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Agricultural intensi cation is one of the primary drivers of global pollinator
decline, yet empirical evidence for the effectiveness of biodiversity-oriented
management under real commercial farming conditions remains scarce. This
study evaluates the effects of a multi-species cover crop mixture, implemented as
a regenerative soil management strategy in the inter-row spaces of ve com-
mercial perennial farms across Mediterranean Spain, on pollinator abundance,
species richness, family richness, alpha diversity, and community composition
over three consecutive years (2020-2023). Standardized Malaise trapping yielded
a total of 18,483 pollinator individuals comprising 167 species, 97 genera, and 42
families across four orders. Regenerative management consistently enhanced all
pollinator metrics relative to conventional bare-soil management. Abundance
increased more than threefold overall, with a 5.7-fold increase in olive systems
and a 2.2-fold increase in stone fruit systems. Species richness more than
doubled, family richness increased by 80%, and both Shannon and Simpson
diversity were signi cantly higher under regenerative management. Community
composition also differed signi cantly between management treatments, and
indicator species analysis identi ed 29 signi cant indicator species, nearly 90% of
which were associated with regenerative management across a broad range of
pollinator groups. These responses were robust across contrasting crop types and
remained ecologically meaningful throughout the study period, despite a decline
in pollinator abundance during the nal sampling year. The magnitude of the
management effect was particularly pronounced in structurally simpli ed
superintensive olive orchards, where baseline pollinator communities were
most impoverished under conventional tillage. Collectively, these results indicate
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that orally diverse, multi-species cover crop mixtures can produce substantial
and consistent increases in pollinator abundance, diversity and community
composition under commercial farming conditions, supporting evidence-
based cover cropping as a practical strategy to help mitigate the effects of
agricultural intensi cation on pollinators.

KEYWORDS

agricultural practices, biodiversity, cover crops, Mediterranean region, olives,
regenerative agriculture, stone fruits

1 Introduction

Agricultural intensi cation has been identi ed as one of the
main drivers of biodiversity loss worldwide, leading to the simpli-
cation of agroecosystems and declines in a wide range of taxa,
including insects (Foley et al., 2011; Tscharntke et al., 2005). These
changes are particularly concerning given the central role of insects
in ecosystem functioning and the delivery of key ecosystem services.
Among these, pollination is essential for the reproduction of many
wild plants and for the production of a large proportion of crops,
making pollinators a critical component of agricultural systems
(Klein et al., 2007; Potts et al., 2010; IPBES, 2016).

Olive trees (Olea europagaare primarily wind-pollinated,
although honeybees frequently visit and forage on olive owers,
moving between in orescences in a way that may enhance pollen
transfer despite the crop’s predominantly anemophilous strategy
(Giovanetti, 2018). Stone fruit species (Prunusspp., including plum,
peach and nectarine) show variable self-compatibility, and insect-
mediated cross-pollination consistently improves fruit set relative to
self-pollination (Klein et al., 2007; Deng et al., 2022). Beyond their
direct role in pollination, the oral resources provided by cover
crops can also support natural enemies of crop pests and contribute
to soil-related ecosystem services (e.g., erosion control, organic
matter input), making biodiversity-oriented inter-row management
relevant not only for pollinator conservation but also for crop
productivity and broader agroecosystem function.

The decline of pollinator populations has been documented
across different regions and production systems and is commonly
associated with habitat loss, pesticide use and reduced landscape
complexity (Potts et al., 2010; Sanchez-Bayo and Wyckhuys, 2019).
In response, there has been increasing interest in the development of
agricultural practices that enhance biodiversity while maintaining
productivity. A growing body of evidence suggests that management
practices that increase habitat heterogeneity, such as the incorpora-
tion of oral resources, eld margins or vegetated strips, can support
higher abundance and diversity of pollinators and other bene cial
arthropods (Marshall and Moonen, 2002; Scheper et al., 2013; Batary
etal, 2015; Rey et al., 2019; Albrecht et al., 2020; Ploeg et al., 2025).
In this regard, studies conducted in intensive agricultural systems of
the Iberian Peninsula have shown that the implementation of
multifunctional margins, seed mixtures of native species sown in
combined strips, can signi cantly increase both species richness and
insect abundance, including pollinators and natural enemies
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(Miranda-Barroso et al., 2021; Santa et al., 2021). Furthermore,
these areas function as reservoirs that contribute to the conservation
of rare, threatened and endangered species (Santa et al., 2021). On a
broader temporal scale, experimental long-term monitoring of oral
margins in intensive vegetable farms has shown a sustained increase
in insect abundance over a decade, with a total growth of 403% in the
number of individuals, underscoring the value of these measures as a
permanent conservation strategy (Peris-Felipo et al., 2025).
Regarding the temporal dynamics of margin use, Brittain et al.
(2022) analyzed the response of different pollinator groups to oral
margins of varying age across 96 farms in Hungary, nding that all
groups studied, including honey bees, bumble bees, mining bees,
hover ies and Lepidoptera, showed greater abundance in sown
margins compared to controls, although the relationship with
margin age varied by taxonomic group, suggesting that periodic
re-sowing may be needed to sustain long-term bene ts.

However, much of this evidence comes from experimental or
semi-natural systems, and there is still limited understanding of
how such practices perform under commercial farming conditions.
In particular, few studies have quanti ed the effects of contrasting
management strategies on pollinator communities across different
crop types and over multiple years. This limits the ability to assess
the generality and robustness of biodiversity responses in real-world
agricultural systems.

In this study, we evaluate the effects of alternative management
practices on pollinator communities in commercial farms.
Speci cally, we compare pollinator abundance and diversity be-
tween management treatments across different crop groups and
over multiple years. By analyzing both abundance and taxonomic
richness at different levels, this study provides a comprehensive
assessment of how management practices in uence pollinator
communities under operational agricultural conditions.

We hypothesized that (i) regenerative management would
increase pollinator abundance, species richness and family richness
relative to conventional bare-soil management, owing to greater

oral resource availability; (ii) this effect would differ between crop
types, being more pronounced in olive orchards, where the crop
itself provides negligible oral resources, than in stone fruit or-
chards, where tree blossom partially buffers the conventional
treatment; and (iii) community composition would differ qualita-
tively between treatments, re ecting a shift toward a richer and
more functionally diverse pollinator assemblage under cover
crop management.
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2 Materials and methods

2.1 Areas of study

The study was carried out in ve highly productive Spanish
perennial tree crops farms located in Alhama de Murcia (Murcia),
Almunia de Doza Godina (Zaragoza), Medina de Rioseco
(Valladolid), Mula (Murcia), and Pozaldez (Valladolid) (Figure 1).

Alhama de Murcia farm occupies an alluvial terrace within the
Guadalentin River Valley, in the province of Murcia (37 44 42.07
N, 1 20 35.00 W), at approximately 200 m a.s.l. The gently sloping
terrain is underlain by calcaric uvisol and regosol soils. Regarding
soil textural composition, the pro le is classi ed as silt loam (sand
11%, silt 79%, and clay 10%). These characteristics are typical of the
semi-arid alluvial systems of southeastern Spain, where soil erosion,
surface crusting and organic matter decline are well-documented
processes (Calatrava et al., 2011). The farm is cultivated with plums.
Following the K ppen-Geiger classi cation (Kottek et al., 2006), the
climate is cold semi-arid steppe (BSk), with hot, arid summers and
mild, dry winters. Mean annual temperature stands at 16.6 C, with
summer months (June—August) regularly reaching 26 C while
winter values (December—February) drop to around 8 C.
Precipitation is scarce, irregular, and concentrated mainly in
autumn and early winter, re ecting the high interannual variability
documented across the Guadalentin basin (Calatrava et al., 2011).

Almunia de Doza Godina farm lies within the Ebro River Valley,
in the province of Zaragoza (4129 48.35 N, 1 1659.21 W), at
388,90 m.as.l. The plot is set on a gently undulating surface (5%
average slope) developed over limestone crust formations with silty
loam soils (sand 28%, silt 62%, clay 10%). This soil texture is

10.3389/fcosc.2026.1871779

consistent with the loamy to silty loam agricultural soils of Central
Aragon, where alkaline, carbonate-rich pro les of low organic matter
content are characteristic (Sterk et al., 1999). Nectarines represent the
main crop at this location. Under the K ppen-Geiger framework
(Kottek et al., 2006), the area is classi ed as continental
Mediterranean (Ds), combining hot, dry summers with cold and
relatively wet winters. Mean annual precipitation reaches 378.95 mm
and mean annual temperature is 16.1 C; summer averages (June—
August) stand at around 25 C while winter minima (December—
February) remain consistently below 10 C, with maximum rainfall
occurring in winter and spring (Gonzalez-Perez et al., 2025).
Medina de Rioseco farm is established on the Tierra de Campos
plateau, in the province of Valladolid (41 52 35.39 N, 5 1 12.77 W),
at 839 m.a.s.l and a 1.25% slope. The plot is characterized by a sandy-
loam textural class (sand 59%, silt 32%, clay 9%). The area forms part
of the northern Meseta, a broad sedimentary plain dominated by
calcareous loamy soils with semi-arid bioclimatic characteristics and
low water retention capacity (Ceballos et al., 2002). The farm follows
a superintensive olive plantation system. According to the K ppen-
Geiger classi cation (Kottek et al., 2006), this location falls under a
warm-temperate Mediterranean climate (Csb), characterized by
warm, dry summers and cold winters with precipitation concentrated
in autumn and spring. Mean annual temperature is 12.2 C, with July
averages near 22 C contrasting with January values of around 4 C.
Total annual rainfall averages 486 mm, substantially higher than at
the Murcian sites, though a marked summer drought persists.
Mula farm is located in the interior valley of the Mula River, in
the province of Murcia (38 4 37.06 N, 1 27 13.96 W), at roughly
353 m a.s.l and slope of 11.90%. Furthermore, the soil is character-
ized by a silt-loam texture, composed of (sand 16%, silt 80%, clay

FIGURE 1

Distribution map of the study farms in Spain. The map shows the geographic location of the ve farms localities: Alhama de Murcia, Alimunia de
Dofia Godina, Medina de Rioseco, Mula, and Pozaldez. Source: Image from Google Earth, reproduced under Google's Terms of Service.
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