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Abstract: The European Union’s ‘Green Deal’ proposes an ambitious roadmap towards climate
neutrality by 2050 and the adoption of a circular economy. Functional AgroBiodiversity (FAB)
measures, which balance food production with minimised impacts on nature, are a promising way to
achieve this on farmland. Here, we undertake a rapid evidence assessment to highlight Functional
Agro-Biodiversity (FAB) management measures which help to realise biodiversity, climate neutrality,
efficiency in use of natural resources and the circular economy. We report evidence on the effectiveness
of 10 common FAB measures employed in Europe following a resurgence of interest and increased
availability of data on their impact. The review found that the outcomes of implementing FAB
measures were largely positive, with a number of mixed effects. There are evidence gaps, e.g., the
impact of FAB measures on yield, the magnitude and timescale of impacts, the effect of landscape
context. We signpost the most relevant and well-documented FAB measures, providing a reference for
land managers and practitioners to select FAB measures to achieve specific ecological and agricultural
outcomes. It is also important to note that a combination of measures implemented in a strategic way
can enhance the output success.

Keywords: reduced tillage; crop rotations; cover crops; organic matter input; agroforestry; reduction
in plant protection products

1. Introduction

Over the past 50 years, unprecedented increases in agricultural productivity, driven
by economic motivations and technological advances, have led to widespread loss of
biodiversity, soil degradation and global environmental change [1–3]. Increasing agri-
cultural productivity in a sustainable way without further destroying biodiversity and
degrading soils and water bodies, or jeopardising earth’s life support systems, will be
critical as we move towards the projected peak in human population of 10.4 billion peo-
ple during the 2080s [4]. The UN’s sustainable development goals (SDGs) articulate this
challenge (https://unstats.un.org/sdgs (accessed on 1 January 2021). The EU’s green
deal1 will contribute towards the SDGs, with one vehicle being the new EU missions
within Horizon Europe—one of which is in the area of ‘soil health and food’. The ongoing
effort through the EU green deal recognises the need for ‘joint action by stakeholders,
researchers, policy-makers, industry and citizens working together to co-design, co-create
and implement solutions’ (European Union, 2015), which is synonymous with a Functional
Agro-Biodiversity (FAB) approach.
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Within the European Union, the concept of Functional Agro-Biodiversity emerged
alongside the ecosystem services concepts embodied in the Millennium Ecosystem As-
sessment (MEA) [5]. FAB is defined by the European Learning Network (ELN) as ‘those
elements of biodiversity on the scale of agricultural fields or landscapes, which provide
ecosystem services that support sustainable agricultural production and can also deliver
benefits to the regional and global environment and the public at large’ [6]. It recognises
the importance of a range of measures that support both above and below ground biodiver-
sity. The functional component indicates the importance of biodiversity that can enhance
ecosystem services, and specifically those ecosystem services that support agriculture [7].
These include the prioritisation of biodiversity that supports biomass production or pest
and disease regulation. The FAB approach is a pragmatic one that recognises the need
to achieve food production in a way that works with nature, exploiting synergies as far
as possible. It seeks to reconcile the often deep rift between conservation and intensive
agriculture goals while generating more resilient agricultural production systems [6,8] that
use nature where possible over synthetic products.

Whilst Pillar 1 of the EU Common Agricultural Policy (created in 1999) concentrates
on direct income support payments to farmers, Pillar 2 has been focused, at least partly, on
ensuring the sustainable management of natural resources and climate. This has resulted
in the development of agri-environment schemes across the EU, but the quality of natural
resources on farmland continues to decline despite these schemes [1]. Evidence is limited
on how agri-environment schemes have moderated this decline; the evidence that is
available suggests that conservation actions for biodiversity have had mixed effects [9].
Agriculture was responsible for 51% of the total EU water use in 2014, and in 2012 more
than 90% of the assessed ‘River Basin Management Plans’ indicated that agriculture was a
significant pressure on water bodies2. Since farming covers 48% of the land surface area of
the EU, agriculture also has an enormous influence over soil resources in arable areas or
intensively managed grassland (i.e., through the decline of soil organic matter, soil erosion,
soil compaction), while also being heavily dependent on them (i.e., for soil fertility and
productivity). Linear intensive practices have resulted in costly degradation [10], indicating
an urgent need for alternative land management approaches. Such approaches will need to
include increased resource efficiency as part of the transition to a more circular economy;
circular agro-ecosystems, which maintain production capacity, circulate products and
material, depend less on external inputs, regenerate nature and conserve natural resources,
but can also generate a sustainable income for farmers. FAB practises aim to achieve this.

Knowledge regarding the implementation, impact and outcomes of FAB is still highly
fragmented and insufficiently embedded in agricultural practice, policy and society [7].
Furthermore, well-optimised FAB ecosystems could be quite different from existing ones,
in which key functions are largely underpinned by fossil fuel inputs [11]. It is preferable not
to view FAB measures (or agri-environment options) as stand-alone measures, but rather as
part of whole-farm or landscape systems approaches delivering at a range of scales, from
field to landscape and beyond.

The aim of this evidence assessment is to evaluate ten popular FAB measures which
are the focus of the EU Interreg FABulous Farmers project [12], a transdisciplinary liv-
ing laboratory project. This paper summarises from a longer report [13]. The measures
were determined through consultation between partners and user communities, includ-
ing professional growers’ organisations and farmer’s unions, in north-west Europe. We
summarise the current understanding of the impacts and outcomes of each of the ten FAB
measures, highlighting where key knowledge is still missing that may limit farm uptake
and implementation.

2. Materials and Methods

We focused on ten FAB measures: conservation tillage techniques; mixed crops and
crop rotations, including sward diversity (herbal leys); cover and catch crops, includ-
ing legumes; organic matter input; modified manure quality and diversity; agroforestry;
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hedgerow management; field margin management; and reduction in the use of plant pro-
tection products. We also considered the cross-cutting effects of semi-natural landscape
elements and landscape context. A definition of each measure is included in Appendix A.
Measures were chosen through consultation and discussion with stakeholders and are
considered to offer the most potential for achieving FAB through implementation across
EU farming systems.

To address our research objectives, we conducted a widespread literature search to
estimate the impacts of FAB measures. A literature survey was conducted using keyword
searches in the ISI Web of Science database (to September 2019) to extract potential articles,
which were subsequently filtered by title and keywords, abstract and finally full publication
content [14,15]. Combinations of the following keywords were used for literature searches:
reduced/conservation tillage, agroforestry, hedgerow management, mixed crops/crop
rotation, manure, sward diversity, field margins, pesticides, reduced pesticide protection,
organic, carbon (C) storage. Studies from Europe were targeted, but for some options
evidence is more geographically specialised, so other continents were included. We also
utilised recent reviews of agri-environment options [16,17] and searched the reference lists
of previous syntheses on related topics. We have included material from the academic
literature and the grey literature (government reports—often peer-reviewed). We have
also added elements from more recent research during manuscript preparation and review.
Using the reviewed literature, each of the ten FAB measures was defined and assessed in
terms of impacts on yield, biodiversity (here, biodiversity refers to biodiversity that sup-
ports ecosystem services of agriculture (FAB)—also covered by pollination and pests—as
well as wider biodiversity at species or ecosystem level; this varies by individual study),
pollination, pests and diseases, soil quality, carbon sequestration and greenhouse gas (GHG)
emissions, water quality and conservation. The strength of evidence was recorded for
each FAB measure using the following categories: weak (evidence from only a few studies
or contextually limited, e.g., geographically), intermediate (some evidence but not fully
conclusive, contested, some contextual limitations), strong (large number of studies across
range of contexts). Subsequent assessments of the co-benefits and trade-offs, magnitude,
timescale, spatial issues, displacement, longevity, climate interactions, and social and
economic barriers were made for each of the identified impacts of measures.

3. Results

The assessment evidenced the potential contribution of FAB measures to ecosystem
service provision, yet highlighted the lack of evidence in key areas for some measures
(Figure 1). Figure 2 gives an overview of the main impacts found; it is an abbreviated
version from the full table in the Supplementary Information (Table S1). Evidence of the
nature of interactions between measures was also collected where possible. This was
included in the text where appropriate and is summarised in the Supplementary Material
(Table S2).
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Figure 2. Selected FAB measures and their contribution to ecosystem service provision and farm
management. GHG = GHG emissions, SOC = soil organic carbon, ↓ = decrease;↔ = no significant
effect, ↑ = increase. The cells have been shaded green (positive effect on ES), red (negative effect on
ES), orange (mixed). Presence of multiple arrows indicates good evidence for different effects, often
depending on specific context.
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3.1. Conservation Tillage and No-Tillage

Conservation tillage and no-tillage cover a continuum of practices to decrease soil
disturbance and increase crop residues, with no-tillage representing the extreme case [18].
Practices along this continuum are often reported to promote soil quality, improve soil
structure, reduce soil erosion and reduce costs and GHG emissions associated with fuel
consumption [19,20]. Outcomes for biodiversity include maintaining high populations of
soil-ameliorating fauna and insect pest predators and small mammals [21,22], although
undesirable species (e.g., voles) may also increase [23]. There is some evidence for the
effects of reduced tillage on birds, but it is inconclusive [24].

However, there is mixed evidence regarding the impact of conservation tillage and
no-tillage on soil organic carbon (SOC) [25,26]. Tillage of the soil is a major driver of
reduction in SOC on agricultural land, so reduced tillage has been recommended for C
sequestration [27]. Recently, a meta-analysis [28] reported a boost to SOC (~5%) under con-
servation tillage. Others have shown that stock remains the same and that the distribution
of C in the soil profile alters, removing the potential for slower C degradation in deeper
soil horizons under reduced tillage or no-tillage [29–32].

Furthermore, reduced tillage may lead to reduced yields, with a reported −12% with-
out nitrogen (N) fertiliser addition and −4% with inorganic N addition based on a global
meta-analysis, resulting in a −4.5% in Europe, where soils are generally fertilised [21]. This
loss can be partly offset with the combination of other measures such as cover crops [33,34]
and crop rotation. Zikeli et al. [35] found that stubble tillage combined with reduced
primary tillage can sustain yield levels without compromising the beneficial effects from
reduced tillage on soil C and available nutrient content. Water management improvements
can be made with restored water infiltration resulting from better soil structure and mois-
ture conservation, especially important in drier clay and sandy soils [21]. Yet, water quality
in some locations has reduced due to the higher herbicide use to tackle weed infestations,
commonly due to a lack of soil inversion [36,37]. However, this effect can again be offset
by improving weed control using diverse crop rotations and cover crops [36,38], together
with non-chemical cover crop destruction (see Supplementary Table S2). Research has also
suggested that reduced tillage may be associated with increased N2O emissions in poorly
aerated soils (often found in NW Europe); this is concerning, due to the increased global
warming potential of N2O [39,40], but it is likely to be limited in extent. Hence, the picture
is mixed, with greater understanding needed on where gains can and cannot be made to
inform intervention policy.

3.2. Mixed Crops and Crop Rotations including Sward Diversity

Mixed cropping (spatial diversity) and crop rotations (temporal diversity) are popular
measures in the creation of a circular agricultural system. Synergistic interactions between
crops can effectively reduce the requirement for fertiliser [22,41], especially when clover or
other legumes are part of the rotation/mixture. They increase yield, improve yield stability
and potentially increase the diversity and longevity of nectar resources for pollinators and
other beneficial insects (depending on what is planted). More diverse crop rotations can
increase the soil’s microbial richness and diversity [42]. Crop rotations can disrupt pest and
disease cycles, potentially reducing the need for pesticide application. Mixing species with
different properties and within a crop rotation can maintain a higher density of crop cover
with better weed control and lower weed densities [22]. This helps to reduce reliance on
fertiliser inputs and increases below ground [42] and above ground biodiversity, including
invertebrates and invertebrate pest predators [43,44].

In pastures, there is some evidence that plant species richness is associated with
increased grassland productivity and fodder quality and a reduced need for supplementary
feed [45,46]. Beyond benefits to plant diversity, the successful diversification of grassland
swards can benefit other above-ground and below-ground species including moths, spiders
and beetles [47]. However, below-ground diversity has been found to respond less strongly
compared with above-ground taxa [46].
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Crop rotations and improved sward diversity can promote soil health by improving
the diversity of the root architecture and soil structure, reducing soil compaction [48,49],
improving water conservation and reducing risk of flooding [46]. Some increases in SOC
content with plant species richness have been found [46,50,51]. However, Luo et al. [31]
reported that when more crop species were used in rotation, it reduced C accumulation
in the topsoil and led to a greater loss of C in deeper soil layers. Potentially, there may be
a reduction in nitrate leaching from the soil, resulting from the varying ability of crops
to remove nitrate from different places in the soil profile and reductions in the use of N
fertiliser if legumes are introduced. However, if legumes are added to swards that did
not previously receive manufactured N fertiliser, the additional fixed N can result in a net
emission of N2O [52,53]. The design of the rotation is a key factor in trying to match crop
uptake with available N [49].

3.3. Cover and Catch Crops, including Legumes

Cover and catch crops have been utilised in the agricultural system by some for many
years and have received revived interest recently. Planting cover crops during fallow
periods reduces N-leaching and soil erosion by avoiding periods of bare soil, often over
winter, and limiting surface run-off [54–56]. Cover crops can increase soil quality by
improving the soil structure through rooting systems [57], preventing erosion, increasing
soil organic carbon stocks [58] and improving nutrient cycling. Increased crop phosphorus
(P) nutrition [59] and increased soil mineral N availability, with the use of legumes or the
incorporation of the cover crop, allows a reduction in the use of chemical N fertilisers and
also lowers the risk of nutrient leaching [60]. The increased vegetative mulch can be very
effective at suppressing weeds when retained on the soil surface [61,62], and soil biological
activity and diversity are higher in systems with a surface mulch or cover crop.

Cover crops can have a positive effect on the biodiversity of many taxa, especially
invertebrates and invertebrate pest predators [63,64], and may be beneficial to pollinators,
although there may be trade-off between generalist and specialists [65]. However, some
cover crops may increase pests, which then causes a decrease in yield, e.g., grassy cover
crops give shelter to (stages of) wireworms when followed by maize.

The trade-offs for the use of cover crops mostly revolve around the increased expense
to the farmer for planting a crop that is not harvested. It is unclear if cover crops provide
an increase in the yield of the following crop, with no such increase found in a review by
Scopel et al. [57]. Increased yields have been found with N-fixing cover crops in low-N
soils, but decreased yields in intermediate- or high-N soils [55].

Environmental variables (e.g., soil type, climate), crop type and management practices
(e.g., sowing date of cover crop) will all be important. Cover crops, particularly peren-
nial and/or leguminous crops, may increase SOC sequestration [28,66]. Although N2O
emissions may decrease in the short term, they may increase in the longer-term due to
interactions with the C cycle [67]. Different factors such as the incorporation of residues
within the soil, the species of cover crop and timing throughout the year all affect (N2O)
emissions [68].

3.4. Modified Manure Management Quality and Diversity

The use of manure, possibly amended with small amounts of mineral N, can provide
an effective fertiliser for cropping (Table S1). Manure amendments can rebuild a depleted
soil microbial community [69], SOC [70], and improve soil structure and water retention
capacity [39]. Replacing mineral fertilisers with organic fertilisers will not necessarily
benefit biodiversity above ground, because the negative effects of fertilisation will occur
regardless of the specific source of crop nutrients [24]; for instance, the encouragement of
dense, fast-growing competitive plants.

Manure use will result in a reduced need for inorganic fertiliser, thereby reducing
emissions from their manufacture [71]. The risk of increased N2O emission with the
application of organic fertilisers [70] can be reduced by avoiding surface broadcasting [72],
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but may increase costs for appropriate machinery. If applied in the long-term, manure
applications can reduce water quality via nitrate leaching, especially if over-applied [73].

It is important to note that different types of organic input are associated with different
benefits and risks to ecosystem services. For example, a large experiment compared the
effects of compost, manure, digestates and slurry on various soil properties and crop yields
across seven UK sites [74]. Overall, the experiment found that composts and farmyard
manures increased soil organic matter as compared with digestates or slurry (given roughly
equivalent N in dosage). However, many recent studies suggest that labile organic inputs
(such as those from slurry) can form SOM that is stable in the long-term, especially in
clay soils [75]. Furthermore, slurry can supply more crop-available N than farmyard
manure, allowing reduced inorganic N fertiliser use. However, GHG savings from reducing
inorganic fertiliser use are negated by considerably higher N2O emissions associated with
slurry than farmyard manure [76]. Similarly, poultry manure and sludge pellets may be
associated with high N2O emissions [70]. It is important to ensure the quality of organic
inputs to avoid contaminants such as heavy metals.

3.5. Organic Inputs: Biochar and Organic Matter Inputs, including Biosolids

The application of biochar, organic or inorganic fertilisers and biosolids has been
reported to increase nutrient retention and use efficiency, reducing fertiliser needs [77–79].
Biochar has been reported to increase crop yields by ~20% (at an application rate of about
10 t ha−1) [80], and by 10% with substantial variability [81], with coarse low pH soils
benefitting yields most.

The plant residual return results in higher SOC stocks [30,82], with biochar application
shown to increase SOC by ~39% [28]. However, organic inputs could cause a priming
effect on microbial activity, which may result in SOC mineralisation and CO2 efflux [83].
The application of biochar reduced the soil GHG emissions [79], yet consideration of the
transport emission of inputs must be considered as these may offset the positive effects
of GHG mitigation. Biochar and biosolids have the capacity to bind toxic components
(bioremediation), which may negatively affect or change the soil microbial community [8],
possibly also building up heavy metals and organic pollutants in the soil [39]. There is
also some evidence that biochar could have positive effects on the composition of the soil
microbial community, increasing species associated with increasing N fixation, N cycling,
C cycling, P availability and decreasing potential plant pathogens [84,85].

As with manure, N2O emissions and N leaching are possible trade-offs of organic
matter addition and increased SOC [39].

3.6. Agroforestry

Agroforestry is the practice of deliberately integrating woody vegetation (trees or
shrubs) with crop and/or animal production systems to benefit from the resulting ecological
and economic interactions [86]. It can include silvoarable systems, silvopastoral systems
and agrosilvopastoral systems. Here, we consider all systems. Agroforestry has been
shown to have a significant positive effect on biodiversity at landscape scales compared
to solely agricultural or forestry systems [87], creating habitats for plants, birds, small
mammals, bats, pollinators and other invertebrates [88,89]. Agroforestry can result in a
higher abundance of natural pest predators and a lower abundance of weeds [90], although
the agroforestry component can also act as a source of weeds or pests. Agroforestry can
reduce soil erosion [15], enhance soil fertility, nutrient retention and nutrient cycling [91]
and improve air quality through pollutant capture. Agroforestry systems require fewer
fertiliser inputs, which in turn reduces emissions from the manufacture and application
of fertilisers. If agroforestry is used for buffer strips in riparian zones, water quality is
improved by reducing non-point source pollution [88] and by promoting stream bank
stability, and controlling erosion and retaining water can also help prevent small floods
downstream [92,93].
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Agroforestry is a potential way to store C in biomass and soil, which may help to
mitigate climate change. The potential for the trees to sequester C depends upon the
stage of the woodland cycle [60]. Initially, C sequestration may decline, but agroforestry
is planned over longer cycles and in the longer-term C sequestration should increase.
Nair [87] states that “assuming that one hectare of agroforestry could save five hectares from
deforestation”, C emission from deforestation can be reduced significantly by implementing
agroforestry systems.

SOC generally increases when woody species are introduced, and land is converted
from less complex systems to agroforestry. For example, a recent meta-analysis revealed
SOC stock increases of 26–40% at various depths on conversion from agriculture to agro-
forestry [94]. In reviews, agroforestry (shelterbelts, hedgerows, alley cropping and sil-
vopastoral systems) was found to sequester significant amounts of SOC in topsoils and
subsoils [95,96]. Other studies found that the afforestation of grassland (not necessarily as
agroforestry) can have mixed effects on SOC [47,97]. SOC can be higher in grasslands, and
afforestation may release aggregated C from the subsoil at 30–80 cm, [98], but eventually
the system should have a net gain from increased organic matter inputs. Research from
France and the Mediterranean has shown an accumulation of SOC under alley-cropping
systems [99,100], although there were more increases in coarse labile fractions that could
affect stability. Research on an agroforestry system in Canada showed that SOC stocks
to 30 cm were significantly greater in the forested areas than in adjacent herblands [101].
Cardinael et al. [102] present a set of C stock change factors and SOC accumulation/loss
rates for three main land use changes (LUCs), cropland to agroforestry; forest to agro-
forestry; and grassland to agroforestry, showing positive relationships.

In addition to C sequestration, agroforestry has potential climate mitigation and
adaptation benefits; it can influence micro-climatic conditions by providing a windbreak,
retaining soil moisture and reducing the extreme changes in soil temperature during
periods of drought or extreme cold weather conditions [103]. There can be costs at the
establishment of agroforestry, for instance, in pastoral systems, where there is a need for
protective fencing, and more widely by taking land out of production.

There is mixed evidence for the impact of agroforestry on yield. The combination of
tree and crop systems could lead to a more efficient capture of resources than separate tree
or crop systems [10,104]. However, whilst some studies have found an increase in yield
of up to 40%, in alleys between trees compared with conventional fields [10,103], other
studies have shown declines in yields, possibly due to competition for solar radiation and
water [105,106]. Kanzler [107] found a decrease in sugar beet and winter wheat yields
measured close to the tree hedgerows (3 m); however, at distances greater than 9 m away
from the hedgerows, yields were higher.

A meta-analysis by Torralba et al. [15] suggested that often studies only calculated
partial production, for the trees or crops alone. The whole system should be assessed
(crop, wood, berries, nuts, feed), and this may be more likely to be positive for total
biomass production.

3.7. Hedgerow Management

Hedgerows need to be kept in a management cycle to ensure that they continue to
form effective hedges and produce associated ecosystem services. The structure and form
of a hedgerow and its management, in terms of species present, width, height, presence of
buffer strips, frequency and severity of cutting, presence of mature standard trees, etc., as
well as the management of the adjacent field, all have a big effect on biodiversity [24] and
function [108]. Larger, denser, more structurally and floristically complex hedgerows have
been found to benefit many species by providing a greater habitat area and more niche
space [109–111].

Hedgerows can provide a wide range of microhabitats (i.e., soil, bank, ground vege-
tation underneath and adjacent, shrub layer, tree canopy) to enhance populations of the
natural enemies of crop pests [109] and a healthy diverse invertebrate and pollinator pop-
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ulation, potentially increasing yield [108]. However, pest species themselves may utilise
the additional resources managed or created to benefit their natural enemies. Hedgerow
extent is positively associated with the richness and abundance of flora, invertebrates and
birds [112,113].

Hedgerows also reduce soil loss, water course pollution from fields and the volume
of water reaching a river or stream through increased rates of infiltration and interception
of soil, nutrients, pollutants and sediment, particularly if placed along contours or beside
water bodies [108,114]. A study by Borin et al. [115] showed that N losses and run-off in
sites with hedgerows were reduced substantially (N by 44–100% and P 50–100% depending
on tree age), and Caubel-Forget et al. [116] found nitrate levels in groundwater to be three
times lower where a hedgerow was present, compared to a site without a hedge. Hedgerows
could also improve biosecurity against some livestock diseases by reducing transmission
between stocks in adjacent fields. As with agroforestry, hedgerows provide climate change
mitigation through micro-climatic influences and the storage and accumulation of C above
and below ground [87,108]. Positive effects of hedgerows on SOC have been found [117].

Hedgerows play an important role in preventing soil erosion through helping to reduce
wind speeds and have been shown to decrease average wind speed by up to 60% [118].

However, also similar to agroforestry, there is mixed (and insufficient long term)
evidence for impacts on the yield of adjacent crops, associated with their role in the
provision of habitats for crop pests, pest predators and pollinators, impacts on hydrology,
climate and wind, etc., with increases reported in some studies [103,107] and reductions
found in others [105–107].

3.8. Field Margin Management

Although land may be taken out of production to create field margins, land at the edges
of fields tends to be less productive and benefits can outweigh costs [119,120]. There is
good evidence that field margins can significantly increase the biodiversity of invertebrates,
plants, reptiles and amphibians and birds [119,121–123]. Field margins can, depending on
the species chosen, provide resources that benefit pest predators, thus reducing pesticide
use [124,125]. The margin can also act as a buffer strip for pollution from pesticides and
fertilisers, which can protect adjacent semi-natural habitat and improve water quality and
water flow (depending upon location and topography) [119].

Different types of margin management deliver different resources or benefits for dif-
ferent taxa, so there would be benefits from including multiple types of margin [126]; there
will also be interactions between margins and hedgerows [127]. Field margins, if planted
with wildflowers, have the ability to increase wild bee and pollinator abundance [121,123],
which can lead to enhanced crop pollination and positive impacts on yield. The complexity
and therefore the stability of invertebrate food webs has been found to be higher in non-
cropped margins than in cropped, particularly those sown with wildflowers [128]. In some
cases, field margins may favour pest species [129].

Responses to field margin management have been strongest in more intensively
farmed landscapes [130,131], although for specialised species, responses may be strongest
near to semi-natural habitats [132]. Grass margins benefit invertebrates (including beetles,
spiders, earthworms) [133], hedgehogs, small mammals and some birds, although tall,
dense swards could have negative impacts on ground nesting birds [122]. They also act as
a buffer strip, protecting boundary features from spray drift and nutrient run-off, reducing
soil erosion and increasing water quality [24]. A study suggested that the creation of grass
margins on the edges of arable fields may not adversely impact yield at the field scale [127].
Beetle banks are designed to provide a source of predatory invertebrates to suppress pests
in the adjacent crop [109], and so reduce plant protective product (PPP) application. Winter
bird food/cover strips are planted to enhance bird populations, although there have been
some negative effects such as increased predation or disease transmission [134].
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Sown margins may even enhance topsoil C [128]; one study estimates that 0.1% to
2.4% of 1990 UK CO2-C emissions could be sequestered using grass margins on arable
fields [135].

3.9. Reduction in Use of Plant Protection Products

Most evidence on the impacts of reducing plant protection products comes from
organic farming where inputs are prohibited, with less evidence available on more grad-
ual reductions, particularly linking the size of the reduction to the magnitude of the
response [136]. The reduction in the use of pesticides increases the potential for biological
pest control [137]. Long-term organic farming and the application of farmyard manure has
been found to promote soil quality and microbial biomass [138].

Pesticides negatively impact pollinators, species diversity of plants, carabids and
ground-nesting farmland birds [123,139,140] and can end up in water [141,142]. Therefore,
the reduction of these PPPs is important. However, without PPPs, yields may be lower [136]
and high populations of problem weeds could build up in the seedbank [143]. Although,
where pesticides are used intensively, the likelihood of ‘weed’ species (e.g., blackgrass,
Lolium sp.) becoming resistant to herbicides increases and alternative management solutions
to their management are being sought. These include ecological solutions, manipulating the
diversity and abundance of weeds and reducing resource availability, like FAB measures,
such as better crop rotations, cover crops, inclusions of leys and increasing semi-natural
habitats in the wider landscape [144]. The extent to which some reduction in PPPs can have
no significant effect on yield is still under debate, with studies suggesting that reductions
of 30–50% would not result in a loss of yield [145].

Reducing yields through the removal of all PPPs could displace the problem, as the
intensity of food production will just move elsewhere if there is no change in consumer
food preferences and nothing is done to minimise food waste. If PPPs’ application is
currently high, there may be potential for reductions with little or no impact on yield [146],
particularly if combined with other FAB options (e.g., field margins, increased semi-natural
habitat, cover crops, crop rotations) (Supplementary Table S2).

3.10. Semi-Natural Landscape Elements and Landscape Context

In addition to the implementation of the individual FAB measures outlined above, it
is important to consider the wider impact of semi-natural habitats across the landscape [1].
Increasing the amount of semi-natural habitats may involve taking land out of produc-
tion. Although this may reduce direct yield, costs may be offset by the additional services
provided. Semi-natural habitats can increase yield by providing habitats for pest preda-
tors and pollinators, suppressing pest species and improving soil quality and nutrient
cycling [120,147]. Semi-natural habitats can also reduce soil loss from fields through in-
tercepting water-borne sediment and reducing surface flow rate, acting as buffer strips
that significantly decrease pollution run-off [91,103,122]. There is a lot of evidence demon-
strating positive relationships between the distance from semi-natural habitats and the
abundance of pollinators and crops [148–151].

The extent and quality of semi-natural habitats influence landscape complexity and
habitat heterogeneity; they are generally believed to be correlated with increased species
diversity and larger species pools (as providers of source material for re-colonisation)
through the provision of more niche space, increasing the variability of microclimatic
conditions, providing habitats for shelter, food, predator escape and breeding [152–156]
and increasing the ease with which species can move through the landscape and achieve
viable meta-populations [157].

A number of studies have looked at whether simple, intermediate or complex land-
scapes will be the most effective at improving biodiversity-related measures. Some believe
that species richness is greatest at intermediate landscape complexity [125,158], whilst
others think that measures will be more effective in simple landscapes [14]; however,
there is not yet a consensus and evidence suggests that impacts are context- and taxa-
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specific [14,157,158]. Comparative studies of biodiversity on organic and non-organic
farms showed taxa-specific responses (highly positive for plants and more variable but
generally positive for invertebrates, bats and birds) to organic practices which were in
part related to greater field- and farm-level complexity on organic farms [159]. It has
also been hypothesised that no relationship between organic farming and increased bird
diversity could be related to the pre-existing large spatial scale of pesticide application
across the landscape [140]. Such studies indicate the importance of considering the context,
extent and configuration of semi-natural habitats when assessing the effects of introducing
agri-environment measures.

4. Discussion
4.1. Impact of FAB on Nature, Resource Use and Yield

There is an urgent need for increased resource efficiency in farming systems to make
the transition to more circular agro-ecosystems, which depend less on external inputs and
conserve natural resources (soil, water, biodiversity), especially in the context of climate
change. FAB refers to the application of farm management practices that enhance and ex-
ploit elements of biodiversity for their role in providing ecosystem services (e.g., pollination,
biological pest control, soil erosion control, water retention) and ecosystem functions, and
in supporting sustainable agricultural production and human well-being [160,161]. In this
review, we found that the outcomes of implementing FAB measures were largely positive,
with a number of mixed effects. Positive outcomes include improvements in above- and
below-ground biodiversity (e.g., [43,47,58,63,64,88,89,127]), improvements in soil struc-
ture [57], and the diversity of root architecture that can reduce soil compaction [48,49],
improve water conservation and reduce risks of flooding [46]. Many of the measures
lead to reductions in fertiliser application [60], which has direct impacts, e.g., on water
quality, and indirect impacts, e.g., reductions in GHG from their production. Many of the
measures that improve soil erosion also positively benefit water quality. Mixed effects
include impacts on GHG emissions, with reductions in some GHGs offset by increased N2O
emissions [39,40,52,53,77] or mixed impacts on soil organic carbon (SOC) [25,26]. There are
also large uncertainties in some areas (Figure 1), particularly surrounding the impact of
FAB measures on yield, with a range of both positive and negative results being reported.
This is predominantly due to the metrics, location and timeframe reviewed in each study
and complex interactions between management and context. Some effects on yield could be
short-term, and the longer-term benefits of a more sustainable system may exceed yield loss
with time [35,103,107,119,120,136]. There may be issues with the methods used to calculate
yield, e.g., not using a systems approach to calculate productivity in agroforestry [15].
Evidence is also currently limited in other areas (Figure 1); for example, organic matter
input and reduced tillage are often implemented to enhance soil quality [35], yet effects
on biodiversity are less well studied. There may be negative effects on biodiversity from
fertilisation [24], regardless of the source (i.e., organic vs. non-organic), and mixed effects
on soil microbial diversity from biochar and biosolids [83].

The review highlighted that there are some important trade-offs to be considered
when implementing FAB measures [162]. For example, potential increases in pesticide use
with conservation tillage could lead to reduced water quality [36,37]. Another example
is the decline in water quality with the addition of organic matter [73]. These trade-offs
need to be considered in each region for their broader implications, or offset with the
use of other FAB measures; in the first example, above, the integration of conservation
tillage with mixed and cover crops could offset the requirement for increased pesticide use.
There are multiple potential synergies between measures (Supplementary Table S2) when
implementing several different interventions as a package at farm or field level—the effect
of the whole may be greater than the sum of the parts. Spatial configuration and landscape
context are important considerations when locating these measures [14,87,125,144,158].
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4.2. Knowledge Gaps, Future Possibilities and Limitations of FAB

Although the possibilities of FAB measures are extensive and many of the core evi-
dence gaps are closing, the impact size, timescale and socio-economic barriers that exist
before broad-scale uptake could occur are still significant and need further investigation
and testing [7].

The evidence of the magnitude of impact that many of the measures can have upon
yield, soil health and water quality over a broad spectrum of space and time is often still
lacking (Figure 1). Quantitative evidence for how much of a given intervention is needed
to deliver a given benefit is lacking and is also likely to be context-specific [24]. There are
knowledge gaps on biodiversity, and studies often focus on selected taxa (e.g., [63,64,119]),
perhaps those more easily studied. Often, when an intervention has been implemented
for its effect on a different Ecosystem Service, biodiversity impacts may not be as well
documented. Cases of success, in particular in farming environments, provide hope for
the circular system applicability, yet the evidence in some instances produces conflicting
results, possibly due to variance in FAB intervention suitability to an environment (e.g., soil
type) or even differences in FAB application or impact monitoring and assessment. It could
be that the agricultural matrix is already so degraded (e.g., species pools, soil quality) that
it does not have the capacity to recover in the short term or without remedial action [163].
Furthermore, the potential for publication bias in the literature, which tends to report
mostly successful trials rather than the negligible or negative results that often never make
it to publication, must be noted [15,21,28,95]. This may have an impact when meta-analysis
is used to develop the evidence base.

A key step in the successful implementation of FAB measures is the understanding that
one intervention alone will not solve all challenges faced, yet a combination of measures
implemented in a strategic way can enhance the output success, especially when adopted
on a whole farm basis (Table S2). When implementing several different interventions as
a package at farm or field level, the effect of the whole is greater than the sum of the
parts [164].

Understanding past land management practices and having access to expertise for
measuring impacts is vital to the successful application and effective management of the
co-benefits and trade-offs at farm and regional scales (e.g., [22,24,35,41,74,108,119]).

However, beyond the closing of evidence gaps, FAB intervention uptake will continue
to be limited unless social and economic barriers are removed [7,49]. For many of the FAB
measures investigated here, the financial implications of uptake limit the viability of such
options, with the business case to invest in long-term nature-based measures currently
not adequately supported. Farmers are often proud of their yields, but it is important to
convince farmers to look at profit as the difference between income and expenses. Not only
yield is taken in consideration in the economic balance, but also the reduction of costs, like
expenses on PPPs, chemical fertilisers and fuel.

Furthermore, education and an improved understanding of the benefits changes in the
agricultural system could have at a farm and regional scale is lacking in most cases, limited
to small networks rather than incentivised at regional or national governmental level. These
and other barriers to implementing FAB measures must be addressed by future policy and
transdisciplinary research programs, for which FABulous Farmers is an example [12], and
those that will be developed in the future under the European Green Deal.

5. Conclusions

This review has drawn together evidence on ten popular FAB measures. The review
highlights current information and knowledge gaps towards effecting an increased uptake
and implementation of FAB measures. The results indicate that the implementation of FAB
measures as part of a shift from linear systems focused on inputs and intensification towards
more circular systems which work with natural processes to enhance the farming system for
future environmental and business sustainability is likely to be beneficial. There is evidence
that FAB interventions can decrease fertiliser use (by improving soil quality and reducing
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soil erosion), decrease pesticide use (increasing beneficial pest predators and disrupting pest
and disease cycles), improve above- and below-ground biodiversity, improve soil quality
(improving soil structure, preventing erosion) and improve water quality and conservation.
However, evidence is also conflicting for some of the measures, for instance on yield and
on impacts on soil organic carbon and GHGs, perhaps in part due to a lack of evidence at
the requisite spatial and temporal scale. The review also demonstrated that there is a lot
of complexity and detail to be considered, there are synergistic interactions and trade-offs
in implementing FAB measures, and success may be influenced by landscape context.
Evaluations of the FAB measures are generally limited to approaches which evaluate the
measures from singular perspectives, and therefore a need for more holistic approaches
to evaluating the measures (both individually and in combination) from social, economic
and environmental perspectives and in the different contexts to which they may be applied
are required to evaluate their potential contribution towards the development of more
sustainable agricultural systems. The FABulous Farmers project, of which this review is a
part, seeks to carry out such an evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land12112078/s1, Table S1: Selected FAB solutions and their contribution
to ecosystem service provision and farm management (text to accompany arrows shown in Figure 2).
Table S2: Interactions between FAB measures. References cited [165–173].
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Appendix A

Table A1. Definitions of FAB measures.

FAB Measure Description

Conservation tillage and no-tillage

Conventional tillage uses multiple trips across a field to invert the soil to quite a deep
depth. Reduced tillage (RT), a key component of conservation tillage, replaces heavy and
deep ploughing with a lighter tillage implement that disturbs less of the surface crop
residue, often in a single pass. There are different reduced tillage options, e.g., reduction
of tillage in rotation, reduction in tillage depth whilst maintaining inversion tillage and
non-inversion tillage at shallow soil [35]. In no-till (NT), a self-contained planting unit is
used to plant the crop in a single pass with no seedbed preparation [174] and may be
referred to as direct drilling or seeding [175]. Conservation tillage and no-tillage are
targeted at improvements in soil quality.

https://www.mdpi.com/article/10.3390/land12112078/s1
https://www.mdpi.com/article/10.3390/land12112078/s1
https://erammp.wales/en/r-sfs-evidence-pack
https://erammp.wales/en/r-sfs-evidence-pack
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Table A1. Cont.

FAB Measure Description

Mixed crops or crop rotations,
including sward diversity

Rather than agricultural monoculture systems, crop rotation includes the use of multiple
crop species and varieties in a rotation, including the integration of short-term grass or
other non-woody perennial leys into previously arable-only rotations, and alternating
spring and winter crop use to manage weeds. For crop rotation, the variation in crops
happens in time. For mixed crops, the variation in crops happens spatially. Diverse
species are in the field at the same time. This can be as a very close clustering of the
species (like in herbal leys, but also in the mixture of crops such as maize and legumes) or
by the creation of crop mosaics.
Improving sward diversity can be conducted through the addition of grass, forb and
legume species, normally carried out through reseeding, over-sowing or slot seeding, but
may also include the introduction of plug plants or feeding animals with high-quality hay
containing seeds (from nearby sites).

Cover or catch-crops

Cover crops are fast-maturing crops grown within a system to maintain soil cover during
fallow periods, and are typically ploughed under as green manure, or killed with
herbicides under no-till systems. Cover crops sequester C below ground through
increased primary productivity and maintenance of organic input throughout the rotation.
This option also includes the use of legumes (i.e., peas, beans or clover) in arable rotations.
The legumes could be introduced to break a long arable run, or grown with the arable
crop (intercropped or inter-sown).

Modified manure management,
quality and diversity

Organic fertiliser (manure) is mainly derived from cattle, pig and poultry farming, with
liquid manure (slurry) having a lower dry matter content than solid manure. In general,
slurry has lower concentrations (g kg−1 fresh weight) of C and N than solid manure, but
pH stays largely unaffected. Poultry manure (solid or liquid) generally has higher C and
N concentrations than cattle and pig manure. By combining a diversity of manure types,
manure can be better adjusted to the needs of the crop. This measure is targeted at
improvements in soil quality, SOC.

Organic matter input

Organic inputs, including compost, woodchips, farmyard manure, biosolids (recycled
from sewage) and incorporation of crop residues. Biochar is another form of organic
material that can be added to soil. Biochars are obtained through the thermal treatment of
organic material in low oxygen conditions [79] and can be a side-product of liquid biofuel
production. This measure is targeted at improvements in soil quality, SOC.

Agroforestry

Agroforestry is the practice of deliberately integrating woody vegetation (trees or shrubs)
into crop and/or animal production systems to benefit from the resulting ecological and
economic interactions. The diversity of practices behind the term agroforestry is vast,
ranging from the installation of shelter belts [86] to alley cropping forest farming and
many variations in between.

Hedgerow management

Hedgerows are a component of agroforestry. They are linear features over 20 m long and
<5 m wide within farmed landscapes that incorporate a shrub component, hedgerow trees
(where present) and associated ground flora. A hedgerow may also encompass not just
the lines of trees or shrubs, but the base of the hedge, which may be an earth bank, an
associated ditch and permanent herbaceous margins where the management is influenced
by the presence of shrubs or trees [108]. Hedgerows need to be kept in a management
cycle to maintain condition and provide ecosystem services. Management options could
include “gapping up”, rejuvenation through hedge laying or coppicing and improvement
of the ground flora.

Field margin management

Field margins can be managed to help protect hedgerow flora and fauna and to benefit
biodiversity, pollination and pest control, by taking the often less-productive field edges
out of arable crop production [119]. There are different types of field margin management
that could be practiced, including conservation headlands, beetle banks, uncultivated
margins, perennial grass strips or floral strips [125,126,128].

Reduction in the use of plant
protection products (PPPs)

Plant protection products (PPPs) are products that protect plants or plant products from
harmful organisms. They include herbicides, fungicides and insecticides. Organic
agriculture is the ultimate end point of reduced PPPs, being defined as farming systems
where the use of pesticides, herbicides and chemical fertilisers is prohibited [137], but
reduction should be considered along a gradient.
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Table A1. Cont.

FAB Measure Description

Semi-natural landscape elements

Many of the above sections include the use of selected semi-natural habitats in an
agricultural landscape (e.g., agroforestry, hedgerows and field margins). However, there
are other semi-natural features that have not been considered, such as ponds, ditches or
fallow land, and semi-natural habitats should also be considered in their entirety as
contributors to habitat heterogeneity and landscape complexity (potentially increasing
species richness) [1,158], connectivity (the characteristics of the landscape that affect the
movement of organisms), ecosystem functioning and resilience and species pools to
enable the successful implementation of options.

Notes
1 https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en (accessed on 1 September 2020).
2 https://www.eca.europa.eu/Lists/ECADocuments/SR14_04/SR14_04_EN.pdf (accessed on 1 September 2020).
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