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Abstract: Cover cropping is a promising and sustainable agronomic practice to ameliorate soil
health and crop performances in agro-ecosystems. Indeed, cover crops (CCs) may regulate several
ecosystem services such as nutrient cycling, soil fertility, moderation of extreme meteorological
events, pollination, and climate and water regulation; in addition, CCs are also used as forage crops
and have considerable effects on plant and soil biodiversity. However, to achieve the desired effects
on agro-ecosystems, cover cropping should be carefully adopted by considering the specie choice,
period of cultivation, and termination method based on site, farm, or purpose-specific. The main
objective of this manuscript is to analyze the effects of modern agriculture on soil and environmental
health and how cover crops can support sustainable cropping systems and global food security. In
addition, it focuses on how the incorporation of cover crops into conventional cropping systems can
help in the diversification of crops and assist in mitigating the environmental effects of cropping
systems. Finally, this review thoroughly investigates the potential effects of CCs on environmental
sustainability, which can be an important source of information for sustainable crop production and
food security.

Keywords: agro-ecosystems; soil cover; subsidiary crops; crop yield; carbon sequestration; nutrient
cycle; greenhouse gas emissions

1. Introduction

Global agri-food systems are facing challenges in realizing food chains for feeding the
growing population, which is expected to be 10 billion people by 2050 [1]. At the same
time, agricultural systems need to be managed by a sustainable approach to reducing
external inputs, such as fossil fuels, and non-judicious use of mineral fertilizers and pes-
ticides. In addition, environmental concerns such as greenhouse gas emissions (GHGs),
nutrient leaching, especially nitrogen, and its associated environmental pollution should
be addressed by means of sustainable practices [2].

The United States Department of Agriculture (USDA) defines conventional farming
systems as “agricultural practices which include the use of synthetic chemical fertilizers,
pesticides, herbicides, and other continual inputs, genetically modified organisms, con-
centrated animal feeding operations, heavy irrigation, intensive tillage, or concentrated
monoculture production” [3]. In fact, these approaches to managing agricultural lands are

Agriculture 2022, 12, 2076. https://doi.org/10.3390/agriculture12122076 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12122076
https://doi.org/10.3390/agriculture12122076
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-9266-7923
https://orcid.org/0000-0001-8654-3177
https://orcid.org/0000-0002-8198-7585
https://orcid.org/0000-0002-4958-8816
https://orcid.org/0000-0001-8518-3130
https://orcid.org/0000-0002-8396-6307
https://doi.org/10.3390/agriculture12122076
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12122076?type=check_update&version=3


Agriculture 2022, 12, 2076 2 of 21

considered unsustainable in terms of solving environmental issues such as climate change,
environmental pollution, soil erosion, and loss of natural resources [4]. Although modern
agricultural practices are managed through highly specialized machinery in industrialized
farming to apply carefully agricultural inputs, this behavior is leading to unsustainable
cropping systems that generates, in time, a progressive loss of soil fertility and weakening
of agro-ecosystems [5]. This kind of “conventionally” managed agriculture is characterized
by excessive use of inputs, with negative effects on air, soil, and water and causing pollution
and biodiversity loss [6]. Recently, Scopel et al. [7] explained that monoculture has led to a
negative impact on the agro-ecosystems and increased the loss of soil organic matter (SOM),
as well as increasing soil erosion, nitrate leaching, and agrochemicals utilization required
for pest control. In addition, the Intergovernmental Panel on Climate Change (Ginevra)
observed that the greenhouse gasses (GHGs) emissions from modern agricultural practices
contribute to climate change accounting for about 24% of net emissions of anthropogenic
activities [8]. Therefore, to preserve limited resources and agro-environmental stability, it is
necessary to develop sustainable agronomic practices that could sustain crop production
and environmental issues.

Agroecological practices contribute to agri-environmental sustainability because they
are based on different ecological and biological processes that combine high-quality crops
without damaging the environment, stimulating natural soil regeneration, enhancing bio-
diversity, and mitigating climate change [9]. The development of sustainable agricultural
practices, therefore, has become necessary to combine the need to produce enough quanti-
ties of food for consumers with the conscious use of natural resources [10]. The importance
of sustainable agricultural production is increasingly recognized also in European policies
with the EU Green Deal and Common Agricultural Policy [11].

Cover crops are defined as a “close-growing crop that provides soil protection, seed-
ing protection, and soil improvement between periods of normal crop production” [12].
The cultivation of cover crops is performed during the bare fallow period, between the
cultivation of two consecutive main cash crops by using the residual soil nutrients, and
their growth is interrupted either before the next main crop is sown or after sowing the next
crop, in any case before competition between cover crop and main crop starts (Figure 1).
Cover crops can increase soil cover during the bare period, and their biomass support
photosynthetic process, root exudation, and microbial biomass, increasing biodiversity at
the agro-ecosystem level; in addition, cover crop biomass also contributes to the input of
litter to the soil leading to an increase of C and N contents to the soil that could become
available for the next crops [13,14]. In fact, in contrast to the bare soil, the cultivation of
cover crops improves soil physical properties (e.g., soil structural stability, water retention
capacity, infiltration rate). It promotes C sequestration and N retention [15]. In addition,
root exudates of cover crop plants can contribute to an integrated strategy to manage
biotic crop constraints, like weeds, insects, and diseases [16]. Cover crops can contribute
indirectly to overall soil and water quality by absorbing excess nutrients before they leach
from the soil profile, especially with grass species, or by adding nitrogen (N) to the soil in
the case of legume cover crops [17], resulting in a reduced N requirement of the next cash
crop (Figure 1). For instance, the decomposing residues of brassica cover crops, through the
release of glucosinolates, aid in the control of parasitic nematodes (Figure 2). In addition,
during the same phase, they can cause chemical and physical changes in the soil and
facilitate root penetration of the next crop and act as a buffer for the soil [18]. Several
studies confirm that the use of legume cover crops in crop rotations, such as clover and
alfalfa, and graminaceous cover crops, such as ryegrass, oat, and barley, enhance the yields
of the following cash crop [19–21] (Figure 2). In addition, even with the exclusive use of
grass species, the soil nutrient profile can be improved compared to monoculture [22]. All
these benefits identify the cover crops as a sustainable practice able to support a series of
agro-ecological services, even if proper cover crop management is needed to significantly
increase soil C stocks and climate change mitigation, especially in semi-arid Mediterranean
environments, through the reduction of GHGs emissions [23,24]. In fact, the biomass
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produced by CC cultivation represent an input of organic matter that has an ameliorative
effect on microbial activity in the soil, which is the main driver of soil greenhouse gas
fluxes [25]. Moreover, recent research has evaluated the potential beneficial effects of cover
crops on nitrate leaching [26,27], weed control [28], cash crop yield [29], and pollinator
insects [30,31].
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The adoption of CCs in innovative agricultural systems opens alternative solutions
toward sustainable approaches to cultivation (Figure 1). The cultivation of cover crops
associated with no-tillage management is increasingly accepted by researchers and farmers
that identify it as conservation agriculture (CA) practice [32,33] (Figure 1). Under conserva-
tion agriculture, cover crop cultivation allows an increase in a diverse range of beneficial
soil flora and fauna that contribute to nutrient cycling and affect plant nutrition [34]. The
increase in plant diversity affects the composition and abundance of soil microorganisms
which can have ameliorative effects on the uptake and cycling of limited nutrients [35].
Generating residues and adding diversity to the CA system could be achieved by cover
crops (CCs). Indeed, one of the fundamental principles of conservation agriculture is to
keep the soil covered by employing crop residues that are left on the soil surface; however,
when the period between the harvesting of the previous main crop and the establishment
of the next one is too long, crop residues cannot be sufficient to cover the soil generating a
gap where the soil is exposed to weather conditions. Cover crops represent a key aspect
of conservation agriculture needed to avoid this gap and improve the stability of the CA
system, not only in the improvement of soil properties but also for their capacity to promote
increased biodiversity in the agro-ecosystem.

Although cover crops are associated with sustainable cropping systems and support
crop production and the environment, their effective adoption presents some challenges that
should be addressed to avoid misleading farmers in carrying out efficient agroecosystems.
Hence, the main aim of this review is, therefore, to produce a critical overview of the use of
cover cropping to assess the change in environmental aspects and cropping systems due to
cover crop adoption. The specific objectives are: (i) to review the available literature on soil
and environmental health associated with cover crops, (ii) to summarize the role of cover
crops in improving soil conditions for sustainable agriculture, and (iii) to report the effect
of cover crops on greenhouse gas emissions and climate change mitigation.
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2. Effect of Cover Crops on Soil Health

There are numerous crop options that can be used as vegetative covers, like grains,
legumes, root crops and oil crops, all of which show different benefits to support soil health
(Figure 2). Among the benefits related to the adoption of CCs in agricultural lands there are
the increased soil organic carbon and available soil nutrients, reduced soil compaction and
increased soil structure and particle aggregation; as well as enhanced microbial activity,
abundance, and diversity [36]. In particular, some species of cover crops may enrich the soil
with nitrogen (N) due to their ability to fix atmospheric nitrogen (e.g., Vicia sativa L.) [37] or
their fibrous root system able to scavenge nutrients lost from the previous crop and act as
catch crop for reducing the leaching of nutrients (e.g., Avena sativa L.) [38]. In addition, rye
is effective in reducing N leaching from winter to spring [39]. Grass and crucifer species
(e.g., Secale cereale L. or Sinapis alba L.) can improve soil hydraulic properties through
the improvement of soil structure, aggregate stability, and soil porosity [15]. In addition,
Brassicaceous CCs are chosen to improve soil penetration resistance due to taproot growth
but are also used as a highly effective catch crop [40]. Indeed, the taproot system of brassicas,
by creating cavities, can help in reducing soil compaction, and improve water infiltration,
ultimately reducing soil erosion. For example, radish (Raphanus raphanistrum subsp. sativus),
a widely used and highly beneficial cover crop, catch soil nutrients, especially nitrogen [41].
All CCs, due to photosynthesis activity, produce high above- and belowground biomass that
contributes to enhancing soil organic matter accumulation [36,42] (Figure 3). In addition,
CCs are characterized by a rapid establishment rate covering the soil and providing a
significant reduction of the soil erosion process [43]. The adoption of rye (Secale cereale L.)
under no-tillage conditions sustains the yield performance of main crops [44], enhancing
soil quality parameters and keeping N2O emissions under control [24].
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Recently, Papp et al. [45] showed that cultivation of cover crops affects soil microorgan-
ism environments that are critically important for maintaining soil functions and ecosystem
sustainability as they are involved in the cycling of nutrients and the turnover of or-
ganic matter (Table 1). It has been reported that cover crops can alter the dynamics of
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soil bacterial and fungal communities [46], stimulate beneficial microorganisms [47], and
suppress soilborne pathogens [48]. It is interesting to note that some cruciferous CCs,
such as rape (Brassica rapa L.) and canola (Brassica napus L.), when terminated, release
isothiocyanates (ITCs) through hydrolysis of glucosinolates (GSLs) throughout the decom-
position process of their tissues that are effective biofumigants for the control of a range
of soil-borne pathogens and pests [49]. In that sense, the use of cruciferous species as
cover crops could allow the natural control of potential diseases. Waisen et al. [50] showed
that radish (Raphanus raphanistrum subsp. sativus) or brown mustard (Brassica juncea L.)
as a biofumigant crop could be effective against plant-parasitic nematodes without com-
promising on soil health or changing the structure of the nematode community. Fur-
thermore, Aydınlı et al. [51] revealed that using radish (R. sativus) and arugula (Eruca
sativa) as winter cycle plants before plants that are susceptible to the root-knot nematode
Meloidogyne arenaria would help to reduce gall index, egg masses and consequently damage
and also increase crop yields. Last, leguminous CCs are recognized as the most effective
when maximizing nitrogen (N) input becomes the priority [52]. Indeed, leguminous CCs
can deposit significant amounts of N in the soil during growth and have the ability to acidify
the rhizosphere by facilitating the uptake of insoluble phosphorous into the soil [53,54]. Es-
pecially, legume cover crops can fix atmospheric N through symbiosis with rhizobia in the
root nodules [55]. In addition, the fixed N can be transferred to intercropped non-legumes
in mixed cropping systems, or it can follow crops in rotations [56–59]. The biological
N-fixing (BNF) systems can reduce the internal inputs of industrial N fertilizers [60–62].
According to Scavo et al. [63], the presence of Trifolium subterraneum, for three consecutive
years, determined a considerable increase in ammoniacal nitrogen, nitric nitrogen, and the
N cycle bacteria (Table 1). Similarly, Campiglia et al. [64] observed similar wheat yield
when subterranean clover is used as living mulch in intercropping systems. Furthermore,
Guardia et al. [65] revealed that the mitigation effect of the legume (vetch) CC is mainly
due to the reduction of synthetic N inputs in the subsequent cash crop as well as a decrease
in indirect N2O emissions from NO3

− leaching and an increase in C sequestration due
to an intensive photosynthetic activity (Figure 3). In addition, the mitigation efficacy of
barley is mainly due to C sequestration in agreement with Aguilera et al. [66] and the abate-
ment of NO3

− leaching, as reported by Ferrari Machado et al. [60]. One of the potential
disadvantages of cover crops identified by Abdalla et al. [26] was the yield reduction of
about −4% of the following cash crop compared to the bare soil. However, in the selection
of the right cover crop species with a range of legumes and non-legumes, several studies
showed an average increase of 13% in crop yield [67–69]. Recently, Taab et al. [70] observed
a yield reduction of wheat when Persian clover (T. resupinatum L.) is sown at a high rate
because it competes with the cereal for limited resources. Therefore, management practices
concerning cover crops (i.e., choice, cultivation period, termination) needed to be adapted
to the specific soil and cash crop, farming system, and regional climatic conditions (Table 1).

The adoption of cover crops in agro-ecosystems provides multiple benefits to the agro-
ecosystems (Figure 3) [71]. To maximize the agro-ecological functions, complementing and
synergizing the effects, cover crops are usually cultivated in a mixture. Very important, in
the constitution of these mixes is to use the functional complementarity of the species [72].
The potential application of crop mixtures (involving cereal, legume, and even crucifer CCs)
is an issue of strategic interest when designing low-C cropping systems in Mediterranean
areas. Couëdel et al. [73] and Kaye et al. [74] have obtained positive results regarding
N2O emissions and N leaching in comparison with the use of monoculture. For example,
mixing radish with rye can mitigate both soil compaction and soil erosion risks due to the
bio-drilling potential of radish and abundant aboveground biomass cover produced by
rye [75].

In long-term cropping systems such as orchards, cover crops have economic benefits be-
cause, in addition to protecting soil against water and wind erosion (Figure 4), they can con-
tribute, through residue deposition, to nutrient recycling, increased soil health and reduced
mineral fertilization needs [76,77]. This could be useful on vineyard and olive tree systems
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that are generally affected by erosion due to the high loss of organic matter and excessive
tillage operations [78]. Other tree systems that have the same issues are those consisting of
almond [79], apricot [80], and persimmon orchards [81]. Several studies showed that the
cultivation of cover crops is an effective solution to minimize soil erosion in these orchards
caused by intensive tillage, excessive mineral fertilizer applications and herbicide use [82]
and, therefore, preserve soil from the risk of desertification [83–85]. García-Díaz et al. [86]
observed that the use of CCs could reduce soil losses by 3.8 to 0.7 Mg ha−1 in a vineyard.
Novara et al. [87] showed that using CC reduces by 27% annual water runoff and can be
used as an agronomic strategy for improving water use efficiency.
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Table 1. Agro-ecosystem services related to the use of different species of CCs.

Type Management Goals References

Graminaceous Increase SOM [36,42]
Reduce erosion, control weed growth [43]
Sustain crops yield performance [44]
Effective C sequestration [66]
Keeping N2O emissions under control [24]
Reduce NO3

− leaching [39,60,77]
Reduction of weeds and increase in production yield [88]

Brassicaceous Reduce subsoil compaction, reduce soil erosion [40,75]
Catch soil nutrients, especially nitrogen [41]
Effective against pest [50]
Reduce significantly gall index, increase crop yields [51]

Legume Promote nitrogen (N) input [52]
Promote uptake of insoluble phosphorous [53,54]
Increase ammoniacal nitrogen, nitric nitrogen, increase
N cycle bacteria [63]

Nitrogen fixation, effective C sequestration [65]
Improve soil quality [89]
Reduce water and wind erosion, contribute to nutrient
recycling, and reduce fertilization application [76,78–81,83–87]
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3. Effects of Cover Crops on Different Cropping Systems

It is widely recognized that the adoption of monoculture and conventional farming
practices causes changes in the biodiversity of agro-ecosystems leading to the reduction of
soil fertility due to high inputs of chemical fertilizers and increasing resistance in weeds
and phytopathogens associated with overuse of pesticides [90]. This farming approach
of modern industrialized agriculture leads farmers to assume that a simple and linear
system is more productive and profitable than sustainable agronomic practices into farm
planning [91]. It is certainly true that the introduction of cover crops into cropping systems
means a series of modifications in the technical and productive organization [92]. However,
as shown by Bowles et al. [93], long term crop diversification produces the ‘rotation effect’,
which in most cases leads to an increase in agro-ecosystem productivity compared to a
monoculture system and leads to a reduced inputs uses [94]. Jacobs et al. [32] have shown
that the cultivation of winter CCs reduces cash crop production costs in both conventional
and conservation systems (Table 2). Therefore, when introducing cover crops into the farm
cropping systems, it is very important to choose the appropriate species of cover crop and
its suitable termination method must be chosen according to the intended aims [95–97]. In
general, legumes and brassicas tend to have a more in-depth effect due to their taproot
system, while grasses have more superficial effects due to their fasciculate root system [98].
Effects of cover crops on the various soil organisms are extremely complex and diversified,
most frequently including an increase in the biological activity of soils, which promotes
nematode diversity and thus control the allelopathic effect of certain species and varieties
of brassicaceous and graminaceous plants on certain pathogens and nematodes [99,100].
An important benefit of adopting cover crops is the reduction of chemical inputs for weed
control (Figure 3). Indeed, the cultivation of CCs have an important role in low input
agro-ecosystems, because reduce the ecological niche available for weed establishment and
growth, as observed by Campiglia et al. [101]. Grass CCs have an important role in weeds
control are mainly represented by rye, sorghum, wheat, barley, and oats. Leguminous plants
include alfalfa, vetches, peas, and clovers while Brassicaceae cover crops are generally
represented by rape and mustard [63]. In addition, CCs have important functions in
reducing the presence of weeds and costs in herbicide applications [101,102]. For example,
Demir et al. [89] have observed that the specific use of Trifolium repens and Vicia villosa as
cover crops can improve soil quality and yield in apple orchards. Moreover, the use of
V. villosa and Festuca arundinacea Schreb. in hazelnut orchards enhance the reduction of
weeds and increase production yield [88].

After their suppression the CCs residue management are a key factor for weed man-
agement in the next following crop (Table 2). Under CA systems, the CCs residues left
on the soil surface as organic dead mulches can physically impede weed germination
and emergence due to a reduction of seed stimulus (temperature, light and moisture) to
germination [103]. In addition, during their decomposition, they can exude and release in
the soil allelochemicals that have phytotoxic effects on weeds [104]. This phenomenon is
variable depending on the climatic conditions, the cover crop species, the amount and type
of mulch, and the weed species composition [105].

At cover crop termination, the aboveground biomass represents an important source
of soil organic matter input that could determine increases in soil microbial biomass and
their respiration and enzymatic activity [106]. The findings of Thapa et al. [107] using vari-
ations in the species composition of cover crops showed that the different biomass sources
influenced the relative microbial growth and their respective enzymatic activity [108,109].
The presence of a diversified bacterial community can also directly promote crop yields,
as different types of plant growth-promoting rhizobacteria are found in agricultural soils.
Garland et al. [110] revealed that increased bacterial diversity improves the nitrogen cycle
in the soil leading to more efficient use of the added fertilizers. Thus, improved nitrogen
uptake by cover crop residue mineralization leads to higher grain yields. The type and
number of benefits provided by organic matter from cover cropping are highly dependent
on the species that is chosen. For example, crops characterized by succulent tissues and a
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low C/N ratio (e.g., Leguminosae), undergoing mineralization processes, represent sources
of available nutrients, especially nitrogen, in the short term (Figure 5) [109]. On the other
hand, the phytomass characterized by a high C/N ratio (e.g., Graminaceae) with a high
lignin content will persist in the soil for a longer time, improving physical characteristics
and increasing element exchange capacity (Figure 5) [87]. However, the use of these species
must be carefully evaluated concerning the amount of soil nitrogen available for the main
crop, to avoid competition between the associated crops or unavailability of the element
for the cash crops that will follow [111]. The use of cover crops through improved soil
macroaggregate architecture provides diverse microhabitats for soil micro and macro fauna
(Table 2). Indeed, optimal soil microstructural organization provides a suitable environment
for nematodes to graze on microorganisms [112]. These trophic niches are characterized by
important differences in the availability of numerous resources (e.g., SOC and nutrients),
physical pore networks, or predation pressures [113]. These microscopic worms are the
largest component of the active soil community and serve multiple functions. Primarily,
nematodes act on the regulation of carbon cycling [114], biogeochemical cycling of ele-
ments [115,116], and in the evolution of soil microbial population composition [117,118],
contributing to soil functionality. Diversifying plant species in the cropping system using
rotations and cover crops has been shown to promote benefits in agroecosystem function-
ing [119,120]. The results of the meta-analysis conducted by Kim et al. [121], showed that
the use of CCs increases microbial activity and its activity compared to bare fallow. Similar
results were also confirmed by the findings of Daryanto et al. [76]. This, most likely, is due
to the input of plant biomass and from cover crop root exudates [47] increasing the amount
of available carbon main substrate for microbial activity and nematode populations.
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Table 2. Benefits of cropping systems achieved through the use of cover crops.

Cropping Systems Benefits References

Reduction in inputs [94]
Reduction of cash crop production costs [32]
Increase in the biological activity of soils [99,100]
Reduction of weeds [103,122]
Reducing infestations for the next cash crop [123]
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Table 2. Cont.

Cropping Systems Benefits References

Release in the soil allelochemicals that have
phytotoxic effects on weeds [104]

Influence soil microbial biomass, soil
respiration, enzymatic activity [106–109]

Support cash crop growth [124]
Improve tropic niches [112]
Increasing soil water retention capacity and
organic matter content [125–127]

Increases microbial activity [47,120,121]

4. Effects of Cover Crops on Greenhouse Gas Emission and Climate Change Mitigation

The term “climate change” refers to anomalous variations of climate conditions that
persist over an extended period, usually a few decades or even longer [8]. These phenomena
include the increased temperature trends known as global warming, even if they also
encompass changes such as sea-level rise and extreme weather events. Climate change has
a significant impact on agriculture because it generates several abiotic stresses that reduce
plant establishment, growth, and shifts in their blooming [128] and; therefore, it is one of
the factors affecting production yields and food security, despite the continued efforts and
advances in crop selection and the optimization of agricultural practices [129].

Biomass production is the result of terrestrial plants being able to catch and convert
solar radiation through the process of photosynthesis, which, however, can be hindered
by undesired climatic variations such as extreme temperature changes and/or low water
availability [130]. Due to climate changes that increase flood and drought intensity, cover
crop cultivation has recently gained considerable attention due to its benefits in agro-
ecosystem services conservation. Indeed, cover crops could represent a valid agricultural
management option, which has the potential to increase soil C stocks [131] and contribute
to climate change mitigation by sequestering atmospheric CO2, by increase soil organic
carbon (SOC) pools, and offsetting emissions from fossil fuels [132,133]. Recently, it has
been estimated that cover crops have the potential to mitigate climate change through C
sequestration of up to 0.22 t ha−1 year−1 of C fixed in their biomass and useful integrated
with the agro-ecosystem [40]. Adopting practices of crop diversification, such as cover
crops for periods between 4–12 years determine a significant accumulation of organic
matter in the soil [134,135]. This is mostly due to the production of biomass from the whole
plant is incorporated in the agro-ecosystems, through transformations operated by soil
microorganisms, becoming an integrated part of the soil carbon pools [134,136]. In addition,
the difference in concentrations and proportions of SOC fractions between available and
recalcitrant C pools biomass inputs may have an impact on soil fauna through modifica-
tions in their microhabitat and food resources [45,137]. After cover crop termination, the
management of the CC residues increases the rate of C input to the soil, thus promoting
soil organic matter accumulation that can potentially reduce the use of synthetic fertilizers
and, through the production of some secondary metabolites, could reduce pest damage
and, therefore, support sustainable agro-chemicals application [37,40,45,138]. However, the
intensity and the benefits could differ based on the soil tillage practice adopted for cover
crop suppression [38,67,102]. Indeed, the CC biomass could be terminated by incorporating
residues into the soil, as green manure under the traditional tillage approach, or left on
the soil surface as dead organic mulch under a no-tillage regime [36]. In general, the
mineralization of organic residues is faster when CC residues are green-manured compared
with CC residue left on the soil surface because there are greater surface contacts of CC
residues with the soil microorganisms that in aerobic conditions mineralize more rapidly
the organic residues with the release of plant nutrients [139,140]. In addition, higher green-
house gas emissions are more intensive when CC residues are incorporated into the soil
than CC residues left on the surface [141]. Therefore, CCs could also be responsible for
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GHGs emissions, especially CO2, that are commonly associated with CC characteristics
such as botanical species, CC phenological stage, residue quality (C: N ratio), and method
of CC termination [142]. Several studies have shown that some legume CC species are
found to have higher GHGs emissions than other cover crops [142–144]. It was observed
that the biomass of CC legume, i.e., vetches or clovers, is characterized by residues with
low C: N ratio and therefore decompose faster than grass cover crops, i.e., ryegrass or
oat, that are commonly characterized by a high C: N ratio in their residues and, therefore,
could cause an increase in nitrous oxide emissions (N2O) [145–147]. Some findings suggest
that the cultivation of mixtures of legume CC and grass CC species could mitigate the
excessive biomass mineralization of residues [148]. However, regardless of the CC species,
the period of CC termination represents a valuable aspect that affect the C: N ratio of CC
residues [149,150]. Indeed, early suppression of cover crops before the flowering stage
showed a biomass characterized by a lower C: N ratio than those cover crops that are
terminated in the late season, after the flowering stage [151].

Although cover crop residues and their management could be responsible for CO2
and N2O emissions from agricultural soils, their impact on GHGs emissions should be
evaluated by a holistic approach. Recently, Radicetti et al. [131] showed that the cultivation
of cover crops in vegetable cropping systems resulted in a greater C input: C output ratio
than conventional cropping systems without the adoption of cover crops, meaning that
the carbon accumulated was higher compared with the one that leaves the agroecosystem
with crop yield and CO2 emissions (Table 3). Furthermore, replacing bare fallow with CC
provides additional C inputs from plant biomass and rhizodeposition [152], determining
a significative impact on soil health and environmental benefits [37,45]. In addition, the
findings of Behnke et al. [153] indicate that cover crops can significantly reduce GHG
emissions by reducing inorganic soil N, confirming the hypothesis that cover crops reduce
N2O emissions (Table 3). Moreover, if the growing conditions are suitable, some winter CC
species can become well established and consequently produce significant biomass in the
spring season, reducing air and water pollution without affecting subsequent cash crop
yields [153].

Although nitrogen (N) is one of the essential macro-elements in plant nutrition, it is
also the main nutrient reintegrated employing fertilization practices each year through the
application of synthetic nitrogen. The direct emission from agricultural soils of nitrous
oxide (N2O) is estimated at 1.8 N2O Tg N year−1; more than half of it is lost from the
agro-ecosystems in the form of reactive N forms to the environment due to meteorological
variation. This is particularly true in Mediterranean areas, characterized by hot and dry
summers followed by torrential autumn precipitations. The amount of N2O emission
due to synthetic fertilizers alone accounted for 0.9 N2O Tg N year−1 [154]. Nitrification
is the process of microbial conversion of ammonium ions (NH4

+) to nitrite and nitrate
ions (NO3

−) under aerobic conditions, and it is also responsible for producing N2O via
denitrification. However, NO3

− is highly labile and prone to leaching and runoff losses,
particularly in well-drained, light-textured soils. Nitrate leaching and contamination of
ground and surface water bodies due to generally too severe rain phenomenon led to
deterioration of water quality (e.g., eutrophication, algal bloom, loss of biodiversity in
rivers and lakes), toxicity for fauna, and also human health problems [98,155–158]. Through
the choice of timing of sowing, harvesting, and CC species, farmers can achieve diversi-
fied levels of agro-ecosystem benefits when referring to the dynamic nitrogen [159–161].
Furthermore, cover crop management could decrease water erosion and alternate nitrogen
cycling microbial groups, and therefore on NO3

− leaching [162]. The use of cover crops has
an improving effect on precipitation storage efficiency (PSE), which has an important role in
the sustainability of natural and farm resource use [76]. During the crop cycle, CCs reduce
soil water content for the following crop due to the transpiration process [163]. However,
if CC residues are left on the soil surface, these can reduce water evaporation [164] and
also facilitate soil water retention and infiltration [165], reducing the need for irrigation
(Table 3). Specifically, cover crop termination through the incorporation of residues into the
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soil can have ameliorative effects on soil water storage, succeeding crop yield, and water
use efficiency [166].

Another major problem of modern agriculture contributing to the increase in climate
change is methane (CH4) emissions [8]. Specifically, the contribution of agricultural land to
CH4 emissions accounts for ~52% of global methane emissions [167]. Specifically, emissions
from rice crops, a staple food for most of the world’s population, account for ~48% of
global agricultural emissions [168]. The introduction of catch crops can be considered
an effective strategy for improving soil carbon storage capacity and hence enhancing
the fertility of soil. Concerning rice cultivation and its massive emissions, a long-term
experiment was designed to clarify the impact of catch crops on this phenomenon [169],
comparing different crops, showed that continuous planting of milk vetch, compared to
ryegrass, is a recommended catch crop strategy as it maintains rice yield without increasing
CH4 emissions (Table 3).

Incorporation and decomposition of legumes have a solubilizing effect on N, P, K, and
micronutrients (Zn, Mn, Fe, and Cu) in the soil and mitigate the deficiency of different
nutrient elements by way of recycling of nutrients [134,170], reducing the leaching and
gaseous losses of N and increasing the efficiency of applied plant nutrients [171–177].
In addition to a reduction of synthetic fertilizers, the adoption of cover crops allows for
reducing the farming operation contributing to a reduction of fossil fuel consumption.
Alonso-Ayuso et al. [178] observed that the use of roller crimping, commonly used for
terminating cover crops in conservation agriculture, contributes to reduced energy con-
sumption. In addition, Duzy et al. [179] observed that combining cover crop termination
and cash crop sowing reduces fuel consumption by 47% on average, CO2 emissions by
43–51%, and labor and machinery hours, which can increase production efficiency and
reduce the environmental impact. Another effect of climate change is represented by the
salinity phenomenon caused by precipitation deficiency. Efficient and sustainable manage-
ment of agricultural resources can mitigate and overcome the negative effects of drought
on cash crop yield [180]. Soil salinity can be recovered through the leaching of salt from
the rhizosphere, the modification of agronomic practices at the farm level, and the intro-
duction of salt-tolerant crops [181,182]. Different studies revealed that cover crop residues
left on the soil surface in combination with amendments allows the notable reduction of
salinity phenomena while maintaining an acceptable level of cash crop productivity [183].
Forkutsa et al. [184] have demonstrated that the use of mulching would notably decrease
secondary soil salinization. In this regard, straw mulching is a promising option for farmers
to control soil salinity, as it decreases soil water evaporation and regulates soil water and
salt movement. Song et al. [185] proved that the better straw method is the combination of
surface mulch and straw layer burial. Zhang et al. [186] demonstrated that the presence
of a residue layer on the soil, in addition to allowing the reduction of salt concentration,
improves crop water utilization compared to bare soil conditions. These results can be
considered important in contributing to the resilience of farming systems to climate change.

Table 3. Environmental aspects influenced by the use of cover crops.

Environmental Aspects References

Increase C and N stocks [131–136,152,179]
Reduce N2O emissions, [153]
influence soil thermal condition [160]
Increase SOM [161,187]
Increase soil water storage [165,166,188–190]
Reduce evaporation [166]
Improving soil porosity [191]
Decrease CH4 emission [169]
Limit excess soil NO3

− [170–174]
Increase the efficiency of applied plant
nutrients [176,177]
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Table 3. Cont.

Environmental Aspects References

Reduce energy consumption [134,178,179]
Mitigate the negative effects of drought [180,183]
Decrease secondary soil salinization [184–186]

5. Final Remarks and Future Challenges

There is a lot of scientific evidence that supports the adoption of cover crops as a valid
solution for allowing the ecological transition of modern and intensive systems toward
sustainable farming systems. Several beneficial effects could be accounted for following the
cultivation of cover crops, such as the improvement of soil health, enhancement of nutrient
cycling, carbon sequestration and reduction of greenhouse gas emissions, reduction of
synthetic fertilizers, and economic returns. Therefore, the introduction of cover crops into
agricultural systems can sustain the productive stability of cash crops and increase soil
fertility through organic matter accumulation. Furthermore, cover crops may enhance soil
structure, water conservation, and aid in pests and weed management.

Most likely, the limited use of cover crops could be due to insufficient evaluation
of the short-term economic costs and long-term benefits of introducing cover crops into
conventional systems such as conservation, protection, and valuation of natural resources.
However, it is also important to note that cover crops could be subjected to practical
limitations that require special attention. In fact, not all cropping systems are equally suited
to cover cropping, especially when there are long-season cash crop rotations that may not
be compatible with a cover crop cultivation period. Although in the long-term period cover
crops increase soil, organic matter, soil water infiltration, and soil water capacity, in the
short term, cover crop could result in a shortage of available water for the cash crop. Other
important limitation includes the cost to establish cover crops and expenditures for new
equipment (i.e., roller-crimper). In addition, regardless of the farming system adopted, the
termination of cover crops currently represents an unusual and complicated management
practice for farmers, which adsorbs time rather than managing cash crops. Therefore,
there is a need to expand knowledge on the effects of the use of cover crops through
short- and long-term field trials, regarding the implications of using various CCs species
in agricultural systems with different climate characteristics to achieve more sustainable
global agricultural production, considering that the contribution of cover crops on soil
health is crucial in climate change mitigation.
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46. Patkowska, E.; Błażewicz-Woźniak, M.; Konopiński, M.; Wach, D. The effect of cover crops on the fungal and bacterial communities
in the soil under carrot cultivation. Plant Soil Environ. 2016, 62, 237–242. [CrossRef]

47. Vukicevich, E.; Lowery, T.; Bowen, P.; Úrbez-Torres, J.R.; Hart, M. Cover crops to increase soil microbial diversity and mitigate
decline in perennial agriculture. A review. Agron. Sustain. Dev. 2016, 36, 48. [CrossRef]

48. Gao, H.; Tian, G.; Khashi u Rahman, M.; Wu, F. Cover Crop Species Composition Alters the Soil Bacterial Community in a
Continuous Pepper Cropping System. Front. Microbiol. 2022, 12, 3882. [CrossRef] [PubMed]

49. Ntalli, N.; Caboni, P. A review of isothiocyanates biofumigation activity on plant parasitic nematodes. Phytochem. Rev. 2017, 16,
827–834. [CrossRef]

50. Waisen, P.; Cheng, Z.; Sipes, B.S.; Wang, K.H. Biofumigation effects of brassicaceous cover crops on soil health in cucurbit
agroecosystems in Hawaii, USA. Pedosphere 2022, 32, 521–531. [CrossRef]

51. Aydınlı, G.; Mennan, S. Brazilian Archives of Biology and Technology Biofumigation Studies by Using Raphanus sativus and
Eruca sativa as a Winter Cycle Crops to Control Root-knot Nematodes. Agribus. Biotechnol. 2018, 61, 18180249.

52. Gabriel, J.L.; Quemada, M. Replacing bare fallow with cover crops in a maize cropping system: Yield, N uptake and fertiliser fate.
Eur. J. Agron. 2011, 34, 133–143. [CrossRef]

53. Mukherjee, R.; Sen, S. Harvest (Online); Bi-Annual Sustainable Agriculture & N agricultural sustainability through nitrogen
fixation: Approaches and techniques. Harvest 2021, 6, 48–55.

54. Wang, Y.; Lambers, H. Root-released organic anions in response to low phosphorus availability: Recent progress, challenges and
future perspectives. Plant Soil 2020, 447, 135–156. [CrossRef]

http://doi.org/10.1016/j.jenvman.2019.03.077
http://doi.org/10.1590/1983-21252021v34n106rc
http://doi.org/10.1016/j.still.2019.104430
http://doi.org/10.1093/aesa/saaa049
http://doi.org/10.1016/j.agee.2018.12.006
http://doi.org/10.1016/j.still.2021.105310
http://doi.org/10.1016/j.still.2020.104749
http://doi.org/10.1080/02571862.2021.1891474
http://doi.org/10.3389/fpls.2021.715676
http://doi.org/10.1016/j.still.2020.104717
http://doi.org/10.3390/agriculture9070145
http://doi.org/10.1007/s10705-017-9849-7
http://doi.org/10.2134/jeq2018.03.0107
http://doi.org/10.1002/saj2.20129
http://doi.org/10.1016/j.apsoil.2009.11.007
http://doi.org/10.1016/j.still.2016.04.006
http://doi.org/10.1016/j.fcr.2020.107871
http://doi.org/10.1016/j.still.2018.02.019
http://doi.org/10.17221/117/2016-PSE
http://doi.org/10.1007/s13593-016-0385-7
http://doi.org/10.3389/fmicb.2021.789034
http://www.ncbi.nlm.nih.gov/pubmed/35046916
http://doi.org/10.1007/s11101-017-9491-7
http://doi.org/10.1016/S1002-0160(21)60054-1
http://doi.org/10.1016/j.eja.2010.11.006
http://doi.org/10.1007/s11104-019-03972-8


Agriculture 2022, 12, 2076 16 of 21

55. Castellano-Hinojosa, A.; Strauss, S.L. Impact of cover crops on the soil microbiome of tree crops. Microorganisms 2020, 8, 328.
[CrossRef]

56. Meena, R.S.; Kumar, S.; Yadav, G.S. Soil carbon sequestration in crop production. In Nutrient Dynamics for Sustainable Crop
Production; Springer: Singapore, 2019; pp. 1–39, ISBN 9789811386602.

57. Génard, T.; Etienne, P.; Laîné, P.; Yvin, J.C.; Diquélou, S. Nitrogen transfer from Lupinus albus L., Trifolium incarnatum L. and
Vicia sativa L. contribute differently to rapeseed (Brassica napus L.) nitrogen nutrition. Heliyon 2016, 2, e00150. [CrossRef]

58. Fustec, J.; Lesuffleur, F.; Mahieu, S.; Cliquet, J.B. Nitrogen rhizodeposition of legumes. In Sustainable Agriculture; Springer:
Dordrecht, The Netherlands, 2009; Volume 2, pp. 869–881, ISBN 9789048126651.

59. Lai, H.; Gao, F.; Su, H.; Zheng, P.; Li, Y.; Yao, H. Nitrogen Distribution and Soil Microbial Community Characteristics in A
Legume–cereal Intercropping System: A Review. Agronomy 2022, 12, 1900. [CrossRef]

60. Ferrari Machado, P.V.; Farrell, R.E.; Bell, G.; Taveira, C.J.; Congreves, K.A.; Voroney, R.P.; Deen, W.; Wagner-Riddle, C. Crop
residues contribute minimally to spring-thaw nitrous oxide emissions under contrasting tillage and crop rotations. Soil Biol.
Biochem. 2021, 152, 108057. [CrossRef]

61. Machado, P.V.F.; Farrell, R.E.; Wagner-Riddle, C. Spatial variation of nitrous oxide fluxes during growing and non-growing
seasons at a location subjected to seasonally frozen soils. Can. J. Soil Sci. 2021, 101, 555–564. [CrossRef]

62. Meena, R.S.; Vijayakumar, V.; Yadav, G.S.; Mitran, T. Response and interaction of Bradyrhizobium japonicum and arbuscular
mycorrhizal fungi in the soybean rhizosphere. Plant Growth Regul. 2018, 84, 207–223. [CrossRef]

63. Scavo, A.; Restuccia, A.; Lombardo, S.; Fontanazza, S.; Abbate, C.; Pandino, G.; Anastasi, U.; Onofri, A.; Mauromicale, G.
Improving soil health, weed management and nitrogen dynamics by Trifolium subterraneum cover cropping. Agron. Sustain.
Dev. 2020, 40, 18. [CrossRef]

64. Campiglia, E.; Mancinelli, R.; Radicetti, E.; Baresel, J.P. Evaluating spatial arrangement for durum wheat (Triticum durum Desf.)
and subclover (Trifolium subterraneum L.) intercropping systems. Field Crops Res. 2014, 169, 49–57. [CrossRef]

65. Guardia, G.; Aguilera, E.; Vallejo, A.; Sanz-Cobena, A.; Alonso-Ayuso, M.; Quemada, M. Effective climate change mitigation
through cover cropping and integrated fertilization: A global warming potential assessment from a 10-year field experiment. J.
Clean. Prod. 2019, 241, 118307. [CrossRef]

66. Aguilera, E.; Guzmán, G.I.; Álvaro-Fuentes, J.; Infante-Amate, J.; García-Ruiz, R.; Carranza-Gallego, G.; Soto, D.; González de
Molina, M. A historical perspective on soil organic carbon in Mediterranean cropland (Spain, 1900–2008). Sci. Total Environ. 2018,
621, 634–648. [CrossRef] [PubMed]

67. Radicetti, E.; Mancinelli, R.; Moscetti, R.; Campiglia, E. Management of winter cover crop residues under different tillage
conditions affects nitrogen utilization efficiency and yield of eggplant (Solanum melanogena L.) in Mediterranean environment.
Soil Tillage Res. 2016, 155, 329–338. [CrossRef]

68. Campiglia, E.; Radicetti, E.; Mancinelli, R. Cover crops and mulches influence weed management and weed flora composition in
strip-tilled tomato (Solanum lycopersicum). Weed Res. 2015, 55, 416–425. [CrossRef]

69. Campiglia, E.; Radicetti, E.; Brunetti, P.; Mancinelli, R. Do cover crop species and residue management play a leading role in
pepper productivity? Sci. Hortic. 2014, 166, 97–104. [CrossRef]

70. Taab, A.; Khazaie, M.; Andersson, L.; Bergkvist, G.; Radicetti, E. Ecological intensification using Persian clover to support weed
management in winter wheat under semiarid conditions. Crop Prot. 2022, 164, 106142. [CrossRef]

71. Ahmadnia, F.; Ebadi, A.; Hashemi, M.; Ghavidel, A. Investigating the short time effect of cover crops on physical and biological
properties of soil. J. Water Soil Conserv. 2020, 26, 277–290.

72. Chapagain, T.; Lee, E.A.; Raizada, M.N. The Potential of Multi-Species Mixtures to Diversify Cover Crop Benefits. Sustainability
2020, 12, 2058. [CrossRef]

73. Couëdel, A.; Alletto, L.; Tribouillois, H.; Justes, É. Cover crop crucifer-legume mixtures provide effective nitrate catch crop and
nitrogen green manure ecosystem services. Agric. Ecosyst. Environ. 2018, 254, 50–59. [CrossRef]

74. Kaye, J.; Finney, D.; White, C.; Bradley, B.; Schipanski, M.; Alonso-Ayuso, M.; Hunter, M.; Burgess, M.; Mejia, C. Managing
nitrogen through cover crop species selection in the U.S. Mid-Atlantic. PLoS ONE 2019, 14, e0215448. [CrossRef] [PubMed]

75. Chen, G.; Weil, R.R. Penetration of cover crop roots through compacted soils. Plant Soil 2010, 331, 31–43. [CrossRef]
76. Daryanto, S.; Fu, B.; Wang, L.; Jacinthe, P.A.; Zhao, W. Quantitative synthesis on the ecosystem services of cover crops. Earth-Sci.

Rev. 2018, 185, 357–373. [CrossRef]
77. Tassinari, A.; da Silva, L.O.S.; Drescher, G.L.; de Oliveira, R.A.; Baldi, E.; de Melo, G.W.B.; Zalamena, J.; Mayer, N.A.; Giacomini,

S.J.; Carranca, C.L.D.A.F.; et al. Contribution of Cover Crop Residue Decomposition to Peach Tree Nitrogen Nutrition. J. Soil Sci.
Plant Nutr. 2021, 21, 2124–2136. [CrossRef]

78. Barrena-González, J.; Rodrigo-Comino, J.; Gyasi-Agyei, Y.; Fernández, M.P.; Cerdà, A. Applying the RUSLE and ISUM in the
Tierra de Barros Vineyards (Extremadura, Spain) to estimate soil mobilisation rates. Land 2020, 9, 93. [CrossRef]

79. Martínez Raya, A.; Durán Zuazo, V.H.; Francia Martínez, J.R. Soil erosion and runoff response to plant-cover strips on semiarid
slopes (SE Spain). Land Degrad. Dev. 2006, 17, 1–11. [CrossRef]

80. Keesstra, S.; Pereira, P.; Novara, A.; Brevik, E.C.; Azorin-Molina, C.; Parras-Alcántara, L.; Jordán, A.; Cerdà, A. Effects of soil
management techniques on soil water erosion in apricot orchards. Sci. Total Environ. 2016, 551–552, 357–366. [CrossRef] [PubMed]

81. Rodrigo-Comino, J.; Ponsoda-Carreres, M.; Salesa, D.; Terol, E.; Gyasi-Agyei, Y.; Cerdà, A. Soil erosion processes in subtropical
plantations (Diospyros kaki) managed under flood irrigation in Eastern Spain. Singap. J. Trop. Geogr. 2020, 41, 120–135. [CrossRef]

http://doi.org/10.3390/microorganisms8030328
http://doi.org/10.1016/j.heliyon.2016.e00150
http://doi.org/10.3390/agronomy12081900
http://doi.org/10.1016/j.soilbio.2020.108057
http://doi.org/10.1139/cjss-2021-0003
http://doi.org/10.1007/s10725-017-0334-8
http://doi.org/10.1007/s13593-020-00621-8
http://doi.org/10.1016/j.fcr.2014.09.003
http://doi.org/10.1016/j.jclepro.2019.118307
http://doi.org/10.1016/j.scitotenv.2017.11.243
http://www.ncbi.nlm.nih.gov/pubmed/29202285
http://doi.org/10.1016/j.still.2015.09.004
http://doi.org/10.1111/wre.12156
http://doi.org/10.1016/j.scienta.2013.12.018
http://doi.org/10.1016/j.cropro.2022.106142
http://doi.org/10.3390/su12052058
http://doi.org/10.1016/j.agee.2017.11.017
http://doi.org/10.1371/journal.pone.0215448
http://www.ncbi.nlm.nih.gov/pubmed/30978240
http://doi.org/10.1007/s11104-009-0223-7
http://doi.org/10.1016/j.earscirev.2018.06.013
http://doi.org/10.1007/s42729-021-00508-x
http://doi.org/10.3390/land9030093
http://doi.org/10.1002/ldr.674
http://doi.org/10.1016/j.scitotenv.2016.01.182
http://www.ncbi.nlm.nih.gov/pubmed/26881727
http://doi.org/10.1111/sjtg.12307


Agriculture 2022, 12, 2076 17 of 21

82. López-Vicente, M.; García-Ruiz, R.; Guzmán, G.; Vicente-Vicente, J.L.; Van Wesemael, B.; Gómez, J.A. Temporal stability and
patterns of runoff and runon with different cover crops in an olive orchard (SW Andalusia, Spain). Catena 2016, 147, 125–137.
[CrossRef]

83. Kaye, J.P.; Quemada, M. Using cover crops to mitigate and adapt to climate change. A review. Agron. Sustain. Dev. 2017, 37, 4.
[CrossRef]

84. Beniaich, A.; Silva, M.L.N.; Guimarães, D.V.; Bispo, D.F.A.; Avanzi, J.C.; Curi, N.; Pio, R.; Dondeyne, S. Assessment of soil erosion
in olive orchards (Olea Europaea L.) Under cover crops management systems in the tropical region of Brazil. Rev. Bras. Ciênc. Solo
2020, 44. [CrossRef]

85. López-Vicente, M.; Calvo-Seas, E.; Álvarez, S.; Cerdà, A. Effectiveness of cover crops to reduce loss of soil organic matter in a
rainfed vineyard. Land 2020, 9, 230. [CrossRef]

86. García-Díaz, A.; Marqués, M.J.; Sastre, B.; Bienes, R. Labile and stable soil organic carbon and physical improvements using
groundcovers in vineyards from central Spain. Sci. Total Environ. 2018, 621, 387–397. [CrossRef]

87. Novara, A.; Cerda, A.; Barone, E.; Gristina, L. Cover crop management and water conservation in vineyard and olive orchards.
Soil Tillage Res. 2021, 208, 104896. [CrossRef]

88. Isik, D.; Dok, M.; Ak, K.; Macit, I.; Demir, Z.; Mennan, H. Use of cover crops for weed suppression in hazelnut (Corylus avellana L.)
in turkey. Commun. Agric. Appl. Biol. Sci. 2014, 79, 105–110.
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