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Abstract

Purpose In recent years, intercropping in olive groves has become a sustainable practice for mitigating climate change.
Therefore, the objective of this study was to determine whether crop diversification in rainfed olive groves modifies carbon
dioxide (CO,), nitrous oxide (N,0), and methane (CH,) emissions and key chemical and enzymatic properties of the soil in
the short term.

Materials and methods A field experiment was conducted under semi-arid Mediterranean conditions using four treatments:
a conventional olive monocrop (CP) and three crop diversification systems: saffron (Crocus sativus) (D-S), oats and vetch
(Vicia sativa and Avena sativa) (D-O) and lavandin (Lavandula x intermedia) (D-L). CO,, N,O, and CH, emissions were
measured periodically using closed static chamber techniques. Simultaneously, soil samples were analyzed to determine
physicochemical parameters (pH, total nitrogen (TN), total organic carbon (TOC), P available, K, and Fe) and enzymatic
activities (B-1,4-glucosidase (BG), leucine aminopeptidase (LA), N-acetylglucosaminidase (NAG), Arylsulfatase (AS) and
phosphatase (AP) and dehydrogenase (DH)) in order to evaluate the interactions between soil properties and gas fluxes.
Results and discussion The results showed that CO, emissions were significantly higher in D-S (385.2 mg CO, m? h'') and
D-O (335.2 mg CO, m™ h'') compared to CP, which was attributed to increased microbial and root activity promoted by
the vegetation cover. In contrast, N,O fluxes (0.002 mg N,O m™ h™! in CP, 0.007 in D-S, 0.001 in D-O, and —0.002 in D-L)
and CH, (-0.2 mg CH, m?h' in CP, 0.1 in D-S, 0.2 in D-O, and 0.2 in D-L) did not show significant differences between
all treatments (p > 0.05), probably due to the prevailing semi-arid conditions. D-O had higher values of P available, Fe, and
TN, while D-S and D-L stood out for higher values of K and TOC, both compared to CP. Enzymatic activities were particu-
larly higher in D-S and D-O, specifically BG, LA, and AS. In addition, positive and significant correlations were observed
between CO: accumulation and several soil parameters: in D-S, with POC, total Zn, exchangeable Na, total Cu, and BG, LA,
and AS activities; and in D-L, with POC, exchangeable Na, total Mn, P available, TN, and LA and AS activities, highlighting
that these indicators contribute to the regulation of greenhouse gas (GHG) emissions.

Conclusion It was concluded that crop diversification in rainfed olive groves increases CO, emissions in the short term due
to intensified biological activity, but at the same time improves soil fertility and biochemical functionality. However, long-
term monitoring is required to determine whether these systems contribute to carbon stabilization and net sequestration,
ensuring their potential as sustainable strategies for climate change mitigation in Mediterranean agroecosystems.
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1 Introduction

It is well known that soil functions and soil ecosys-
tem services are threatened by poor management (e.g.,
monocrops and heavy mechanization) (Morugéan-Coro-
nado et al. 2020), which accelerates soil degradation
with dramatic consequences for productivity (Ferreira
et al. 2022). In the European Union, 60—70% of soils
are degraded because of unsustainable agricultural
management practices (EC 2020b), leading to adverse
environmental effects, such as increased soil erosion,
loss of biodiversity, and higher greenhouse gas (GHG)
emissions.

In the Mediterranean area, olive crops are one of the
most important land uses, accounting for 67% of the
world’s olive oil production (Eurostat 2019). However,
this region is also highly vulnerable to soil degradation
(Lahmar and Ruellan 2007), mainly due to the reduced
soil organic matter (SOM) and highest erosion rates in
Europe (Panagos et al. 2020; Aguilera-Huertas et al.
2022) resulting from agriculture intensification (Bourlion
and Ferrer 2018; TPCC 2019).

Traditional olive orchards managed under conven-
tional tillage (CT) often present bare soils for long peri-
ods, which accelerates erosion, reduces soil carbon inputs
and may increase GHG emissions through enhanced
mineralisation and lower structural stability (FAO 2017;
Zornoza et al. 2018). Therefore, agricultural soils in Med-
iterranean environment can become in a source of GHG
emissions, although they have a considerable potential to
be carbon sinks (Cerda et al. 2010; Aguilera-Huertas et
al. 2022). Therefore, implementing sustainable cropping
systems is essential to foster the potential of agricultural
soils to become large carbon sinks (Chabbi et al. 2017,
Gonzéalez-Rosado et al. 2022). According to Morugan-
Coronado et al. (2020), crop diversification together with
reduced tillage are the most widely accepted sustainable
agricultural management practices. In olive orchards,
this strategy is favorable for decreasing GHG emissions
(Zikeli and Gruber 2017), increasing soil carbon storage
(Janzen et al. 2022), improving soil quality and fertil-
ity (Panagos et al. 2020; Almagro et al. 2023), reducing
soil and water losses (Raza et al. 2019) and improving
productivity through perennial biomass (Garcia Azcarate
2017; Kay et al. 2019). These combined effects not only
improve soil fertility but also contribute to its long-
term sustainability, creating a healthier environment for
crop growth and potentially influencing GHG emissions
(Paramesh et al. 2023).

Variations in soil nutrients can have a direct effect on
GHG emissions. For instance, greater nitrogen availabil-
ity in the soil can increase the production of nitrous oxide
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(N,0), a potent GHG, due to microbial processes such
as nitrification and denitrification (Ramzan et al. 2020).
Conversely, adequate levels of exchangeable cations
and micronutrients can improve soil structure and plant
health, reducing the need for synthetic fertilizers and,
therefore, the emissions associated with their use (Dah-
mani et al. 2023). Improvements in SOM and particu-
late organic carbon (POC) can also contribute to higher
C sequestration in the soil and modify carbon dioxide
(CO,) emissions (Rocci et al. 2021; Gonzalez-Rosado et
al. 2021). Collectively, these improvements in soil qual-
ity through crop diversification not only promote agricul-
tural sustainability but also have the potential to mitigate
GHG emissions (Chabbi et al. 2017).

Soil enzymatic activity also plays a crucial role in
regulating GHG emissions (Marcos-Pérez et al. 2023;
Jiang et al. 2021). Enzymes such as p—1,4-glucosidase
(BG), N-acetylglucosaminidase (NAG), arylsulfatase
(AS), phosphatase (AP), leucine aminopeptidase (LA),
and dehydrogenase (DH) play a key role in the decom-
position of SOM and the nutrient cycle (Liu et al. 2024).
These enzymes regulate carbon and nitrogen transfor-
mations and are therefore closely related to microbial
respiration and CO, generation, as well as to processes
that influence N,O and CH, emissions by modulating
the availability of mineral nitrogen and labile carbon
compounds, which regulate nitrification-denitrification
pathways and support microbial groups involved in CH,
oxidation. (Ma et al. 2022; Guan et al. 2022; Peng et al.
2024). However, it should be noted that higher enzymatic
activity indicates a high rate of SOM decomposition,
which can lead to an increase in GHG emissions if not
properly managed (Raza et al. 2023). Crop diversifica-
tion can stimulate favorable enzymatic activity, improv-
ing soil health and contributing to the mitigation of GHG
emissions (Cuartero et al. 2022; Zou et al. 2024).

This study is notable for its innovative approach as it
comprehensively addresses the relationship between sus-
tainable agricultural management, specifically crop diver-
sification, and its impact on GHG emissions, as well as its
potential to mitigate climate change in Mediterranean olive
farming systems. A link is established between soil chemi-
cal properties and enzymatic activity in relation to GHG
emissions, with a particular focus on olive groves. This
strategy could serve as a reference to reverse the current
unfavorable situation, contributing to the development of
new practices for sustainable soil management at a global
level, improving soil health and quality, and strengthening
its role in the fight against climate change.

We hypothesize that crop diversification in Mediterra-
nean rainfed olive groves, with the introduction of herba-
ceous and aromatic crops, would modify CO,, N,O, and
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CH, emission fluxes and be associated with changes in soil
chemical properties and enzymatic activities compared to
conventional tillage.

The objective of this study was to evaluate the short-term
effect of alley cropping with crop diversification such as
Crocus sativus, Vicia sativa and Avena sativa in rotation,
and Lavandula x intermedia on CO,, N,O and CH, emis-
sions, total cumulative emissions and their relationship with
variations in soil chemical and enzymatic properties in a
Mediterranean rainfed olive grove.
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Fig.1 Location of the study area. Map of Spain (a). Region of Andalu-
sia where the province of Jaén and the municipality of Torredelcampo
are highlighted in dark gray (black box) (b). Municipality of Torre-
delcampo where the study area is marked (black box) (¢). Aerial view
of its delimitation (red outline) and of the experimental treatments

2 Materials and methods

2.1 Study site and experimental detail, soil
sampling and laboratory analysis

This study was developed in an experimental rainfed olive
farm with an area of 10 hectares and a planting frame of
12 m x 12 m in the Giennese municipality of Torredelcampo
(Jaén-Spain) (37°51'0.81"" N—3°51'55.26" W) (Fig. 1) dur-
ing the period 2018-2021. The study area is characterized
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(d). CP: olive monocrop under conventional tillage; D-S: olive inter-
cropped with Crocus sativus; D-O: olive intercropped with Vicia sativa
and Avena sativa in rotation; D-L: olive intercropped with Lavandula x
intermedia. Each treatment plot covers 2000 m? and consists of three
olive tree rows within a 12 m X 12 m planting frame
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by an average altitude of 541 m above sea level, with a
S-SW orientation, with slopes that are not very steep, vary-
ing between 1% and 6%. The climate is Mediterranean, with
a great thermal contrast during the different seasons. The
average rainfall is 493 mm. The average annual tempera-
ture (T) is 17.1 °C, relative humidity is 59%, and insolation
is 237 h month™! (according to (AEMET 2020)). The soils
are classified as Calcareous Cambisols (FAO-ISRIC-ISSS
2015) With a high percentage of clays (72% clay), with high
erosion and low amounts of SOM, i.e., we found poor qual-
ity soils that were degraded.

The experimental design included land management
change and crop diversification. Four experimental plots
with an area of 2000 m? formed by three rows of olive trees
were established. The original management on the farm (CP)
was CT, characterized by the application of mineral fertiliza-
tion in intercalary years, after the olive harvest, applying an
amount of 100 kg ha ! of urea (46% N). In addition, in two-
year periods, the olive grove was pruned, and the shredded
remains of this pruning were applied to the soil and added to
the soil; this was followed by tillage using a disc harrow to
a depth of 25 cm. Finally, in autumn, herbicide (Glyphosate
36%, soluble concentrate; Roundup®, Bayer CropScience,
Germany) was applied to control weeds and vegetation. At
the beginning of the experiment, new plots were set up by
planting three crop diversifications. The treatments tested
were: (i) Vicia sativa (vetch) and Avena sativa (oats) in
rotation (D-O) with an annual crop, (ii) Crocus sativus (saf-
fron) (D-S), sown only once (iii) Lavandula x intermedia
(lavandin) (D-L). These diversifications were established
in the center of the olive grove alleys with a seed rate of
120 kg ha ! and 140 kg ha™! for vetch and oats respectively,
2,000 kg ha! for saffron and 12,000 plants per hectare for
lavandin. Saffron, oats and vetch were planted 4.5 m from
the trunk of the olive tree. However, lavandin was planted at
5.5 m from the trunk of the olive tree because this diversifi-
cation is perennial and had to allow the passage of machin-
ery during olive harvesting. No fertilizers or herbicides
were applied to the three diversified plots, and the manage-
ment also included pruning the olive trees and incorporating
the residues on the soil and mechanical weeding and with
minimum tillage (MT) to a depth of 10 cm for the seedbed,
which was conducted manually. None of the four treatments
studied involved the application of water through irrigation,
as it was an experimental area of rainfed olive groves. The
diversifications may have been affected by local fauna (e.g.,
rabbits) that used the seeds and small shoots as food. The
management change towards MT and the lack of herbicide
application allowed spontaneous vegetation growth. There-
fore, a mixed vegetation cover was obtained, which devel-
oped to a greater extent in the Crocus sativus plot and the
Vicia sativa and Avena sativa plot in rotation, compared to
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the Lavandula x intermedia plot. However, its development
in this plot (D-L) was also significant. During this period, a
higher percentage of cover developed in the D-S and D-O
plots. The reason for a lower rate of alley cover in D-L is on
the one hand, the lower surface cover because of the neces-
sity to allow the passage of machinery during olive harvest-
ing, and on the other hand, because lavandin was a perennial
cover without vegetative debris.

A randomized block design with three replicates and five
random sampling points per experimental plot (D-S, D-O,
D-L, and CP) was employed, resulting in a total of 60 soil
samples (3 replicates x 5 sampling points X 4 experimental
plots=60). Soil samples were collected from the olive tree
alleys at a depth of 0—10 cm. In the field, samples were split
into two aliquots: one was kept at ambient T for chemical
analyses, while the other was stored in a cooler with ice for
biological studies. The samples were transported immedi-
ately to the laboratory, where the soil was dried at room T
and sieved to less than 2 mm. The soil designated for bio-
logical analysis was stored at —20 °C.

The laboratory analyses carried out to determine the dif-
ferent physicochemical properties, nutrients and enzymatic
activities of the soil were performed according to the meth-
ods described by Aguilera-Huertas et al. (2023).

2.2 Soil greenhouse gas measurements

Measurements of CO,, N,O and CH, were made every 740
days, depending on weather conditions, in triplicate for all
replicated treatments in the period 2020-2021, specifi-
cally from 09/01/2020 to 22/07/2021 between 9:00 am and
11:00 am. Three measurements were made per plot (Fig. 1),
obtaining a total of nine measurements per treatment and 36
measurements per day, during a period of 49 days within the
period indicated above, obtaining a total of 1764 measure-
ments in all plots. (3 measurements per plot per day x 3 sub-
plots in each treatment x 4 treatments =36 measurements per
day x 49 days=1764 measurements of CO,, N,O, and CH,
during the study period). The method used was the dynamic
gas chamber technique (Alvaro-Fuentes et al. 2019). The
chambers were made of non-oxidizable steel, with a diam-
eter of 7.5 cm and a height of 20 cm. They were mounted
on a non-oxidizable steel base that was randomly inserted
into the soil at a depth of 15 cm between two olive trees in
CP and between diversifications in D-S, D-O and D-L at
a minimum distance of 2.5 m from the tree. The emission
rates of N,O, CO, and CH, were expressed as the difference
between the quantification at the end and at the beginning of
the measurement period divided by time. Emission rates of
N,O, CO, and CH, (F_gas, mg m~ h™') were calculated as:

Fas = (Qend — Qstart) /A
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where Qstart and Qeng are the gas quantifications at the
beginning and at the end of the measurement period (mg
m2),and At is the duration of the measurement (h).
Cumulative CO,, N,O and CH, emissions for each treat-
ment were estimated by numerical integration and con-
verted to CO, equivalent (CO,e) following the methodology
described by Abdeldaym et al. (2019). Cumulative CO-,
N:20 and CHa emissions (Egas) were obtained by numerical
integration of the discrete fluxes using the trapezoidal rule:

n=1F;+ Fj1q
Egas = Z i=1 f(tijtl - tz)

where F; and Fj;; are consecutive emission rates (mg
m2h')and (¢;41 — ;) is the time interval between mea-
surements (h). Emissions were then converted from mg m™>
to g m? by dividing by 1000. Cumulative emissions were
expressed as COze (COze, g CO2e m™) as:

Eco,e = Eco, + GWPN,0EN,0 + GWPcn, Ech,

Where Eco,, En,0 and Ecp, are the cumulative emis-
sions of each gas (g m?), and GWP_{N.O} and GWP_
{CHa4} are the 100-year global warming potential factors
used according to IPCC.

Soil T and moisture (M) were measured using a Pro-
Check, and 5TM sensors (Decagon Devices, USA) were
inserted at a depth of 10 cm close to the location of GHG
measurements.

2.3 Chemical soil parameters and enzymatic
activity

Chemical soil parameters were determined for all experi-
mental areas at the beginning of the experiment (2018)
and at the end (2021). total nitrogen (TN) and total organic
carbon (TOC) were measured by dry combustion method
using a CN 802 elemental carbon and nitrogen analyzer
(VELP Scientifica, Usmate, Italy) (Diaz-Pereira et al. 2019;
Alvaro-Fuentes et al. 2019). In this method, high-T com-
bustion occurs in an oxygen-rich atmosphere, converting
all compounds present in the soil, and quantified using a
specific detector. The contents of P available was deter-
mined using the Olsen method (Velazco-Sanchez et al.
2024) with the aim of determining the amount of P avail-
able in a soil sample, i.e., the fraction of phosphorus that
plants can absorb and utilize. Using colorimetry and spec-
trophotometry, this method allows the amount of phospho-
rus present to be determined, as it is directly proportional
to the amount of reduced phosphomolybdate and, therefore,
to the color developed. exchangeable Mg, Na, Ca, K, and
total Fe, Cu, Zn, Mn, were determined using the Mehlich-3

multi-element extractant, and element concentrations in the
extracts were quantified by inductively coupled plasma-—
optical emission spectrometry (ICP—OES), following the
procedures described in the Handbook of Plant and Soil
Analysis for Agricultural Systems (Mehlich 1984; Alvaro-
Fuentes et al. 2019). Particulate organic carbon (POC) was
quantified after dispersing the soil with sodium hexameta-
phosphate, separating the >53 um particulate fraction by
wet sieving, drying the material retained on the sieve and
determining its C concentration by dry combustion, follow-
ing Cambardella and Elliott (1992) as reported in Alvaro-
Fuentes et al. (2019).

Enzyme activity data (Aguilera-Huertas et al. 2023)
were used to relate to greenhouse gas emissions. The
extracellular enzyme activities BG, NAG, AS, AP and
LA were measured using a fluorogenic microplate
assay according to Marx et al. (2001). Briefly, fresh soil
(equivalent to 1-2 g dry soil) was homogenised in buff-
ered solution, and aliquots were dispensed into 96-well
microplates together with the corresponding fluorogenic
substrates (4-methylumbelliferyl-p-D-glucoside for BG,
4-methylumbelliferyl-N-acetyl-p-D-glucosaminide for
NAG, 4-methylumbelliferyl-sulfate for AS, 4-methylum-
belliferyl-phosphate for AP and L-leucine-7-amino-4-meth-
ylcoumarin for LA). Plates were incubated at controlled T
and fluorescence was read at the appropriate excitation and
emission wavelengths; activities were expressed as nmol
product g dry soil h™.

DH was determined following von Mersi and Schinner
(1991) by incubating moist soil with iodonitrotetrazolium
chloride (INT) and quantifying the formation of INT-forma-
zan colorimetrically. After incubation, INT-formazan was
extracted with organic solvent and absorbance was measured
spectrophotometrically, and DH activity was expressed as
png INT-formazan g dry soil h™'. Detailed protocols for all
assays are described in Alvaro-Fuentes et al. (2019)

2.4 Statistical analysis

Before analysis, the normality of GHG flux data (CO:, N2O,
and CH.) was verified using the Kolmogorov-Smirnov test.
When the assumptions of normality and homoscedasticity
(p>0.05) were met, the effects of management (CP, D-S,
D-0, D-L), sampling date, and their interaction on instan-
taneous emission rates were analyzed using a two-way
ANOVA. When significant effects were detected (p <0.05),
the means of the treatments were separated using Tukey’s
post hoc test. The cumulative emissions of each gas and the
total COze during the monitoring period were compared
between treatments using a one-way ANOVA followed by
Tukey’s test (p<0.05). These analyses were performed
using SigmaPlot v.14.0 (San Jose, California, USA), and
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GHG emission figures were obtained using Plotly Chart
Studio (v.5.13.1).

To evaluate changes in soil chemical properties over
time, data from 2018 to 2021 were used to calculate, for
each plot and parameter, a relative increase as (value,y,; —
value,g)/value,y,,. Statistical analysis of soil parameters
were performed in R v.4.2.1 (R Core Team 2021). Normal-
ity and homoscedasticity were checked, and since most soil
chemical variables did not meet these assumptions, differ-
ences between CP and each diversification treatment (D-S,
D-O, D-L) were evaluated using the nonparametric Wil-
coxon test (p <0.05).

Multivariate analyses were used to explore the joint
response of soil variables to different management prac-
tices. Principal component analysis (PCA) was performed
to visualize the separation of treatments based on soil chem-
ical properties using the factoextra package (Kassambara
and Mundt 2016), and heat maps were generated with the
ggplots package (Warnes et al. 2005) to illustrate differences
in the distribution of variables between treatments, and sta-
tistical significance was assessed using Wilcoxon test using
FSA package (Ogle et al. 2025). Finally, to investigate the
relationships between CO: accumulation and changes in
soil chemical parameters and enzyme activities, simple lin-
ear regressions were fitted for each treatment. Significant
relationships (p < 0.05) were identified, and the correspond-
ing regression coefficients were visualized using the ggplot2
package (Wickham 2016) to highlight the most relevant soil
and enzymatic indicators associated with CO» accumulation
(Figs. 2, 3, 4, and 5).

3 Results and discussion

3.1 Effects of crop diversification on soil chemical
and enzymatic properties

Crop diversification and intercropping are widely rec-
ognised as key sustainable management strategies that
enhance soil fertility, nutrient cycling and biological activ-
ity in Mediterranean agroecosystems (Chabbi et al. 2017;
Janzen et al. 2022). Our results showed that the different
diversification treatments significantly altered soil chemical
properties compared to CP (Table S1 and S2). These find-
ings are consistent with previous research indicating that
crop diversification and intercropping influence soil fertility
and nutrient dynamics through plant-microbe interactions
and SOM incorporation (Volsi et al. 2022). An exploratory
analysis of all data was performed using PCA (Fig. 6),
including both soil chemical data and enzyme activity. A
clear differentiation between CP and the other management
systems (D-L, D-O, and D-S) was observed along the first
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principal component (PC1, 22.7%), while along the second
component (PC2) a separation between D-O and D-L had
been seen, with D-S located between them.

When the PCA was performed using only soil chemical
variables (Fig. S1 (a)), the D-O treatment was separated
along PC1 (26.6%), whereas CP, D-L, and D-S clustered
together on the opposite side of this axis. Along PC2
(18.6%), CP was separated from D-L and D-S. The biplot
representation further illustrates how individual soil chemi-
cal variables contributed to the observed sample separation.
Variable loadings are displayed as vectors, with direction
and length indicating their influence on the ordination.
total Fe showed a strong positive loading on PC1, pointing
towards the D-O treatment, while P available was oriented
in the opposite direction, indicating a contrasting contribu-
tion along this axis. TN loaded positively on PC2, point-
ing towards CP, whereas exchangeable K and TOC showed
a negative loading on PC2. Those differentiations suggest
the presence of different nutrient and carbon recycling
pathways, as documented in studies analyzing nutrient and
microbial community variability in diversified systems (Bai
etal. 2019; Yu et al. 2022).

In contrast, when the PCA was performed using only
enzyme activity data (Fig. S1 (b)), CP and D-L were sepa-
rated from D-O and D-S along PC1 (41.5%), with AS, AG,
and LA contributing most to this separation. PC2 (29.3%)
did not differentiate between D-O and D-L, but allowed the
separation of CP from D-L, mainly driven by DH and BG
activities.

Focusing on soil chemical properties, the heatmap
(Fig. 7) shows the distribution of relative changes among the
four management systems (CP, D-S, D-O, and D-L) across
the different soil variables. Data in the heatmap were stan-
dardized by variable to allow direct comparison across soil
parameters. To complement the heatmap, Wilcoxon tests
were performed and identified five soil chemical variables
that significantly differentiated CP from the diversification
treatments (p <0.05; Fig. 7, Table S2). Specifically, D-O
differed from CP in P available, total Fe, and TN, whereas
D-S and D-L differed from CP in exchangeable K and TOC,
being this results consistent with the PCA, in which D-O is
clearly separated along PC1, primarily associated with total
Fe and P available, while CP is distinguished from D-S and
D-L along PC2, related to TN, exchangeable K, and TOC.

The significant increase in P available levels in D-O sug-
gests a more active P cycle mediated by microbial and plant
activity, consistent with studies reporting that crop diver-
sity and plant cover promote organic P mineralization and
inorganic P solubilization (Richardson and Simpson 2011).
Similarly, total Fe, which is crucial for enzymatic processes
and redox reactions, showed significant differences between
D-O and CP, which may be directly related to the presence
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Fig. 2 Evolution of soil temperature and moisture under Olive mono-
crop (Green color); Olive intercropped with Crocus sativus (Blue
color); Olive intercropped with Vicia sativa and Avena sativa in rota-

of legumes (vetch and oats) that acidify the rhizosphere and
alter Fe solubility (Zuo and Zhang 2011). The increase in
TN in D-O could be attributed to the ability of legumes to
fix nitrogen or improve SOM decomposition, thus enriching
the soil TN pool (Tripolskaja et al. 2023).

As for exchangeable K, another essential nutrient, its
higher levels in D-S and D-L may be related to the accel-
erated decomposition of SOM and increased root activity
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tion (Yellow color) and Olive intercropped with Lavandula (purple
color) treatments over time (2020-2021)

in these diversified systems (Tripolskaja et al. 2023). TOC
was also higher in D-S and D-L, reinforcing findings that
associate plant diversity with higher TOC, as continu-
ous plant inputs provide an energy source for microbial
activity and improve soil structure (Cong et al. 2014; Lal
2015). The inclusion of diversified crops and the develop-
ment of mixed cover also enhance root activity, rhizode-
position and microbial decomposition of new sources of
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Fig. 3 Soil CO, emission
rates under Olive monocrop
(CP); Olive intercropped with 1400
Crocus sativus (D-S); Olive ;
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labile SOM (D’Acunto et al. 2018; Sanchez-Navarro et al.
2022), which is consistent with the higher TOC observed
in diversified plots. Similar positive effects of cover crops
and diversification on TOC and nutrient availability have
been reported in Mediterranean perennial systems, includ-
ing olive orchards, highlighting their potential to restore
degraded soils and enhance ecosystem functioning. At the
same time, this increase in TOC in diversified systems may
contribute directly to higher CO, emissions in these treat-
ments, as there is a greater reserve of labile carbon available
for microbial respiration.

These changes in soil chemical properties were also
accompanied by significant changes in soil enzyme activ-
ity, like it can be seen in the PCA (Fig. S1 (b)). Previous
studies conducted at the same experimental site showed
that diversification treatments, particularly D-S and D-O,
significantly increased the activities of BG, NAG, LA, AS
and AP, as well as DH activities compared to CP, while D-L
showed intermediate values (Aguilera-Huertas et al. 2023).
The higher DH activity in D-S and D-O reflects an intensifi-
cation of overall microbial oxidative metabolism, while the
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increase in BG, NAG, LA, and AS indicates a greater capac-
ity to depolymerize organic substrates containing carbon and
nitrogen, which improves nutrient turnover and favors more
active microbial communities (Huang et al. 2023; Curtright
and Tiemann 2021). In this context, extracellular enzyme
activities are increasingly recognised as sensitive indicators
of soil quality and management-induced changes in nutrient
cycling, as they integrate microbial responses to shifts in
organic matter inputs and environmental conditions.

From a functional perspective, these extracellular
enzymes are key mediators of SOM decomposition and
nutrient cycling, as they break down complex organic com-
pounds into simpler forms that can be assimilated by soil
microorganisms, releasing CO, as a byproduct of microbial
respiration (Gomez et al. 2020; Li et al. 2023). Therefore,
the higher TOC, POC, and nutrient availability observed in
diversified plots, together with increased enzyme activity,
indicates that crop diversification promotes a more dynamic
soil biochemical environment. This improvement in nutrient
cycling and microbial functioning increases soil fertility and
ecological functioning but may also contribute to increased
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Fig.4 Soil N,O emission rates
under Olive intercropped with
Crocus sativus (D-S); Olive 0.15 1
intercropped with Vicia sativa
and Avena sativa in rotation
(D-0) and Olive intercropped
with Lavandula (D-L) treatments
over time (2020-2021) (a) and
N,O rates among the different
treatments (CP, D-S, D-O and
D-L) considering the whole study
period (b). The boxes represent
the treatment means = standard
error (SE) (n=3). The differ- -0.15
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CO, emissions in the short term due to the stimulation of
SOM mineralization (Beillouin et al. 2021; Liu et al. 2023).

3.2 Evolution of greenhouse gas fluxes and
cumulative emissions under crop diversification

The assessment of GHG emission rates, their cumulative
GHG emissions, and their expression in CO:e are funda-
mental to evaluating the contribution of agricultural sys-
tems to climate change, as they determine the increase or
decrease in the concentration of GHGs in the atmosphere
and, therefore, their effect on the greenhouse effect and
global warming (IPCC 2021). In addition, they allow the
impact of different gases to be compared and added together,
facilitating the design and evaluation of mitigation strate-
gies (Myhre et al. 2013).

Regarding CO, emission rates, an increase in emissions
was observed in D-S and D-O between January and April
2021 (Fig. 3 (a)). On average, emission rates were sig-
nificantly higher in D-S (385.2 mg CO, m 2 h™!) and D-O
(335.2mg CO, m 2 h ") than in CP (238.1 mg CO, m 2h™Y),
whereas no significant differences were detected between

=CP ="D-S ' D-O “D-L

D-L and CP (Fig. 3 (b)). The main factor explaining this
behaviour is the presence of a high percentage of mixed
cover (spontaneous+diversification), which was greater
in D-S and D-O and coincided with the highest CO, emis-
sion rates. In contrast, the lower development of spontane-
ous cover in D-L contributed to the absence of significant
increases in CO, emission rates compared with CP. The
greater cover in D-S and D-O implies higher carbon inputs
to the soil through the establishment and development of
plant biomass (Poeplau and Don 2015), increasing the met-
abolic activity of the soil microflora and root respiration,
which are the main sources of CO, in the soil-plant system
(Sanz-Cobena et al. 2014). In addition, this type of mulch-
ing indirectly enhances CO, emissions by increasing SOM,
porosity and water content (Parkin et al. 2016).

Moreover, variations in soil T and M were observed in
these plots (D-S and D-O) (Fig. 2). According to Zornoza
et al. (2018), increases in soil M enhance CO, emissions
in diversified plots by directly stimulating microbial activ-
ity and decomposition processes, while Dacal et al. (2019)
indicate that, in arid soils, CO, emissions also increase when
mean soil T decreases because these conditions favour the

@ Springer



61 Page 10 of 20

Journal of Soils and Sediments (2026) 26:61

1.0 1 ~+=Olive monocrop Crocus Sativus Vicia sativa Lavandula —=Diversifications
= 05
=
o«
]
<+ 0
=
&)
Y
g -05
-
5
-1.0 -
'1.5 T T T T T T T T T T T T T T T T T T T T T T 1
'\,@'Q'»"'quss @'Q'»’\'QWQWQW'\'Q»Q'»WQ»Q'» '»’\"» '» '» '» '»q'\ '\. '\9'»\'\?“'\'\9*
\\'\.s\&es'\%q \w\\wwsuugs o N
NN SR SRR \s,\\eb\\ D AV S \Q%\Q,\\Q @@,\QQ\ W oSS
A QA QA AT T N RN Nl >R Ay
1.0
—_— 0“ a a a a
-'= e
o
£
- 0.0
=
o
Y
£ -0.5
&
5
-1.0
-1.5

=CP

Fig. 5 Soil CH, emission rates under Olive monocrop (CP); Olive
intercropped with Crocus sativus (D-S); Olive intercropped with Vicia
sativa and Avena sativa in rotation (D-O) and Olive intercropped
with Lavandula (D-L) treatments over time (2020-2021) (a) and
CH, rates among the different treatments (CP, D-S, D-O and D-L)

release of CO, accumulated during dry periods through the
reactivation of microorganisms when M rises. In our case,
between January and April, and in parallel with greater plant
cover (diversification+spontaneous), the lowest T values
(Fig. 2) and highest M values (Fig. 2) were recorded in D-S
and D-O, coinciding with the highest CO, emission rates.
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considering the whole study period (b). The boxes represent the treat-
ment means+standard error (SE) (n=3). The different lowercase let-
ters above the error bars in Figure (b) indicate significant differences
between the different treatments during the study period based on aver-
age CH, fluxes (p <0.05)

Importantly, interpreting N,O and CH, within the same
soil-microclimate framework helps explain why these
gases remained negligible despite clear treatment effects
on CO,. Focusing on N,O emission rates, fluxes followed
a similar pattern in all managements throughout the study
period (Fig. 4 (a)), with no significant differences between
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PCA of soil chemical parameters and enzyme activity
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Fig. 6 Principal component analysis (PCA) of all data from Table
S1, including soil chemical parameters and enzyme activities. Olive
monocrop (CP) is shown in yellow, olive intercropped with Lavan-
dula (D-L) in pink, olive intercropped with Vicia sativa and Avena
sativa in rotation (D-O) in green, and olive intercropped with Crocus
sativus (D-S) in purple. The first two principal components (PC1 and

treatments (p > 0.05) and mean emissions of 0.002 mg N,O
m 2 h! (CP), 0.007 mg N,O m 2 h™! (D-S), 0.001 mg N,O
m 2 h™! (D-0) and —0.002 mg N,O m 2 h™! (D-L) (Fig. 4
(b)). Although D-S and D-O showed higher soil M dur-
ing part of the monitoring period (Fig. 2), N,O production
through nitrification and denitrification is mainly regulated
by the availability of mineral N substrates (NH+" and NOs")
and soil M/oxygen conditions that create anaerobic micro-
sites and promote denitrification (Butterbach-Bahl et al.
2013; Krichels et al. 2022). In this study, the absence of
fertilization implies low external inputs of mineral nitrogen
and, together with semi-arid conditions, probably limited the
formation of sustained anaerobic microsites, thus restricting
denitrification and preventing higher N,O emissions even
when M increased transiently after rainfall events (Dusen-
bury etal. 2008; Ussiri et al. 2009). In addition, mixed covers
can retain nitrogen in plant biomass and stimulate microbial
immobilisation, thereby reducing the mineral nitrogen pool
available for nitrification/denitrification (Sanz-Cobena et al.

PC2) explain the largest proportion of the total variance in the dataset,
and their percentages indicate the amount of variance accounted for
by each axis. Ellipses represent the dispersion of samples within each
management treatment, encompassing the individuals associated with
each group

2017; Wolz et al. 2018). Thus, enhanced plant uptake and
microbial immobilisation under mixed covers likely buft-
ered any potential increase in N,O despite higher biologi-
cal activity. Furthermore, the slightly negative average flux
observed in D-L is consistent with evidence that net N,O
uptake can occur under some conditions in low-nitrogen
soils, implying that near-zero/negative fluxes may reflect
very low net exchange rather than significant treatment-
driven differences (Chapuis-Lardy et al. 2007).

Regarding CH, emission rates also followed the same
temporal pattern under all soil managements (Fig. 5 (a)),
with no significant variations among treatments and mean
fluxes of —0.2 mg CH; m 2 h™!' (CP), 0.1 mg CH; m 2 h™!
(D-S),0.2mg CH,m 2h™' (D-O)and 0.2 mg CH, m >h"!
(D-L) (Fig. 5 (b)). Under upland and well-aerated con-
ditions, agricultural soils tend to act as weak CH, sinks
(negative fluxes) due to the predominance of methanotro-
phic oxidation, while net CH, emissions require sustained
anaerobiosis to favor methanogenesis (Le Mer and Roger
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Soil chemical parameters

Fig. 7 Heatmap showing the relative changes of soil chemical param-
eters across the four management practices: olive intercropped with
Crocus sativus (D-S), olive intercropped with Lavandula (D-L), olive
monocrop (CP), and olive intercropped with Vicia sativa and Avena
sativa in rotation (D-O). Values are expressed as standardized relative

2001; Dutaur and Verchot 2007). Therefore, the absence
of clear treatment effects on CH, suggests that diversifi-
cation did not cause prolonged oxygen limitation in the
soils of our study; instead, any short-lived deviation from
negative or near-zero CH, exchange is more plausibly
related to transient M pulses affecting gas diffusivity and
microbial activity (Castro et al. 1995). This interpretation
is also consistent with the fact that vegetation cover can
stimulate CH, oxidation by methanotrophic bacteria and
thus keep CH, fluxes low under aerobic conditions (Bode-
lier and Laanbroek 2004).

Furthermore, these results are consistent with Abdalla et
al. (2019), who reported that although cover crops tend to
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changes, allowing comparison across soil variables. The x-axis rep-
resents the soil parameters and the y-axis represents the management
practices. Asterisks indicate statistically significant differences among
management practices based on Wilcoxon tests (p <0.05)

reduce nitrogen leaching and increase carbon sequestration,
they do not necessarily have a strong effect on N,O and CH,
emissions because vegetation covers can increase CH, oxi-
dation by methanotrophic bacteria (Bodelier and Laanbroek
2004) and immobilise mobile nitrogen in plant biomass,
using it more efficiently and reducing the concentration
of mineral nitrogen available for N,O production (Sanz-
Cobena et al. 2017; Wolz et al. 2018). This mechanism
could have helped retain N in the soil in our experiment
while maintaining conditions favourable to CH, oxidation,
thus explaining the low and weakly variable N,O and CH,
fluxes across treatments. Under these low-input conditions,
the combination of low mineral nitrogen availability and
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generally aerobic soils helps explain the weak N,O and
CH, responses (Dusenbury et al. 2008; Ussiri et al. 2009).
Similar patterns have been observed in other Mediterranean
perennial systems: Téllez-Rio et al. (2015) reported no sig-
nificant differences in N, O and CH, emissions between con-
ventional tillage and diversified crops in an olive grove, and
Hiippi et al. (2022) also found no significant differences in
CH. emissions in a vineyard with intercropping. In contrast,
Grave et al. (2018) found higher N,O emissions in untilled
soils than in conventionally tilled soils, probably due to
poorer aeration, highlighting the strong dependence of these
gases on site-specific soil and management conditions.

In line with the patterns described for CO, fluxes, when
emissions were integrated over time, the estimation of
cumulative CO, emissions during the experimental period
confirmed the results obtained previously, i.e., they were
significantly higher in D-S and D-O, by 34% and 23%,
respectively, compared with CP (Table 1), whereas CP and
D-L showed no significant differences. These results can be
interpreted in light of previous work carried out at the same
experimental site (Aguilera-Huertas et al. 2023, 2024),
where it was reported that Crocus sativus (D-S) loses all its
shoots in June and resprouts in November, while the bio-
mass of Vicia sativa and Avena sativa in rotation (D-O) is
higher in winter due to greater water availability and lower
water stress. In both cases, the diversified crops coexisted
with a higher proportion of spontaneous cover, result-
ing in a greater annual biomass input. This high percent-
age of annual biomass increased soil microbiological and
enzymatic activities and SOC concentrations in both plots
(Aguilera-Huertas et al. 2023, 2024), which in turn led to
the higher cumulative CO, values observed in D-S and D-O.

From a management perspective, these results contrast
with the results derived from studies such as Pengtham-
keerati et al. (2006) and Sanchez-Navarro et al. (2022),
which suggest that reduced tillage could lead to soil com-
paction and lower GHG emissions in diversified plots,
and that the highest cumulative emissions would be

Table 1 Cumulative values of soil CO,, N,O, CH, and total CO,
equivalent (CO,e) emissions under Olive monocrop (CP); Olive inter-
cropped with Crocus sativus (D-S); Olive intercropped with Vicia
sativa and Avena sativa in rotation (D-O) and Olive intercropped with
Lavandula x intermedia (D-L) treatments over time (2020-2021). The
values shown are mean +standard error (n=3). Different lowercase let-
ters indicate significant differences between the different treatments
during the period considered at p<0.05

Treatments Cumula-  Cumulative Cumulative  CO,e
tive CO, N0 CH, (gm?)
gm? (gm? (gm?)

CP 3111£24a -0.012£0.097a —1.35+£0.25a 3070+43a

D-S 4708+21b —0.069+0.025a —1.43+0.19a 4647+25b

D-O 4004+27c 0.085+0.046a —1.34+0.24a 3991+18c

D-L 3001+24a 0.022+0.018a —1.68+0.16a 2960+ 15a

expected under intensive conventional tillage (Lu et al.
2016; Almagro et al. 2017). In our study area, however,
the opposite trend was observed, with higher cumulative
CO, emissions in plots under minimum tillage combined
with a dense alley cover, emphasising the key role of
spontaneous and diversified vegetation in controlling soil
GHG dynamics (de Lima et al. 2022).

Regarding the cumulative values of N,O and CH,, the
accumulated emissions were minimal and practically neg-
ligible, with values close to 0 g m™2 in this agroecosystem
and no significant differences between treatments during
the study period. This is probably due to the absence of
fertilisation, which results in low mineral nitrogen avail-
ability and thus low cumulative emissions of these gases
(Xu et al. 2004; Khalil et al. 2005). Authors such as Zor-
noza et al. (2018) and Sanchez-Navarro et al. (2022) also
reported no significant differences in cumulative N,O
and CH, emissions in Mediterranean orchards. Other
studies, however, have found higher N,O emissions in
minimally tilled soils than in conventionally tilled soils
(Gregorich et al. 2008), attributing these increases to a
higher availability of mineral nitrogen and reduced aera-
tion under no-tillage, which favours the formation of
anaerobic microsites for denitrification (Thomson et al.
2012). Nonetheless, the cumulative N,O and CH, emis-
sions obtained here are in line with previous research
that monitored GHG in semi-arid Mediterranean soils
(Téllez-Rio et al. 2015; Fernandez-Ortega et al. 2024).

With respect to CO,e estimates derived from cumu-
lative CO,, N,O and CH,, the results showed the same
pattern as for cumulative CO-, due to the negligible con-
tribution of N,O and CH, to total CO,e. Significantly
higher CO,e values were observed in D-S and D-O com-
pared with CP (Table 1), confirming that CO, is the main
contributor to GHG emissions in the analysed context.
The higher CO,e in D-S and D-O highlights the impor-
tance of the specific activities of these diversified systems
in contributing to climate forcing and underlines the need
to focus mitigation efforts on agriculturally predominant
CO, sources and on regions or management combinations
with higher emissions in order to maximise the effective-
ness of climate strategies (WRI 2023).

3.3 Relationships between GHG emissions and soil
chemical and enzymatic parameters

Linear regression analysis provides insight into the relation-
ships between soil variables and CO, emissions. In the study
area, simple linear regression revealed significant associa-
tions between CO: accumulation and soil chemical parame-
ters and enzymatic activities (Table S3). The bar plots (Fig. 8)
summarize these results for each plot, highlighting variables
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Fig. 8 Bar plots showing regression coefficients from simple linear
regression models relating CO, concentration to individual soil chemi-
cal and enzymatic variables across the four management systems: CP
(a), D-O (b), D-S (¢), and D-L (d). For each soil variable, a separate
model was fitted with CO: as the response variable (CO,~variable).

with statistically significant regression coefficients and show-
ing the magnitude and direction (positive or negative) of their
effects on CO, accumulation in the different plots.

In the CP and D-O treatments, no significant relation-
ships were found between CO, accumulation and the ana-
lysed soil variables based on the linear regression models
(Figs. 8 (a) and 8 (b)). This suggests that, in CP, microbial
activity and soil properties are not tightly coupled to the car-
bon cycle compared with the diversified treatments, likely
because deep tillage reduces SOM inputs and disrupts soil
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Bar height represents the magnitude and direction (positive or nega-
tive) of the regression coefficient. Blue bars indicate statistically sig-
nificant relationships (p <0.05), whereas grey bars denote non-signif-
icant results (p>0.05)

structure, so that the carbon entering the soil is similar to
that mineralised and released as CO, (Hu et al. 2024). In
D-O, the absence statistically of significant regression coef-
ficients may be related to lower nutrient availability, which
weakens the direct links between soil fertility, microbial
processes and CO, emissions (Liu et al. 2022). Although
D-O showed high CO, emissions and a substantial sponta-
neous vegetation cover, previous studies in the same area
(Aguilera-Huertas et al. 2024) indicate that soil-plant—
microbe interactions were less tightly coupled than in the
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other diversified systems, and the correlations between soil
chemical and enzymatic properties, while present, were not
statistically significant.

By contrast, D-S and D-L were the treatments in which
significant relationships were identified (Figs. 8-C and 8-
D). In D-S, CO, accumulation was positively related to
total Cu, exchangeable Na, POC, total Zn and the activi-
ties of BG, LA and AS. In D-L, statistical significant regres-
sion coeficients were found between CO, accumulation and
exchangeable Na, total Mn, P available, POC, TN and the
activities of LA and AS. Although D-L did not show the
highest CO, emissions, its fluxes were closely linked to soil
nutrient status and enzymatic activity, indicating a strong
coupling between soil biochemical functioning and CO,
dynamics under this diversification.

These patterns underline the role of specific chemical
indicators. exchangeable Na, associated with soil salin-
ity, can modify microbial community structure and SOM
decomposition, thereby altering CO, emissions (Li et al.
2021). Mn is a key micronutrient in redox-related enzymatic
reactions in the rhizosphere and participates in photosyn-
thetic and respiratory processes; its strong correlation with
CO, accumulation in D-L may therefore reflect enhanced
microbial and root activity that favours SOM mineralisation
(Mittal et al. 2023). POC, a labile fraction of organic carbon
strongly associated with microbial turnover, showed posi-
tive correlations with CO, in both D-S and D-L, suggest-
ing that POC acts as an active reservoir fuelling microbial
respiration and CO, release. Similar relationships between
higher POC content, increased carbon mineralisation and
elevated CO, emissions have been reported by Hossain et
al. (2017). Total Cu, an essential micronutrient for oxida-
tive enzymes, also correlated positively with CO,, consis-
tent with its role in decomposition reactions and respiratory
processes; Nunes et al. (2016) highlighted that Cu can affect
microbial communities and SOM mineralisation, thereby
modulating CO, emissions.

Enzymatic indicators further support this mechanistic
interpretation. BG, LA and AS are involved in the degra-
dation of carbohydrates, proteins and sulfur-containing
compounds in soil. Their positive correlations with CO,
suggest that microorganisms are actively processing SOM,
with CO, as the end product of microbial respiration. Extra-
cellular enzymes such as cellulases, chitinases and prote-
ases depolymerise complex organic substrates into simpler
forms that microbes can assimilate, a prerequisite for SOM
mineralisation and CO, production (Gémez et al. 2020; Li
et al. 2023). The strong associations between CO, accumu-
lation and BG, LA and AS in D-S, and between LA and AS
in D-L, therefore, indicate that these enzyme activities are
key functional markers of enhanced SOM turnover in diver-
sified systems.

Finally, TN and total Zn also emerged as relevant indica-
tors in D-L and D-S, respectively. TN can stimulate microbial
activity and accelerate SOM decomposition, releasing CO,
as a metabolic by-product and intensifying carbon cycling
(Hou 2021; Okolo et al. 2023). Total Zn has been linked to
changes in soil respiration and the abundance of microbial
genes associated with GHG production (Zhu et al. 2020),
which is consistent with its positive relationship with CO,
accumulation in D-S. Altogether, the correlations observed
in D-S and D-L highlight that specific combinations of soil
nutrients (Na, Mn, POC, Cu, Zn, TN) and enzyme activities
(BG, LA, AS) are critical drivers of CO, dynamics under
crop diversification, whereas in CP and D-O these linkages
are weak or absent. This reinforces the idea that the capac-
ity of diversified olive systems to modulate GHG emissions
depends not only on changes in vegetation cover, but also
on how management shapes soil biochemical functioning
and its coupling to CO, fluxes.

In contrast to CO,, regression analyses analogous to
Fig. 8 are not statistically meaningful for N,O and CH, in
our study because fluxes were consistently near-zero, with
low variance and no significant treatment effects (Figs. 4
and 5). Under these circumstances, linear models become
strongly affected by the limited dynamic range (most obser-
vations clustered around zero), the measurement noise
relative to signal (small absolute fluxes), and the pres-
ence of occasional negative values that reflect net uptake
or near-zero net exchange rather than clear process-driven
responses. Consequently, any apparent correlation between
N,O/CH, and soil chemical or enzymatic indicators would
be unstable, highly sensitive to a few observations, and
potentially misleading in mechanistic terms. Moreover, the
soil indicators assessed here (nutrients and extracellular
enzyme activities) are mechanistically closer to SOM depo-
lymerisation and microbial respiration and therefore are
expected to align more directly with CO, dynamics. In con-
trast, N,O and CH, respond primarily to short-term shifts in
mineral nitrogen substrates and aeration/redox conditions,
which can vary rapidly in time and space and were not suf-
ficiently expressed in this dataset to generate robust regres-
sion relationships; therefore, any apparent associations with
N,O/CH, would likely be driven by a few low-magnitude
observations rather than reflecting stable, process-based
relationships. Accordingly, any apparent associations with
N,0/CH, would likely be driven by a few low-magnitude
observations rather than reflecting stable, process-based
relationships. This does not imply that soil properties are
irrelevant for N,O and CH,, but rather that the controlling
factors were not sufficiently activated or variable during the
monitoring period to produce a detectable statistical signal.

From a process perspective, the dominant controls on
N,O differ from those on CO,. N>O production is primarily
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constrained by mineral nitrogen availability (NH4+"/NOs") and
by oxygen limitation that promotes denitrification in anaero-
bic microsites (Butterbach-Bahl et al. 2013; Krichels et al.
2022). In our unfertilised rainfed system, low mineral nitrogen
inputs likely limited substrate supply for both nitrification and
denitrification, and semi-arid conditions likely prevented sus-
tained anaerobiosis even when M increased transiently after
rainfall (Dusenbury et al. 2008; Ussiri et al. 2009). Therefore,
increases in TN and enzyme activities in diversified plots
mainly reflect enhanced organic cycling and microbial func-
tioning, but do not necessarily translate into higher mineral
N pools at the timescales relevant for N,O formation, partic-
ularly when mixed cover enhances plant uptake and micro-
bial immobilisation of available nitrogen (Sanz-Cobena et al.
2017; Wolz et al. 2018). This explains why soil biochemical
activation was clearly linked to CO, but not to N,O.

Similarly, CH, exchange in upland Mediterranean soils is
typically governed by the balance between methanotrophic
oxidation (dominant under aerobic conditions) and metha-
nogenesis (requiring sustained anaerobiosis) (Le Mer and
Roger 2001; Dutaur and Verchot 2007). The absence of sig-
nificant CH, responses indicates that diversification did not
induce prolonged oxygen limitation, so the system remained
close to neutral or a weak CH, sink. Under such conditions,
soil structure improvements and vegetation cover may even
favour CH. oxidation by maintaining aeration and sup-
porting methanotrophic activity (Bodelier and Laanbroek
2004), thereby keeping CH, fluxes low and further limiting
the variance required to detect robust statistical relation-
ships with soil indicators. Overall, this framework clarifies
why diversification strongly affected CO, highly responsive
to labile carbon inputs and M pulses while leaving N,O and
CH, largely unchanged under low mineral nitrogen avail-
ability and predominantly aerobic conditions.

Accordingly, we interpret N,O and CH, patterns using a
process-based framework grounded in substrate availability
and redox/aeration constraints, rather than regression out-
puts that would be statistically underpowered and poten-
tially misleading given the near-zero fluxes and limited
variance observed in this dataset.

3.4 Limitations and management implications

This study provides novel evidence that crop diversification
in Mediterranean rainfed olive orchards, combined with mini-
mum tillage, enhances soil fertility and biochemical function-
ing but increases CO, emissions in the short term, while N,O
and CH, remain negligible. These findings should, neverthe-
less, be interpreted in the context of several relevant features
of experimental design. First, GHG fluxes were monitored
over approximately one and a half years at a single experi-
mental site, which is a realistic time frame for field trials but
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still limits the representation of full interannual climatic vari-
ability and the diversity of Mediterranean olive systems. Sec-
ond, the experiment was deliberately conducted under rainfed
conditions without mineral fertilisation, in line with the low-
input alternative management required by the European proj-
ect and representative of many extensive olive groves; under
fertilised or irrigated scenarios, GHG responses might differ
and would warrant specific experiments.

Despite these limitations, the patterns observed have clear
implications for the design of climate-smart management in
traditional Mediterranean olive groves. Diversified systems
(D-S and D-O) showed higher cumulative CO, emissions
but also improved P available, total Fe, exchangeable K, TN,
TOC and POC and stimulated key enzyme activities, moving
soils towards higher fertility and more active biochemical
functioning. In the medium to long term, these improve-
ments in soil structure and carbon pools could contribute to
greater carbon sequestration and resilience, potentially off-
setting the initial rise in CO, emissions observed in the short
term. At the same time, the very low cumulative N,O and
CH, emissions indicate that non-CO, gases are minor com-
ponents of the GHG budget under unfertilised, rainfed semi-
arid conditions, and that mitigation efforts in such systems
should primarily focus on managing CO, fluxes associated
with vegetation cover and soil biological activity.

Overall, our results suggest that the climate performance
of diversified olive systems cannot be assessed solely on the
basis of short-term CO, fluxes. Long-term monitoring of
GHG balances and soil carbon stocks is needed to determine
whether diversified alley crops ultimately lead to net emis-
sion reductions and sustained carbon sequestration. In this
context, identifying and prioritising management combina-
tions that simultaneously enhance soil health and limit exces-
sive increases in CO, emissions will be crucial to maximise
the effectiveness of mitigation strategies in Mediterranean
perennial agroecosystems, in line with current recommen-
dations to focus actions on major agricultural CO, sources
and the most emission-intensive regions and practices (WRI
2023). This need for long-term monitoring of diversified
systems is consistent with recent studies in Mediterranean
orchards that emphasise the importance of multi-year evalu-
ation of cover crops and diversification effects on soil func-
tioning and GHG balances (Sanchez-Navarro et al. 2023).

4 Conclusions

Crop diversification with minimum tillage in Mediter-
ranean olive groves increased CO, emissions in the short
term. Average CO, fluxes were higher in saffron (D-S:
385.2 mg CO, m 2 h™!) and in the oat-vetch rotation (D-O:
3352 mg CO, m 2 h'!) compared to the conventional
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tillage control (CP: 238.1 mg CO, m 2 h™"), while D-L did
not differ from CP. Consequently, cumulative CO, emis-
sions were 34% (D-S) and 23% (D-O) higher than those
of CP, suggesting increased root respiration and microbial
decomposition under a denser alley cover. In contrast, N,O
and CH, remained close to zero with no treatment effects
(p> 0.05), indicating that CO, dominated the GHG balance
under unfertilized semi-arid conditions. Diversification also
improved soil functioning: D-O increased P available, Fe,
and TN, while D-S and D-L increased K, TOC, POC, and
enzyme activities (BG, NAG, LA, AS, AP, and DH). CO,
accumulation was positively correlated with key chemical
and enzymatic indicators such as POC, TN, Zn, Mn, and
BG, LA, AS, linking nutrient status and microbial activity to
CO, dynamics. Overall, crop diversification improved soil
fertility without increasing non-CO, GHGs, but it did inten-
sify CO, emissions, justifying long-term assessments of net
GHG balance and soil carbon stabilization.
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