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Abstract: Land desertification is becoming increasingly significant for the Mediterranean
basin, particularly due to the rising pressures on agricultural land. Regarding the olive
grove sector, intensive farming methods can have detrimental effects on the provision of
various agroecosystem services. Conversely, agroecological approaches, such as reduced
tillage/no tillage and the use of cover crops, can help mitigate soil degradation and enhance
soil arthropod biodiversity. Herein, an experiment was conducted in a hilly olive grove
in southern Peloponnese, a key olive production area in Greece. Different soil treatments
were implemented across nine plots (three plots per treatment), including the following:
(i) the use of a cover crop mixture (Pisum sativum, Vicia faba, Hordeum vulgare), (ii) her-
bicide application, and (iii) spontaneous vegetation (control). A comprehensive survey
was performed at the plot level for monitoring carbon sequestration and ground-dwelling
arthropod diversity. The results indicated that cover crops had a positive impact on soil
fertility and structure, leading to an increase in total biomass production per plot, while
also contributing to the preservation of key soil arthropod populations when compared
to treatments that resulted in bare soil. The findings from this in situ study are meant to
be integrated into the frames of a long-term monitoring process in order to be used for
climate change mitigation and biodiversity management models, enhancing the resilience
and regeneration of degraded land.

Keywords: cover crops; carbon sequestration; soil arthropod biodiversity

1. Introduction
Olive (Olea europaea L.) is the most prominent and socioeconomically significant fruit

tree in the Mediterranean Basin. Approximately ten million hectares are dedicated to olive
production, employing organic, traditional, intensive, and, more recently, high-density
intensive groves, resulting in an annual production of approximately 3,000,000 metric
tons of olive oil [1]. However, the environmental conditions for many olive groves have
deteriorated due to land degradation resulting from over 50 years of intensive agriculture.
The inadequate management of olive groves is directly linked to various issues, including
the depletion of organic matter and decline of the respective provisioning services [2].
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Moreover, several studies revealed a severe decrease in biodiversity in the olive agroecosys-
tem [3–5], areas that are essential for environmental conservation in the Mediterranean
region, being able to support a rich variety of species [6].

While significant technological advancements have enhanced the production and
quality of olive oil in the past three decades, further efforts are necessary to address the
environmental impacts of the production process. For this reason, soil conservation and
agroecological approaches, like organic farming, are currently being fostered by EU policies,
along with an increase in consumer demand for organic olive oil.

Regarding this frame, since 2020, the EU Green Deal has set an ambitious roadmap
to make the AE, Europe the first carbon-neutral continent based on a resource-efficient
economy [7]. With approximately half of the habitable land allocated to agriculture [8],
agricultural soils play a critical role in maintaining a balanced global carbon cycle and
providing mitigation and adaptation strategies to address global climate change [9–11].
Thus, there is a growing interest in the role of cropping agricultural systems due to their sig-
nificant impact on soil health, climate, and overall biodiversity. By considering ecosystem
functions and processes, modern farming practices could be optimized to enhance manage-
ment strategies that provide robust ecosystem services, including carbon sequestration, as
well as soil and biodiversity conservation [12].

Cover cropping has been recognized as an effective practice to promote soil conser-
vation, offering co-benefits for the sustainability and resilience of agriculture [13,14] and
compensating for soil carbon losses resulting from land-use change and tillage in agricul-
tural fields [15–17]. The quantity of plant residue and the degree of soil organic carbon
(SOC) decomposition are critical for the formation and stabilization of aggregates, which in
turn enhance soil structure and drive SOC sequestration [18,19].

A diverse plant cover can also provide food and a habitat, hosting a great diversity
of various beneficial organisms in olive groves [20]. In agricultural systems, biodiversity
delivers ecosystem services such as nutrient recycling or the improved suppression of pest
insects via biological control agents. Herbivorous pollinators or predators and parasitoid
arthropods are involved, and their manipulation can result in beneficial or detrimental
effects for the orchard’s pest control [21,22].

Regarding olive groves, the composition and structure of the arthropod fauna of the
soil can be rich and diverse, composed of several orders of arachnids, chilopods, and in-
sects [23]. Among other groups, ants are considered an important factor for olive fruit
fly (Bactrocera oleae) suppression, especially in the pupal stage. In fact, ants as generalist
predators can be more efficient in the biological control of pests than specialist natural en-
emies [24]. Besides pest control, arthropod communities dwelling on soil contribute to the
shredding of organic matter, stimulation of microbial activity, enhancement of soil aggrega-
tion, mineralization of plant nutrients for bacteria and fungi, and burrowing, which improves
water infiltration [25]. Thus, the manipulation of the olive grove’s plant diversity may affect
communities living within or nearby through an increase in resources [26,27].

Regarding this context, the primary objective of the current study was to test the
hypothesis that cover crops applied in a Mediterranean olive grove would significantly
contribute to greenhouse gas (GHG) mitigation through the enhancement of soil carbon
pools (soil organic carbon and litter). The second objective was to examine the impact
of these practices on the dwelling arthropod biodiversity. Overall, this study aims to
develop guidelines for best practices to improve sustainability within a multifunctional
agricultural context.
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2. Materials and Methods
An ongoing experiment was set in a 4 ha commercial olive grove, located 15 km east

of Pylos, Peloponnese, Greece (36◦55′51′′ N, 21◦43′22′′ E), and planted with Koroneiki cv at
a 10 × 10 m planting density. The orchard’s elevation was 65 m above sea level, having a
slope of approximately 22%. The experiment focused on key common practices regarding
ground cover vegetation management resulting in bare or covered soil.

In the frames of a three-year monitoring scheme, several key parameters were monitored
for the harvesting period 2022–2024, including soil properties, ground-dwelling arthropod
diversity, olive tree nutrient status, and C sequestration, along with climate data.

2.1. Treatments and Design

A Complete Block Design (CBD) with replicates was used for comparing 3 different
groundcover treatments across homogeneous units to maximize experimental control. Each
treatment consisted of 3 experimental plots of a 90 m2 size, with a total of 34 olive trees
(Figure 1). The different groundcover applications included the following: (i) the use of a
cover crop mixture (Pisum sativum, Vicia faba, Hordeum vulgare), (ii) herbicide application,
and (iii) spontaneous vegetation. In the selected plots, herbicide was applied 2 times per
year, mostly concentrated in winter and spring using glyphosate (PitonTM, 0.36 kg a.e.
L1, Dow AgroSciencesTM, Indianapolis, IN, USA). Cover crops were manually applied
and spread with a rake to minimize soil disturbance. Despite weed control, the respective
inputs, equipment use, and management practices were the same in all plots.
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2.2. Carbon Sequestration Assessement

Carbon sequestration assessment included (i) the soil organic C during 2022–2024;
(ii) the C stored in the olive trees’ above- and below-ground biomass, and (iii) the annual
rate of C accumulation in the groundcover biomass, calculated on dry basis, considering
groundcover density/ha, plant biomass, and organic carbon content.

2.2.1. Soil Organic Carbon Stock

At the commencement of this study (autumn 2022), a soil sample was collected
for physiochemical analysis to later serve as a baseline descriptor. Nine soil cores were
randomly extracted from each treatment plot at a depth of 0–30 cm, utilizing a soil auger,
ensuring the removal of any visible crop residues from the surface prior to sampling.
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Throughout the duration of the study, from 2022 to 2024, soil sampling was annually
repeated in autumn, using the same procedures to quantify any changes in the soil organic
carbon (SOC). The soil samples were air dried, shredded, homogenized, and sieved. Then,
the soil samples were pre-treated with 6 M HCl to eliminate inorganic C. Later, the organic C
content was determined by employing the potassium-dichromate oxidation method [28,29].
To compute the carbon stock, the bulk density was adjusted for the coarse soil fraction,
following the method of Blake and Hartge (1986) [30], using a cylinder 5 cm high, and
correcting the total volume according to the percentage of gravel, similar to the method
proposed by Throop et al. (2012) [31] (Equation (1)).

BD = (Wc − Wg)/Vc (1)

where Wc is the dry weight of the soil in each cylinder (g), Wg is the weight of gravel
(>2 mm) (g), and Vc is the volume of the cylinder (cm3).

Subsequently, the SOC stock per hectare was calculated by multiplying the SOC (g kg−1)
by the BD (Mg m−3) and the soil depth (0–20) [32–34]. Subsequently, the changes in soil car-
bon concentration (%) and stock (Mg C ha−1) were calculated by determining the difference
between the initial and final values. Finally, the average annual carbon accumulation rate
(kg C ha−1 yr−1) was computed over the two-year experimental period.

2.2.2. Carbon Accumulation in the Olive Tree

The annual rate of olive tree C accumulation in the permanent structures of trees (trunk
and >3 cm shoots) was calculated for one selected tree per treatment, in three replications
from 2022 to 2024. The olive wood density (Dtree) (g/cm3) was calculated using the ratio
of dry weight (Ws) (g) and the resulting volume of each branch (Vs) (cm3) (Equation (2)).
To achieve this, a representative cylindrical part (length: >15 cm, diameter: >5 cm) was
pruned and subsequently oven-dried (4 days at 45 ◦C).

Dtree = Ws/Vs (2)

The olive tree biovolume estimation was carried out by comparing each tree part to a
geometric figure corresponding to a truncated cone (Figure 2) (Equations (3) and (4)) [35].

Vs = 1/3 × π × h × (R2 + r2 + R × r) (3)

Vtree = ∑n
i=1Vs (4)

where Vs is the volume of each section (cm3); h is the height (cm); R is the largest radius
(cm); and r is the smallest radius (cm).

The aerial tree biomass (Ba) was calculated from the wood density and above-ground
volume of the trees (Equation (5)).

Ba = Vtree × δ (5)

In order to determine the root biomass (Br), a corrective factor (4.2) was applied [29]
(Equation (6)).

Br = Ba/4.2 (6)

The total olive tree biomass (Bt) (kg tree−1) was obtained by applying a corrective
biomass expansion factor (1.13) that compensates for the non-measured canopy biomass in
leaves and branches placed above stratum 3 [36] (Equation (7)).

Bt = (Ba + Br) × 1.13 (7)
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The total organic carbon (kg Ctree
−1) accumulated in the tree was determined by

assessing the total dry biomass of the tree and the organic carbon content. Subsequently,
the carbon content of the olive tree (Mg C ha−1) for each treatment was calculated based on
the average total carbon stock in the tree (both above and below ground) and the number
of trees per treatment (n = 12).

Both heavily and lightly pruned branches (including leaves, shoots, and branches)
were collected from the field in autumn to ascertain the pruning dry biomass, which was
calculated by multiplying the average fresh pruning weight per tree (kg ha−1 year−1) by
the number of trees (trees ha−1) adjusted for the water content percentage.

2.2.3. Carbon Accumulation in the Groundcover Flora

The above-ground biomass of the groundcover was assessed using quadrants (1 m2),
with three replications per plot conducted a few days prior to termination, to estimate
the fresh biomass (Figure 3). Approximately 500 g of sub-samples were collected and
subsequently oven-dried at 45.5 ◦C for 72 h. The harvested above-ground dry biomass was
considered to represent the above-ground net annual primary production.

The annual above-ground net primary production (kg ha−1 y−1) was based on the
harvested biomass within the frames and the soil cover percentage, which was also assessed
using quadrants in 12 random locations within each plot. The net annual biomass pro-
duction of the root system of the groundcover was estimated by applying a root-to-aerial
biomass ratio of 2.32 [37]. Then carbon content in the root biomass was calculated from the
root biomass, assuming an average root carbon content of 42.4% [38].
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2.2.4. C Sequestration

The annual carbon sequestration rate serves as a critical indicator for calculating the
carbon footprint. This metric is essential for evaluating the various agricultural practices
implemented in the olive tree plantation, assessing their impact on carbon sequestration and
greenhouse gas (GHG) emissions, and formulating guidelines aimed at enhancing carbon
sequestration and mitigating GHG emissions within the agroecosystem [29]. Therefore,
in this study, the annual carbon rates were determined in each treatment by dividing the
total amount of carbon accumulated in the biomass and soil by the age of the plantation
(approximately 35 years).

2.3. Soil Arthropod Biodiversity

To assess soil arthropod diversity, pitfall traps were positioned in each plot over a two-
week period during the autumn and spring seasons from 2022 to 2024. Nine monitoring
stations per hectare were established in the center of each plot, consisting of two traps each.
The traps utilized were plastic and colorless, with a diameter of 7.5 cm and a height of
11.5 cm, filled with propylene, and were installed at the same level as the soil surface to
minimize terrain disturbance. The samples collected were transported in plastic bags to
the laboratory, to be filtered and cleaned of debris and inorganic material. The processed
samples were then placed in Petri dishes and identified using a stereomicroscope (C-PS,
Nikon, Melville, NY, USA).

Classification was performed up to the order level to estimate arthropod abundance
and richness (S), based on quantifiable morphological characteristics. Such higher levels of
arthropod classification are recognized for their efficiency in rapid biodiversity surveys,
thereby conserving time and resources [39,40]. Samples were also analyzed in terms of
diversity indices, including the reverse Simpson’s Index (1-D) and Pielou’s Index (J), since
both indices are particularly valuable for comparative community assessments [41].

Additionally, further classification into important functional groups was performed,
concerning the delivery of prioritized agroecosystem services within an olive grove, aiming
to provide a representative overview of the “functional” fauna [42]. Based on the functions
provided by most of the species, the target services identified were biological pest control
(BPC) and decomposition–nutrient cycling (NC) [43]. The BPC subgroup comprised arthro-
pod taxa that predominantly include typical potential predators of Tephritidae pupae, such
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as Araneae, Coleoptera, Formicidae, Dermaptera, and Chilopoda [44,45]. The NC subgroup
included taxa where primary decomposers and detritivores are found, including Isopoda
and Diplopoda [46,47] (Table 1).

Table 1. Soil arthropod taxa delivering ecosystem services in an olive grove.

Olive Agroecosystem Service Taxa

Biological pest control
(BPC)

Araneae
Chilopoda

Dermaptera
Hymenoptera (Formicidae)

Coleoptera

Nutrient cycling
(NC)

Isopoda
Diplopoda

2.4. Data Analysis

The effects of and interactions between factors on measured parameters were assessed
using analysis of variance (ANOVA), derived from linear mixed-effects (LME) models,
using SPSS 20.0® for Windows. The data were assessed for their normality by means of the
Shapiro–Wilk test (p < 0.05), and were found to be not normally distributed. For that reason,
the Kruskal–Wallis non-parametric test was selected to assess the arthropod community’s
differences between the three treatments, with a significance reported at the predefined
levels of p < 0.05. Also, post hoc testing using Dunn’s Bonferroni approach for pairwise
comparisons was performed to avoid Type I errors. Real means and standard errors of means
were generated by using the ‘apply’ function in R software (R Core Team 2014) [48].

3. Results
3.1. Carbon Sequestration
3.1.1. Soil Organic Carbon

Throughout the two years of experimentation, the soil organic carbon (SOC) content
in the topsoil (0–20 cm) ranged from 0.8% to 1.82%. The overall mean values for both years
were higher in the cover crop (CC) treatment (1.36%) compared to herbicide (H) (0.95%) and
spontaneous vegetation (SV) treatments (1.05%). In contrast to the first year, where the SOC
did not show statistically significant differences among the groundcover treatments, the
overall results indicate a significant difference (p < 0.05), as the second year demonstrated
an increase in the SOC in CC, while a decrease was observed in H (Table 2, Figure 4).

Table 2. Mean values and standard errors (±SD) of soil organic carbon (SOC) concentration (%), C
stock in soil (Mg C ha−1), C in olive trees and the groundcover flora (Mg ha−1 yr−1), and carbon
sequestration (Mg ha−1 yr−1) measured during 2022 and 2023 in each treatment.

Carbon
Fluxes SOC Soil C Stock Annual C in

Olive Tree
Annual C Groundcover C Sequestration

Year 2022 2023 2022 2023 2022 2023 2022 2023

H 1 ± 0.1 a 0.9 ± 0.2 b 21.7 ± 2.8 a 16.4 ± 1.9 b 0.616 1.2 ± 0.6 a 0.7 ± 0.2 b 24.2 ± 2 a 17.7 ± 2 b
SV 1.1 ± 0.03 a 1.1 ± 0.2 b 23.7 ± 2.4 a 18 ± 3.4 b 0.611 1.8 ± 1.1 a 2 ± 1.1 b 26 ± 1 a 20.6 ± 4 ab
CC 1.2 ± 0.1 a 1.5 ± 0.4 a 26 ± 4.7 a 27 ± 6.1 a 0.629 3.1 ± 1.3 a 4 ± 1.4 a 29.8 ± 4 a 31.6 ± 5 a

ANOVA (F) 5.87 5.108 9.258 37.704
Sig. (p) 0.013 0.020 0.020 <0.001

H: herbicide, SV: spontaneous vegetation, and CC: Cover crops. Mean values for each measured parameter are
not significantly different in the case of the same letter (p < 0.05; Duncan test).
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Figure 4. Soil organic carbon (SOC) rate fluxes among treatments (H: herbicide, SV: spontaneous
vegetation, and CC: cover crops) within the 2022–2023 period. The error bar represents standard error
(±SD). Mean values for each measured parameter are not significantly different in the case of the
same letter (p < 0.05; Duncan test).

3.1.2. Carbon Accumulated in Plant Material

The average annual rate of tree biomass accumulation per hectare was 967 ± 16.2 kg ha−1 y−1.
To calculate the overall C content, the percentage of C in the trunk wood, different types
of branches, and roots was set to 45.7% for all trees [29]. Thus, the amount of C stored in
the total biomass of the trees was 21.7 Mg C ha−1, having an average annual rate of carbon
accumulation per hectare equal to 618 ± 9 kg C ha−1 y−1 (Table 2, Figure 5). Therefore, the
annual rate of CO2 taken from the atmosphere per hectare is 2.33 Mg ha−1 y−1 in CC, followed
by H and SV, with values of 2.28 and 2.24 Mg ha−1 y−1, respectively.

Agriculture 2025, 15, 898 9 of 17 
 

 

 

Figure 5. Mean C sequestration (Mg ha−1 yr−1) among treatments (H: herbicide, SV: spontaneous 
vegetation, and CC: cover crops) within 2022–2023 period. Mean values are not significantly differ-
ent in the case of the same letter (p < 0.05; Duncan test). The error bar represents standard error 
(±SD). Mean values for each measured parameter are not significantly different in the case of the 
same letter (p < 0.05; Duncan test). 

3.1.3. Annual C Sequestration Rate 

The annual sequestered C rate was calculated by dividing the annual amount of C 
accumulated in the plant biomass and soil, recording 643 ± 12 kg ha−1 year−1 on average. 
Regarding the groundcover treatment, the mean value of sequestered C obtained for the 
CC plot was significantly higher compared with the H treatment, which presented lower 
mean annual rates (Table 2). 

Of the total annual sequestered C, 86–91% of this amount corresponds to C stored at 
a 20 cm soil depth, while 6–12% and 2–3% correspond to organic C in groundcover and 
olive tree biomass, respectively (Table 2) (Figure 5). Such a low percentage of C stored in 
the tree biomass can be attributed to the low planting density of the plantation (10 × 10 
m). Although the amount of C in the groundcover was low, its significance should not be 
underestimated, as decomposition processes contribute to C accumulation in soil over 
time. 

3.2. Soil Arthropod Diversity 

3.2.1. Total Soil Dueling Arthropod Abundance 

Throughout the entire sampling period, 1886 specimens were included in the analy-
sis. The highest abundance was recorded in spring, with 1220 captures, while autumn 
yielded 667 captures. These individuals were classified into 10 distinct taxa: Hymenoptera 
(40.5%), Isopoda (10.9%), Coleoptera (8.7%), Dermaptera (7.5%), Diplopoda (6%), Blat-
todea (4.9%), Hemiptera (3.1%), Chilopoda (2.8%), and Orthoptera (2%) from the class 
Insecta, and Aranae (13.6%) from the class Arachnida. All arthropod orders were found 
across treatments (Table 3). Additionally, pitfall traps captured individuals from the or-
ders Diptera and Mecoptera, which are not considered true soil inhabitants and were 
therefore excluded from the analysis. 

The values of arthropod catches varied among treatments; however, the differences 
in abundance were not statistically significant (Table 3, with Appendix A presenting the 
results of the statistical test). The same was observed for the Shannon and reverse Simp-
son’s indices, in both seasons. Nevertheless, the highest number of arthropods captured 

Figure 5. Mean C sequestration (Mg ha−1 yr−1) among treatments (H: herbicide, SV: spontaneous
vegetation, and CC: cover crops) within 2022–2023 period. Mean values are not significantly different
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Mean values for each measured parameter are not significantly different in the case of the same letter
(p < 0.05; Duncan test).
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Regarding the overall C stored in the groundcover plant biomass, CC treatment had
the highest values (36.6 Mg ha−1 yr−1), while H indicated the lowest (15.7 Mg ha−1 yr−1)
(Table 2). During the first year, the C values were not statistically different among the
groundcover treatments; however, the overall results indicate a significant difference, due
to an increase during the second year in the CC plots’ plant biomass’ in contrast with that
of the H plots, which decreased.

3.1.3. Annual C Sequestration Rate

The annual sequestered C rate was calculated by dividing the annual amount of C
accumulated in the plant biomass and soil, recording 643 ± 12 kg ha−1 year−1 on average.
Regarding the groundcover treatment, the mean value of sequestered C obtained for the
CC plot was significantly higher compared with the H treatment, which presented lower
mean annual rates (Table 2).

Of the total annual sequestered C, 86–91% of this amount corresponds to C stored at a
20 cm soil depth, while 6–12% and 2–3% correspond to organic C in groundcover and olive
tree biomass, respectively (Table 2) (Figure 5). Such a low percentage of C stored in the tree
biomass can be attributed to the low planting density of the plantation (10 × 10 m). Although
the amount of C in the groundcover was low, its significance should not be underestimated,
as decomposition processes contribute to C accumulation in soil over time.

3.2. Soil Arthropod Diversity
3.2.1. Total Soil Dueling Arthropod Abundance

Throughout the entire sampling period, 1886 specimens were included in the analysis.
The highest abundance was recorded in spring, with 1220 captures, while autumn yielded
667 captures. These individuals were classified into 10 distinct taxa: Hymenoptera (40.5%),
Isopoda (10.9%), Coleoptera (8.7%), Dermaptera (7.5%), Diplopoda (6%), Blattodea (4.9%),
Hemiptera (3.1%), Chilopoda (2.8%), and Orthoptera (2%) from the class Insecta, and
Aranae (13.6%) from the class Arachnida. All arthropod orders were found across treat-
ments (Table 3). Additionally, pitfall traps captured individuals from the orders Diptera
and Mecoptera, which are not considered true soil inhabitants and were therefore excluded
from the analysis.

Table 3. Abundance of soil arthropod taxa per hectare, functional taxa, and values of richness and
biodiversity indices for each treatment in autumn and spring.

Season Autumn Spring Total

Treatment H SV CC H SV CC H SV CC

Arachnidae 94 ± 2 84 ± 4 92 ± 1 108 ± 4 60 ± 1 74 ± 1 202 144 166
Hymenoptera 102 ± 10 64 ± 4 188 ± 9 356 ± 4 462 ± 5 354 ± 3 458 526 542

Hemiptera 4 ± 1 4 ± 0.4 2 ± 1 44 ± 1 18 ± 1 44 ± 1 48 22 46
Isopoda 54 ± 6 62 ± 3 102 ± 2 90 ± 1 54 ± 1 50 ± 1 144 116 152

Chilopoda 18 ± 1 22 ± 1 36 ± 6 8 ± 1 6 ± 0.2 16 ± 0.1 26 28 52
Coleoptera 24 ± 9 16 ± 3 24 ± 22 70 ± 1 78 ± 1 118 ± 2 94 94 142
Orthoptera 12 ± 2 0 4 ± 1 14 ± 1 22 ± 1 24 ± 0.4 26 22 28
Blattodea 84 ± 3 16 ± 4 40 ± 4 12 ± 1 8 ± 1 24 ± 1 96 24 64

Dermaptera 4 ± 0.3 12 ± 4 14 ± 1 52 ± 1 84 ± 2 118 ± 5 56 96 132
Diplopoda 8 ± 0.3 20 ± 1 126 ± 1 18 ± 1 36 ± 1 18 ± 1 26 56 144

Abundance/ha 404 300 628 772 828 840 1176 1128 1468
BPC 242 198 354 594 690 680 836 888 1034
NC 62 82 228 108 90 68 170 172 296



Agriculture 2025, 15, 898 10 of 17

Table 3. Cont.

Season Autumn Spring Total

Treatment H SV CC H SV CC H SV CC

S 10 9 10 10 10 10 10 10 10
H′ 1.86 1.88 1.81 1.72 1.54 1.84 1.79 1.75 1.87
1-D 0.82 0.82 0.79 0.66 0.66 0.78 0.79 0.74 0.78

H: herbicide, SV: spontaneous vegetation, CC: cover crops, S: richness of orders and classes, H′: Shannon index,
1-D: reverse Simpson’s index, BPC: biological pest control, and NC: nutrient cycling.

The values of arthropod catches varied among treatments; however, the differences
in abundance were not statistically significant (Table 3, with Appendix A presenting the
results of the statistical test). The same was observed for the Shannon and reverse Simpson’s
indices, in both seasons. Nevertheless, the highest number of arthropods captured was in
the CC treatment, while the lowest was in the SV treatment, suggesting a trend towards
increased total arthropod abundance in plots sown with cover crops (Table 3).

In the Whittaker plots depicting the taxa abundance distribution (Figure 6), the treated
plots demonstrated steeper slopes in autumn, suggesting that all treatments, particularly
CC, exhibited higher species dominance. In contrast, during spring, CC showed a more
equitable distribution among taxa communities compared to SV, which displayed a steeper
slope in its abundance distribution curve, indicating the prevalence of some taxa. Overall,
no statistically significant differences between abundance distribution were observed
among seasons.
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treatments. NS indicates no significant differences among distribution curves and seasons (p < 0.05;
Duncan test).

3.2.2. Functionally Relevant Taxa Abundance

Throughout the entire sampling period, a total of 1698 functional arthropods were
captured, accounting for 90% of the overall arthropod catches. Among these, 73.1% were
classified within the biological pest control group (BPC), while the remaining 16.91% were
categorized in the nutrient cycling group (NC). Statistical analysis revealed no signifi-
cant differences in functional arthropod abundance between treatments for both seasons
(Table 3, Appendix A, and Figure 7 presenting the correspondent visual representation
of the seasonal abundance’s medians and quartiles). However, both subgroups exhibited
higher relative abundance values in CC plots.
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Specifically, in spring, the BPC values of relative abundance were higher in SV, while
for the NC subgroup, they were higher in H. The primary factor contributing to the
increased values in the NC subgroup in H plots during spring was identified as the
substantial number of Isopoda captures.

3.2.3. Specific Taxa

Hymenoptera was one of the most abundant taxa throughout the sampling period
(10–23 and 4–23/24), with a total of 763 specimens, peaking seasonally in spring. Notably,
higher catch rates were recorded in CC plots during autumn, as well as in SV plots during
spring (Table 3). Araneae comprised 256 individuals, with higher populations observed in
the H plots, followed by the CC and SV plots. Isopoda ranked third in terms of abundance,
totaling 206 individuals, with a higher relative abundance in the CC treatment plots
during autumn, while elevated values were noted in the H treatment plots during spring.
Coleoptera ranked next in abundance, with a total of 165 individuals, exhibiting a higher
seasonal catch rate in spring (133 individuals). The mean abundance of Coleoptera was
greater in the CC plots. The order Dermaptera followed, with 142 individuals, and the
highest seasonal catches were recorded in spring (127 individuals). The CC plots supported
a larger Dermaptera population during both seasons.

A comparative analysis of taxon mean abundances between treatments indicated that
CC plots exhibited a higher catch rate for six taxa, while H plots demonstrated a higher
taxa relative abundance in three instances (Table 3). Notably, Diplopoda was the only taxon
that benefited from spontaneous vegetation.

4. Discussion
Over the course of the two-year experiment, cover crops were comparatively assessed

for their effects on carbon sequestration and soil arthropod diversity in relation to herbicide
application. However, further research is needed to assess the longer-term implications of
continuing with these management practices across other Mediterranean soil types. The
sampled sites were situated within the same ecological landscape, and their agricultural
characteristics were shaped by uniform agricultural practices, thereby rep-resenting a
homogeneous unit under the current anthropogenic influences.
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4.1. C Sequestration

A comparative analysis was conducted on bare soil, cover crops, and spontaneous veg-
etation regarding their photosynthetic rates in terms of biomass production. Cover crops
were recommended due to their rapid growth and elevated photosynthetic rates, which
enhance their capacity for carbon sequestration. The results of the average carbon seques-
tration mean values are consistent with results from a recent meta-analysis encompassing
diverse Mediterranean cropping systems [29,49].

The C sequestration rate is influenced by the C input, which is affected by the manage-
ment practices adopted [49,50]. This is corroborated by the present study, where carbon
sequestration was significantly higher in plots with cover crops. The biomass produced
by cover crops has been shown to play a vital role in carbon sequestration [51,52], and
their long-term application has been demonstrated to enhance the soil structure chemical
properties [53]. The carbon storage capacity within an olive agroecosystem reflects the
growth rate of olive trees and groundcovers, as well as their efficiency in sequestering
atmospheric carbon, thereby contributing to climate change mitigation in the long term.
Similarly to recent studies, a high carbon content was found in cover crop plots, explaining
the increase in the soil organic carbon (SOC) in these plots [54,55]. Spontaneous vegetation,
which yields less biomass compared to seeded cover crops, releases carbon from residues
at a slower rate than cover crops [56]. Due to its carbon-rich residues, such as lignin, spon-
taneous vegetation exhibits greater stability and requires more time for decomposition,
mineralization, and subsequent absorption by trees [57]. Conversely, leguminous cover
crops enhance microbial activity in the soil, thereby facilitating the degradation of organic
matter [58].

Despite the notable differences among treatments, the variations in the SOC observed
in relatively short-term experiments (1–2 years) are considered negligible. Consequently,
the carbon flux analysis of the orchard does not account for this negligible SOC, as the
carbon and nutrients (e.g., nitrogen) contained in biomass necessitate considerable time to
accumulate in the soil through decomposition processes [59]. The continued application of
this technique in subsequent years is anticipated to increase the SOC, thereby enhancing
aggregate stability and improving the soil’s capacity to retain available plant water [60].

4.2. Soil Arthropod Biodiversity

The results concerning arthropod assemblages were consistent with previous stud-
ies regarding the most abundant taxa and peak seasons [23]. However, comparisons of
abundance and diversity did not yield significant differences across treatments. Similar
findings were reported in research on soil arthropods within the olive agroecosystem in
Greece [61]. According to similar studies, such non-discriminatory results may be attributed
to the heterogeneity of agricultural practices implemented within the same management
system, as well as climatic factors and the varying responses of species to management
disturbances [62,63]. In this instance, the short duration of cover crop establishment, the
proximity of experimental plots, and the sample size may also influence the results of
ecological studies [64].

The four most dominant taxa identified within the soil arthropod community—
Hymenoptera (Formicidae), Araneae, Isopoda, and Coleoptera—have consistently been
reported in previous studies as the most abundant in olive agroecosystems [65,66]. Hy-
menoptera, Coleoptera, Dermaptera, and Diplopoda exhibit higher populations in the
cover crop treatment plots, indicating a preference for vegetative cover. This preference
can be linked to the agricultural landscape, as these taxa respond to the anthropogenic
modifications to the environment [67] particularly in relation to soil structure [68]. On the
other hand, Arachnidae and Blattodea displayed higher mean abundances in the high-
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intensity treatment, which contrasts the findings from similar studies [69], suggesting that
their community composition may be favored by heterogeneous plant cover.

The peak season for soil arthropod assemblages in this study was comparable to
findings from a related study in Greece [61], which indicated that seasonal variation and
management heterogeneity significantly affect arthropod communities. As ectotherms,
arthropods exhibit a strong response to temperature, which is a critical factor influencing
their developmental rates [70], activity levels, and the likelihood of their capture by pitfall
traps [64]. Specifically, Hymenoptera, Coleoptera, Hemiptera, Orthoptera, Dermaptera,
and Diplopoda were found in high numbers during the summer, a phenomenon that can
be attributed to favorable climatic conditions and the increasing availability of soil–plant
litter [23].

Ultimately, functional subgroups exhibited higher relative abundance values across
treatments cumulatively for both seasons, as anticipated, due to the significant proportion
of arthropod catches comprising these functional subgroups. This observation aligns with
numerous prior studies [71,72], which indicate that the incorporation of natural or planted
groundcover vegetation in perennial crops enhances the abundance of various groups of
natural enemies [73]. According to previous research, the presence of adjacent natural
vegetation in olive groves can augment populations of generalist ground predators, thereby
increasing the mortality of Bactrocera oleae pupae in soil [26,74,75]. This finding is further
corroborated by a study conducted in Spain that indicated an increase in the primary
natural enemy groups of olive insect pests associated with groundcover vegetation [76].

5. Conclusions
The findings of the current study indicate that cover crops can lead to higher mean car-

bon accumulation, while favoring soil arthropod overall abundance. Consequently, when
comparing sustainable management practices to conventional methods in olive groves, the
former demonstrated a positive influence on sequestered carbon and the local composition
of species assemblages within the agroecosystem. This, in turn, extends the provisioning of
ecosystem services, while benefiting rural stakeholders and local agroecosystems.

Future research should focus on the long-term effects of cover crops on carbon se-
questration and the abundance and biodiversity of soil arthropods in olive groves to yield
more definitive conclusions. Ultimately, such findings can contribute to providing valuable
insights for developing agroecology-based solutions related to farm management and its
respective policies, with the goal of increasing olive farming resilience and regenerating
degraded land.
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Appendix A
Results of the Kruskal–Wallis test applied for the comparison of the accumulative relative

abundance of soil arthropod taxa per hectare, the abundance of total arthropod catches,
functional subgroups, the relative abundance of functional subgroups (BPC: biological pest
control group, NC: nutrient cycling group), and the values of richness and biodiversity
indexes between treatments, for the study period 2022–2023.

Taxon χ2 (p)

Arachnidae 0.203
Hymenoptera 0.265

Hemiptera 0.294
Isopoda 1.68

Chilopoda 3.478
Coleoptera 0.563
Orthoptera 1.505
Blattodea 2.032

Dermaptera 0.566
Diplopoda 2.662

Abundance/ha 1.745
Functional taxa

BPC 1.216
NC 0.474

H′ 1.377
1-D 0.533
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