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A B S T R A C T

Given the need to produce sufficient food while meeting net zero targets and protecting biodiversity, there is 
renewed impetus to expand woodland-based food systems in the Global North, including agroforestry and forest 
gardening. Typically, however, agriculture, forestry, and conservation are separated spatially, as well as 
conceptually, and afforestation policies insufficiently consider the integration of edibles into forest management, 
or woody species into agriculture. We review the scientific evidence on the benefits of woodland-based food 
systems in temperate climates in relation to four aspects: climate change mitigation and adaptation, biodiversity 
restoration, food production, and social benefits. Findings suggest high potential of enhancing ecological and 
cultural ecosystem services through woody polyculture. However, an analysis of barriers and enablers of 
woodland-based food systems also shows that the productivist and monocultural approaches dominating agri
culture in and for the Global North are a barrier to transforming the agri-food system towards more complex 
polycultural systems with woody species. Therefore, we discuss the conditions for making woody polyculture 
viable, upscaling these systems, and yielding multifactorial benefits at large-scale in relation to the wider po
litical economy. We conclude that significant transformational rather than incremental shifts are needed, most 
notably regarding the practical and financial valuation of ecosystem services.

1. Introduction

This paper focuses on woodland-based food systems – the organisa
tion and development of food production systems within forest settings. 
Agroforestry, a subvariant of these systems, that integrates woody spe
cies and cultivated crops or livestock has long had attention among 
agricultural specialists as a particular sort of agricultural system suitable 
in specific social and ecological contexts. But it has come to the fore 
more broadly in recent years for several intertwined reasons. These 
include the shift to net zero in climate change strategies, the centrality of 
forests and food systems to strategies focused on biodiversity enhance
ment, the ongoing crises of agricultural livelihoods (e.g. linked to price 
dumping by retailers), and questions concerning food security and 
production.

Perhaps the biggest recent driver of the renewed impetus to consider 
agroforestry more seriously comes from the shift in the focus of climate 
mitigation strategies towards ‘net zero’ as a goal. This has sharpened 

focus not only on the ambition and speed of greenhouse gas (GHG) 
emission reduction strategies, but also heightened attention on the 
means to take carbon out of the atmosphere. While there is considerable 
attention to novel technologies that might do this at scale, land-based 
sequestration through afforestation, peatlands management, and 
mangrove restoration, remains key to carbon removal. But this raises 
important questions about the multiple social and ecological interests in, 
and uses of, land. In the UK for example, the Committee on Climate 
Change estimates approximately 22 % of current land would need to be 
afforested in order to meet net zero goals by 2050 (Committee on 
Climate Change, 2020). The principal potential tension here is between 
these goals and those of food production, security, and sustainability, 
given that the UK is already a significant net food importer. This sort of 
tension is general for many countries.

Agroforestry has come back to the fore precisely because it holds out 
the promise of afforestation without losses in food production and se
curity. However, more dense and diverse land use forms such as forest 
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gardening (Crawford, 2010), though less common, also deserve 
consideration. In this context, the objective of this article is to critically 
review the scientific evidence on optimising woodland-based food pro
duction systems by maximising key ecosystem services. We examine 
how agroforestry and other forms of food production in forests help to 
reduce trade-offs and divisions between the social-ecological needs of 
climate change mitigation and adaptation, biodiversity conservation, 
and food production. This article thus provides a systematic review of 
recent research on food production in woodland to achieve multiple 
benefits captured by the Sustainable Development Goals – with major 
contributions it could make to at least SDGs 1, 2, 3, 5, 6, 8, 10, 12, and 
13. Drawing on a wide range of literature from multiple disciplines, the 
article has three aims. First, we develop a typology of woodland-based 
food systems as discussed in existing literature, to identify their key 
similarities and differences. Second, we identify and discuss four prin
cipal benefits for woodland-based food systems: climate change miti
gation and adaptation; biodiversity conservation and restoration; food 
production and security; and other social benefits. Third, we identify key 
challenges and obstacles which arise ultimately from the political 
economy of land use – the property systems, investment regimes, busi
ness models, and regulatory arrangements that shape and limit the 
possibilities for woodland-based food systems to be developed at scale. 
We conclude by outlining a research agenda to build a more systematic 
evidence base for how such obstacles may be overcome and the full 
potential of woodland-based food systems to be achieved.

2. Towards woodland-based food systems: establishing a 
conceptual framework

In public debates at least, agroforestry and forest foods are more 
often associated with the Global South – as a contribution to livelihoods 
and food security – while that is rarely the focus in the Global North, as if 
there was no need to improve food systems in industrialised countries. 
Our premise for this article is that there is value in exploring the liter
ature on woodland-based food systems, how to ecologically and socially 
improve agri-food chains, and achieve sustainability and resilience in 
the Global North in order to lessen the burden on ecosystems globally 
and tackle post-colonial resource extraction from South to North. 
Correspondingly, we excluded tropical climates from our search, and 
confined the research to temperate ones. This means taking a critical 
stance towards the notion that “development” is necessary exclusively in 
the South (Ziai, 2015) and account for the disproportionate resource use 
as part of what Brand and Wissen (2021) call “imperial modes of living” 
to denote the unsustainable practices of production and consumption in 
the North. Even though agroforestry features prominently in our scope 
of research due to its considerable base of literature, our focus and our 
search terms were explicitly wider, incorporating any form of food 
production in woodlands that falls in the spectrum between foraging 
“wild” food and agriculture. Fig. 1 provides a schematic overview of 
land uses relevant in this context, while Table 1 provides a simplified 
typology of key concepts used in the article.

Both foraging and agriculture represent the ends of the spectrum of 
food-related land uses we included, but while foraging does not involve 

Fig. 1. Schematic overview of different types of land use and their environmental and nutritional qualities (Designed by lead author, drawn by Clara Gooding).
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active production (i.e. no cultivation element), agriculture is typically 
treeless and focused on annual crops (i.e. pure cultivation). Moreover, 
conventional land use typically separates both conceptually and 
spatially between agriculture, forestry, and conservation. That is, food 
production is confined to agriculture only, food and timber are grown in 
monoculture, and conservation areas are monofunctional (as opposed to 
“convivial”; Büscher and Fletcher, 2019). By contrast, this paper ex
plores benefits of multifunctional, polycultural approaches that include 
trees and shrubs into food production and host a diversity of different 
species. Next to agroforestry systems, which typically involve relatively 
ordered alley cropping, this also includes “semi-wild” systems, which 

involve human interventions in ecosystems which nevertheless attempt 
to draw closely on wild food systems. The following subsection expand 
on agroforestry and semi-wild systems.

2.1. Towards Polycultural Agroforestry

Agroforestry is a land use practice that intentionally integrates 
woody perennials (trees or shrubs) into crop and animal farming systems 
(Muschler, 2016), and encompasses a range of systems varying in den
sity, complexity, and scale. Trees combined with crops are referred to as 
silvoarable or agrisilvicultural agroforestry systems (Fig. 1 [6.]), whereas 
trees with domesticated animals are silvopastoral (Fig. 1 [7.]), and a mix 
of all three components is known as agrosilvopastoral, but there are also 
systems with non-pastoral animal species such as fish or bees (Muschler, 
2016; Smith et al., 2013). Another classifier is agricultural land having a 
tree cover of at least 10 %, which corresponds to the FAO definition of a 
forest (Zomer et al., 2016).

Another characteristic that recurs frequently in the literature is that 
agroforestry is supposed to create environmental, economic, and social 
benefits that are not granted by growing crops and trees separately. 
Agroforestry systems yield a considerable variety of products such as 
fuelwood, foods, fodder, construction materials, medicines, shade and 
shelter, thereby decreasing pressure on natural forests (Hall and House, 
1994). Next to the diversity of products, the benefits lie in enhanced 
ecosystem services such as carbon sequestration below and above 
ground (in vegetation, soil, and fungal biomass), reduced soil erosion, 
improved water quality, infiltration, holding capacity, and thus reduced 
water loss (Ellison et al., 2017; Muschler, 2016). Benefits also have a 
temporal dimension, with many studies reporting possible negative 
short-term impacts on yields in transitions to agroforestry, whereas yield 
benefits emerge over time (Branca et al., 2013).

Finally, it is important to elucidate degrees of diversity in land 
management systems. As opposed to monocropping, intercropping is a 
term to describe growing two or more crops in proximity, with the aim 
to have yield benefits; as such the term applies to both agroforestry, in 
the form of tree-based intercropping, and agriculture. Overall, however, 
not only is agriculture dominated by monoculture crops (i.e. row crop 
landscapes where annual crops are distinctly separated from natural 
areas), agroforestry systems such as traditional alley cropping also have 
monocultural tendencies. This is the case for example where one species 
of timber tree monoculture is combined with alley crops of one species 
of grains or livestock (Wolz et al., 2018; see Fig. 1 [6. and 7.]). Thus, 
standard alley cropping agroforestry can be distinguished from more 
diverse systems referred to as woody polyculture, where within-row 
diversification, between-row diversification, and an additional under
story shrub layer can contribute to more diverse and productive outputs, 
higher carbon storage, and improved nutrient cycling and water use 
efficiency (Wolz et al., 2018; see Fig. 1 [5.]).

2.2. Semi-Wild Food Systems

The notion of “semi-wild” refers to minimally intrusive interventions 
in woodland ecosystems that aim at maximising the proliferation of 
edible “wild” foods (perennials, self-seeding annuals, and fungi) to 
enhance food productivity while maintaining other ecosystem services. 
We coin this term to depict woodland-based food production that does 
not fall into definitions of agroforestry as systems that integrate trees 
into farming (see 2.1 and Table 1), where trees seem a mere addendum to 
one annual crop or a stock of domesticated animals. By contrast, semi- 
wild systems generate edible crops from trees and the ecosystems they 
are part of.

Semi-wild systems seek a balance between total reliance on natural 
provision (mere foraging) and total control of nature through (agri) 
culture (mere cultivation). Here, “semi-wild” depicts a middle way be
tween (1) foraging in the “wilderness”, where the main productive 
forces are ecosystems themselves, and (2) cultivating in (agri)culture, 

Table 1 
Key terms to contextualise the foci of the paper.

Key term Description Dominant form and key 
issues

Contextual terms
Agriculture Cultivation of plants and 

animals to provide useful 
products

Typically treeless; Industrial 
agriculture based on large- 
scale monocultures dominates 
global agricultural output

Monoculture Growing only one species in 
an area at a time, e.g. crop 
species, farm animals in large- 
scale concentrated feeding 
operations, or monocultural 
tree plantations

Dominant approach since 
20th century; Treeless in 
agriculture and livestock 
production; lack of 
biodiversity in tree 
plantations

Polyculture Growing more than one crop 
species together, (e.g. “three 
sisters”: maize, beans, and 
squash); forms of polyculture 
include, intercropping, the 
use of cover crops, 
agroforestry, and integrated 
aquaculture

Growing multiple crops is still 
typically treeless; only 
polycultural agroforestry 
significantly integrates woody 
species

Foraging or 
gathering

Collecting foods in natural 
systems without proactive 
production (cultivation)

Marginalised, with traditional 
knowledge and practical skills 
endangered

Core focus of the paper
Woodland-based 

food 
production

Any form of proactive food 
production (cultivation) that 
relies on crops from woody 
species; includes agroforestry, 
forest gardening

Marginal at the scale of global 
agricultural output

Variants of woodland-based food production
Agroforestry Trees or shrubs are integrated 

in agricultural crop- or 
pastureland

Typically monocultural 
tendencies with agroforestry 
forms that include only one 
timber tree species integrated 
with one species of crop or 
livestock; no additional crop 
in many cases of timber trees

Polycultural 
agroforestry

Multiple woody species 
integrated in agricultural 
crop- or pastureland

Typically in the form of alley 
cropping (Wolz et al., 2018) 
which includes a treeless 
agricultural part, but 
avoidance of monoculture 
through both within-row and 
between-row diversification 
and additional understory 
shrub layer

Forest gardening 
or food 
forestry

Creating young woodland 
maximising density of edible 
species while mimicking 
natural succession and 
processes (Crawford, 2010)

Marginalised, only a few 
initiatives and typically (not 
necessarily) very small-scale

Semi-wild food 
systems

Authors’ notion for a 
woodland-based food system 
designed through minimally 
intrusive human 
interventions; includes forest 
gardening (forest grown from 
scratch) or increasing the 
proliferation of edible species 
(in existing forests)

Marginalised in the case of 
forest gardens; initiatives to 
take proliferation approach in 
existing forests unknown to 
the authors

S. Hirth et al.                                                                                                                                                                                                                                    Land Use Policy 156 (2025) 107620 

3 



where the dominant productive forces are fossil fuels and human labour. 
Semi-wild systems may be designed but at the same time “mimic”, or 
rather: work with, natural processes.

Agriculture will not produce foodstuffs without incessant human 
intervention, whereas agroforestry and semi-wild systems, through the 
integration of structured semi-permanent perennial cropping, can, once 
they are established. Semi-wild cultivation may also increase the resil
ience of food supply to shocks induced by climate change or violent 
conflicts, as Redzić shows powerfully in relation to their role in the siege 
of Sarajevo in 1992–5 (Redzić, 2010).

Two different approaches to the design of a semi-wild system are 
notable. The first of these entails design “from scratch”, where treeless 
arable or grazing land is reforested (Fig. 1 [4.]). This is an opportunity 
for land use change to create a double dividend from emissions reduc
tion and carbon sequestration, if animal-source foods are reduced while 
vegetation on freed-up land is restored (Sun et al., 2022) To create a 
semi-wild system, however, afforestation must include maximisation of 
edibles. Existing examples are forest gardens (also referred to as food 
forestry), where young woodland is created while mimicking natural 
succession and maximising density of edible species (Bjorklund et al., 
2019; Crawford, 2010). The second approach involves interventions 
within existing “natural” woodland, designed to change the prolifera
tion of plants and fungi towards edibles (Fig. 1 [3.]).

In sum, the notion of semi-wild is meant to challenge the mono
functionalism, monoculturalism, and productivism of the Agricultural 
Treadmill (Ward, 1993), without suggesting to “go back” to the 
hunter-gatherers of the Holocene. It intends the development of/evo
lution towards food production fit for (overcoming) the Anthropocene 
(Crutzen, 2002), Capitalocene (Moore, 2016), or Apocalyptocene 
(Anson, 2020), but to do so would require political economic change. 
Between the extremes of nature/culture it largely relies on natural 
processes without being averse to considerate use of tools and technol
ogy – the combination of traditional knowledge and emerging technol
ogies such as tree-mushroom inoculation, for example, may help in the 
design of semi-wild systems (see 4.3). However, land use, food supply, 
and dietary change are predominantly political decisions, hindered by 
vested interests of those who (still) profit from the current (agri-food) 
system.

3. Background and methods

The article draws on the analysis of a sample of literature across 
natural and social sciences identified via Web of Science. This included 
abstract screening of 344 articles, out of which 54 were chosen for full 
text review (Appendix A). We applied qualitative text interpretation to 
analyse the sample along the four main categories of climate change, 
biodiversity conservation, food production, and social benefits. In 
addition, we distinguished between barriers and enablers of woodland- 
based food systems, and used these analytical categories to identify 
thematic subthemes (Appendix B).

The background of this research derived from one of the author’s 
decades of experience of foraging wild plants and mushrooms in the UK 
and Slovakia and his perception of two untapped potentials. An unused 
abundance of wild edibles, even in urban settings (Oncini et al., 2024), 
and at the same time a potential for optimising the ecosystem service of 
food provision from forests by what could be termed “semi-wild” food 
cultivation, where targeted, but non-intrusive, ecosystem interventions, 
such as inoculating dead wood with fungal spores outdoors, or encour
aging the proliferation of edible perennials, aim at increasing forest 
productivity while maintaining other ecosystem services (see 2.2 and 
Fig. 1 [3.]). This led us not only to adopt a perspective wider than 
agroforestry, but also to incorporate a focus and search terms on 
mycelium and (ecto)mycorrhizal fungi in addition to plant food 
production.

Another piece of the puzzle was to include evidence on forest 
gardening and food forestry (Fig. 1 [4.]) which, unlike traditional 

agroforestry, usually depicts small-scale production units, often (but not 
necessarily) associated with permaculture design principles and driven 
by agro-ecological practitioners and grassroots movements in desire of 
alternatives to conventional agriculture.

Thus, in our search on Web of Science, we combined search terms 
focused on woodland-based food systems, in relation to the three areas 
representing important ecosystem services: climate mitigation, biodi
versity conservation, and food production. This provided us with our 
corpus of texts for the analysis. We then analysed the literature in 
relation to these three sorts of ecosystem service benefits, but also added 
in three additional analytical goals: social benefits, f barriers, and en
ablers of woodland food production. We focused on the latter three 
categories to enable explanations for the seeming contradiction that, on 
the one hand, evidence for the productivity and multiple benefits of 
woodland-based food production seems strong, and on the other, these 
practices still represent a niche that few farmers or (wood)land owners 
are willing to populate. Thus, there is a need for elucidating political 
economic factors for explaining why there is no large-scale adoption 
despite the benefits (yet) in the Global North.

Our search focused on positive effects of woodland-based food pro
duction. However, there may already be an implicit bias in favour of 
agroforestry among scholars who focus on that topic. And we 
acknowledge that we may reinforce it to a degree while also making sure 
to include the most significant risks and trade-offs identified in the 
literature.

4. Benefits

We now turn to our analysis of existing literature regarding the four 
aspects we have identified.

4.1. Climate change

There is a widespread understanding of the importance of forestry for 
climate change mitigation through carbon sequestration in below and 
aboveground biomass. Forestry has long been central to climate gover
nance approaches and agroforestry has been recognised as a tool for 
carbon sequestration in the Kyoto Protocol (Hall and House, 1994; 
Udawatta et al., 2019). Land Use, Land-use Change and Forestry is a 
central category in the United Nations Framework Convention on 
Climate Change. It is the basis of carbon offsetting and forestry initia
tives, e.g. to reduce emissions from deforestation and forest degradation 
(REDD+) (Schroth et al., 2015), and along with mangrove and peat 
restoration it is currently the only demonstrated viable way to remove 
carbon from the atmosphere (Haskett et al., 2010). There is evidence 
that reforestation has potential to increase carbon stored in soil and 
aboveground biomass (Haskett et al., 2010; Silver et al., 2004) including 
on agricultural land, although this remains underestimated (Zomer 
et al., 2016).

Agroforestry, however, provides specific additional potential for 
carbon storage, for various reasons. These benefits apply widely, 
although sequestration rates are generally higher in moist rather than 
dry and warm rather than cold climates (Branca et al., 2013). Firstly, 
increases in soil organic carbon (SOC) are facilitated through greater 
biomass provision compared to arable or grazing land without woody 
species (Cardinael et al., 2018; Mirmasoudi et al., 2019). Secondly and 
related, microbial activity contributes to carbon storage. Fungal biomass 
is generally higher in forests dominated by ectomycorrhizal fungi 
compared to those dominated by arbuscular mycorrhizal fungi, and 
ectomycorrhizal fungi often produce edible fruiting bodies (Averill 
et al., 2014; Cheeke et al., 2017; Guerin-Laguette, 2021; this point is 
particularly prescient in light of the discussion in Section 4.3 regarding 
the integration of edible ectomycorrhiza into agroforestry systems). 
Fungi and bacteria also support carbon storage by aiding plant bio
mineralization (Garcia-Montero et al., 2017), and mycorrhizal fungi 
increase the carbon flow to soil (Cardoso and Kuyper, 2006). Thirdly, 
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carbon stocks of above ground vegetation generally increase with tree 
density (Bockel and Schiettecatte, 2020; Kay et al., 2018; Schafer et al., 
2019). Different forest categories have differing sequestration potential 
but nevertheless, the benefits of reforestation and ecosystem restoration 
through agroforestry are clear(Hall and House, 1994; Harland, 2017) 
and urban green infrastructure’s capacity for carbon storage can even 
outweigh its ecological footprint, e.g. from maintenance and machinery 
use (Gomez-Villarino et al., 2021). Finally, if used for long-lived build
ing products, timber from coppicing or pollarding, for example, consti
tutes an additional carbon sink (Hall and House, 1994; see also Arehart 
et al., 2021).

Additional mitigation advantages include reduced artificial fertilizer 
needs because of nutrient contributions from trees, especially nitrogen 
fixing species (Muschler, 2016), fuelwood displacement of fossil fuels 
(Hall and House, 1994), and indirect mitigation effects from spared food 
production emissions. A dietary shift away from animal-source foods in 
which spared land is reforested holds a double-dividend from reduced 
production emissions and increased carbon sequestration (Sun et al., 
2022). Land formerly used for intensive animal agriculture could be 
repurposed for both nature conservation and woodland-based food 
production. Comparative evidence shows similar protein yields, yet 
additional mitigation advantages, of edible mycorrhizal fungi compared 
to beef from extensive agricultural grazing (Thomas and Vazquez, 2022) 
and that a modelled beef farm could only become an overall carbon sink 
by including fruit tree orchards (Mirmasoudi et al., 2019). Further, 
when compared to major food categories, edible mycorrhizal fungi were 
the only one that could present a net sequestration of carbon in pro
duction (Thomas and Jump, 2023).

Beyond sequestration and mitigation, agroforestry also holds climate 
adaptation advantages. Leading to physiological weakening or even 
destruction of forest stands (Moscatelli et al., 2017), climate change is a 
threat to ecosystems. Higher diversity, e.g. in polycultural agroforestry 
compared to conventional agroforestry (Wolz et al., 2018) as well as in 
semi-wild food systems, is a key to stable services from ecosystems, their 
resistance to climate extremes, and thus resilient food systems (Bardgett 
and Gibson, 2017; Ellison et al., 2017). Extensive tree cover is important 
for both ground water and flood moderation, important to the social 
benefits of climate adaptation that afforestation produces (Ellison et al., 
2017).

However, some risks of changing agricultural practices and trade-offs 
are discussed in the literature. Some scholars and stakeholders raise 
concerns over food security as they generally regard afforestation and 
renewable energy generation on farms for climate mitigation as moving 
away from food production (Barnes et al., 2022), and even if agro
forestry’s advantage lies in combined carbon sequestration and food 
production, trade-offs between tree density and food production levels 
may arise (Kay et al., 2019). In some cases of newly implemented 
agroforestry developments, soil disturbance and erosion during planting 
are likely reasons for initial SOC losses (Mayer et al., 2022) and it should 
be noted that not all soil types are suitable. Waterlogged and anoxic soils 
can be particularly potent carbon stores, and the resulting drying of 
these soils through afforestation may lead to a significant release of 
carbon rather than a net sequestration (Forster et al., 2021). For these 
reasons, such soil types are subject to a growing awareness of the need 
for their protection (e.g. IUCN, 2024) and should be excluded from 
planting.

4.2. Biodiversity Conservation and Restoration

Next to climate change, global decline in biodiversity is among the 
most severe ecological crises linked to forest degradation and destruc
tion (Thomas and Vazquez, 2022). Land use policies such as the Euro
pean Biodiversity Strategy and the Communication on Green 
Infrastructure(Kay et al., 2019) as well as (plans for) national-level 
legislation(Barnes et al., 2022) and regional or local planning of 
(urban) green infrastructure (Gomez-Villarino et al., 2021) aim at 

ecosystem services enhancement and ecosystem restoration to which 
agroforestry is a key component (Kay et al., 2019).

Unlike natural forests and the wide range of mixed forestry- 
agriculture landscapes, both monocrop agriculture and mere forestry 
plantations lack biodiversity (Baird and Pope, 2022; Bockel and 
Schiettecatte, 2020; Ellison et al., 2017; Goncalves et al., 2021; Hall and 
House, 1994). Monoculture cropping exacerbates erosion and has led to 
a reduction in soil organic matter, reducing above and belowground 
biodiversity (Moscatelli et al., 2017), as has pasture intensification i 
(Laporta et al., 2021). Monoculture tree plantations lack species richness 
and related ecosystem services and are more susceptible to disease 
(Baird and Pope, 2022; Ellison et al., 2017). Whilst both unmanaged or 
extensively managed forests can berich in biodiversity, particularly in 
the Global North they are rarely considered as a source of food. Since 
current agroforestry, too, has monocultural tendencies, typically limited 
to simple systems that combine one timber tree species with one annual 
crop, diversification towards woody polyculture and tree crops is 
regarded a transformative, multifunctional land-use solution (Wolz 
et al., 2018).

By increasing biodiversity compared to treeless agriculture, agro
forestry can contribute to enhanced ecosystem services and more resil
ient food supply (Altieri et al., 2015). Biodiversity is rarely quantified in 
the literature sample. One exception is the significantly higher biodi
versity in terms of flowering resources that agroforestry test sites 
exhibited compared to non-agroforestry (Kay et al., 2018). Generally, 
ecosystems with high biodiversity absorb and sequester more carbon in 
soil and biota (Branca et al., 2013), involve better water uptake, water 
cycling, tree growth, and are more resistant against pests, soil erosion, 
droughts, and other climate extremes (Bardgett and Gibson, 2017; 
Ellison et al., 2017; Laporta et al., 2021). Tree species richness also 
correlates positively with fungal richness (Saitta et al., 2018).

Soil biodiversity is discussed in the context of agroecological 
methods. For example, arbuscular mycorrhizal fungi are introduced to 
encourage resource capture (Brodt et al., 2020), beneficial plant-soil 
biodiversity interactions enable nonchemical weeding and pest control 
(Koskey et al., 2021), and carbon and nitrogen losses can be reduced by 
legume-based cropping systems (Branca et al., 2013). In principle, these 
also apply to organic or regenerative agriculture, but interactions of 
trees with other plants and fungi can maximise the benefits of mixed 
species systems (Goncalves et al., 2021). While agriculture typically 
relies on annual crops, agroforestry involves perennials which do not 
need replanting every year. This can reduce soil disturbance and lead to 
more diverse soil microbial communities (Brodt et al., 2020).

Agroforestry systems apply multifunctional land management and 
promote biodiversity to enhance ecosystem services. Examples in the 
sample feature combinations of specific species (e.g. fruit orchards with 
livestock (Mirmasoudi et al., 2019), faba beans as cover crops enhancing 
mycorrhizal colonization of walnut (Thioye et al., 2022), chestnuts or 
various other tree species combined with mycorrhizal fungi 
(Guerin-Laguette, 2021; Guerin-Laguette et al., 2014; Thomas and 
Vazquez, 2022)), but also specific human-nature relations and resulting 
landscapes (e.g. Montado; Azul et al., 2011; Laporta et al., 2021)). While 
land-use abandonment may generally benefit biodiversity, this is not 
always the case. For example, silvo-pastoral Montado or Dehesa land
scapes in parts of southern Portugal and central Spain illustrate how 
conserving biodiversity can require managing shrub encroachment to 
reduce the risk of wildfires impacting the biodiversity in Mediterranean 
ecosystems (Laporta et al., 2021).

Another emphasis in the literature is agroforestry’s potential for 
ecosystem restoration. While there is no doubt about the need to protect 
existing forests, establishing new wooded areas is key to grant biodi
versity space (Baird and Pope, 2022). Spectacular restorations of 
degraded, deforested land are mostly evidenced in Global South con
texts, e.g. Noel Kempff’s project in Bolivia (Brown et al., 2000; Haskett 
et al., 2010), or the reversed desertification of the Loess Plateau in China 
(Harland, 2017). However, restoration is not only required in the 
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context of dysfunctional landscapes. Research suggests to also apply 
restoration to "functional” land that is deforested and low in biodiversity 
due to monocultural use. For example, beef farms can be replaced with 
novel, biodiverse food production systems based on trees inoculated 
with edible mycorrhizal fungi (Guerin-Laguette, 2021; Thomas and 
Vazquez, 2022), and parking lots with perennial food forage systems 
(Brain et al., 2017).

Finally, afforestation and agroforestry may also entail some risks and 
disadvantages. For example, agroforestry systems have advantages for 
biodiversity, but may also present negative tree-crop interactions that 
can result in lower yields (see 4.3 and Castle et al., 2022; Hall and House, 
1994; Torralba et al., 2016). Large-scale tree planting is necessary, but 
the introduction of species can have wider biodiversity impacts and 
requires the environmental contexts and consequences to be considered. 
For example, research is needed on tree establishment and how seeds 
and saplings interact with mycorrhizal, saprotrophic, and pathogenic 
fungi (Baird and Pope, 2022). If forests are utilized for a bio-based 
economy, to which agroforestry can contribute, risks of over
exploitation and ends competing with biodiversity must be considered 
(Neumann et al., 2016).

4.3. Food Production

What makes woodland-based food systems promising are their 
multiple benefits – their potential to turn food systems from a carbon 
source into a sink, from a cause of mass extinction into habitat, while 
conserving soils and providing healthy and sustainable foods in suffi
cient or even ample quantity (Bockel and Schiettecatte, 2020; Thomas 
and Vazquez, 2022). However, the ways in which agroforestry systems 
and their variants can be seen as “productive” require closer examina
tion. In changing contexts, the literature identifies agroforestry with 
both low and high productivity.

The ways in which agroforestry systems are highly productive have 
to do with the diversity of their components and hence their outputs. 
Models to predict long-term yields for silvoarable, arable, and forestry 
systems have shown silvoarable systems to be very productive (Graves 
et al., 2007), with up to 30 % more marketable biomass per land unit 
compared to crops and trees grown separately (Cardinael et al., 2018). 
Against assumptions that trees require competition in densely spaced 
forestry systems to produce high quality timber, experiments have 
shown that widely spaced trees in agroforestry plots grew satisfactorily, 
often faster than in monoculture forestry plots (Balandier and Dupraz, 
1998). Leaf biomass production has been shown significantly higher in 
intercropping systems compared to control groups, increasingly so with 
the years after planting (Chifflot et al., 2006).

Specific reasons for high biomass productivity are efficient use of 
water, nutrient, and light by the ecosystem throughout the year 
(Cardinael et al., 2018). Tree crops such as apple, walnut, hazelnut, or 
olives can be integrated into annual crop cultivation to stimulate rhi
zoculture, i.e. techniques to optimise activity of roots, mycorrhizae, and 
other organisms in the soil which may also reduce the need for fertil
isation (Garcia-Montero et al., 2017). For example, walnuts increase 
mineral N availability, even for legumes such as chickpeas, and are 
beneficial for crop growth compared to chickpeas grown as a sole crop 
(Mahieu et al., 2016). Fungi can mediate nutrient competition between 
plant species (Perry et al., 1989) which can lead to higher yields in 
woody polyculture compared to monoculture (Wolz et al., 2018).

Next to beneficial choice of species, specific spatial designs of agro
forestry systems yield further benefits. Functioning as a windbreak 
barrier (Muschler, 2016), trees create micro climates and protect annual 
crops, provide housing for crop pollinators, improve water use effi
ciency, and yield, e.g. of durum wheat (Campi et al., 2009). In the 
specific case of forest gardens, it is the vertical dimension, with multiple 
layers of edible species from treetops to ground cover and roots, as well 
as the dense design that is considered beneficial for productivity 
(Bjorklund et al., 2019).

Moreover, emerging technology such as the inoculation of trees with 
edible fungi has the potential of multifactorial benefits. Cultivation of 
Lactarius indigo mushrooms in mixed-species woodland conditions not 
only yields a level of protein per unit area similar to or higher than 
extensive beef farming, it also enhances biodiversity through an 
increased structurally complex habitat and sequesters carbon in addition 
(Thomas and Vazquez, 2022). Here, the relationship is symbiotic and 
often mutualistic. In contrast to microbial or fungal inoculation of soil 
for agricultural enhancement (Koskey et al., 2021; Sharma et al., 2010; 
Srivastava and Singh, 2022), once planted into suitable bioclimatic 
conditions, these relationships produce edible fungi fruiting bodies of 
high value. This approach is widely employed in cultivation of the Tuber 
genus (truffles) to the extent that ~80–90 % of all harvested truffles in 
France are now cultivated (Reyna and Garcia-Barreda, 2014). Appreci
ated species from the genus Lactarius are also reliably cultivated and 
other cosmopolitan genera such as Suillus and Astraeus offer high po
tential (Guerin-Laguette, 2021; Thomas and Jump, 2023). Truffle 
cultivation depends on the creation of low density stands maintained in 
an arrested successional state, thus limiting their ecosystem service 
benefits – such as water filtration and carbon sequestration – and these 
systems themselves are vulnerable to climate change (Thomas and 
Büntgen, 2019). However, approaches with other genera may be 
compatible with medium-high density planting and biodiverse stands 
(Guerin-Laguette, 2021) facilitating greater ecosystem service provi
sion. Further, depending on habitat type and tree age, greenhouse gas 
(GHG) flux estimates of these systems reach − 858 kg CO2-eq kg− 1 

protein production (Thomas and Jump, 2023). Beyond global truffle 
cultivation activities, this approach remains currently small-scalebut is 
highly scalable and if combined with the forestry activity of the last 
decade, may have provided calorific output to feed 18.9 million people 
annually (Thomas and Jump, 2023). As an emerging and niche tech
nology, much more research is needed to enhance the diversity and 
reliability of the offering. A focus on native species, ensures maximal 
associated biodiversity and conservational benefits whilst mitigating 
unintended consequences. Although recreating a natural process, albeit 
in enhanced concentration, the greatest risk is the technologically 
intensive approach as a bottle-neck in uptake.

Although agroforestry systems have the potential to increase food 
production, occasionally there is no increased benefit over previous land 
use and in some cases there may be a negative tree-crop interaction 
(Castle et al., 2022; Torralba et al., 2016). There is also literature that 
attests agroforestry only moderate productivity compared to agricul
ture. Agroforestry has a clear advantage in the provision of regulating 
ecosystem services such as carbon sequestration rates and flowering 
resources but, unlike Chifflot et al. (2006), Kay et al. found provisioning 
ecosystem services such as annual biomass yield to be higher in 
non-agroforestry arable land use (Kay et al., 2018). A concern are thus 
crop yield losses and economic impacts for farmers changing to agro
forestry which is also considered as costly compared to other sustain
ability practices such as improving nutrient management or tillage and 
residue (Fitton et al., 2011). More specifically, woody and perennial 
plants used in agroforestry systems tend to have lower yields (Hall and 
House, 1994), and there can be trade-offs for productivity associated 
with high tree cover (Kay et al., 2019; Zomer et al., 2016). Higher values 
of carbon sequestration in systems with fast growing tree species and 
good soil conditions were also associated with some reduction in food 
and feed production (Kay et al., 2019). Another concern is that if 
extensification results in lower yields in one region, it potentially trig
gers intensification or deforestation elsewhere (Mayer et al., 2022). 
Where agroforestry plantations are unsuccessful, this can be due to an
imal damage in silvopastoral systems or choice of unsuitable tree species 
for local soil and climate conditions (Balandier and Dupraz, 1998).

4.4. Social Benefits

The potential of woodland-based food systems does not end with 
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climate change mitigation, biodiversity restoration, and food produc
tion, but also involves multiple social benefits.While monocultures are 
unappealing to many people, integrating trees in agriculture can in
crease the diversity and attractiveness of landscapes (Smith et al., 2013). 
Beyond the aesthetic value, this entails social and cultural benefits such 
as recreation, physiological relaxation, and cultural experience (Marchi 
et al., 2018). This may involve leisure or touristic outdoor activities such 
as hiking, hunting, fishing, mountain biking, and equestrianism which 
can result in improved health and enjoyment through sports and wildlife 
watching (Smith et al., 2013).

In the form of eco-tourism, this can contribute to individual liveli
hoods and thriving communities (Goncalves et al., 2021; Marchi et al., 
2018; Smith et al., 2013). For example, proliferating and harvesting 
edible fungi could contribute to “myco-tourism” while also contributing 
to a green economy and a source of rural income (Guerin-Laguette, 
2021; Oria-de-Rueda et al., 2010). Importantly, this way of diversifying 
the production can alleviate farmers’ risks of yield losses (see 3.3) 
(Barnes et al., 2022; Goncalves et al., 2021). Group interviews also show 
that due to their aesthetic and pedagogic value forest gardens are 
appreciated as benign working environments (Bjorklund et al., 2019). In 
sum, agroforestry bears the potential of stimulating the rural economy 
(Marchi et al., 2018; Smith et al., 2013).

However, beneficial impacts are not confined to the local scale. 
Firstly, safer employment and development in rural areas can help 
reduce the migration of young people to urban areas (Marchi et al., 
2018). Secondly, enhanced water and climate-related ecosystem ser
vices benefit people regionally and globally. The benefits manifest not 
just where the trees are planted, but well beyond the local or catchment 
scale and often far from where decisions on tree planting or removal are 
made, showing their relevance at a geopolitical level (Ellison et al., 
2017). Thirdly, poverty reduction and greater food security are benefits 
of global importance (Branca et al., 2013; Haskett et al., 2010). Even 
though poverty alleviation or prevention is often discussed in the 
context of the Global South, due to the effects of extreme climate and 
environmental degradation this is becoming increasingly important in 
temperate climates and the Global North.

Other aspects encompass benefits ranging from tradition to social 
innovation and creativity. Trees have been used in combination with 
crops and livestock since the dawn of agriculture (Muschler, 2016) and 
as such agroforestry landscapes have cultural heritage value (Smith 
et al., 2013). This value is embedded in traditional, silvo-pastoral 
landscapes such as Montado and the Dehesa (Azul et al., 2011; 
Laporta et al., 2021), but also other locations with land uses such as 
woodland and orchard grazing, alpine wooded pastures, pannage, and 
parklands (Smith et al., 2013). By preserving landscapes that are for
ageable or otherwise functional beyond mere commercial interests, well 
managed forest operations can thus also maintain traditional cultural 
services and the rights and needs of native people (Marchi et al., 2018). 
At the same time, there is ample opportunity for (re)creating commu
nities that are more resilient and productive. Concepts such as perma
culture design are guided by ethics and principles, using a systems lens 
with feedback loops for adaptation and mimicking the diversity, func
tionality and resilience of natural ecoystems (Brain et al., 2017). 
Restoring degraded landscapes and creating abundance with these ho
listic principles can be of particular benefit for social groups such as 
women (Harland, 2017) and, more generally, promote independence 
and thriving of peripheral spaces, economies, and livelihoods. Land use 
change that is necessary for sustainable transformation is thus also an 
opportunity for multiple social benefits.

5. Barriers and enablers

Complex issues such as the properties of an optimal agri-food system 
are unsurprisingly controversial, as are the benefits and disadvantages of 
woodland-based food systems. Overall, while acknowledging some risks 
and challenges, scholars of our literature sample are very much in favour 

of expanding woodland-based food systems in temperate climates. 
However, not only in face of remaining concerns, but even more so out 
of strong conviction of their multiple benefits arises the question why 
they are not (yet) widely implemented. Thus, here we summarise the 
barriers to, and enablers of, upscaling them ascertained in the literature. 
Firstly, by sketching socio-cultural factors and practical foci shaping the 
agri-food system. Secondly, by elaborating on the concerted effort 
necessary to change it.

The first point is about the cultural but also systemic and practical 
inclination of agri-culture, its dominant values and economic mecha
nisms, towards productivism. This involves a narrow focus on produc
tion, maximising plant and animal growth, and thus the marketable 
outputs in monocropping contexts, which has been a barrier to expan
sion of trees on farms (Barnes et al., 2022; Bjorklund et al., 2019; Brodt 
et al., 2020). A core driver of this focus on monocropping has been the 
drive for mechanisation to shed labour and enhance productivity. Even 
more broadly, overcoming unsustainable production and consumption 
practices requires re-examining a materialistic culture based on resource 
depletion and economic growth, along with the norms that define 
appropriate behaviour towards other species, how we raise domesti
cated animals, and affect or protect wild animals (Harland, 2017).

To exploit effectively, the capitalist political economy tends to divide 
labour, functions and sectors, and producers from consumers. A 
particular expression of these divisions in the literature is the mono- 
functionalism expressed in policies based on a strict division between 
agriculture and forestry (Bjorklund et al., 2019). Locally, this manifests 
in new urban green infrastructure allocating separate areas for annual 
crop cultivation and forestry, rather than integrating tree species with 
edible crops (Gomez-Villarino et al., 2021; Oncini et al., 2024). It also 
generally manifests in the dominance of monocultural production. 
Within agroforestry, monocultural tendencies are present in the domi
nance of “simple” alley cropping systems, where only one tree species is 
combined with one type of annual crop or livestock (Wolz et al., 2018). 
The paradigm of monocultural productivism aligns with a focus on 
short-term profits, visible in concerns over the costs at farm-level of 
planting trees and potential crop yield losses entailed by a transition 
towards agroforestry (Fitton et al., 2011; Wolz et al., 2018).

The opposing paradigm is sustainable multi-functionalism based on 
polyculture. It promotes systems that “optimize multiple benefits […] 
gained from ecology-based interventions” (Bardgett and Gibson, 2017) 
and produce sufficient food while placing equal value on the generation 
of ecosystem services, for example, in perennial intercropping systems 
(Bjorklund et al., 2019; Wolz et al., 2018). This may include sustainable 
biotechnological processes, e.g. renewed global interest in bioinoculants 
to improve soil health or combine crops from trees with edible fungi 
(Guerin-Laguette, 2021; Hyde et al., 2019; Koskey et al., 2021; Thomas 
and Vazquez, 2022). The multifunctionality of polyculture lies not only 
in a more diverse range of crops produced by a farm, but also in the 
benefit of combining yields from woody polyculture (Wolz et al., 2018) 
with climate mitigation and an array of adaptation benefits such as 
better groundwater recharge (Ellison et al., 2017; Zomer et al., 2016).

The second aspect is the need for a concerted effort to upscale 
woodland-based food systems. The literature focuses on agroforestry, 
but the points made are applicable to more dense and diverse systems as 
well. Establishing multifunctional woodland-based food systems is a 
challenge to be faced in four areas:

Research – is needed that expands our knowledge of interactions (e.g. 
tree-crop and tree-fungi relations) (Goncalves et al., 2021; 
Perez-Moreno et al., 2021), with input from both farmers actively 
experimenting and controlled field trials (Brodt et al., 2020). Scientific 
research involves dynamic modelling and design work to create and 
monitor agroforestry systems that deliver their potential regarding 
climate change, biodiversity, and food production (Brodt et al., 2020; 
Goncalves et al., 2021).

Translational work – that “translates” gained knowledge into opti
mised practices, requiring both research and engagement with farmers, 
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policy makers, breeders, and agricultural scientists (Bardgett and 
Gibson, 2017). Specifically, this involves accessible species databases 
detailing ecosystem functionality, professional training in 
multi-cropping systems (Brodt et al., 2020), as well as integrated coor
dination of science, production practices, and spatial and urban plan
ning (Gomez-Villarino et al., 2021; Kay et al., 2019).

Labour & organisation – involve management measures to facilitate 
practices, including either systematic development of labour reducing 
designs for viable agroforestry systems (Brodt et al., 2020) or means of 
mobilising labour in non-commercial ways, e.g. in forest gardens 
organised as community initiatives. Relevant variables are the distance 
between garden and residence, the labour hours available (Bjorklund 
et al., 2019), and inclusion of perennials and fungi while optimising 
species combination (Goncalves et al., 2021; Perez-Moreno et al., 2021). 
Adequate management aims at improving tree health and mycorrhizal 
fungi production and alleviating (e.g. wildfire) risks (Oria-de-Rueda 
et al., 2010). While alley cropping systems allow for mechanisation, 
there are trade-offs between the diversity and complexity of systems and 
the applicability of mechanisation. To help, tools and technologies for 
managing diverse and complex systems are needed that breed and 
combine species for high yields and prepare systems for more extreme 
climate conditions (Bjorklund et al., 2019; Goncalves et al., 2021).

Policy – needs to facilitate coordinated action beyond the individual 
farm (Kay et al., 2019), facilitating assemblages of networked stake
holders on a territorial scale (Koskey et al., 2021), and ensuring in
vestment in research and updates to agricultural policy, thereby helping 
to surmount the relatively high management complexity of agroforestry 
operations (Wolz et al., 2018). Particularly important are Payment for 
Ecosystem Services schemes, which can generate financial incentives to 
realise the potential of woodland-based food systems as a negative 
emissions technology, by valuing the net carbon flow generated by 
afforestation and reduced agricultural emissions (Brodt et al., 2020; 
Laporta et al., 2021; Mayer et al., 2022; Winans et al., 2016).

6. Discussion

Multifactorial benefits are a recurring theme in the literature on 
woodland-based food production systems. The literature also suggests 
that monocultural productivism is a barrier to more complex, diverse 
systems and shows ways forward through research, its translation into 
practice, organisational and policy changes. However, these barriers 
must be considered against the urgency of long-term crises such as 
climate change and biodiversity loss at the scale of mass extinction 
(Ceballos et al., 2015), as well as the more recent cost of living crisis. In 
the light of existential threats to humanity and indeed all life on Earth, 
the reason why, despite their benefits, woodland-based systems are not 
yet upscaled, requires further discussion. Research gaps, unlinked the
ory and practice, and retentive policy alone seem not convincing 
enough. Here, we provide a discussion that links our review findings to 
the wider political economy of agri-food systems.

The starting point are concerns over trade-offs between trees and 
food. While it is widely acknowledged that trees benefit mitigation 
goals, dismissal and hesitancy from agricultural and commercial points 
of view are based on the apprehension that integrating trees may result 
in (1) lower quantities of food and (2) profit losses for farmers. In other 
words, a transition would be a threat to food security and farmer live
lihoods, and thus uneconomic in relation to the imperative of providing 
food and sustaining those who earn their living with that.

Of course, this concern can be questioned for its general validity. 
However, previous reviews have shown that “the effect of agroforestry 
practices on the yields of crops is not well documented and sometimes 
contradictory” (Branca et al., 2013, p. 646). To the extent that there are 
documented productivity losses, these may be as much constrained by 
questions of labour availability, land ownership, and commercial im
peratives, as by the technical-biological qualities of an agroforestry 
system. Ultimately, whether losses of productivity and profits are to be 

expected, or not, may be relevant to individual farmers today, but less so 
from a general, macroeconomic perspective (that may include policies 
to ensure farmer livelihoods). Productivity and profit losses are made 
the key determinant of the practical value of agroforestry. This reveals a 
persistent economistic framing that devalues a range of vital benefits of 
woodland-based food systems. These benefits go beyond mere outputs of 
commodities and capital but are no less economically relevant (see 
Table 2 for an overview).

Firstly, woodland-based food systems can be productive – on mid and 
long-term. Growing trees takes time and aggregated evidence on agro
forestry shows that “short-term impacts may be negative” and “yield 
benefits emerge only over time” (Branca et al., 2013, p. 646). Likewise, 
growing a forest garden follows natural succession processes over the 
course of years until the system can reach its productive potential. It 
should be acknowledged, though, that woodland-based systems effec
tively sequester carbon before food outputs are at their maximum. 
However, the current agri-food and economic system reacts extremely 
sensitively in face of missing short-term profits.

Secondly, the nutritional and environmental quality of the harvest 
matters (Stratton et al., 2020), not just the quantity. Avoidance of pes
ticides and synthetic fertilisation and reliance on natural processes in 
woodland-based systems will benefit production – its material flows and 
nutrient cycles – and, thereby, nutrient replenishment of crops for 
healthy ecosystems and foods (see, for example, Prashar and Shah, 
2016). Current agriculture provides high quantities of food from 
degraded, compacted soils (even in the context of grasslands (Bardgett 
et al., 2021) but relies on fossil fuels to replace nutrient capture other
wise provided by ecosystem services. Private investment and trading on 
(stock) markets drive productivism at the expense of sustainability.

Thirdly, there is value and safety in a diverse harvest, even when 
diversity is measured at national scales (Renard and Tilman, 2019). 

Table 2 
Ecosystem service benefits of woodland-based food systems beyond the foci on 
commodity output quantities and microeconomic profits.

Key 
point

Qualities of woodland-based 
food systems

Foci in the agri-food sector 
driven by the dominant political 
economy

1 Sequester carbon instantly, benefit 
from yields increasingly over time

Lack of financial or regulatory 
incentives for carbon sequestration; 
importance of short-term yield and 
profit maximisation

2 Nutritional and environmental 
quality of the harvest is high (plus 
in nutrients, reduction in 
pollutants)

Pesticides and synthetic 
fertilisation remain the norm and 
supported by vested interests of 
agri-chemical companies

3 Diverse harvest and perennials can 
increase local resilience by 
benefitting overall health of diets 
and avoiding total crop failure

Monocultural and monofunctional 
specialised large-scale production 
at global scale

4 Alternative proteins from fungi 
and nuts are vital to enable dietary 
sustainability transformations

Intensive livestock remains the 
norm despite the sector being a 
driving force of deforestation, GHG 
emissions, pollution, and diet- 
related diseases

5 Enhanced ecosystem services – e.g. 
air, water, wildlife, soil – are a 
precondition to economy, defined 
as any form of activity that 
supports human life

Economic focus on commodities for 
capital accumulation which, 
together with alienation from 
nature, means that in most 
economic activity the support of 
human life is at best a side-effect, at 
worst compromised

In sum: Diversity, as we find it in polycultural woodland-based food systems, is 
exactly what creates resilience against crises and creates value in the form of 
enhanced ecosystem services. That diversity, however, is largely incompatible 
with what is seen as “valuable” within the current political and economic sys
tem, where industrial monoculture produces financial, microeconomic value 
contributing to individual and corporate profits and capital accumulation, even 
if that’s at the expense of ecosystem services – the valuable preconditions for 
collective thriving on Earth.
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Most of the crops grown on or near trees are types of food that would 
improve the overall health of diets in the Global North (Willett et al., 
2019) – notably fungi, fruit, nuts and seeds, roots, leaves and shoots. 
Growing a variety of crops, as well as perennials, avoids total crop 
failure and provides resilience against more extreme climate. Our review 
suggests that plant species richness and vertical diversity (i.e. several 
trophic levels and spatial structuring of species above and belowground) 
can play an important role in enhancing primary productivity through 
resource complementarity (see Sections 4.2, 4.3). However, current 
agricultural businesses models are largely monofunctional, achieving 
economic viability and profitability through specialised and large-scale 
production, sold globally through multinational retailers.

Fourthly, foodstuffs rich in protein such as fungi and nuts can sup
port dietary shifts away from animal-source foods. This would mitigate 
climate change by (1) reducing major direct sources of emissions such as 
meat and dairy production and (2) by sequestering carbon in below and 
above ground biomass of plants and fungi, as well as soils. Importantly, 
reducing the output of animal agriculture would also free up land 
available for reforestation (Sun et al., 2022). However, current (climate) 
politics does not sufficiently consider controlled degrowth in any sector 
(Keyßer and Lenzen, 2021), let alone of the influential meat and dairy 
industry.

Finally, ecosystem services have been taken for granted but valuing 
them economically now seems a precondition for sustaining a form of 
civilisation. Woodland-based systems are an opportunity to redefine the 
productivity of land operations by defocusing food commodities (or 
timber) and equally valuing clean air, water, wildlife, and soil. Since 
these “services” are not commodities directed at a buyer, financial 
valuation must be a matter of social regulation, not market processes. 
However, only policies and legislation can make ecosystems services 
financially lucrative and land operations based on them economically 
viable. The dominant political economy and its agri-food system do not 
value, indeed devalue ecosystem services – changing this is not a tech
nicality but a question of policies that redistribute power and financial 
streams (see also Oncini et al., 2024). Specifically, politically feasible 
strategies are needed to restructure land ownership and generate suffi
cient incentives to mobilise finance and labour effectively to enable 
functional woodland-based food systems.

7. Conclusion

Faced with climate change, biodiversity loss, and other social- 
ecological crises, partly caused by the agri-food system, society must 
now ensure that food production will meet net zero targets. Woodland- 
based food systems, ranging from agroforestry to forest gardening, 
exhibit multifactorial benefits beyond mere food outputs. Compared to 
keeping crops, timber, and biodiversity separately (agriculture, forestry, 
conservation), woodland-based food systems spatially and conceptually 
integrate a range of ecological and cultural ecosystem services such as 
carbon sequestration, biodiversity enhancement, food production, and 
social benefits. Reviewing these benefits has shown serious potential for 

turning the agri-food system from a source into a sink of carbon, making 
food production more diverse and resilient, while providing convivial 
habitat for wildlife and people.

However, since these benefits are neither new nor obviously lead to 
commercial opportunities, it would be naïve to assume that these ben
efits alone (incl. greater awareness of ecosystem services) suffice to 
upscale woodland-based food systems significantly. The wider political 
economy drives a monofunctional and commodity output-oriented agri- 
food system that generates barriers to developing more diverse and 
complex systems. Our review suggests strongly that systemic changes 
may be required at every level. Various elements in the political- 
economic system need to be transformed to create and sustain an agri- 
food system that values ecosystem services. Firstly, practically, by 
restoring, enhancing, and drawing on them through the integration of 
woody polyculture. Secondly, financially, by remunerating those ser
vices and enabling livelihoods based on them. Thirdly, by consistently 
guiding the degrowth of the monocultural system. These steps are 
necessary not only to make woodland-based food systems viable, but 
also the agri-food system in particular, and the economic system as a 
whole for the benefit of all.
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Appendix A

Key terms and search strings used to search for literature on Web of Science connecting woodlands with climate change mitigation, 
biodiversity conservation, and food production

We began the systematic literature review with a brainstorming within our project team and by including input from the project development stage 
that was provided by colleagues affiliated with the Sustainable Consumption Institute (SCI) and the Manchester Environmental Research Institute 
(MERI). Key terms to provide focus for the search were:
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Table A1 
Key terms of the research context

forest
Afforestation
Reforestation
Rewilding
Woodland expansion
Regeneration, regenerative
aboveground-belowground interactions
mycelium
hyph* , hyphal networks
mycorrhiza
extraradical mycelium
controlled mycorrhization
Mitigation Conservation Food production
Net zero Biodivers* Semi-wild
emissions Conservatio* Semi-cultivated
Zero carbon ​ Cultiv*
Low carbon Convivial conservation “Cultivation systems”
Climate change Half Earth Non-timber forest products
Carbon capture “Bold” conservation ​
Carbon storage ​ fungi, fruit, nuts and seeds, leaves, shoots, foliage, herbs, roots, wild game, medicinal plants
Soil build-up Biosafety ​
Humus Zoonotic disease transmission vegan organic
Nature based solutions Habitat destruction veganic
​ Habitat decline stockfree
​ Biodiversity decline biocyclic-vegan
​ Biodiversity loss permaculture
​ ​ forest garden*
​ ​ perennial
​ ​ Multiple ecosystem services
​ ​ polycultures
​ ​ canopy layers

Some of these key terms were discarded as search terms were tailored to focus on the most important ones only. The key terms were combined to 
longer search strings that were developed to show a manageable amount of hits (<200). A total of 344 studies were subjected to abstract screening 
and, after removal of both duplicates and studies that mainly focus on tropical climates, 54 studies were chosen for review.

Table A2 
Search strings applied in Web of Science

Search strings with key words Hits Chosen for 
review

ALL= (("agroforestry" OR "food forest" OR "forest garden*" OR "permacultur*") AND ("mycelium" OR "mycorrhiza*") AND ("food" OR "NTFP" OR "non- 
timber forest product*" OR "edible") AND ("food secur*" OR "food sovereign*" OR "biodivers*" OR "conservation" OR "climate change" OR "net zero" OR 
"carbon capture" OR "nature based solutions"))

38 10

ALL= (("food produc*") AND ("mycelium" OR "mycorrhiza*") AND ("food" OR "NTFP" OR "non-timber forest product*" OR "edible") AND ("food secur*" 
OR "food sovereign*" OR "biodivers*" OR "conservation" OR "climate change" OR "net zero" OR "carbon capture" OR "nature based solutions"))

61 5

ALL= ("Ectomycorrhizal Fungi") AND (agroforestry OR ("tree*" AND food)) 
Then refined by filtering papers with: carbon storage (5 results); edible (20 results); fruiting (17 results); cultiv* (16 results); culinary (2 results); food 
secur* (5 results); then deleting duplicates.

143 13

ALL= ("net zero" OR "carbon storage" AND "climate change" AND mitigation NOT "tropic*") AND (agroforestry OR ("tree*" AND food) OR "food forest" OR 
"permacult* " OR "forest garden* ")

74 17

ALL= ("climate change" AND mitigation OR "Carbon sink" OR "carbon sequestration" OR "Carbon storage" OR "net zero" OR "low carbon") AND ("food 
forestry" OR "permacult*" OR "forest garden*" OR "soil built-up" OR "edible forest")

28 9

Total no. of studies 344 54

Appendix B

The analysis was done by help of an Excel template in which we connected the reference information and abstract to 8 categories: Climate change, 
biodiversity, food production, social benefits, barriers/enablers of agroforestry, additional comments, additional references (cited in reviewed 
studies), as well as relevance for the project overall. The categories contained paraphrasing or direct quotes drawn from the 54 studies chosen for full 
review. Out of these studies, we identified 17, 15, and 22 as of high, medium, and low relevance, respectively. After reviewing the sample of 54 studies, 
we added a secondary set of 10 references which were not captured by the literature search but quoted in the main sample and contained relevant 
evidence.

Data from these categories were then aggregated into a synthesis that provided subthemes for the 4 main dimensions (climate change, biodiversity, 
food production, social benefits) as well as the barriers and enablers of agroforestry. Subthemes and relevant literature comprised:

S. Hirth et al.                                                                                                                                                                                                                                    Land Use Policy 156 (2025) 107620 

10 



Table B1 
Thematic synthesis of references

Main analytic category Subthemes References

Climate Change Types/Practices of agroforestry and their 
relation to climate change

Hall and House, 1994; Harland, 2017; Wolz et al., 2018; Bjorklund et al., 2019

Benefits of land use change/conversion Haskett et al., 2010; Silver et al., 2004
Carbon storage, generally Zomer et al., 2016; Branca et al., 2013
Carbon storage – soil organic carbon 
(SOC)

Cardinael et al., 2018; Mirmasoudi et al., 2019

Carbon storage – fungal biomass as carbon 
sink

Averill et al., 2014; Cheeke et al., 2017; Guerin-Laguette, 2021; Garcia-Montero et al., 2017; Cardoso 
and Kuyper, 2006; Baird and Pope, 2022

Carbon storage – Aboveground vegetation Bockel and Schiettecatte, 2020; Kay et al., 2018; Schafer et al., 2019; Gomez-Villarino et al., 2021; 
Wolz et al., 2018

Carbon storage – timber from 
aboveground vegetation

Hall and House, 1994

Finances & carbon sequestration Bockel and Schiettecatte, 2020
Modelling of carbon sequestration Mirmasoudi et al., 2019; Goncalves et al., 2021
Climate mitigation Muschler, 2016
Benefits of ecto-mycorrhizal fungi (EMF) Guerin-Laguette, 2021; Thomas and Vazquez, 2022; Perez-Moreno et al., 2021
Tree-mushroom inoculation Guerin-Laguette, 2021; Thomas and Vazquez, 2022
Soil inoculation/crop-mushroom 
inoculation

Srivastava and Singh, 2022; Bardgett and Gibson, 2017

Regeneration/Restoration Harland, 2017; Laporta et al., 2021; Srivastava and Singh, 2022
Climate change as a threat Thomas and Vazquez, 2022; Moscatelli et al., 2017
Long-known benefits of agroforestry Hall and House, 1994; Udawatta et al., 2019; Thomas and Vazquez, 2022
Disservices/trade-offs Barnes et al., 2022; Kay et al., 2019; Mayer et al., 2022

Biodiversity Conservation Agroecological methods Branca et al., 2013; Bockel and Schiettecatte, 2020; Goncalves et al., 2021; Brodt et al., 2020; Koskey 
et al., 2021

Biodiversity in policy Gomez-Villarino et al., 2021; Barnes et al., 2022; Kay et al., 2019
Benefits of agroforestry Hall and House, 1994; Harland, 2017; Laporta et al., 2021; Brodt et al., 2020
Benefits of inoculation/ecto-mycorrhizal 
fungi (EMF) systems

Guerin-Laguette, 2021; Thomas and Vazquez, 2022; Guerin-Laguette et al., 2014

Benefits of (bio)diversity Branca et al., 2013; Bardgett and Gibson, 2017; Ellison et al., 2017; Saitta et al., 2018
Benefits of perennials Hall and House, 1994; Brodt et al., 2020
Land use change/Reforestation Hall and House, 1994; Haskett et al., 2010; Baird and Pope, 2022
Risks/disservices of monoculture Hall and House, 1994; Bockel and Schiettecatte, 2020; Thomas and Vazquez, 2022; Moscatelli et al., 

2017; Ellison et al., 2017; Baird and Pope, 2022; Goncalves et al., 2021; Laporta et al., 2021
Risks/disservices of perennials Hall and House, 1994
Risks/disservices of forest management Azul et al., 2011
Risks/disservices of unmanaged forests Laporta et al., 2021
Trade-offs/disservices of bioeconomy Neumann et al., 2016
Risks of tree-planting Baird and Pope, 2022
Quantified biodiversity Kay et al., 2018; Neumann et al., 2016

Food Production Multiple benefits, incl. food Bockel and Schiettecatte, 2020; Thomas and Vazquez, 2022
Benefits of perennials Haskett et al., 2010; Branca et al., 2013
Evidence indicating productivity benefits 
of agroforestry

Cardinael et al., 2018; Garcia-Montero et al., 2017; Wolz et al., 2018; Goncalves et al., 2021; Laporta 
et al., 2021; Mahieu et al., 2016; Perry et al., 1989; Campi et al., 2009; Bjorklund et al., 2019

Evidence indicating productivity 
disbenefits of agroforestry

Hall and House, 1994; Zomer et al., 2016; Branca et al., 2013; Kay et al., 2019; Bjorklund et al., 2019

Disservices/costs Mayer et al., 2022; Goncalves et al., 2021; Fitton et al., 2011
Design optimisation Bjorklund et al., 2019
Land use change/restoration Haskett et al., 2010; Harland, 2017; Ellison et al., 2017; Brain et al., 2017; Oria-de-Rueda et al., 2010
Edible mushroom species Guerin-Laguette, 2021; Thomas and Vazquez, 2022; Guerin-Laguette et al., 2014; Oria-de-Rueda et al., 

2010; Hyde et al., 2019; Perez-Moreno et al., 2021
Soil – activity of symbiotic organisms Garcia-Montero et al., 2017; Cardoso and Kuyper, 2006; Wolz et al., 2018; Goncalves et al., 2021; 

Mahieu et al., 2016; Perry et al., 1989; Campi et al., 2009
Spatial frugality/urban application of 
food forestry

Guerin-Laguette, 2021

Improving ecosystem services Ellison et al., 2017; Goncalves et al., 2021
Food security through diversification Udawatta et al., 2019; Bockel and Schiettecatte, 2020; Kay et al., 2018

Social benefits Cultural ecosystem services Smith et al., 2013; Marchi et al., 2018
Benign working environment Bjorklund et al., 2019
Green infrastructure Gomez-Villarino et al., 2021; Kay et al., 2019
Ecosystem services – definition and 
societal significance

Kay et al., 2018; Ellison et al., 2017; Laporta et al., 2021; Neumann et al., 2016; Marchi et al., 2018

Global benefits Thomas and Vazquez, 2022; Ellison et al., 2017
Income diversification Guerin-Laguette, 2021; Bockel and Schiettecatte, 2020 Barnes et al., 2022; Goncalves et al., 2021; 

Oria-de-Rueda et al., 2010; Winans et al., 2016
Poverty alleviation/prevention Hall and House, 1994; Haskett et al., 2010; Zomer et al., 2016; Branca et al., 2013; Smith et al., 2013; 

Marchi et al., 2018
Tradition Muschler, 2016; Smith et al., 2013; Marchi et al., 2018
Creating/designing social benefits Brain et al., 2017
Disservices/challenges Hall and House, 1994; Baird and Pope, 2022

Barriers to woodland-based 
food systems

Productivism Harland, 2017; Barnes et al., 2022; Kay et al., 2019; Brodt et al., 2020; Bjorklund et al., 2019
Mono-functionalism/monoculture Gomez-Villarino et al., 2021; Thomas and Vazquez, 2022; Wolz et al., 2018; Kay et al., 2019; Brodt 

et al., 2020; Bjorklund et al., 2019; Marchi et al., 2018
Short-term profit focus Fitton et al., 2011

(continued on next page)
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Table B1 (continued )

Main analytic category Subthemes References

Labour & organisation Hall and House, 1994; Cardoso and Kuyper, 2006; Brodt et al., 2020; Bjorklund et al., 2019
Translational barriers Gomez-Villarino et al., 2021
Carbon sequestration schemes Haskett et al., 2010

Enablers of woodland- 
based food systems

Societal need for sustainable production Bardgett and Gibson, 2017; Koskey et al., 2021; Bjorklund et al., 2019; Hyde et al., 2019
Multiple/multifactorial benefits Zomer et al., 2016; Wolz et al., 2018; Bardgett and Gibson, 2017; Mayer et al., 2022; Brodt et al., 2020
Multi-functionalism/polyculture Hall and House, 1994; Wolz et al., 2018; Brain et al., 2017; Oria-de-Rueda et al., 2010
Diversity & complexity Wolz et al., 2018; Kay et al., 2019; Koskey et al., 2021
Labour & organisation Brodt et al., 2020; Bjorklund et al., 2019; Oria-de-Rueda et al., 2010
Carbon sequestration schemes Zomer et al., 2016; Mayer et al., 2022; Laporta et al., 2021; Brodt et al., 2020; Winans et al., 2016
Tools & technologies Goncalves et al., 2021; Bjorklund et al., 2019; Perez-Moreno et al., 2021
Scientific research Goncalves et al., 2021; Brodt et al., 2020; Perez-Moreno et al., 2021
Translational work Bardgett and Gibson, 2017; Kay et al., 2019; Brodt et al., 2020

Data availability

Data will be made available on request.
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