC. This drop was followed by a quick recovery
in September, with a rise in A and gs. Subsequently, at D7, ZL plants presented higher A
and gs. The A/gs and Ci/Ca ratios were not statistically affected by the treatments.
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Figure 2. Evolution of leaf gas exchange variables in tillage (T), leguminous cover crops (LC) and
zeolite (ZL) treatments during the summer of 2017 (D1, D2 and D3), 2018 (D4, D5 and D6) and 2019
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(A/gs) (c) and intercellular to atmospheric CO2 concentration (Ci/Ca) (d). Each point with vertical
bars represents the average and S.E., respectively. Different letters indicate significant differences
among treatments within each date. Significance: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Non-Structural Carbohydrates and Soluble Proteins

Table 1 shows the results of non-structural carbohydrates and total soluble proteins in
the leaves of the implemented soil treatments. In general, both LC and ZL led to lower SS
and higher SP concentrations than on the T treatment, respectively. On the other hand, the
St concentration was only significantly affected in 2018, being highest under tillage.

Table 1. Concentrations of soluble sugars (SS), starch (St) and soluble proteins (SP) (mg g−1 DW) in
leaves of tillage (T), leguminous cover crop (LC) and zeolite (ZL) treatments, collected in summer of
2017, 2018 and 2019.

T LC ZL p-Value

SS
2017 173.2 ± 12.9 140.9 ± 6.14 141.2 ± 12.6 n.s.
2018 192.1 ± 10.5 a 163.6 ± 6.97 b 162.9 ± 9.07 b 0.034
2019 245.0 ± 22.4 a 140.9 ± 13.3 b 157.6 ± 9.37 b <0.001

St
2017 88.6 ± 3.44 78.8 ± 2.58 82.0 ± 2.88 n.s.
2018 105.9 ± 3.69 a 95.9 ± 2.18 b 89.5 ± 1.59 b 0.001
2019 201.1 ± 6.43 202.0 ± 8.04 228.6 ± 12.2 n.s.

SP
2017 7.44 ± 0.524 b 13.8 ± 1.98 a 11.6 ± 1.62 ab 0.022
2018 11.9 ± 0.874 b 13.3 ± 1.79 ab 17.9 ± 2.13 a 0.045
2019 10.4 ± 0.364 b 14.1 ± 0.924 a 15.6 ± 1.14 a 0.027

Values are expressed as means ± SE. Significance by Tukey’s HSD Test: p < 0.05. Different letters represent
significant differences between treatments. n.s. represent non-significant differences between treatments.

3.3. Tree Nutritional Status and Olive Yield

The concentrations of minerals in the leaves during the experiment are presented in
Figure 3. Overall, the values fluctuated greatly between sampling dates but without a
coherent trend between treatments, where the K, Ca, Mg and B concentrations appeared
especially close to or below the lower limit of the sufficiency range. Regarding the influence
of treatments, significant differences for all eight analyzed minerals were checked at least
in one of the six dates of samplings, but the lower concentrations of Ca and Mn during
two dates and, in general, the inferior Mg concentration in the leaves of trees under tillage,
namely when compared with ZL treatment, deserve to be highlighted. Nevertheless, T
trees presented lower leaf P and Mn concentrations than those on the other treatments in
January 2019 and in all three resting periods and higher Fe levels in July 2017. On the other
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hand, the application of zeolites combined with cover crops contributed to enhanced leaf
Ca concentration in July 2017, Mg in July 2018 and January 2019, and B in July 2018 relative
to annual legumes alone, whereas Fe decreased in July 2017, and the Mn levels presented
an opposite trend, with the lowest value in July 2017 and the highest in July 2018.
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Relative to the crop yield (Figure 4), the accumulated olive yield was significantly
higher in ZL and LC than on the T treatment, averaging 36.6% and 34.4%, respectively,
mainly due to the contributions of the olive yields of 2017 and 2018.
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3.4. Soil Properties

Three years of different ground management systems produced significant differences
in soil properties (Tables 2 and 3, Figure 5), particularly under the combination of annual
legumes with zeolites. In general, the application of zeolites increased pH, Kjeldahl N,
extractable P and B, and the concentrations of total and easily extractable glomalin-related
soil proteins at both depths of 0–10 cm and 10–20 cm relative to other treatments (Table 3).
Conversely, close to the soil surface (0–10 cm), the concentration of extractable Mn was
lowest in the ZL treatment, while extractable Cu concentration was inferior in ZL than
on LC soil. Furthermore, extractable Zn and Mn reached the highest levels in LC soil at
the 0–10 cm and 10–20 cm layers, respectively. Concerning the cation exchange properties
(Table 4), statistically significative differences were observed at the 0–10 cm soil layer. ZL
treatment presented superior CEC, due to the contributions of the Ca2+ and Mg2+ ions and
lower exchangeable acidity and, thus, exchangeable acidity. On the other hand, both cover
crops showed higher soil moisture levels than T treatment (Figure 5).
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Table 2. Soil properties of tillage (T), leguminous cover crop (LC) and zeolite (ZL) treatments, from
samples taken at depths of 0–10 cm and 10–20 cm. pH (H2O); total organic carbon (TOC, g kg−1),
Kjeldahl N (g kg−1), extractable P (mg P2O5 kg−1), K (mg K2O kg−1), B (mg kg−1), Fe (mg kg−1), Mn
(mg kg−1), Zn (mg kg−1) and Cu (mg kg−1); total glomalin-related soil protein (T-GRSP, mg g−1 DW);
and easily extractable glomalin-related soil protein (EE-GRSP, mg g−1 DW).

T LC ZL p-Value

pH (H2O)
0–10 cm 5.22 ± 0.029 b 5.46 ± 0.122 b 6.23 ± 0.203 a 0.005
10–20 cm 5.22 ± 0.068 b 5.20 ± 0.046 b 5.80 ± 0.124 a 0.004

TOC
0–10 cm 20.3 ± 2.12 19.9 ± 0.788 23.2 ± 1.62 n.s.
10–20 cm 18.4 ± 0.727 24.8 ± 3.28 31.8 ± 4.72 n.s.

Kjeldahl N
0–10 cm 0.875 ± 0.063 b 0.640 ± 0.062 b 1.63 ± 0.047 a <0.001
10–20 cm 1.16 ± 0.081 b 0.878 ± 0.067 b 1.67 ± 0.074 a 0.001
Extract. P
0–10 cm 9.31 ± 0.927 b 18.2 ± 4.07 b 45.9 ± 9.57 a 0.012
10–20 cm 10.81 ± 1.32 b 23.8 ± 2.39 ab 31.5 ± 5.05 a 0.013
Extract. K
0–10 cm 217.3 ± 23.4 189.3 ± 9.33 294.7 ± 34.7 n.s.
10–20 cm 213.3 ± 10.9 200.0 ± 10.1 232.0 ± 34.9 n.s.
Extract. B
0–10 cm 1.38 ± 0.159 b 1.46 ± 0.205 b 3.61 ± 0.391 a 0.002
10–20 cm 1.89 ± 0.129 ab 1.35 ± 0.174 b 1.96 ± 0.096 a 0.039

Extract. Fe
0–10 cm 28.6 ± 0.949 39.1 ± 5.13 33.9 ± 2.48 n.s.
10–20 cm 50.7 ± 0.586 31.3 ± 2.28 39.6 ± 10.4 n.s.

Extract. Mn
0–10 cm 30.1 ± 7.52 a 30.8 ± 4.24 a 4.78 ± 0.299 b 0.016
10–20 cm 10.1 ± 3.11 c 38.7 ± 2.05 a 21.9 ± 0.866 b <0.001

Extract. Zn
0–10 cm 0.407 ± 0.031 b 0.898 ± 0.164 a 0.452 ± 0.024 b 0.018
10–20 cm 0.520 ± 0.056 0.622 ± 0.095 0.460 ± 0.051 n.s.

Extract. Cu
0–10 cm 3.23 ± 0.991 b 13.6 ± 1.58 a 1.78 ± 0.059 b <0.001
10–20 cm 2.69 ± 0.516 4.34 ± 0.349 2.97 ± 0.567 n.s.
T-GRSP
0–10 cm 2.79 ± 0.109 b 3.30 ± 0.098 b 4.46 ± 0.209 a 0.001
10–20 cm 2.14 ± 0.363 b 2.09 ± 0.128 b 3.79 ± 0.157 a 0.004
EE-GRSP
0–10 cm 1.63 ± 0.105 b 1.87 ± 0.131 ab 2.13 ± 0.105 a 0.044
10–20 cm 1.36 ± 0.169 b 1.48 ± 0.056 b 1.68 ± 0.186 a 0.016

Values are expressed as means ± SE. Significance by Tukey’s HSD Test: p < 0.05. Different letters represent
significant differences between treatments. n.s. represent non-significant differences between treatments.

Table 3. Soil cation exchange properties of tillage (T), leguminous cover crop (LC) and zeolite (ZL)
treatments from samples taken at depths of 0–10 cm and 10–20 cm. Exchangeable (cmolc kg−1)
Ca, Mg, K, Na and Al; exchangeable acidity (cmolc kg−1); and cation exchange capacity (CEC)
(cmolc kg−1).

T LC ZL p-Value

Ca
0–10 cm 1.19 ± 0.135 b 0.601 ± 0.143 b 3.02 ± 0.624 a 0.010
10–20 cm 2.15 ± 0.316 1.13 ± 0.175 1.22 ± 0.548 n.s.

Mg
0–10 cm 0.729 ± 0.105 b 0.677 ± 0.104 b 2.15 ± 0.225 a 0.001
10–20 cm 1.07 ± 0.083 1.09 ± 0.167 1.03 ± 0.192 n.s.
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Table 3. Cont.

T LC ZL p-Value

K
0–10 cm 0.282 ± 0.019 0.248 ± 0.040 1.07 ± 0.367 n.s.
10–20 cm 0.288 ± 0.050 0.291 ± 0.011 0.318 ± 0.106 n.s.

Na
0–10 cm 0.858 ± 0.065 0.596 ± 0.095 0.769 ± 0.014 n.s.
10–20 cm 0.786 ± 0.090 0.649 ± 0.040 0.655 ± 0.042 n.s.

Al
0–10 cm 0.733 ± 0.066 a 0.800 ± 0.0001 a 0.250 ± 0.029 b <0.001
10–20 cm 0.733 ± 0.033 0.866 ± 0.066 0.766 ± 0.033 n.s.

Exchang. Acidity
0–10 cm 1.53 ± 0.167 a 1.53 ± 0.166 a 0.766 ± 0.233 b 0.046
10–20 cm 1.37 ± 0.166 1.87 ± 0.166 1.53 ± 0.167 n.s.

CEC
0–10 cm 4.59 ± 0.109 b 3.66 ± 0.195 b 7.78 ± 0.626 a 0.011
10–20 cm 5.66 ± 0.620 5.03 ± 0.210 4.76 ± 0.911 n.s.

Values are expressed as means ± SE. Significance by Tukey’s HSD Test: p < 0.05. Different letters represent
significant differences between treatments. n.s. represent non-significant differences between treatments.

Table 4. Microbiological properties of soils submitted to tillage (T), leguminous cover crop (LC)
and zeolite (ZL) from samples taken at depths of 0–10 cm and 10–20 cm at the end of the field trial.
Microbial biomass carbon (Mic-C) (mgC microb kg−1 soil); microbial biomass quotient (MBQ, %);
and bacteria (log CFU g−1), fungi (log CFU g−1) and actinomycete population (log CFU g−1).

T LC ZL p-Value

Mic-C
0–10 cm 131.1 ± 15.4 b 174.6 ± 4.92 b 277.2 ± 35.1 a 0.030
10–20 cm 125.2 ± 16.6 132.2 ± 6.89 159.5 ± 36.6 n.s.

MBQ
0–10 cm 0.652 ± 0.077 b 0.881 ± 0.057 ab 1.180 ± 0.155 a 0.034
10–20 cm 0.675 ± 0.070 0.545 ± 0.079 0.503 ± 0.089 n.s.
Bacteria
0–10 cm 3.29 ± 0.140 3.13 ± 0.069 3.70 ± 0.257 n.s.
10–20 cm 2.62 ± 0.042 2.67 ± 0.348 3.16 ± 0.536 n.s.

Fungi
0–10 cm 5.14 ± 0.311 4.81 ± 0.129 4.94 ± 0.022 n.s.
10–20 cm 3.70 ± 0.844 4.79 ± 0.071 4.73 ± 0.195 n.s.

Actinomycetes
0–10 cm 2.88 ± 0.219 b 2.75 ± 0.153 b 3.76 ± 0.157 a 0.027
10–20 cm 2.56 ± 0.101 2.96 ± 0.181 3.18 ± 0.547 n.s.

Values are expressed as means ± SE. Significance by Tukey’s HSD Test: p < 0.05. Different letters represent
significant differences between treatments. n.s. represent non-significant differences between treatments.

3.5. Soil Microbial Biomass and Diversity

The soil microbial biomass carbon, microbial quotient and microbial diversity changed
based on the influence of the soil treatments on the 0–10 cm soil layer (Table 4). Mic-C, MPQ
and the abundance of the actinomycete population were significantly higher in ZL-treated
soils, while no significant effects of the soil management system were visible in the soil
bacteria and fungi populations.

4. Discussion

In this study, carried out under rainfed conditions, we demonstrated positive effects
of self-reseeding cover crops on olive yield relative to conventional tillage. This was
verified by the enhancement in the physiological and biochemical status of the trees, mainly
associated with the alleviation of water stress during the critical summer period, and, to a
lesser extent, the tendency to have a better mineral nutrient status for the trees. Although
the application of zeolites over the cover crops did not improve the physiology and the
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productive capacity of olive trees when compared to using only cover crops, there was an
interesting improvement in the soil physical, chemical and biological properties, responses
that can be very positive in the medium and long terms. Several studies have found
that conservation agriculture practices, such as no-tillage systems, have a good long-term
impact on the soil quality of olive orchards. Particularly, the implementation of these
practices has been associated with improvements in soil physical, chemical and biological
properties, such as water infiltration, macroporosity, organic carbon, nitrogen and microbial
biomass [50–52].

4.1. Self-Reseeding Cover Crops Ameliorated Olive Tree Physiology and Crop Yield

Olive yield increased from the conventional tillage system to the use of an early
maturing and self-reseeding cover crop, alone or combined with the application of zeolites
at the soil surface. Similar positive effects of cover crops on crop yield were reported
previously [29,53], although neutral and negative effects were also verified in orchard
and vineyard studies [54–56]. Differences in climate conditions, soil characteristics, age of
main crop, cover crop type, and the respective degree of cover and management system,
namely the mowing date and the width of the strip occupied by the cover crop, can
explain that the impacts varied from significant, positively or negatively, to insignificant.
In this study, the positive effects on yield may be explained by the following reasons.
Firstly, the cover crop species presented an asynchronous biological cycle relative to olive
trees, since the legumes have almost concluded their cycle when the biological activity
of olive trees come back. This very short growing period of annual legumes minimize
the competition for water and nutrients, highlighting the appropriate selection of cover
crops for maximum benefits [1]. At the same time, the early senescence of legume species
and the deposition of their residues, combined with the precipitation events in spring,
allowed for the beginning of the decomposition process and, thus, nutrient absorption by
the olive trees. On the other hand, the sown legumes had good establishment and adequate
growth, as demonstrated by a mean ground cover and a biomass production of 91% in
all orchard areas and 3.9 t ha−1, respectively, aspects that are of high relevance. In fact,
cover crops with significant biomass have positive effects on the control of water erosion,
protecting from the impact of rainfall and reducing water speed and runoff; as well on the
soil physical and hydraulic properties of the soil explored by roots such as bulk density,
total porosity and microporosity, water infiltration, water-holding capacity, hydraulic
conductivity, etc. [57–59]; and on soil water evaporation due to the mulch plant residues
that also reduce soil temperature, contributing to increased water availability, usually
the more limiting factor for yield in Mediterranean agroecosystems. Conversely, among
other consequences, tillage increases the disruption of soil aggregates and decreases soil
macroporosity, which are critical for root penetration, water movement and gas diffusion, as
well reduces the infiltration rate due to soil crusting [54], thereby creating more water and
nutritional constraints for trees. Thus, all these aspects may explain the higher soil water
content verified in cover crops treatments during the critical drought summer months.

The positive effects of cover crops on soil water content during the summer months
have an important role in adequate tree physiological activity and, thus, in growth and crop
yield. Self-reseeding annual legumes induced higher CO2 assimilation rates of olive trees,
with these responses being associated with lower stomatal and mesophyllic limitations, as
evidenced by the association with the other leaf gas exchange (gs, A/gs, Ci/Ca) data. An
improvement in the net photosynthesis of olive trees due to cover crops was reported ear-
lier [26,27]. It is important to highlight that prolonged increases in net photosynthetic rates
can promote vegetative growth and olive yield. On the other hand, the cover-crop-induced
crop yield enhancement was also associated with a greater assimilation area, judged based
on a superior tree canopy volume, meaning a larger solar radiation interception capacity. In
fact, mean canopy volume in the last year of the experiment increased from 21.8 m3 tree−1

under tillage to 26.4 m3 tree−1 and 25.9 m3 tree−1 in the ZL and LC treatments, respectively.
Interestingly, despite the bigger canopy volume of olive trees grown under the influence
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of cover crops, these trees showed lower stomatal resistance than T plants, which may
indicate a more favorable plant water status, especially under mild to moderate drought
stress conditions [60], in line with the soil moisture levels.

Although we believe that water availability was the most decisive factor for phys-
iological and yield crop results, we may consider that some changes in the nutritional
status of trees under tillage were also responsible for those responses, including the lower
levels of leaf P; Mn; and, especially, Ca and Mg in some sampling dates. Since inferior
nutrient uptake and lower mineral concentrations commonly occur in response to low
water availability [61,62] and considering the acidic nature of the soil of this study (pHH2O
of 5.1), problems would be expected for trees’ nutrition, despite the good adaptation
of this olive cultivar to those stresses [63]. The levels of Ca (4.75–9.51 g kg−1) and Mg
(0.680–2.19 g kg−1) obtained in the present study were generally lower when compared
with their respective sufficiency ranges [64]. As these nutrients have a vital role in plant
growth, an increase in their concentrations, even if small, may assume some relevance.
Considering the higher crop yield and tree growth in cover crops plots, the higher leaf
Ca and Mg concentrations suggest that no dilution effect was verified, which may in-
dicate a selective uptake and/or translocation of these minerals, probably related with
the regulation of mineral nutrient transporters. Beyond this aspect, other reasons can be
pointed out, such as the higher soil moisture and transpiration rates of LC and ZL plants,
which accelerate the bulk flow of these nutrients through the soil to the roots and probably
the positive impact of cover crops on mycorrhizal fungi. In fact, several studies have
demonstrated that cover crops, including leguminous species, enhanced root colonization
from different types of mycorrhizal fungi [64–68], and the role of mycorrhizas and root
exudates in plant uptake of the metals Ca and Mg as well, demonstrated in the review
by Sardans and colleagues [69]. In addition, the fact that Ca and Mg are constituents of
zeolite structure [70] can also explain the differences found relative to tillage treatment.
On the other hand, the particular properties of zeolites, such as high ion exchange capac-
ity and its negative charge, as a consequence of the isomorphic substitutions of Si4+ by
Al3+ [71,72], may also have exerted a favorable influence on Ca and Mg supply. Then, we
highlight the role of Ca and Mg in plant function. Calcium has an important mission for
cell wall and membrane stability but also serves as a messenger in several developmental
processes, including the response of plants against stress conditions [73]. According to
Wang et al. (2019) [74], Ca plays a crucial role in several photosynthetic processes. Calcium
regulates photosynthesis-correlated proteins and participates in the control of stomatal
and chloroplast movements, photochemical reactions and activities of enzymes engaged in
carbon assimilation, assuming also a mission in photoprotection. Additionally, Ridolfi and
colleagues [75] pointed out the influence of Ca in stomatal aperture during the nighttime
and in the transition from dark to daytime, aspects that affect water use efficiency due
to the disruption of the plant’s water and C balance. On the other hand, as described by
Farhat et al. (2016) [76], Mg is an essential macronutrient that assumes a critical function in
chlorophyll synthesis, electron transport rate, the structure and photochemical activities
of photosystems, and the regulation of ribulose-1,5-bisphosphate carboxylase/oxygenase
activity. It also acts as an important enzymatic cofactor and is involved in carbohydrate
transport from source-to-sink organs [77].

As photosynthesis decreased under tillage system, as reported before, an excess of
reducing power is frequently generated and, thus, over-reduction of the photosynthetic
electron chain may result in the generation of reactive oxygen species (ROS) that can cause
oxidative damage [78]. In fact, the leaves from T trees revealed higher signs of oxidative
stress, as confirmed by the reduction in total soluble proteins concentrations [79], meaning
that the antioxidative system and cellular redox balance are more susceptible to disruption
under tillage. On the other hand, tillage-treated plants presented superior concentrations
of TSS in the leaves during summer stress, in spite of a lower A. This suggests a need for
investments into defense mechanisms, as TSS contributes to osmotic adjustment, maintain-
ing turgor and meristems viability. Moreover, they are also involved in the detoxification
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of ROS and the stabilization of cellular macromolecules structures, being also the primary
source of carbohydrates for regrowth after stress [80,81]. Furthermore, the higher St con-
centration of leaves under tillage in association with the lowest net photosynthesis, as
already verified in olive tree [63], suggests that carbon was not translocated out of the
leaves because these plants were sink-limited, acting as a short-term reserve or buffer
against changes in environmental conditions.

4.2. Major Changes in Soil Physical, Chemical and Biological Properties Were Induced by Zeolites
over Legume Cover Crops

The application of zeolites over self-reseeding annual legumes did not produce signifi-
cant effects on olive trees when compared to single cover crop soil management. In fact,
the values of the variables related to leaf gas exchange, tree canopy volume, crop yield,
and the concentration of non-structural carbohydrates and soluble proteins are of the same
order of magnitude in both treatments. The absence of significant effects on the plants due
to the application of zeolites was also observed in other studies [82–84], although positive
effects were often recorded (see some reviews [30,85,86]). We believe that the absence of
differences between these treatments was governed, in large part, by the lack of effects
on water relations, as demonstrated by similar values of soil water content and stomatal
conductance, which highlights water availability as the major relevant factor for plant
growth under rainfed conditions.

The indicators of studied plant biology that showed significant differences between
the two cover crop treatments were only the concentration of minerals in the leaves in some
sampling periods. Occasionally, as presented before, at most, at two of the six sampling
dates, there were higher leaf concentrations of Ca, Mg and B and lower levels of Fe and
Mn levels in the ZL-treated plants. However, these nutritional changes were not sufficient
to modify photosynthetic activity, the source–sink relationships, the oxidative stress indi-
cators, plant growth and crop yield relative to LC trees. Thus, no concentration/dilution
effect was observed for those leaf mineral concentrations, as in a previous study [82]. A
nutrient concentration/dilution effect is a common phenomenon that occurs when a factor
other than the availability of a nutrient in the soil causes some change in plant biomass.
Otherwise, those changes in leaf minerals appear to be the result of effects caused by the
soil characteristics.

Most soil properties were significantly influenced by combining cover crops with zeo-
lites. As in earlier numerous studies [87–89], the addition of zeolites resulted in an increase
in soil pH, up to 0.60–0.77 units in the top 20 cm, because zeolites are marginally alkaline.
In addition, we can speculate that zeolites decreased mineralization and nitrification, in
a balanced acidifying process [90] and, at the same time, lowered the N, P and B losses,
aspects that agree with the higher Kjeldahl N and extractable P and B values. Zeolites
present high specific selectivity to ammonium (NH4

+) that helps in holding this ion during
volatilization and their small internal channels protect NH4

+ from rapid nitrification by
microbes [91]. On the other hand, being alkaline in nature and negatively charged, zeolite
ameliorated the soil P availability by lowering the soil acidity and soil exchangeable Al,
which help in P be less fixated by metal oxyhydroxides [30]. Moreover, as pointed out by
Doni and colleagues [92], the increase in soil P could be related to the adsorption of the
negatively charged phosphate ions on the natural zeolite through electrostatic attraction
forces with the co-adsorbed cations (Na+, Ca2+, K+ and Mg2+). Furthermore, the B concen-
tration in the soil increased after increasing the amount and decreasing the particle size of
clinoptilolite zeolite due to the lower boron leaching from the soil [93].

Another interesting result of this study was the significant increase in soil CEC in
the most superficial layer (0–10 cm) in the ZL relatively to the LC treatment. Similar
responses to the application of zeolites were described previously [84,94]. Although no
short-term benefits for plants were recorded, CEC is an important soil property, as it
helps to regulate the retention of important cations such as NH4

+, Ca2+, Mg2+ and K+ in
the soil [90]. In addition, soils with higher CEC are better able to buffer or avoid rapid
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changes in soil solution levels of these nutrients by replacing them as the solution become
depleted. Generally, the inherent fertility and long-term productivity of a soil are greatly
influenced by its CEC [95]. Meanwhile, due to the influence on pH and CEC, zeolites
reduced the concentration of extractable heavy metals, such as Zn and Cu in the 0–10 cm
soil layer and Mn in both 0–10 cm and 10–20 cm layers, thus contributing to lowering
their potential toxicity. A high affinity of natural zeolites to heavy metals was reported in
other studies [96–98]. As, in some olive-growing regions, the use of copper has become
a common practice, resulting in high soil Cu levels, the use of zeolites can mitigate this
pollution by adsorbing Cu+ ions and storing them in its structure.

The effects of zeolites on soil biological properties, mainly in the upper soil layer
(0–10 cm), are remarkable, as demonstrated by the increases in Mic-C, microbial quotient,
actinomycete population and concentrations of GRSP. The addition of zeolites increased
the microbial biomass, as in a previous study [99]. Mic-C is one of the most promising
indicators of soil quality because it responds promptly to environmental changes, often
much earlier than physical and chemical parameters, including TOC, playing a major
role in soil sustainability and crop productivity through nutrient cycling, including N2
fixation and mycorrhizal phosphate foraging or microbial phosphate solubilization and
waste assimilation [100]. Higher Mic-C and microbial quotients indicate higher microbial C
immobilization and the presence of more active carbon pools [101] due to the application of
zeolites. On the other hand, the larger actinomycete population is particularly interesting
as actinomycetes play major roles, as listed by Bhatti et al. (2017) [102], in the cycling of
organic matter, the inhibition of the growth of several plant pathogens in the rhizosphere,
the production of many extracellular enzymes which are conductive to crop production,
the degradation of high molecular weight compounds like hydrocarbons in polluted soils,
the improvement in the availability of minerals, the enhancement of the production of
metabolites and the promotion of plant growth regulators. Therefore, actinomycetes present
potential use as microbiological inoculants and biodefensives for more productive and
conscious agriculture [103]. Furthermore, the higher values of GRSP, which are a product
of mycorrhizal fungi [104], have also seen major interest as GRSP improves soil physical
properties, including the stability of aggregates and soil porosity, carbon sequestration,
nutrient contents, microbial activities and pollutant stabilization [105,106]. Despite these
promising results, long-term field experiments are still required to monitor the impact
of combination of cover crops with natural zeolites on olive orchards performance, soil
properties and microbial processes.

5. Conclusions

This study provides a comprehensive analysis of the impacts of different soil manage-
ment systems on olive tree performance and soil quality from three consecutive years. Both
the LC and ZL treatments enhanced photosynthetic activity, tree nutritional status, soil
moisture during the summer and crop yield relative to conventional tillage. However, the
innovative strategy of combining natural zeolites with leguminous cover crops was clearly
more efficient as it improved some soil health indicators relative to the cover crops alone,
namely at the 0–10 cm soil layer, once soil acidity decreased and Kjeldahl N, extractable P
and B, the cation exchange capacity and the microbiological activity increased, as evidenced
by the higher concentrations of easily extractable and total glomalin-related soil protein,
microbial biomass carbon, microbial biomass quotient, and actinomycetes.

Inappropriate land uses, such as the use of a conventional tillage system, causes
permanent soil degradation and productivity losses. Thus, the improvement in soil physical,
chemical and biological properties through sustainable soil management is crucial to cope
with the emerging climate change threats. As far as we know, this is the first study reporting
the effects of the combined use of legume cover crops with natural zeolites on leaf gas
exchange; tree nutritional status; crop yield; and physical, chemical and biological soil
properties. Considering the obtained results, this practice appears to be a promising
strategy of sustainable soil management to implement in rainfed olive orchards, as it is able
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to provide numerous ecosystem services and simultaneously might help these agrosystems
become more resilient to climate change. Despite the promising results, it is imperative to
assess the long-term impact on crop performance and soil quality.
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