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Abstract: Soil degradation is a global concern, decreasing the soil’s ability to perform a multitude
of functions. In Europe, one of the leading causes of soil degradation is unsustainable agricultural
practices. Hence, there is a need to explore alternative production systems for enhanced agronomic
productivity and environmental performance, such as agroforestry systems (AFS). Given this, the
objective of the study is to enumerate the major benefits and challenges in the adoption of AFS. AFS
can improve agronomic productivity, carbon sequestration, nutrient cycling, soil biodiversity, water
retention, and pollination. Furthermore, they can reduce soil erosion and incidence of fire and
provide recreational and cultural benefits. There are several challenges to the adoption and uptake
of AFS in Europe, including high costs for implementation, lack of financial incentives, limited AFS
product marketing, lack of education, awareness, and field demonstrations. Policies for financial
incentives such as subsidies and payments for ecosystem services provided by AFS must be
introduced or amended. Awareness of AFS products must be increased for consumers through
appropriate marketing strategies, and landowners need more opportunities for education on how
to successfully manage diverse, economically viable AFS. Finally, field-based evidence is required
for informed decision-making by farmers, advisory services, and policy-making bodies.

Keywords: agroforestry; agronomic productivity; ecosystem services; agroecology; farmland
management; sustainability

1. Introduction

Soil degradation is the “decline in soil quality or its capacity to produce economic goods or
provide ecosystem services” [1] (p. 709). Soil degradation can result in soil compaction, salinity,
nutrient loss, reduction in biodiversity, or contamination leading to unproductive soils, dependent
on the crops grown, soil type, and management in an agro-ecosystem. Agro-ecosystems provide
provisioning, regulating, supporting, and cultural ecosystem services, and amongst these services,
provisioning services like food, fodder, fibre, and fuelwood have economic values due to their
marketable values [2]. However, it is a challenge to add economic values to regulating, supporting,
and cultural ecosystem services as the goods and services are non-marketable and the importance of
these ecosystem services are location-specific, adding another complexity to valuation.

Soil degradation is a global concern that is most prominent in the tropics and subtropics. Soil
degradation is a concern in Europe as there is a need to maintain the multifunctional role of soils for
primary productivity, carbon sequestration, nutrient storage and regulation, water storage and
cycling, and habitat for biodiversity [3]. The leading cause of soil degradation in Europe is the
intensive conventional arable production system, where losses of up to 300 Tg C (10'?) year is
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reported [4]. The use of mechanical tillage causes adverse effects on soil structure and enhances the
decomposition process, leading to nutrient loss through leaching and volatilization and imbalances
in nutrient supply [5]. Furthermore, the use of pesticides has adverse effects on soil biodiversity [6].
Given the challenges of soil degradation due to conventional intensive production systems, there is
need for production systems that enhance agronomic productivity and environmental performance.

Agroforestry, the practice of integrating trees and shrubs with crops or livestock production [7],
is one such potentially sustainable way of achieving healthier soils for increased agricultural
production [8,9] and environmental performance. Agroforestry systems (AFS) include silvoarable
systems (combination of trees/shrubs with crops), silvopastoral (combination of trees with livestock),
and agro-silvopastoral (combination of trees/shrubs with both crops and livestock), riparian buffer
strips, and home gardens [10]. Besides provisioning services, viz., food, fodder, fibre, and fuelwood
production, AFS provide several other ecosystem services, including regulation of nutrient cycling,
carbon sequestration, habitat for biodiversity, erosion control, fire and flood control, and recreational
and cultural services [11,12]. Hence, the objective of this study is to assess the beneficial effects of AFS
on agronomic productivity, carbon sequestration, soil nutrient cycling, soil biodiversity, soil erosion
and water retention, recreation and culture, fire and pollination, and to highlight the challenges faced
in the adoption of AFS.

2. Benefits of AFS

2.1. Agronomic Productivity

The land equivalent ratio (LER) was first proposed by Mead and Willey [13] and is defined as
the ratio of the area under sole cropping to the area under intercropping needed to give equal
amounts of yield at the same management level [14]. It is the most common measure for comparing
productivity in terms of biomass or other yields [15] and is a valuable tool to assess the production
system when considering conversion of conventional agricultural land to AFS [16].

The evidence of higher productivity in agroforestry systems has been reported in different
studies. The LER of a combined food and energy (CFE) production system in Denmark ranged from
1.14-1.34 [17], indicating that crop and tree yields produced in agroforestry required 14-34% less
land or fewer resources in terms of light, water, nutrients, compared to monoculture. This is a
significant advantage and provides avenues for ecological intensification to produce more with fewer
inputs. A recent study investigated five agroforestry systems that differed in crop, tree, and grass
species under diverse pedo-climatic zones and management regimes; LER values ranged between
1.36-2.00, demonstrating a higher productivity in a diversity of AFS [18]. Likewise, in the oldest and
most well-documented agroforestry experimental site in Europe, silvoarable agroforestry systems
had LER estimates of 1.3-1.6 [16]. Other studies have used modelling to determine the productivity
of different agricultural systems. Over 30 years, it was estimated that 1.28 ha of separate forestry and
arable systems would be needed to produce the crop and timber yields obtained in a silvoarable
system [19]. In a study of 14 different agroforestry practices by Sereke et al. [20], the AFS were
commonly more productive than separate forestry or arable systems (12 out of the 14 options, land
equivalent ratio = 0.95-1.30).

Despite numerous studies demonstrating the higher productivity of AFS, these results
contradict the views of farmers, who see AFS as unproductive and thus as financially unviable [20].
This view is reiterated in many other papers assessing farmers’ opinions of barriers to AFS adoption,
where farmers are often concerned with the financial risk [7,19,21,22]. Given that there is a need to
increase food production significantly by 2050 [23], high-yielding agroforestry provides a viable
option to contribute to the yield increase to meet the increase in food demand due to population
growth and changes in food consumption patterns.

2.2. Soil Carbon Sequestration

Soil represents a large pool of carbon (C), consisting of about 1550 Gt of soil organic carbon
(SOC) and 950 Gt of soil inorganic carbon (SIC) [24]. Soil organic carbon occurs mostly as a fraction
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of organic matter (OM), and its levels in soils are determined by a dynamic balance of inputs and
outputs [24]. Carbon sequestration occurs when the C input to soil is higher than the C release [25].
Agricultural soils in Europe generally act as carbon sources, but have a high potential to become carbon
sinks with changes in land management [24]. Because soil organic matter (SOM) contains 50-58%
carbon, the loss of OM from soils in conventional agriculture contributes to C sources [26].
Agroforestry systems add significant amounts of SOM, resulting in multiple benefits such as
improved soil moisture retention, greater soil nitrogen mineralisation, and, importantly, increased
carbon sequestration, and thus climate change mitigation [27].

A field experiment of 17 arable agroforestry fields in Belgium revealed that trees increased carbon
by 5.3 ton organic carbon (OC) ha in the plough layer, compared to treeless control plots [28]. Similarly,
a Canadian field experiment recorded an increase in SOC of 6.2 ton OC ha™ in the top 0-20 cm of soil after
21 years of intercropping with poplar, compared to arable cropping without trees [29]. Inclusion of
woody crops, viz., willow, can add up to 103 Mg carbon ha™ [30], inclusive of aboveground,
belowground, and soil organic carbon. Kay et al. [31] identified priority areas across Europe where
the implementation of agroforestry could be particularly effective and examined the impact of AFS
on soil carbon. They determined that conversion of arable systems to AFS within these priority areas
could lead to the sequestration of 2.1 to 63.9 million t C a™!, depending on the type of agroforestry,
which corresponds to 1.4% to 43.4% of European agricultural greenhouse gas (GHG) emissions.
Aertsens, De Nocker and Gobin [25] estimated that implementation of agroforestry on arable land in
the EU has the potential to sequester 2.75 t C ha! year and a further 2.75 t C ha! year™ on pasture
land. This is 5-10 times the C sequestration potential of conventional agriculture [25]. Comparing the
environmental footprint in terms of global warming potential, acidification, and eutrophication,
agroforestry systems were found to be more environmentally friendly compared to the conventional
arable production system [18].

Alley cropping is a common agroforestry practice in Europe [32]. In this system, crops are grown
in strips in-between rows of trees and shrubs [33]. This is distinctly different from conventional
farming systems where one plant species is grown as a monoculture [25]. In silvopastoral systems,
livestock is grazed on grasslands with trees growing on them, compared to conventional pastures
consisting of grassland monocultures [34]. These AFS increase carbon sequestration in several ways,
compared to the conventional systems. Firstly, the woody biomass of trees is 46-51% C and thus
represents a main pathway of C accumulation [35]. Deposition of vegetation onto the soil through
litter fall and crop residues leads to increased incorporation of C as OM into the soil [35,36], and
enhanced root production increases C in the soil [37]. Indeed, roots represent a more important
component of C sequestration in AFS in deep soil horizons than herbaceous understory and crop
plants, and thus can relocate C to below the plough layer and protect it from oxidation [37].

2.3. Nutrient Cycling

Nutrients in AFS generally are provided from prunings and litter fall from the trees, making the
nutrients available for the crops in the alley [38]. However, in some AFS synthetic fertilisers are also
used [39]. Nutrient availability and cycling have been shown to be greater and more efficient in AFS,
compared to conventional agro-ecosystems [40,41]. This can be attributed to several different
processes: the incorporation of nitrogen-fixing tree species or the use of leguminous crops in crop
rotation or as cover crops leads to increased stocks of nitrogen (N) [42]. For example, 650 woody
species in temperate regions can fix nitrogen from the atmosphere, and 32-58% of the total nitrogen
required for the alley-cropped maize came from the nitrogen fixation by the adjacent alder trees [43].
In a combined food and energy system in Denmark, mineralized nitrogen was 108 kg N ha™ year!
for AFS, compared to 64 kg N ha' year! in a conventional wheat production system [2]. In addition,
Pardon et al. [28] recorded increased concentrations of nutrients in AFS compared to treeless control
plots, where concentrations were greater by 35.5 mg kg dm-, 28.8 mg kg dm, 16.2 mg kg dm™, and
5 mg kg dm! for K, P, Mg, and NA, respectively.

In AFS, biomass production of the trees is faster than in forests as there is less competition
amongst the trees [25]. This rapidly produced biomass can then be recycled back into the system,
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which improves SOM content and nutrient recycling [40]. Tree roots can reach and utilise nutrients
that have leached to deep soil layers that crop roots cannot reach [40]. These nutrients are then
recycled into the system through leaf litter and turnover of fine roots [40]. Thus, agroforestry has the
potential to improve soil fertility through improved nutrient cycling and retention [25,40,41]. For
example, the leaf litter from adjacent poplar trees in agroforestry systems doubled the availability of
nitrogen in soils for uptake by crops in the alleys to 7 kg N ha! year™, compared to the soils located
8 to 11 m away from the trees [44]. Trees can also add significant nitrogen by intercepting rainfall
through stemflow (rainfall intercepted by leaves and branches) and throughfall (rainwater
intercepted by the canopy) to the tune of 15.22 and 10.99 kg N ha™ yr in hybrid poplar and silver
maple tree systems, respectively [45].

Despite the opportunities that AFS present, there is a great deal of variability amongst different
types of AFS in different contexts in terms of species, soil type, and other land-use conditions [46].
The net productivity of any agroforestry system is the result of interactions, negative and positive,
between the components in the system [43]. In fact, some long-term yields may not differ between
AFS and monoculture systems [47]. If all plant species in the system have the same requirements over
time and space for the same resource (water, nutrients, light), they will compete with each other [43],
and this can result in reduced yields [48]. For example, shading by trees can have negative impacts
on crops as sub-optimal light availability can induce stress responses [49]. However, if the different
species in the system use different resources at different temporal and spatial scales, they can instead
improve each other’s environment and facilitate growth [43,49]. Therefore, selection of tree and crop
species that have different resource requirements is an important factor when maximising the
efficiency of the AFS [46,50]. The water-retaining properties of the soil will also impact the degree of
competition for water in the system, with more competition in free-draining soils and vice versa [43].
Further, different management practices, such as pruning, root cutting, and distance between and
orientation of tree rows, as well as whether fertilizers are added or not, all have an impact on the
interactive outcome of the species in the system [38,39,42,43,49,50].

2.4. Soil Biodiversity

Soils are incredibly diverse: 1 g of soil has been estimated to contain 1 billion bacteria from tens
of thousands of taxa, 200 m of fungal hyphae, and a vast variety of nematodes, mites, earthwormes,
and arthropods [51]. Soil organisms can be grouped by their ecological function; they are classed as
decomposers, nutrient transformers, ecosystem engineers, and bio-controllers [52-54]. These
functional assemblages contribute to four aggregated ecosystem functions: carbon transformations,
nutrient cycling, soil structure maintenance, and population regulation, which through a variety of
soil-based delivery processes generate and sustain soil health [55]. The diversity of soil organisms
due to differences in litter quality and quantity results in a diversity of enzymes and enzymatic
activity, supporting the critical soil functions of organic matter breakdown, nutrient availability, and
recycling [56,57]. Agroforestry enhances the growth of arbuscular mycorrhizal fungi, which enhances
litter decomposition, resulting in enhanced plant-available nutrients, and such positive effects have
been demonstrated in field studies [58,59]. Marsden et al. [60] collated the results from 62 publications
in order to examine the effect of agroforestry on soil fauna abundance and/or diversity in temperate
climates. Of the papers that examined AFS compared to arable systems, the effects of AFS were
mostly positive (70% of the data sets), and only two studies found a negative impact of AFS on soil
fauna biodiversity or abundance. Similarly, a meta-analysis by Torralba et al. [46] found an overall
positive effect of agroforestry on biodiversity, although the benefits of AFS are context-related.
However, studies that examined the abundance or diversity of specific groups of organisms provided
clearer information on the impacts of AFS on the soil ecosystem.

Decomposers and nutrient transformers (e.g., microorganisms such as algae, bacteria, fungi, and
microarthropods) play a key role in breaking down OM [53,61,62], which then releases nutrients and
contributes to nutrient cycling [53,63]. They fragment decomposing litter and increase availability to
microbes. The symbiotic relationship between nitrogen-fixing bacteria and some plants (mainly
legumes and some tree species) is well established [64]. Co-operative microbial activities such as
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biological nitrogen fixation (BNF) processes can be exploited as a low-input biotechnology in
sustainable AFS [64,65]. In addition to this, mycorrhizal fungi in the soil take up phosphorous—
particularly in P-deficient soils—and recycle it back into the system [66—68]. The microbial biomass
also represents the living part of SOM, and living microbial cells usually represent 1-5% of the total
organic C in soils [65]. Although a relatively small proportion of soil C, the microbial biomass C still
represents a global pool of about 23 Pg [69]. Thus, it seems a likely assumption that the increased
abundance of soil microbes in AFS contributes to increased C storage. The high input of OM to the
soil in AFS also contributes to the diversity and abundance of microorganisms as OM provides an
energy source for the microbes [62].

Ecosystem engineers (e.g., earthworms and ants) alter the physical structure and porosity of the soil
by creating burrows, chambers, and castings, and influence nutrient and energy flow by ingesting organic
matter and mixing with the soil [52,53,70]. In a combined food and energy system in Denmark, the
earthworm count in shelter belts was 148 m=2, compared to 63 m? in a conventional barley production
system [2]. In a study of 13 agroforestry sites in France, abundance and biomass of earthworms were
higher in AFS than in control plots, as were the soil organic carbon stocks [64]. Similarly, a North American
study found that earthworm density was higher within AFS than within monocultures [71].

Bio-controllers (e.g., microfauna and macrofauna such as nematodes and collembolans) act as
herbivores or predate on other soil organisms, regulating the activity of the soil microbial community
and thus affecting nutrient flow [52-54]. Intensified agriculture has been shown to be detrimental to
soil biodiversity, and a higher diversity of soil microorganisms has been observed in AFS compared
to conventional agriculture systems [40,41]. In addition, according to Barrios et al. [55], AFS had a
higher abundance of earthworms, beetles, centipedes, millipedes, termites, ants, collembola, mites,
and non-parasitic nematodes than monocultures; the only group that had a higher abundance in
monoculture was parasitic nematodes. Thus, AFS can increase both abundance and diversity of soil
biota. Similarly, Mupeyo et al. [72] found that AFS can reduce parasitic nematode fecundity and thus
have a positive impact on livestock. Banerjee et al. [73] quantified bacterial 16S ribosomal RNA
(rRNA) genes in soil samples from AFS (woodland or hedgerows) and controls (either grassland or
agricultural land) and found that there was a higher abundance of soil bacteria in AFS. In addition,
Bainard et al. [66] found greater fungi richness in an agroforestry system than in a monocrop, and
several taxa that were found in the AFS were not present in a monocrop system. However, AFS have
been shown to increase in fungi-to-bacteria ratio [74,75], which suggests that AFS have varying effects
on different groups of organisms.

Differences in soil biota diversity and abundance can be attributed partly to the increased plant
diversity of AFS compared to monocultures in conventional systems as plant diversity is positively
linked to soil microbial diversity [65]. For example, higher soil invertebrate diversity is found near
the trees compared to the alleys, due to high diversity of leaf litter resulting in high organic matter
accumulation [71]. In addition, AFS structural complexity may alter soil biota. For example, leaves
intercept rainfall and transpire water taken up by roots, canopy cover provides shade, and pruned
leaves and branches provide soil cover and nutrient inputs. This, in turn, affects the temperature,
moisture, erosion, and nutrient content of the soil and indirectly affects the soil biota by “fostering
conditions for increased biological activity” [55].

Torralba et al. [46] argued that this capacity of agroforestry to provide food, shelter, habitat, and
other resources is one of the main reasons why many agroforestry areas are protected under the
Natura 2000 Directive and are frequently recorded as High Nature Value farmlands. In addition,
almost a quarter of the natural habitat types listed in Annex I of the Directive refer to silvopastures.
The EU Commission’s Europe 2020 strategy for a “resource efficient” Europe highlights the necessity
of protecting, valuing, and restoring biodiversity and ecosystem services. However, more research
on the effects of AFS is required; most studies focus on a single species or taxonomic group and many
organisms are under-researched, particularly for temperate AFS [60].
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2.5. Soil Erosion and Water Retention

AFS have several documented benefits to reduce the non-point source pollution of ground water
and aquatic bodies due to reduction and filtration of surface runoff and enhanced infiltration into the
soil to recharge the aquifers [76-78]. For example, a combined food and energy system recorded a
water-holding capacity of 411 mm ha™ compared to a conventional wheat production system with a
water-holding capacity of 283 mm ha[2]. Similarly, soil erosion prevention in a combined food and
energy system was 3.3 Mg ha' year?!, compared to equivalent soil loss due to soil erosion in
conventional wheat production [2]. Agroforestry systems improve soil stability and prevent erosion
through several processes. Increased ground cover from leaf litter and “tree mulch” intercepts rainfall,
decreases the velocity of runoff water, reduces evapotranspiration, and limits soil crusting [79].
Increased OM improves the water-retaining properties and improves stability of the soil via
improved aggregation and soil structure [79]. Moreover, trees and hedges provide a permeable
barrier that slows down and intercepts water runoff [80]. Water infiltration rates were shown to be
up to 60 times higher in areas planted with young trees than in adjacent grazed pastures [81]. Trees
are also used to reduce wind erosion; globally, 300 million hectares of farmland are protected through
windbreaks and shelterbelts [82]. In a meta-analysis by Torralba et al. [46] comparing agroforestry,
conventional monoculture, and forested sites in Europe, agroforestry had a positive impact on
erosion control.

Mulches, cover crops, and alley cropping help reduce soil temperature and soil loss [83]. For
example, soil loss was reduced by up to 80% as a result of alley cropping [84]. Similarly, a study by
Budelman [85] showed that mulches from trees or woody shrubs can decrease the soil temperature
by up to 6.6 °C and increase soil moisture content by up to 4.6%. Soil evaporation is also regulated
through shading [80]. The shading effect creates a humidity and temperature buffer that can protect
the system from weather extremes such as torrential rain and heat waves [86,87]. Thus, AFS have the
potential to both mitigate and adapt to increased rainfall and erosion and increasing temperatures,
which justifies the argument for their wider implementation in the EU.

2.6. Recreation and Culture

Agroforestry systems can increase the diversity and improve the aesthetics of the landscape,
which is more appealing for visitors compared to monoculture [12]. Agroforestry provides cultural
services such as heritage value, recreation and ecotourism, knowledge systems, spiritual interactions,
aesthetic values, and conserves species, habitats, and landscapes [11,12,88]. However, current
measurements of cultural services are inadequate as they are the least researched ecosystem service
category in agroforestry papers [11,89].

AFS represent management practices based on local or indigenous knowledge that has evolved
over time; they are the cultural, social, economic, and ecological heritage of the people [89,90]. Thus,
Vera [91] stated that “it is only by knowing the wilderness that we can understand our cultural
landscape”. Recreation and ecotourism services are also provided by agroforestry sites on a regular
basis for many people. Common examples are wild foraging, hunting, wildlife observation, walking
or hiking, fishing, use of off-road recreation vehicles, horseback riding, and camping [92]. One survey
found that 92.4% of participants could name at least one recreational service to household members
or outsiders, and landowners were providing more than four of these services on average [92].
Moreover, McAdam et al. [12] noted that activities such as hunting, fishing, mountain biking, and
horseback riding can diversify income for farmers, while the public can benefit from improved health
and enjoyment from agroforestry through sports and wildlife watching. Similar opportunities were
described for AFS in Italy by Pardini [93]. Well-known landscapes have a particularly high value for
ecotourism, such as those in the New Forest in England, the cork oak systems of Spain and Portugal,
or the wood pastures of the Alps [94].

Nature-based tourism is a rapidly expanding sector within tourism in Europe [95]. Thus, AFS
can improve the rural economy in Europe if management through agritourism and local engagement
is supported [96]. Since the aesthetic and recreation values are crucial to the success of ecotourism,
there is a need for a market-based contractual mechanism to promote recreation and ecotourism that
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ensures a high aesthetic and recreational value [95]. Fortunately, some of the fundamental features
of AFS have a high aesthetic value. For example, Dudek [97] created a valuation tool for forests based
on their features that places a higher aesthetic value on forests with a high tree stand diversity, high
diversity of flora in undergrowth, and more canopy layers. Thus, the promotion of AFS would go
hand-in-hand with the promotion of forests that have a high recreation and ecotourism value; these
systems are an important part of the culture and heritage in Europe, thus they should be preserved
and sustainably managed [98].

2.7. Pest and Disease Control

It is estimated that 37% of USA crop yields are lost to pests [99] and 20-40% of global crops are
lost to disease [100]. Furthermore, outbreaks of pests and diseases are expected to increase in the
future [101]. Much of the current pest control measures, particularly in developed countries, are
based on the application of chemical pesticides to crops. In the USA alone, USD 11 billion was spent
on 480 million pounds of pesticides in 2008 [102]. Similarly, in the USA, invasive plant pathogens
cause an estimated USD 21 billion in crop losses each year due to diseased crops [103]. However,
chemical pest and disease control is not an ecologically sustainable or economically viable solution.
Instead, agricultural systems that promote the natural enemies of pests are a sustainable solution:
they can reduce yield loss of crops without the negative environmental consequences that result from
chemical use and are more economically viable [104,105]. In fact, pest control by natural enemies was
valued at USD 13 billion per year in the USA [106].

In a meta-analysis by Pumarifio et al. [107], pest abundance and plant damage were lower in
agroforestry treatments for perennial crops, but annuals were unaffected. This was attributed mostly
to the effects of shading by trees, although other studies have attributed this to increased landscape
complexity in AFS [105,108]. In addition to trees, hedges, boundary plantations, and windbreaks
create a physical barrier, especially if pests or pathogens are transported by wind [109,110]. A large
number of studies have shown that AFS—particularly those with high crop diversity —generally
have a higher abundance of natural enemies of pests [104,105,107,108,110-112] and increased
competition between pest and non-pest species [108,112]. In addition to reducing pests, AFS have
been shown to reduce the environmental effects of pesticides. Pesticide runoff is lower in AFS, and
microbial populations in these systems can break down pesticides [113].

Chaplin et al. [104] found that despite the increase in natural enemies, pest abundance and plant
damage showed no relationship to landscape complexity such as AFS rather than monocultures. Some
studies have also reported fewer herbivores and less crop damage in AFS [111]. However, the data are
limited; for example, in one meta-analysis >80% of papers were on just two crop types [107]. More diverse
research is required to get a better understanding of the effects of different AFS on pests, particularly in
temperate zones [114]. Moreover, Iverson et al. [115] suggested that appropriate AFS management is key
in providing a “win-win” relationship between crop yield and biocontrol; this is not fully taken into
account in most studies. Smith, Pearce and Wolfe [112] suggested that good AFS management can involve
strategies such as providing sources of adult parasitoid food; providing sites for mating, oviposition and
resting; ensuring intermittent distribution of host plants, thus making it harder for pests to find the plants;
using “trap-crop” species protecting other crops from herbivore attack; and using plants acting as a
repellent to the herbivore [112]. Stamps and Linit [108] and Iverson et al. [115] agreed that decreased host
plant apparency may have beneficial effects for pest management.

Although there is evidence to suggest that plant diseases were significantly reduced by
agroforestry [107,109], far less research has been carried out investigating the effects on plant diseases
of AFS compared to plant pests. In a meta-analysis on the effects of AFS on pests and diseases by
Pumarifio et al. [107], out of the 40 studies included, only two papers were on plant disease and both
were for tropical AFS. Beule et al. [116] agreed that studies on the effects of AFS on disease control —
particularly in temperate zones—are lacking.

As with pests, appropriate management of AFS is essential for disease control. Beule et al. [116]
suggested that various methods of diversification of the AFS can suppress plant diseases. These
include growing a mixture of crop varieties, crop rotation, intercropping, and alley cropping. This
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view was supported by Tilman et al. [117], who suggested that modern intensive agro-ecosystems are
more vulnerable to crop damage by pests and diseases due to oversimplification of these systems [117].
Like pest management, reducing host plant density can reduce crop disease prevalence, particularly
of soil-borne and splash-dispersed pathogens. Soil microbiology can have a positive impact where
antagonist organisms can suppress disease [109,116]. In addition, higher tree density results in
microclimatic effects and reduced wind speed, which can reduce dispersal of pathogens. Studies also
found that shading by trees in temperate AFS reduced pest and disease incidence, which led to better
disease resilience [109,118]. However, in a review of tropical AFS, Schroth et al. [119] found that the
intensity of attacks by pests and diseases in these systems varies with the pest or disease and with its
ecological requirements.

2.8. Fire Prevention

In 2018 alone over 137,000 ha of land was lost in Europe due to wildfires. Of all the recorded
fires in Europe, the Middle East, and North Africa, the largest proportion of burnt land was in forest
and other wooded land (58%), followed by other natural land (32%), agriculture (9%), and artificial
surfaces (1%) [120]. Thus, wildfires are particularly problematic in forests.

Wildfires require fuel, oxygen, and heat in order to burn and spread. Unmanaged forests
typically contain high fuel loads, increasing the risk of large, rapidly spreading wildfires [121].
However, many AFS have adopted a silvopastoral approach, which incorporates heavy thinning and
pruning to create “firebreaks”. The land is then grazed by livestock to reduce shrub regrowth, and
thus limits fire risk by depriving the fire of adequate fuel [121,122]. This is particularly common in
Mediterranean countries such as France and Spain and has been adopted for decades in some cases,
and some government policies actively encourage this system, such as in Catalonia [122]. In addition,
AFS involve the incorporation of litter and deadwood pools and, therefore, a lower litter depth. As a
result, there are fewer flammable forests due to a lower burn temperature, lower maximum flame
height, and reduced flame propagation [121].

The EU Rural Development Programme recognised that agroforestry reduces fire risk and some
measures to promote agroforestry centred around this benefit [32]. However, these policy measures
were insufficient: although the measures promoted both afforestation and reforestation, payments
covered loss of income for afforestation but not reforestation. Furthermore, no payments were
provided to promote agricultural activity after trees were planted, and so most of the forestland was
not cleared in order to reduce forest fires [123].

2.9. Pollination

Approximately 85% of flowering plants depend on more than 100,000 animal species —mostly
insects—for pollination [124,125]. This is particularly important for agricultural crops, where animal
pollinators affect two thirds of the 1500 global crop species and are essential for up to 30% of all food
production [126]. In Europe, 84% of the 264 crops studied depend on animal pollination to some
extent. In a more recent global study, the level of dependence on animal-mediated pollination was
calculated for 107 crops, where animal pollination was beneficial for two thirds of crops studied.
Furthermore, animal pollination was classed as of high or essential importance for over 40% of the
crops studied [127].

Intensively managed agriculture has been recognised as a major cause of loss of global
biodiversity [128] due to the conversion of natural systems into agricultural land and agricultural
intensification on land already used for agriculture [129]. Animal pollinators are in decline globally,
and estimates suggest that up to 40% of invertebrate pollinators are at risk of extinction [130]. The
global annual economic value of insect pollination is approximately EUR 153 billion. This is the
equivalent of 9.5% of the total economic value of the global agricultural output of all food crops for
human consumption [131]. Agroforestry systems have a significant role to play in pollination, but
very few studies have quantified the role of agroforestry in pollination. One such study quantified
and valued pollination at USD 47 ha! year™ in combined food and energy agroforestry in Denmark [132].
Despite the significant negative impact on the agriculture industry, the decline in pollinators is
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mainly due to intensive agriculture [133]. Varah et al. [134] stated that conventional farming methods
focus on providing just one ecosystem service—productivity—by reducing environmental
complexity by growing intensive monocultures with better economies of scale. By focussing on
productivity, many other ecosystem services suffer.

Bentrup et al. [135] provided a detailed review of the effect of temperate agroforestry practices
and woody plants on insect pollinators and pollination, focussing on the services they provide
pollinators. They found that trees are sources of resin for bees and nectar of high nutritional value
and sugar content. Similarly, woody species provide early season pollen and nectar and are hosts to
important larvae. The varied woodland structure and reduced disturbance in AFS provide sites for
ground nesting, cavity nesting, and overwintering. In addition, the lower exposure to pesticides and
runoff in AFS reduces the harmful effects to pollinator populations. The findings were supported by
a field study of four silvopastoral and two silvoarable AFS in the UK by Potts et al. [133], where
butterfly diversity was significantly higher for AFS than for the control plots (agricultural
monocultures growing the same crop as the agroforestry treatment but without the trees). A review
by Varah et al. [136] found that temperate AFS provide greater pollination service than monocultures:
AFS had twice as many solitary bees and hoverflies, and the species richness of solitary bees was
approximately 10.5 times greater in AFS.

Models based on a Swiss field experiment predict enhanced wild bee habitat quality
(particularly for cavity-nesting species) and tend to predict increased provision of pollination services
by wild bees in landscapes with higher proportions of AFS [137]. In addition, a meta-analysis found
that despite a higher abundance of pollinators in AFS compared to arable systems, the abundance of
natural enemies and pests was 24% greater, and arthropod herbivore/pest abundance was 25% lower
in AFS, suggesting the issue is more complex than simply understanding the abundance or diversity
of pollinators [138].

3. Opportunities and Challenges for Agroforestry in Europe

In the EU, approximately 20 million ha of land is occupied by AFS, and the majority (90%) are
silvopastoral systems [32] located in the Mediterranean area [139]. Aertsens, De Nocker and Gobin [25]
estimated that there are still 90 million ha of arable land and 50 million ha of pasture land in the EU
that have the potential to be used as agroforestry. AFS provide multiple benefits, viz., provision of
ecosystem services, product diversity, enhanced biodiversity and mitigation of GHG emissions and
climate resilience, and these multiple functionalities [31,60,140] need to be taken into account in
assessing the AFS. AFS provide a good compromise between the input-intensive monoculture for
high productivity and nature-based or conservation agriculture with lower productivity, for
production of food and non-food products. Due to the diversity of crop and tree species in AFS, yields
are more stable in cases of adverse climatic conditions [141,142], reducing the risk exposure for the
farmers. Further, there is better nutrient cycling due to the complementarity in time and space in
resource use between the crop and tree species, enhancing the resource use and cycling [143] within
the production system. AFS are not without challenges due to various reasons. If AFS need to be
optimized for productivity [144], there is a need to balance the crop and tree population, spacing and
cropped area in order to optimize the complementarity between the species. There is a need for on-
farm demonstrations and robust field-based evidence of AFS in the relevant socioeconomic settings
to match the local demand for produce with the supply from the AFS. These activities need to be
matched with agriculture advisors to advise the farmers and policy changes in order to influence the
policy-making bodies to bring forth and communicate the multiple benefits of AFS from local to
global scale. Hence, we highlight some of the key barriers to implementation, including the costs for
the implementation of agroforestry systems, lack of financial incentives, marketing, and
awareness/education.
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3.1. High Costs for Implementation

High costs are common barriers to implementation of new farming practices and production
techniques [145]. In the last 10-15 years, the EU has provided several voluntary and mandatory policy
instruments (Table 1) for financial support to farmers to promote agroforestry implementation [32,146,147].
Low profitability is still a major concern of farmers and farm managers considering implementation
of agroforestry [147,148]. AFS are labour-intensive and the high cost of labour in Europe can be a
considerable deterrent for people considering adopting AFS [149]. Also, complementarity in
temporal and spatial nutrient, water, and radiation use amongst the AFS components is the main
reason for increased yields, and if not managed well, the competition amongst the AFS components
can decrease yields and cause financial risk [22,148]. Garcia de Jalon et al. [19] modelled and valued the
environmental impacts of arable, forestry, and agroforestry systems in Europe. They found that AFS
were the second most profitable system after arable, where the financial equivalent annual value with
grants was EUR 559 ha™! yr~ for arable and EUR 364 ha™ yr' for AFS. The forestry system had a much
lower financial equivalent annual value of EUR 194 ha™ yr! with grants. However, in a 20-year field
study of combined food and energy production systems in Denmark, calculations on agronomic
productivity, costs of production, and revenue flows showed that agroforestry systems had higher
net present values compared to monocrops [17]. Further, sensitivity analysis was carried out with
different discount rates between 0-10%, and agroforestry systems were most insensitive to the
discount rate and provided a stable and consistent net present value [17]. This study demonstrated
the need for more field-based studies to demystify the notion that agroforestry systems are
economically unviable.

Table 1. Overview of EU policy instruments relevant to agroforestry systems (AFS).

Policy Relevance to AFS
Common Agricultural Payments to farmers fulfilling 13 Statutory Management Requirements
Policy (CAP) related to environment, climate change, and good agricultural condition land.
European Biodiversity Aims to halt deterioration and improve the status of species and habitats
Strategy to 2020 covered by EU nature legislation. Linked to CAP and Natura 2000.

Aims to protect threatened species and associated habitats. Network of
special protection areas (SPAs) and sites of Community importance (SCIs).
Several EU funds available.

Natura 2000—Habitats and
Birds Directives

Broad strategy involving many sectors. One objective is to manage natural
resources responsibly and protect habitats and ecosystems, as well as halt the
loss of biodiversity.

European Strategy for
Sustainable Development

European Climate Change EU strategy to implement the Kyoto Protocol. Measures to improve energy
Programme (ECCP) efficiency and reduce greenhouse gas emissions.
European Forest Strategy Aims to ensure sustainable and balanced forest management.

3.2. Inadequate Financial Incentives

Financial incentives as compensation for provision of ecosystem services from agroforestry are
lacking [148]. Payment for ecosystem services is an approach where land stewards such as farmers
receive compensation for protecting and restoring ecosystems [150]. Although the EU promotes
agroforestry through Pillars I and II of the Common Agricultural Policy (CAP, Table 1), this applies
only for establishing new AFS and not those already existing [147], a disincentive to maintaining the
AFS for those already practising AFS. Furthermore, the EU Emission Trading system does not currently
allow trading with carbon credits for land-use or forestry systems [151]. Thus, farmers cannot benefit
from selling carbon credits [151] despite the high C sequestration potential of AFS [25,37]. Subsidies
and payments for ecosystem services to landowners who already practice agroforestry might
mitigate some of the financial risk and encourage farmers and farm managers to maintain AFS in the
long term [147].

Of the 13 Statutory Management Requirements under CAP, the first four—protection of water
against pollution caused by nitrates; conservation of wild birds; conservation of natural habitats and
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of wild flora and fauna; and food and feed law [32] —are most relevant to AFS. The Natura 2000 sites
are supported through the CAP Pillars 1 and 2, and other EU funds such as the Programme for the
Environment and Climate Action and European Structural Funds, viz., Regional Development Fund,
Cohesion Fund, and Social Fund [32]. Because of the multifunctional benefits of AFS, AFS are potential
candidates to meet several national- and EU-level agricultural policy measures, viz., Nitrate Directive,
Water Framework Directive, Greening Measures, Birds and Habitat Directive, Agri-Environmental
Schemes, and EU2030 Climate and Energy Framework. Recognizing the role of AFS in meeting these
measures can provide a significant boost to adoption of AFS by the farmers, which will bring them
economic benefits in the short run and environmental benefits at the EU and global scale [152].

3.3. Products and Marketing

Agroforestry produces a diversity of food and non-food products, providing multiple income
streams for the farming households or farm manager. This diversity contributes to stable incomes as
loss in market value of one product can be compensated by better prices of other products. AFS can
provide products such as timber, crops, fruits, nuts, mushrooms, forages, livestock, biomass,
Christmas trees, and herbal medicine [113]. Moreover, Wilson and Lovell [113] stated that “a diverse
portfolio of products would allow revenue streams to be spread out over the short-term (crops,
forage, livestock, mushrooms, certain fruits like currants), medium-term (nuts, fruits such as apples
or persimmons, biomass, medicinal plants), and long-term (lumber, increased property value)”.
Income stability is an insurance against complete loss of income from monoculture with adverse
climatic conditions, which is a clear benefit from adoption of agroforestry [17]. Although the
complexity of managing AFS is a concern, the diversity of produce is seen by landowners as a benefit
of land conversion to AFS, as long as these are financially viable [19,22,153]. However, in a survey of
landowners and professionals, the lack of markets and lack of market information were the second
highest concerns when considering adoption to AFS [154].

High quality products that have traditionally been products of AFS are of particularly high
value, for example, Iberian pig ham from Iberian dehesas or reindeer meat in the boreal forest and
subarctic tundra zone [88,155] , and so landowners should focus on more marketable goods such as
these. New needs for natural and high quality products derived from AFS need also to be explored,
such as tannins for tanning leather and antioxidants or gluten-free flours [156]. Increasing the
portfolio of AFS products, coupled with improved marketing of agroforestry products, [147] is
essential. Increased awareness amongst the general public can create incentives for consumers to pay
premium prices for agroforestry products and thus provide further incentives for farmers and farm
managers [22,147]. For example, certification schemes, such as that of the Rainforest Alliance, have
been demonstrated to improve the financial stability of farmers who adopted AFS with shaded coffee
plantations in Latin America, which increased coffee yields and provided additional profit [157].
Similar schemes for agroforestry products from Europe might increase awareness amongst the public
and provide a potential financial incentive for farmers to adopt AFS.

3.4. Education and Awareness

Many traditional AFS in Europe disappeared in the 20th century due to intensification and
mechanisation of agriculture [33], and the disappearance of these traditional systems in Europe
resulted in a loss of the knowledge base amongst farmers [139]. This lack of knowledge and advisory
service support in the implementation and management of agroforestry systems is a significant
barrier to implementation [158]. The choice of tree and crop species and knowledge of their
complementarity in resource use influence the profitability of AFS [50], and education and
information sharing can be useful in helping farmers choose species that together enhance yields
without compromising the main crop [50,147,148]. For example, there is an increasing demand for
high quality hardwood timber production in Europe [149], which could pose a potential opportunity
for profit from adding trees to agricultural lands. Education programmes and exchange opportunities
amongst farmers can be useful tools to achieve successful implementation of profitable AFS [147].
Currently, awareness amongst farmers of the benefits of agroforestry is lacking and to overcome the
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barriers to implementation of AFS in Europe, raising awareness and experiential learning through
exchange of experiences amongst farmers and the general public is necessary [22].

3.5. Field Demonstrations

Local dissemination activities may consist of activities such as workshops, role-play activities,
and focus groups, although the most promising dissemination activity is the use of field
demonstrations. Among other challenges, field demonstrations on agroforestry systems are very few
and scattered. Hence, there is a clear need to augment the robust scientific evidence on the multiple
benefits of agroforestry with on-the-ground demonstrations. The demonstrations can serve as the
training platform for the farmers, advisory services, and policy-making bodies and to teach students
in the real environments about the multifunctionality of agroforestry systems. In such demonstration
sites, training of trainers courses can be organized to provide insights into the costs and revenues
generated and preparation of business plans, in order to convince the current and the potential
farmers of the economics of agroforestry adoption and its beneficial effects on the environment.

When communication—particularly in a multilingual situation—may be an issue, role-play can
precede the field demonstration to ensure that those running the demonstration have the appropriate
technical knowledge and confidence that are essential to a successful field demonstration. Moreover, the
field day can help to identify management problems, confirm accuracy of data that has been collected,
ensure that landowners’ felt needs are properly addressed, expose landowners to new management
options and give them an opportunity to evaluate these, and to select more landowners for future on-site
testing/field demonstrations. Thus landowners will have more ownership of the problem and recognise
their important role in the overall research and dissemination process. Extension agents, too, own the
problem and are taking part in finding the solution [159]. Workman et al. [151] came to similar
conclusions: in a survey of landowners and extension professionals, the lack of demonstrations and lack
of familiarity with the practices were cited as major obstacles to the adoption of agroforestry practices.
Adesina and Chianu [160] found that the limited amount of contact with extension agents (e.g., at
demonstration days) was a barrier to AFS implementation for landowners. However, Arbuckle et al. [161]
found that only 16% of AFS landowners had attended a field demonstration in the last two years, whilst
double the number of landowners sought advice from a professional in the past two years. Thus, the issue
is twofold: (i) only a third of farmers are seeking professional advice on their AFS, and (ii) field
demonstrations are not appealing and/or not readily available.

4. Conclusions

In Europe, there is a great potential for AFS to improve agronomic productivity, carbon
sequestration, nutrient cycling, soil biodiversity, water retention, and pollination; to reduce soil
erosion and fire; and to provide recreational and cultural benefits. However, there are several
challenges due to the high costs of implementation, lack of financial incentives, inadequate product
marketing and pricing, lack of awareness and education, and lack of field demonstrations. These
challenges need to be addressed in order to encourage farmers to adopt AFS.
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