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Abstract

Multiple anthropogenic challenges threaten nature’s contributions to human well-being. Agricultural
expansion and conventional intensification are degrading biodiversity and ecosystem functions,
thereby undermining the natural foundations on which agriculture is itself built. Averting the worst
effects of global environmental change and assuring ecosystem benefits, requires a transformation of
agriculture. Alternative agricultural systems to conventional intensification exist, ranging from
adjustments to efficiency (e.g., sustainable intensification) to a redesign (e.g., ecological
intensification, climate smart agriculture) of the farm management system. These alternatives vary in
their reliance on nature or technology, the level of systemic change required to operate, and impacts
on biodiversity, landscapes and agricultural production. Different socio-economic, ecological and
political settings mean there is no universal solution, instead there are a suite of interoperable
practices that can be adapted to different contexts to maximise efficiency, sustainability and
resilience. Social, economic, technological and demographic issues will influence the form of
sustainable agriculture and effects on landscapes and biodiversity. These include: 1) the socio-
technical-ecological architecture of agricultural and food systems and trends such as urbanisation in
affecting the mode of production, diets, lifestyles and attitudes; 2) emerging technologies, such as
gene editing, synthetic biology and 3D bio-printing of meat; and 3) the scale or state of the existing
farm system, especially pertinent for smallholder agriculture. Agricultural transformation will require
multifunctional landscape planning with cross-sectoral and participatory management to avoid
unintended consequences and ultimately depends on people’s capacity to accept new ways of

operating in response to the current environmental crisis.

Keywords: agriculture, ecological intensification, climate-smart, global change, IPM, organic,

nature’s contributions to people, ecosystem services, nature-based solutions, sustainability.
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1. Introduction

Nature provides multiple and diverse contributions, including biodiversity and ecosystem goods and
services, to the support and well-being of the global human population (Diaz et al., 2018; IPBES,
2019; Potts et al., 2016). At the same time, marking the shift towards a new epoch, the Anthropocene
(Ellis et al., 2010; Steffen et al., 2011), the Earth is undergoing rapid anthropogenic environmental
challenges, including climate change, modification or degradation of ecosystems and a global
biodiversity extinction crisis (IPBES, 2019; IPCC, 2019). These changes constitute a planetary-scale
crisis due to the growing erosion or elimination of nature and its contributions to well-being, such as
stable ecosystem functioning, nutritional security and provision of clean air and water, food and
energy (Chaplin-Kramer et al., 2019; Dirzo et al., 2014; IPBES, 2019; McGill et al., 2015; Potts et
al., 2016; Wall et al., 2015).

A suite of interacting, socio-cultural and economic drivers directly and indirectly modifies the
supply of ecosystem goods and services from nature (IPBES, 2016; IPBES, 2019). Globally, the
human population is projected to grow to 9.7 billion up to 2050 until plateauing around 11 billion in
2100 (UN, 2019). In addition, increased per capita consumption alongside continuing income and
economic inequality within and across world regions is expected. Following such a trajectory will
risk further environmental degradation and a failure to meet current and future policy objectives, such
as the Sustainable Development Goals of the 2030 Agenda for Sustainable Development, the Aichi
Biodiversity Targets and the CBD post-2020 Global Biodiversity Framework, aiming at improving
human well-being and preserving the biosphere (CBD, 2014; IPBES, 2019; UN, 2015).

Land-use change is consistently the principal direct driver of changes in habitat cover on
approximately half of the Earth’s terrestrial surface (Ellis et al., 2010; Foley et al., 2005; IPBES,
2019; Newbold et al., 2016). The interplay between land-use (e.g., natural resource extraction, habitat
conversion and food production) and the state and processes of the natural ecosystem (e.g.,

geomorphology, climate, biological functions) form landscapes. Of the many environmental goods
4
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that humans obtain from nature, agriculture and the production of food continues to be the major
factor shaping the world’s landscapes (IPBES, 2019; IPCC, 2019). For example, as of 2017 the total
production of cereal crops had increased 240 % relative to the 1961 baseline (IPCC, 2019) driven by
a combination of high-yielding crop varieties, intensive management, and arable land expansion at
the expense of semi-natural habitats (Ellis et al., 2010; Foley et al., 2005; IPBES, 2019).

Agricultural expansion and habitat conversion is the most widespread form of land-use
change, and coupled to conventional intensive agricultural management, currently represents the
main approach to assuring food supply (2016; IPBES, 2019). Conventional intensive agriculture is
the prevailing food production paradigm and is characterised by industrial management of livestock
or large-scale monocultures with high external inputs and mechanisation that circumvent many of the
ecosystem limits to production (Godfray et al., 2010; Kovacs-Hostyanszki et al., 2017; Pretty, 2018).
In this manner, conventional intensive management and agricultural expansion has been profoundly
successful at delivering increased yields and food security (Godfray et al., 2010; Piesse and Thirtle,
2010; Pretty, 2018; Qaim, 2017); although significant nutritional deficits and asymmetries in access
to food remain in large parts of the world marked by structural poverty (IPBES, 2019; Willett et al.,
2019).

The appropriation of up to 50% the Earth’s land-surface for cropping or livestock production
(Ellis et al., 2010; IPBES, 2019) (Fig. 1), has altered landscapes, and is the predominant pressure on
biodiversity and environmental goods and services supporting human well-being (Aizen et al., 2019;
IPBES, 2019; Newbold et al., 2016; Potts et al., 2016). This reliance of agriculture on beneficial
biodiversity and ecosystem processes and the fact that this socio-cultural and industrial practice is
itself a major cause of ecosystem degradation and biodiversity extinction, means that agricultural
reform is a necessity for shaping future food production, landscape structure, and societal responses
to the current environmental crisis.

[insert Figure 1]
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A societal consensus is emerging that to forestall the worst effects of global environmental
change, while continuing to feed a growing and economically developing human population,
transformative and systemic changes are required to move to a sustainable agricultural management
(Bommarco et al., 2013; Godfray et al., 2010; IPBES, 2019; Kleijn et al., 2019; Pretty, 2018;
Rockstrom et al., 2017; Tittonell, 2014). The world is a heterogeneous place ecologically, socio-
culturally and economically but there are evident risks of “biotic homogenization” (IPBES, 2019).
Assuring food and nutritional security whilst restoring and maintaining ecological and ecosystem
functioning will require a suite of options that deliver these objectives in the most optimal and socially
just way for particular geographical, socioecological, and societal contexts and scales (Godfray et al.,
2010; IPBES, 2019; Rockstrom et al., 2017; Tittonell, 2014).

There is an array of technological and farming approaches, available or developing, that might
assure the stability of agricultural production whilst meeting the challenge of moving to a sustainable
food system. These include farm management approaches that differ according to their dependence
on existing or emerging technologies — e.g. precision agriculture (Pretty, 2018; Pretty, 1997; Wolfert
et al., 2017), genetic modification (Altpeter et al., 2016; Chen et al., 2019; Ort et al., 2015), synthetic
biology and alternative proteins (Mattick et al., 2012; Mouat et al., 2019; Stephens, 2013) — or in
harnessing knowledge about natural ecosystem processes in support of agricultural production
(Bommarco et al., 2013; Garibaldi et al., 2019; Kleijn et al., 2019; Rockstrom et al., 2017). Such
changes in the agricultural system will also depend on the farmers’ socio-cultural and institutional
context, capacity or willingness to adapt, and trade-offs between their worldviews and those of other
societal actors (Marshall et al., 2014; Martin et al., 2018; Moser and Ekstrom, 2010; Vermeulen et
al., 2018). The form that a sustainable agriculture takes will also be influenced by the socio-economic
scale and ecological state of the existing agricultural system (Hill et al., 2019; Lowder et al., 2019;
Zimmerer et al., 2015) and the social and environmental changes precipitated by increasing
urbanisation worldwide (Horst et al., 2017; IPBES, 2019; Orsini et al., 2013). Therefore, the choice

between adopting either nature-based farm management or agri-technological solutions has profound
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socio-ecological considerations and implications for future sustainable landscapes, biodiversity and
the balance of ecosystem services and disservices they provide (Fig. 2).
[insert Figure. 2]

In this chapter, we outline the indirect drivers that create contemporary agricultural landscapes
[Section 2.0]. We then discuss the ways that contemporary agricultural systems form landscapes and
shape ecosystem services and disservices [3.0]. Next, we discuss alternative models of agriculture
being debated, advocated, developed or implemented as part of current efforts to improve agricultural
sustainability [4.0]. We then examine some key issues that influence the transition to a sustainable
agriculture: the social dimensions of transformative changes in agriculture and food system
sustainability [5.0] using the example of urbanisation [5.1.1], emerging technologies for novel crops
and foods [5.2] and the economic scale and ecological state of the farming system [5.3]. We conclude
with a discussion of how nature-based, technological or policy responses could profoundly change
how the world obtains food and nutrition and the consequences for the crisis in biodiversity and

ecosystem function [6.0].

2. Indirect drivers of change in contemporary agricultural landscapes

Agricultural landscapes are the product of the interplay between multiple, mostly anthropogenic,
drivers that directly (proximate causes) or indirectly (underlying causes) influence the composition
and distribution of land-use. Because agriculture is both a societal and industrial practice, agricultural
landscape structure is impacted indirectly by demographic, sociocultural, economic, technological
and institutional factors governing food production (IPBES, 2019). Over the last 50 years, the
growing human population coupled to policies and technological advances that have facilitated rapid
economic growth and globalised trade and commerce have profoundly altered consumption and
production patterns at all scales (Godfray et al., 2010; IPBES, 2019; Qaim, 2017). This complex
interaction among these underlying conditions has led, in many regions of the world, to agricultural

expansion and the adoption of conventional, intensive agricultural management, either to feed
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regional populations or to produce commodities for geographically distant markets on a global scale
(Godfray et al., 2010; IPBES, 2019). This widespread shift to an industrial agriculture has tripled
global agricultural crop production since 1970, which alongside globalised trade in agricultural
commodities and products, has produced substantial economic gains, but also with costs of
biodiversity loss and highly modified and simplified landscapes (Godfray et al., 2010; IPBES, 2019;
Piesse and Thirtle, 2010; Pretty, 2018).

Urbanisation is another major social, economic and demographic trend with consequences for
the structure and function of agricultural landscapes. Currently, urban land only represents 1% of the
habitable land (Fig. 1), but urbanisation of the human population is predicted to increase globally,
especially in parts of Africa and Asia that are some of the world’s most productive croplands
(d’Amour et al., 2017; IPBES, 2019). Urbanisation brings risks and opportunities for agriculture,
ecosystems and landscapes [5.1.1]. It creates challenges for the production and distribution of food
and livelihood instability in already vulnerable regions of the world (IPBES, 2019). Urbanisation also
distances the human population from the site and process of food production altering social and
ethical attitudes pertaining to farming and the use or preservation of nature. It creates a societal debate
over which modes of agriculture or food production [see section 4.0] can or should be adopted, the
dietary expectations or choices of people, and, according to their social and economic acceptability,
where the site of different forms of food production should be located [5.1.1]. Such changes to the
human lifestyles and population distribution coupled to the need for climate change adaptation [4.3.2]
raise the prospect of profound changes in land-use that overlap with the potential for land sparing
(Grass et al. this volume), rewilding and restoration of biodiversity and good ecosystem functioning
(IPBES, 2019; Navarro and Pereira, 2012; Tscharntke et al., 2012).

Another crucial dimension that shapes farming, landscape structure and ecosystems is the
capacity and willingness of farmers to adapt to changes in the environment, economy and social
expectations by altering the goal or location of their activity (Moser and Ekstrom, 2010; Vermeulen

et al.,, 2018). Those farmer decisions depend on technical or market considerations, and are also
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deeply embedded in farmer identity (Marshall et al., 2014) and the wider agricultural, institutional
and economic contexts that create opportunities, incentives or limitations to adaptation (Dowd et al.,
2014; Martin et al., 2018; Park et al., 2012; Vermeulen et al., 2018). Farmer decisions, incorporating
their views and priorities on farming practices, the environment, social norms and their roles and
responsibilities may conflict with other actors such as urban dwellers, authorities or other rural
inhabitants (Mann and Jeanneaux, 2009) (see Skrimizea et al. this volume). Considering the social
(including economic) dimensions of agriculture are therefore central to the transformation to a

sustainable agricultural system and the future structure and functioning of the landscape [5.0].

3. Agriculture: a direct driver of landscape structure, biodiversity and

ecosystem services

Conventional intensive agricultural management is itself a multifactorial direct driver of change in
biodiversity and ecosystem function (IPBES, 2019; Potts et al., 2016). Through the industrial-scale
management of livestock and large-scale monocultures in simplified rotations reliant on high levels
of agrichemicals (synthetic fertilisers, insecticides, herbicides, fungicides), this type of farm
management homogenises landscape habitat structure to produce a highly simplified ecosystem
(Garibaldi et al., 2017; Kovacs-Hostyanszki et al., 2017). Aside from habitat loss, further impacts on
non-target biota occur through the impacts of agrichemicals, both in terms of direct (e.g. toxic and
sub-lethal effects of pesticides) and indirect effects (ecological community shifts elicited by
herbicides) (Chagnon et al., 2015; Godfray et al., 2014; Kovacs-Hostyanszki et al., 2017; Pisa et al.,
2015). In this manner, the effects of conventional intensive agriculture act as an environmental filter
leading to the homogenisation of biological communities by extirpating many species and
interactions. Only those species with traits that pre-adapt them to exploit (e.g., r-selected insects,
resistant biotypes) or tolerate (e.g., mobile, generalist omnivore) the highly anthropogenic farmed

landscape persist (Bommarco et al., 2010; Burkle et al., 2013; Dainese et al., 2019; de Vries et al.,
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2013; IPBES, 2019; Marini et al., 2014; Martin et al., 2019; Redhead et al., 2018; Tsiafouli et al.,
2015; Wall et al., 2015).

These effects of agricultural expansion and conventional intensive management have directly
impacted the organisms that provide services underpinning crop production itself — namely
pollination, pest regulation and a number of soil services (Chaplin-Kramer et al., 2019; Dainese et
al., 2019; Potts et al., 2016; Tscharntke et al., 2012; Wall et al., 2015) (Fig. 3).

Pollinators are one important example of how functional groups of organisms can help to
safeguard crop yields and wild plant reproduction (Potts et al., 2016). Managed pollinators, such as
the western honeybee, are important providers of pollination services for certain plant taxa or in
already highly intensified systems (Hung et al., 2018; Potts et al., 2016; Rollin and Garibaldi, 2019;
Woodcock et al., 2013). Complete reliance on one or a small number of managed pollinators for crop
pollination is risky, however, due to the threats from pests and pathogens causing bee diseases (Potts
etal., 2016; Vanbergen et al., 2018) and mismatches in supply and demand that may create pollination
deficits (Breeze et al., 2014). However, wild pollinators have been shown to be important crop flower
visitors (Hung et al., 2018; Potts et al., 2016; Rader et al., 2016) that safeguard fruit set even in the
presence of managed bees (Garibaldi et al., 2013). Most crop pollination is provided by a small
number of dominant (i.e., highly abundant) species (Dainese et al., 2019; Kleijn et al., 2015; Winfree
et al., 2015). Diverse pollinator communities, however, usually better support crop pollination and
crop quality (Aizen et al. this volume) through species complementarity over space or time and among
crop species (Brittain et al., 2013; Dainese et al., 2019; Greenleaf and Kremen, 2006; Hoehn et al.,
2008; Winfree et al., 2018; Woodcock et al., 2019). This may be due to ‘response diversity’ -
differential responses to the same environmental perturbations - which increases the overall stability
of the pollination service in the face of environmental variability or global change (Martin et al.,
2019; Winfree and Kremen, 2009). Alternatively, it may be because diverse wild pollinator

assemblages elevate or facilitate cross-pollination rates via greater overall activity or behavioural or
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functional complementarity arising from species trait diversity (Brittain et al., 2013; Garibaldi et al.,
2015; Garibaldi et al., 2013; Hoehn et al., 2008; Woodcock et al., 2013).

In a similar way, the abundance or diversity of natural enemies, such as predatory or parasitic
arthropods, can indirectly support crop production by suppressing populations of invertebrate pests
(Letourneau et al., 2009; Liere et al., 2015; Redlich et al., 2018; Shackelford et al., 2013). Biodiversity
is also key to a healthy and functioning soil. Plant-soil biota interactions, abundance of key soil
functional groups, and soil food web complexity are all directly linked to the delivery and resilience
of soil ecosystem functions underpinning plant/crop productivity (Bender et al., 2016; Blouin et al.,
2013; de Vriesetal., 2013; Lange et al., 2015; Philippot et al., 2013; Wagg et al., 2014). Conventional
intensive agriculture is a major pressure on these soil biodiversity-function relationships and can lead
to their degradation and loss (de Vries et al., 2013; IPBES, 2019; Tsiafouli et al., 2015) with major
implications for soil ecosystems, crop production and ultimately human health (Bender et al., 2016;
Wall et al., 2015). Retaining both above-and below-ground biodiversity, particularly of functionally
complementary species, in a farm system or agricultural landscape provides direct and indirect
benefits to crop production.

[insert Figure 3]

It is well known that the presence of natural areas or landscape heterogeneity is fundamental
to supporting species diversity delivering ecosystem services in agricultural landscapes (Landis,
2017) and that habitat and landscape simplification under agricultural expansion erode this diversity
and functionality (Fig. 3) (Dainese et al., 2019; IPBES, 2019; Newbold et al., 2016; Potts et al., 2016).
For example, up to 50% of the negative effects of landscape simplification on ecosystem services is
due to species richness losses of service-providing organisms. This includes negative consequences
on crop yields (Dainese et al., 2019) and pollination and pest control by insects declines at increasing
distances from non-cropped areas (Garibaldi et al., 2011; Woodcock et al., 2016). Increased land
cover heterogeneity at field, farm or landscape scales can lead to increases in pollinator and natural

enemy abundance as well as pollination and pest regulation (Batary et al., 2011; Hass et al., 2018;

11



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

Klein et al., 2012; Ricketts et al., 2008; Rundlof et al., 2008; Rusch et al., 2016) (Fig. 3). These
benefits are not universal, however, and the responses of pests and enemies to land cover often vary
among organisms, across geographic regions, and between landscape and field management contexts
(Gagic et al., 2017; Gallé et al., 2019; Karp et al., 2018). In a global synthesis of natural biocontrol,
the landscape composition (% non-crop habitat) was a significant predictor of pest and enemy
abundance, predation rate, crop damage and yields, but positive and negative responses were
observed across studies with no consistent overall trend (Karp et al., 2018). Therefore, as non-crop
habitat does not always enhance biological control or other ecosystem services linked to biodiversity,
more information about its modulation by agricultural contexts (see Petit et al this volume) is needed
to understand the reliability of habitat conservation as a pest-suppression strategy.

The configuration and arrangement of non-cropped areas in the landscape is now emerging as
the potential key to effectively managing land to maintain natural biocontrol and pollination in
agricultural landscapes. Complex landscapes with smaller and/or irregularly shaped fields and habitat
patches have a high density of habitat edges. Such configurations of ecotones increase the probability
of exchange of populations and ecosystem services between crop fields and non-crop habitat (Fig. 3).
For example, a landscape-scale analysis of wild bees and butterflies in Europe showed that pollinator
assemblage evenness was greater in smaller and more connected habitat fragments, a consequence of
community domination by generalist species with high dispersal capacity (Marini et al., 2014). In
arable-dominated landscapes with high edge densities, 70% of pollinator and 44% of natural enemy
species attained their greatest abundance, pollination and biocontrol improved 1.7- and 1.4-fold, and
achieved greater yields (Martin et al., 2019). Others have similarly shown how smaller field size and
increased field border densities can elevate species abundances and pollination and pest regulation
services (Dainese et al., 2017; Garratt et al., 2017; Hass et al., 2018). Furthermore, heterogeneous
arable landscapes that contain large amounts of high quality field margin habitats providing floral
resources can lead to increased levels of reproduction and population size of bumble bees (Carvell et

al., 2017). In contrast, another large study found little evidence of landscape configuration influencing
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bee species richness and abundance, apart from a negative relationship to social bee abundance
(Kennedy et al., 2013). Nonetheless, enhancing edge density in agricultural landscapes has the
potential to promote functional biodiversity and ecosystem services that enhance yields (Fig. 3). The
effects, however, will depend on the interaction of landscape structure with the response traits of the
service-providing organisms. For example, Martin et al. 2019 found that ground-dispersing generalist
natural enemies and pollinators whose larvae feed on crops or pests, were most abundant in arable-
dominated landscapes with few edges, presumably because they are well adapted to exploit
agricultural resources. Other pollinators and natural enemies that can fly benefit from high edge
densities and interfaces with semi-natural habitats at landscape scales and so a high density of
ecotones may be required for effective spillover of pollination or biocontrol services to the cropped
area (Martin et al., 2019).

The management of agricultural fields is an important driver determining the availability and
capacity of functionally important taxa to deliver ecosystem services. Soil organisms with their low
capacity for active dispersal are primarily influenced and operate at more localized spatial scales
(Veen et al., 2019), although patterns in land-use and non-cropped areas can sort and structure soil
communities over time at the landscape scale (Eggleton et al., 2005; Vanbergen et al., 2007). Below-
ground biodiversity is therefore mostly driven by field scale management practices such as tillage
practices and agrichemical applications, so longer-term management to mitigate the negative effects
of these practices can deliver benefits to below-ground biodiversity (Bender et al., 2016; Lal, 2006;
McDaniel et al., 2014). More mobile pollinators and natural enemies and the services they provide
are also consistently affected by in-field management, often in combination with the effects of
landscape context (above & Petit et al. this volume). Agricultural practices such as effects of fertiliser
application, independent of pollinator availability in the area, have been shown to affect the extent
that functionally important taxa contribute to crop output (Garratt et al., 2018a; Tamburini et al.,
2019). Rusch et al. 2016 showed how combined management of semi-natural habitat and crop rotation

can stabilize and enhance natural pest control in agricultural landscapes. Natural pest control of aphids
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in cereal crops was maximized in complex landscapes with monotonous and short crop rotations and
minimized in simple landscapes with more diverse crop rotations that include perennial crops (Rusch
et al., 2013; Rusch et al., 2016). In a large scale study in European arable systems, enhancing natural
enemies and pest control by increasing landscape complexity proved to be disappointing in
intensively cropped fields with denuded soil conditions (Gagic et al., 2017). Moreover, despite the
evidence that organic agriculture [4.2.2] can elevate pollinator and natural enemy abundance and
diversity (Garratt et al., 2011; Katayama et al., 2019; Krauss et al., 2011), such benefits are not
ubiquitous and often depend on landscape context, the spatial scale of assessment and the organisms
concerned (Brittain et al., 2010; Schneider et al., 2014; Tuck et al., 2014)(Petit et al this volume).

In summary, agriculture has effects that operate from field to landscape scales, which impact
and modulate biodiversity and functionally important taxa delivering ecosystem services in support
of crop yields and ultimately human wellbeing (Fig. 3). Agriculture is therefore a major cause of
biodiversity loss and ecosystem degradation, but it also presents potential solutions to these

challenges to aid the transition towards sustainable development (Fig. 4).

4. Alternative management approaches to conventional intensive agriculture

The impacts of agriculture as a historical and current global driver directly shaping the climate,
biodiversity, landscapes and ecosystem functioning are well understood (IPBES, 2019; IPCC, 2019).
Although long acknowledged, the need to move towards more sustainable forms of agriculture has
become critical with the ongoing ecosystem change and degradation as the 21% century progresses.
One solution involves transformative changes in society at all levels of governance, policy and
practice to mitigate and reverse the adverse environmental impacts of human activities, including the
current paradigm of conventional agricultural intensification, while maximising environmental
resilience and food security (IPBES, 2019; Rockstrom et al., 2017). The precise forms that this future

agriculture should take remains, however, hotly debated.
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Currently, there are several alternative agricultural systems to conventional intensification
(Fig. 4, Table 1). These vary in the role that technologies, management, external inputs or natural
processes are used to support future agricultural production as well as in the socio-economic context
determining the development and functioning of the farming system (Therond et al., 2017). Transition
to each of these different modes of sustainable agriculture requires differing levels of adaptation of
the farming management system. This ranges from optimising production and decreasing waste [4.1],
substituting external products or procedures with deleterious environmental effects with less harmful
procedures or with natural ecosystem processes [4.2], to a co-production of a new farming system
based on knowledge about the ultimate causes of inefficiencies and impacts to maximise agricultural
and environmental benefits [4.3] (Hill and MacRae, 1996; Pretty, 2018; Wezel et al., 2014). While
efficiency and substitution tend to be additive and incremental within current production systems,
redesign aims to transform the farming system but presents greater agricultural, social and
institutional challenges (Garibaldi et al., 2017; IPBES, 2019; Pretty, 2018; Therond et al., 2017) (see
Skrimizea et al. this volume). Thus, there are multiple alternative models of agricultural production
varying in their reliance on nature or technology and the degree to which land is ‘shared or spared’
(Grass et al this volume). These fall along a continuum ranging from relatively minor adjustments of
efficiency to a wholesale transformation of the farm management system, but it is important to
highlight the considerable overlap between them as they are not mutually exclusive and there is
potential for interoperability (Fig. 4, Table 1).

[insert Figure 4, Table 1]

4.1 Optimisation of production through increased efficiency

4.1.1 Sustainable Intensification of Agriculture

Sustainable intensification of agriculture (see glossary) remains conceptually close to the standard
model of conventional intensive farm management by relying on agri-technological solutions that
enable the inputs of agrichemicals to be optimised through greater precision of timing and targeting

(Fig. 4, Table 1). Sustainable intensification was originally conceived as an approach to increasing
15



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

crop yield whilst improving ecological and social conditions (Godfray et al., 2010; Pretty, 1997). It
posited reliance on agroforestry, conservation agriculture and biocontrol to establish low-input and
resource-conserving systems that promoted favourable ecological interactions within the
agroecosystem, rather than dependence on external inputs. This was found to improve yields and
livelihoods in developing economies (Godfray et al., 2010; Pretty et al., 2006). However, the more
recent conceptualisation of sustainable agricultural intensification has shifted the focus toward capital
and external input intensive solutions by both public and private parties (Tittonell, 2014) in order to
enhance resource use efficiencies (Fig. 4), such as irrigation or fertilizer applications via precision
agriculture (Fig. 2e) or use of genetic modification technologies (Fig. 2¢) [5.2]. Smart systems that
integrate remote-sensing, geo-positioning, big data, machine learning, drones and robotics (Fig. 2e)
to precisely monitor crop and livestock health and target interventions (e.g. pesticide applications)
either already exist or are advanced development (Liakos et al., 2018; Partel et al., 2019; Pretty, 2018;
Wolfert et al., 2017). Coupled machine learning and ecological network modelling may offer a way
for the aligning ecosystem service management with smart crop management systems (Tixier et al.,
2013). There is great potential in these technological solutions to assure yield and reduce
environmental harms, but continued reliance on high-technology underpinned by access to finance or
data means that this approach may be limited to only a subset of farmers [5.2].

This has led to criticism that this concept does not promote social equity (Garnett et al., 2013;
Loos et al., 2014) and fails to go far enough by working within and with natural ecosystem limits and
processes (Rockstrom et al., 2017). As currently framed, sustainable intensification seeks to reduce
waste and environmental harm (e.g. by fine-tuning agrichemical delivery) and possibly include a level
of input substitution or crop diversification, but without radically adapting the conventional mode of
intensive agriculture towards a wholesale redesign of the production system (Lemaire et al., 2014;
Lin, 2011; Pretty, 2018; Wolfert et al., 2017). Therefore, where sustainable intensification of

agriculture (as currently framed) is practiced, future landscapes will likely be improved, but not
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radically transformed in terms of conservation, management and use of beneficial biodiversity and

ecosystem services (Fig. 4, Table 1).
4.2 Substitution of external inputs or environmentally harmful procedures

4.2.1 Integrated Pest Management

Integrated pest management (IPM) is an approach that depends greatly on knowledge of pest biology
and ecology to allow tactical decision making by farmers in order to optimize the control of pest
organisms (pathogens, weeds, insects, vertebrates) in an ecologically and economically sound manner
(Ehler, 2006; Kogan, 1998). In its most basic form, IPM (see glossary) aims to reduce use of
environmentally harmful pesticides by choosing less toxic products or substituting chemical control
with natural biocontrol, with pesticides employed only once an economic threshold of pest damage
has been passed (Fig. 4, Table 1) (Ehler, 2006; Kogan, 1998). A broader interpretation, necessary for
delivering long-term pest regulation, sees IPM being employed as part of a re-design [4.3] of the crop
management system aimed proximately at lowering pest pressure, while reducing pesticide use and
ultimately providing economic savings for the farmer and protecting both the environment and human
health (Barzman et al., 2015; Colbach and Cordeau, 2018; Pretty, 2018). To reduce pesticide reliance
and maintain crop productivity, IPM seeks to optimize the synergy between a diverse set of pest
management tools (biological, chemical, cultural, and mechanical) coherently combined at the scale
of the cropping system, its rotations and the technical operations associated with each crop (Barzman
et al., 2015; Swanton and Stephan, 1991). IPM systems require profound knowledge of pest biology
along with interactive effects among pest management tools so as to promote longer-term synergies
that disrupt pest species’ niches and prevent outbreaks of highly adapted pests (e.g., pesticide
resistance/tolerance) (Barzman et al., 2015). A sustainable IPM strategy should therefore combine all
available methods, including the judicious and targeted use of pesticides, to facilitate a reduction in
pest pressure. There are, however, challenges facing the implementation of IPM. In comparison to

use of chemical pesticides, IPM can be time consuming and complicated because of the need to
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implement multiple, concurrent practices against all classes of pests (Table 1). Moreover it requires
the monitoring of pest populations to assure the implementation of the IPM tactic at the right time
and place. Agricultural consultants, with the requisite knowledge to provide farmers with independent
advice on the best tactics to employ within an IPM framework are not readily available in all parts of
the world (Ehler, 2006; Kleijn et al., 2019). Therefore, the effective use of IPM in support of
sustainable agriculture will require considerable reform of agricultural systems [4.3], knowledge

exchange, and socio-cultural change [5.6].
4.2.2 Organic agriculture

Organic farming (see glossary) emerged from the need for a holistic system for enhancing soil
fertility, water storage, and the biological control of crop pests and diseases (FAO, 2016; Reganold
and Wachter, 2016). This was traditionally associated with low-input, small-scale, diversified farms.
More recently the certification of organic farming has prohibited the use of most synthetic inputs and
GMOs while allowing organic fertilizers and pesticides (Gomiero et al., 2011; Reganold and Wachter,
2016). Consequently, many organic farms today practice input substitution (Fig. 4, Table 1) and
resemble conventional farms in that they are often high input, large-scale, and sustain low crop and
non-crop diversity, but differ in using permitted organic products instead of synthetic fertilizers and
pesticides (Guthman, 2014; Kremen et al., 2012). Similarly, there are low-input conventional farms
operating that may use some of the practices of organic agriculture but that are not certified as being
managed ‘organically.” Currently, organic agriculture includes a wide spectrum of farming styles (Fig.
4) from smallholders to intensively managed large-scale systems (Gall¢ et al., 2019).

Organic agriculture has the potential to mitigate adverse effects of intensive farming. Species
richness, functional diversity and abundance of a wide-range of taxa are often higher on organic than
conventional farms ( but see Brittain et al., 2010; Gallé et al., 2019; Gomiero et al., 2011; Hole et al.,
2005; Holzschuh et al., 2008; Katayama et al., 2019; Krauss et al., 2011; Schneider et al., 2014;
Wintermantel et al., 2019). Positive effects of organic agriculture on biodiversity vary among

landscape and crop types, levels of crop diversification. They are also contingent on the spatial scale
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at which the impact is assessed and the identity of the organism and its capacity to tolerate, adapt or
respond to the management (Brittain et al., 2010; Gall¢ et al., 2019; Kremen et al., 2012; Schneider
et al., 2014; Tuck et al., 2014). There is often a difference in crop productivity per unit area between
conventional intensive agriculture and organic farming, with the former typically being higher
yielding (de Ponti et al., 2012; Gomiero et al., 2011; Reganold and Wachter, 2016; Schrama et al.,
2018; Seufert et al., 2012). Maintaining yield under an organic system may thus lead to expansion of
the cultivated land area, potentially risking further habitat loss (Seufert et al., 2012) [1.0; 3.0]. This
productivity gap can be narrowed by farm management, such as adoption of a diverse farming system
following the principles of ecological intensification [4.3] to improve crop interactions and
agroecological functions (Kremen and Miles, 2012; Ponisio et al., 2015; Seufert et al., 2012).
Although conversion to organic farming can lead to an initial yield drop, there is evidence that it
ultimately improves yield stability, albeit with some time lags (several years) and variation among
crop types (Andersson et al., 2012; Bedoussac et al., 2015; Ponisio et al., 2015; Schrama et al., 2018;
Seufert et al., 2012). Organic farming can bring financial premiums to the grower and improve
environmental outcomes (Gomiero et al., 2011; Reganold and Wachter, 2016). To achieve a level of
sustainable farm production over time requires organic farming approaches to move from input
substitution toward a redesign of the farm system, including modified management (e.g., sowing
rates, alternative crop varieties, mechanical weeding), crop diversification and use of nature-based

solutions [4.3] that assure beneficial biodiversity and ecosystem services (see glossary) (Fig. 4).
4.3 Farming system redesign and nature-based approaches

4.3.1. Ecological intensification

Ecological intensification describes an overarching set of principles and approaches to take a more
transformative and nature-based approach to agriculture (see glossary), which distinguish it from the
methods underpinning conventional or sustainable intensification. It aims to maintain or increase

long-term agricultural productivity, while reducing reliance on synthetic inputs and the need for
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further land-use conversion, through effective management of nature’s contribution to people (see
glossary) (Garibaldi et al., 2019). In common with sustainable intensification of agriculture, resource
use efficiency is sought by more precise and reduced (potentially ‘zero’) use of synthetic inputs.
However, the pre-eminent principle of ecological intensification is to confer greater resilience on the
farm system by working with co-existing biota and ecological processes to optimise soil fertility,
plant performance, crop pollination and natural defences against pests and diseases (Fig. 4, Table 1,
Box 1) (Bender et al., 2016; Bommarco et al., 2013; Kovécs-Hostyanszki et al., 2017). This breadth
of nature-based objectives distinguishes ecological intensification from both IPM [4.2.1] and organic
farming [4.2.2] as typically practiced to date. Accordingly, ecological intensification is knowledge-
intensive requiring the active management of farmland (Box 2) to increase the intensity of the
ecological processes through ecological replacement or enhancement to close yield gaps (Bommarco
et al., 2013; Kleijn et al., 2019; Tittonell, 2014) and is applicable to both large-scale and small-scale
[5.3] farming systems (Garibaldi et al., 2016).

[insert Box 1]

Despite technological improvements, the benefits of conventional agricultural intensification
are limited by the availability of ecosystem services or trade-offs occurring as a result of landscape
composition (Catarino et al., 2019; Deguines et al., 2014; Montoya et al., 2019). Assurance of crop
yield can only be achieved in the longer term by a sustainable management of biodiversity and
ecosystem services that accounts for landscape structure (Fig. 4). Practices commensurate with
ecological intensification and assurance of ecosystem services include the (re)establishment of
ecological infrastructures (e.g., hedgerows, floral or grass strips), preserving or creating natural or
semi-natural habitats within and adjacent to farms and modifying management to include
intercropping, reduced or no-till operations, or leaving a proportion of land fallow (Kovéacs-
Hostyanszki et al., 2017; Potts et al., 2016). Such an ensemble of approaches can benefit plant
microbiomes, soil decomposers, pollinators and natural enemies of pests that directly or indirectly

support crop production (Bender et al., 2016; Bommarco et al., 2013; Kleijn et al., 2019; Kovacs-
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Hostyanszki et al., 2017) (Box 1). Many of the practices under the umbrella of ecological
intensification will contribute to mitigating the drivers of decline in pollinators and other biodiversity
(IPBES, 2019; Kovacs-Hostyanszki et al., 2017; Potts et al., 2016). Moreover, whilst currently
evidence is currently limited, there are examples of enhanced crop pollination and yield assurance
consistent with the application of ecological intensification (Blaauw and Isaacs, 2014; Feltham et al.,
2015; Pywell et al., 2015). Knowledge gaps remain, however. The extent that ecological
intensification can assure farm yields and profitability or those practices that are most effective for
achieving the outcomes and when and where they should be employed, is not well understood.
Ecological intensification can also make other contributions to people, but these require
participatory action, knowledge and training. Examples include improved human health from reduced
pesticide use, increased production of nutritious food in areas with greater agricultural diversity
(Herrero et al., 2017), and conservation of cultural heritages or traditions, such as the symbolic
meaning and use of different species and the diverse landscapes preferred by people in which to live
(Hill et al., 2019; Potts et al., 2016). As people hold different preferences or values, incorporating a
variety of nature’s contribution to people is necessary to produce an environment contributing to high
value for all. Therefore, policies for land use should account for a plurality of views (legitimacy) and
be relevant to the needs of people with different socio-economic characteristics (salience). In many
respects, therefore, ecological intensification describes an ongoing process, an evolution rather than
an endpoint and should be considered a necessary pathway to meeting the objectives of sustainable
management, food security and resilience, and the broader goal of societal transformation (Garibaldi
et al., 2017; IPBES, 2019; Rockstrom et al., 2017). Below we consider two specific farming
approaches, conservation agriculture and agroecological farming, that we consider sit under the
auspices of ecological intensification, but which vary in their breadth of nature based solutions (see

glossary) and level of farm redesign.
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4.3.1.1 Conservation Agriculture

As a farming system, conservation agriculture (see glossary) has a comparatively narrow focus on
the management of soil and water resources in support of crop production, placing it at the frontier
between substitution and nature-based approaches (Fig. 4, Table 1). Conservation agriculture
requires substantial modifications to the type, timing, and rotations of crops with an emphasis on
maintaining soil structure, beneficial soil biodiversity, water holding capacity and nutrient levels. It
seeks to achieve this by minimising physical soil disturbance (i.e., zero tillage approaches) and
agrichemical inputs, achieving a permanent soil cover using crop residues or living mulches to
increase soil carbon and fertility, and employing diversification of plant species through crop
rotations, use of cover crops, or intercropping (Giller et al., 2015). Through such actions, conservation
agriculture aims to achieve enhanced beneficial biodiversity and natural ecological processes, above
and below-ground, which contribute to increased water and nutrient use efficiencies and to improved
and sustained crop production (Garratt et al., 2018b; Oldfield et al., 2019). However, it does not
typically address other facets of agricultural management pertinent to ecological intensification such

as natural biocontrol and crop pollination services.
4.3.1.2. Agroecological farming

A specific application of the concepts and principles of ecological intensification to the [re]design of
the farm management system is agroecological farming (Wezel et al., 2014) (see glossary). This aims
to integrate environmental, sustainability and production goals by regenerating long-term
agroecosystem properties through the incorporation of functional biodiversity (Tscharntke et al.,
2012) (Box 1) alongside some technological or management innovations (Box 2) to produce a
sustainable, resilient system (Altieri, 1999; Altieri et al., 2015; Wezel et al., 2014). Agroecological
methods are knowledge, management, and labour intensive rather than external input intensive, and
are often rooted in traditional farming practices or are co-developed by farmers and scientists with
the aim to enhance food sovereignty (Altieri, 2004). A central tenet of agroecological farming is a

move away from monocultures that dominate the conventional approach to agricultural
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intensification and towards the restoration or creation of a more complex and diversified agricultural
system (Fig. 4, Box 2). For instance, it can be achieved through the employment of farming practices
such as intercropping, permaculture, diverse crop rotations, conservation agriculture methods,
agroforestry and integrated crop-livestock management (Brooker et al., 2015; Herrero et al., 2010;
Iverson et al., 2014; Lemaire et al., 2014; Lin, 2011; Torralba et al., 2016). Integrating a diversity of
crops and/or animals in the production system promotes agro-biodiversity across scales, regenerating
or enhancing ecosystem services, and reducing the need for external inputs (Herrero et al., 2010;
Kremen et al., 2012; Kremen and Miles, 2012; Malezieux et al., 2009; Rudel et al., 2016) (Table 1).
Evidence suggests that diversified farming systems that integrate diversity of crops with livestock,
agroforestry and ecological infrastructure can improve natural biological control (Iverson etal., 2014;
Malezieux et al., 2009; Redlich et al., 2018) (Box 1) and pollination services (Hill et al., 2019; Potts

et al., 2016), thereby contributing to yield production and stability.

To be attractive to farmers, agroecological farming (and other alternative approaches) need to be a
viable economic option, either by demonstrating productivity broadly commensurate to that gained
through conventional methods or by providing greater economic or environmental resilience or by
attracting subsidies or finance for environmental outcomes (e.g. payment for ecosystem services or
environmental goods). More research is needed to provide evidence on the level of yield and
profitability that different ecological intensification approaches (agroecological farming conservation
agriculture) can attain relative to conventional intensification, particularly in different cropping or
environmental contexts. Crucially these effect sizes, their context-dependency and the knowledge-
intensive methods require close knowledge exchange and collaboration between scientists,
agronomic advisors and farmers to ensure that new practices are applied in appropriate ways (where,
when, how) that optimise production and environmental goals. This knowledge exchange, targeting
and uptake represents a major hurdle for the transition from conventional intensive agriculture to new

model agricultural systems. In many nations, there is a lack of independent agricultural advisors who
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can interpret the science and provide advice on the best application of novel practices for a specific
context.

[insert Box 2]
4.3.2 Climate smart agriculture

Agriculture is the major factor contributing to climate change through habitat conversion,
conventional management practices, livestock emissions, and use of energy by industrial machinery,
transport and production of agrichemicals (IPBES, 2019; IPCC, 2019). Earth-system feedbacks mean
that future agricultural production and food security will be jeopardised by climate change and its
effects on the frequency and severity of extreme weather events and biodiversity loss (IPBES, 2019;
IPCC, 2019; Lobell et al., 2011; Potts et al., 2016; Steffen et al., 2018). Future agricultural expansion
and conventional intensification will only further increase greenhouse gas (GHG) emissions
exacerbating climate change and eliminating or degrading natural biodiversity and ecosystem
functions that confer Earth-system resilience (IPBES, 2019; Steffen et al., 2018). Increased climate
variability is therefore a global threat to ecosystem function, agricultural productivity, livelihoods of
farmers and rural communities and national economies, although the extent of these impacts is
projected to vary considerably among world regions and economies [5.1] (Garnett et al., 2013;
IPBES, 2019; IPCC, 2019). Addressing the impact of climate change in concert with the effects of
other direct and indirect drivers of global change is extremely complex and requires accounting for
socioeconomic conditions and environmental and temporal variations at all scales (IPBES, 2019;
Vermeulen et al., 2013).

Climate-smart agriculture (CSA) aims to moderate the impact of climate change on food
production (see glossary). CSA integrates economic, social and environmental aspects of sustainable
development in a framework to achieve both food security and a mitigation and adaptation to climate
change effects. It provides technical, political and investment solutions supported on three pillars: 1)
sustainably increasing agricultural productivity and incomes; 2) adapting and building resilience to

climate change; and 3) reducing and/or removing GHG emissions. The CSA approach is particularly
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focussed on developing economies (e.g., in sub-Saharan Africa and south Asia) striving to meet the
interlinked challenges to food and nutritional security from yield gaps and increasing per capita
consumption rates, environmental degradation, and extreme climatic events [5.1] (IPBES, 2019;
Wheeler and von Braun, 2013; Zougmore et al., 2018).

The CSA approach promotes the joint use of existing agricultural systems and practices known
to benefit productivity alongside maximising nature’s contributions to securing yields [4.2, 4.3] to
realise synergistic benefits for climate change adaptation and mitigation (Fig. 4, Table 1). Current
and future options (Fig. 4) deployable as part of re-designing management for a climate smart
agriculture include the use of integrated crop and agroforestry systems [4.3.1.2], IPM [4.2.1],
conservation agriculture [4.3.1.1], and new highly efficient crop or forage varieties that reduce GHG
emissions [5.3] or under-utilised, orphan crops [5.1] able to tolerate environmental extremes. For
example, in comparison to conventional management regimes, integrating beef production with
soybean rotations produced higher food production and lower GHG emissions per unit of human
digestible protein, as well as increased financial and production resilience to future climate change
(Gil etal., 2018). Climate-smart villages (CSV) or communities is a concept that works in conjunction
with the principles and practice of agroecological farming [4.3.1.2] to produce a socially-just system
that brings potential benefits and resilience to food production, environment and climate change
(Aggarwal et al., 2018; Altieri et al., 2015). Key to CSV is a multi-stakeholder, participatory approach
integrating natural, technological, management and institutional knowledge contributing to the
productivity and vulnerability of the system within a theory of change (Aggarwal et al., 2018). There
is great potential therefore for CSA to draw upon the suite of options available under the auspices of
sustainable and ecological intensification (Fig. 4, Table 1) to develop farm management systems that
deliver to the objectives of climate resilience, food security and environmental sustainability in ways
tailored to the specific context of different regions and peoples.

A major barrier to the implementation of CSA approaches are mismatches between existing

policies and climate-smart agricultural objectives including the implementation of technological
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innovation (Long et al., 2016). Four key areas for improvement have been identified to facilitate the
implementation of CSA actions across all levels of decision making: (1) building evidence and
assessment tools and providing access for everyone to this information; (2) strengthening national
and local institutions including mainstreaming knowledge and practices across scales and sectors; (3)
developing aligned and evidence-based policies for climate change and agriculture; and, (4)
increasing financing and its effectiveness whilst reducing/eliminating perverse incentives (Aggarwal

etal., 2018; IPBES, 2019; IPCC, 2019).
5. Key issues affecting the transition to more sustainable

agricultural landscapes

Global crises such as climate change, biodiversity extinction, environmental degradation and
increasing inequalities have given rise to a growing criticism of the capacity of the prevailing
agricultural and food systems to support sustainable development from the local to the global level
and to a diverse call for sustainable transformations of these systems (Caron et al., 2018; IPBES,
2019; UN, 2015). However, the particular trajectory and possible form (Fig. 2 b-e) of future
sustainable agriculture(s) will be greatly affected by the outcome of social dynamics [5.1] and broad
societal trends e.g. urbanisation [5.1.1]; the relative potential for emerging technologies [5.2] and
nature-based solutions [4.3.1] to secure yields and minimise environmental harms; and the ecological

state of land and the economic scale at which the farming system operates [5.3].
5.1 Social dimensions at the centre of agricultural transformations

Implicit in the nascent agricultural reformation is the need for fundamental changes to the socio-
technical-ecological architecture of agricultural and food systems, including shifts in underlying
norms, values and power structures, and the introduction of new institutional structures (IPBES, 2019;
Patterson et al., 2017; Pelling et al., 2015). This refocus on social rather than (solely) agronomic or

technological change, along with the recognition of social justice and environmental integrity as the
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normative goals of transformations in agricultural and food systems will be crucial issues affecting
future agricultural landscapes (Fig. 2f).

In this sense, the alternative farming approaches discussed above [4.0, Fig.4, Table 1] have
to be considered alongside the social and political dimensions they entail and the support they receive
from different societies or sections of society. Transformations to sustainable agricultural landscapes
will therefore depend on farmer’s opportunities (access), challenges and choices [2.0], and will
involve trade-offs and possibly conflicts among societal actors e.g., urban dwellers, authorities or
other rural habitants (see below). Furthermore, the transformation of the agricultural system will not
only lead to modifications of the ecological landscape (Fig. 2g), but will also address issues of social
justice and equitability between producers, workers and consumers (Feola, 2015). For instance,
agroecology in Mexico is already expanding as a social and political movement led by indigenous
and peasant communities resisting the model of conventional (industrial) intensive agriculture and
aiming at food sovereignty (Toledo and Barrera-Bassols, 2017). There is therefore a need to address
the deeper roots of the sustainability issues such as the drivers of poverty, access to decision making,
social and economic context, vulnerability to climate change, etc. (Chandra et al., 2017). More
research is needed to understand the importance of individual motivations and market incentives
when facing changes and asymmetries in power dynamics at different scales (Dentoni et al., 2017).
Nevertheless, considering the social dimension of agricultural transformation (Fig. 2f) will be central
to avoid inducing unexpected or perverse outcomes in the structure, governance and sustainability of

future landscapes.
5.1.1 Urbanisation — a major societal trend affecting the future of agriculture and landscapes

An important global societal trend is the increasing urbanisation of people and landscapes, which
presents multifaceted risks and opportunities for sustainable agriculture and ecosystem health. This
will requires decisions to be made about which alternative mode of agriculture can be adopted, where
food production should be located with respect to population centres, and ultimately the values that

societies place on foods, biodiversity and ecosystem functions, goods and services (Fig. 2).
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Urban agriculture is one option to address the multiple challenges of feeding people and
reducing environmental harms (Fig. 2b). Zero-acreage ‘Zfarming’ approaches advocate the
production of certain foods inside the urban or peri-urban zone, either on or inside built structures
under ambient or controlled conditions. By placing food production within the urban zone, Zfarming
has the potential to lower agriculture’s climate and environmental footprint, through closed circular
systems and reduced transport, while reconnecting urban people with food production and generating
other social benefits (Horst et al., 2017; IPBES, 2019; Orsini et al., 2013; Specht et al., 2014,
Thomaier et al., 2015; Zasada, 2011). However, Zfarming may be limited to certain types of crop or
farming approaches, encompassing a spectrum of management intensities ranging from extensively-
managed allotments or home gardens to highly-intensive production under controlled glasshouse
environments. It will therefore require careful planning and consideration of environmental and social
limits and outcomes, including accessibility and social justice (Fig. 2f) (Horst et al., 2017; IPBES,
2019; Orsini et al., 2013).

A current feature of urbanisation and its distancing of the human population from the process
of food production are growing shifts in the lifestyle, dietary expectations and choices of the
increasing urban population. In many world regions, cultures and societal groups, urbanisation has
been linked to greater economic affluence and a corresponding increase in consumption, including
demand for meat (IPBES, 2019; IPCC, 2019). There is, however, a growing societal debate over
modifying human diets and choices (meat consumption, flexitarianism, vegetarianism and veganism)
with much of the debate focussed on the potential benefits of reduced or zero meat-based diet for the
environment, animal rights and human health (IPBES, 2019; O'Keefe et al., 2016; Springmann et al.,
2018; Willett et al., 2019). Should this shift away from high meat-based diets, perhaps allied to the
development of alternative protein-rich foods [5.3] (Fig. 2c), continue and achieve widespread
cultural acceptability then it will elicit substantial changes in land-use and landscape structure (Fig.
2g) with projected benefits for climate change adaptation and mitigation (IPCC, 2019). The

consciousness of and demand for organic food, driven by rising public environmental awareness,
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affluence and the perception that it is premium product (Reganold and Wachter, 2016), may represent
a model for marketing novel foods and those produced and branded using nature-based [4.3.1] or
climate-safe [4.3.2] farming solutions (Fig. 2d, Fig. 4).

Urbanisation is an engine of social and environmental changes. The global trend of migration
to cities from rural land in pursuit of work (Rigg et al., 2016) can lead to the partial or total
abandonment of farmed lands with complex consequences for people, biodiversity and ecosystems.
In extensively-managed landscapes of high biodiversity and cultural value this can lead to profound
changes in or losses of biodiversity post-abandonment due to the ecological succession or a transition
to other land uses (IPBES, 2019). Increased urbanisation and migration to cities in rapidly developing
economies are exacerbating the gender-asymmetry in smallholder agriculture [5.3] with women
taking an ever more important role as a knowledge holder and decision-maker with respect to farming,
income and expenditure as men often leave for urban work (Jost et al., 2016; Orsini et al., 2013;
Zimmerer et al., 2015). The intensity of rural depopulation has diminished in other places. Neo-rural
immigration from urban areas, motivated by economic considerations or the pursuit of another rhythm
of life in a historical and aesthetically attractive landscape has altered the social fabric of rural areas
(Hoggart and Paniagua, 2001).

The abandonment of farmland and change in social structure or attitudes, sometimes through
neo-rural immigration, can be seen as an opportunity for biodiversity conservation through land
sparing (Grass et al. this volume) for the restoration of biodiversity and good ecosystem functioning
(Henle et al., 2008; Navarro and Pereira, 2012; Queiroz et al., 2014). It may, however, also increase
the potential for conflict between societal groups with different values and worldviews (Skrimizea et
al. this volume). For instance, neo-rural immigrants or conservation groups may bring new priorities
for land-use focussed on nature protection and recreation that can conflict with the orientation and
expectations of local actors’ like farmers. Hotly debated is the potential for ecological restoration (of
an ecosystem), reintroduction (of a species), and rewilding (of a managed area). These options, along

with afforestation for silviculture, biodiversity gains, or climate change mitigation, have been
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identified as potentially beneficial processes and goals on abandoned or marginalised agricultural
land (Corlett, 2016; IPBES, 2019; IPCC, 2019). Restoration, reintroductions and rewilding aim to
meet international conservation objectives (e.g., Bern Convention and the Convention on Biological
Diversity, EC Directive on the Conservation of Natural Habitat and of Wild Fauna and Flora). The
objectives of local rural communities are sometimes overlooked, leading to potential conflicts
between societal groups (Coz and Young, 2020; Lorimer et al., 2015; Nogués-Bravo et al., 2016;
O’Rourke, 2014). Such conflicts have led to a recent emphasis on developing guidelines not only on
the ecological viability and risks of such initiatives (e.g., IUCN/SSC, 2013), but also on their social
feasibility and impacts (Butler et al., 2019). Such potential for social conflicts highlight the
importance of dialogue and consensus building to achieve understanding, coexistence and co-
development (Fig. 2f) of new configurations of agricultural landscapes (Mann and Jeanneaux, 2009;
Nohl, 2001; Redpath et al., 2015; von der Dunk et al., 2011).

Urbanisation is therefore an excellent example of a multifaceted social, economic, and
demographic phenomena impacting agricultural landscapes. The social changes and rising awareness
of environmental risks linked to urbanisation of the human population points to possible alignment

of sustainable agriculture, conservation of biodiversity and ecosystem services and climate adaptation
(Fig. 2).

5.2 Emerging biotechnologies for crop breeding and novel foods

Another component of the potential transformation of the food system with implications for the ways
in which landscapes are formed and utilised by humans are novel emerging technologies (Fig. 2c).
Conventional breeding and genetic modification of crop cultivars, a key pillar of the conventional
intensification of agriculture since the ‘green revolution’ of the 1960s, continue to offer opportunities
to enhance agricultural production through the production of improved varieties (Godfray et al.,
2010). Conventional breeding of plant lineages with back-cross selection of plant progeny with

desired traits over several generations continues, but the low genetic variability within cultivars after
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millennia of domestication and the stochastic and time-consuming (typically 8-10 years) nature of
the process means it often fails to meet the demand for new varieties (Chen et al., 2019; Ghogare et
al., 2019). Transgenic modification involving the insertion of exogenous genes (e.g., bacterial
plasmids) coding for a desired trait into the genome of the target cultivar to create a new phenotype
expressing the trait (Chen et al., 2019) offers the potential to generate new crop varieties. For example,
future genetic improvements to reduce the dependence of certain crops on animal pollination of
fruit/seed set could offer the possibility of improving the quantity or quality of yields in light of
pollinator declines (IPBES, 2016). Although genetically modified crops circumvent the saturation of
genetic potential in highly-domesticated crop species and will continue to offer the prospect of
cultivar improvements, their release to market is limited by long and costly regulatory processes and
public concerns (Chen et al., 2019; Ghogare et al., 2019).

The most recent and now widely adopted approach to crop improvement is that of genome
editing (e.g., CRISPR/Cas9 and variants). This latest genetic manipulation tool allows the precise and
direct modification of a target endogenous gene(s) or regulatory processes or rearranging
chromosomes in a crop genome. This approach can precisely knock-out gene and regulatory elements
that confer negative, undesirable trait properties or restrict hybrid potential and knock-in, replace or
stack genes to elevate the expression of a desirable characteristic (Altpeter et al., 2016; Chen et al.,
2019; Ghogare et al., 2019). Such genome editing approaches have the potential to increase the
quantity and quality of yields, improve innate resistance to biotic and abiotic stressors, and increase
the production rate of desired hybrids (c.f. conventional and transgenic methods). Underpinned by
gene editing technologies, the emerging field of synthetic biology (Chen et al., 2019; Zhu et al., 2010)
may lead to crop improvements by re-engineering crop physiology through the insertion of artificial
DNA sequences to create novel cell and organism functions. One prospect is increasing
photosynthetic capacity by re-engineering enzyme pathways and chlorophyll antenna in
photosystems and optimising plant architectural traits to achieve gains in carbon metabolism and

lower photorespiration that lead to greater crop efficiency (Ort et al., 2015; Zhu et al., 2010). Another
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alternative is the chemical manipulation of plant signalling using biosynthetic molecular precursors
to elicit physiological responses (e.g., resource allocation) that enhance crop yields and resilience to
environmental stress (Griffiths et al., 2016). As transformed cultivars move out of the lab and prove
themselves in field trials they may present further opportunities to enhance yields per unit area, avoid
further agricultural expansion and possibly allow for continued cultivation of land despite
environmental change and degradation.

Away from crop improvements, the pioneering technologies of synthetic biology, laboratory-
grown meat alternatives produced from vegetable, invertebrate or fungal protein, and food product
manufacturing with 3D bioprinting of proteins, may, individually or in combination, produce a viable
alternative to livestock farming (Mattick et al., 2012; Mouat et al., 2019; Portanguen et al., 2019;
Stephens, 2013). Should the drive towards synthetic or alternative ‘meat’ continue and become
acceptable to consumers, considered to be more ethical and marketable and scale-up for industrial
production (Mayhall, 2019; Portanguen et al., 2019) then, coupled with increasing urbanisation
[5.1.1], this raises the prospect of a high protein diet that can spare the land from raising livestock.
Where livestock grazing is intensive or requires habitat conversion, such a technological shift may
have potential benefits in reducing agricultural GHG emissions and providing an opportunity for the

restoration of biodiversity and ecosystems in the future landscape (IPBES, 2019; IPCC, 2019).

5.3 The economic scale and ecological state of the farming system

Another aspect that will influence the trajectory towards greater sustainability of the agricultural
system is the economic scale of the farming system and the ecological state of the landscape in which
it is situated. Conventional agricultural intensification characterised by industrial-scale food
production has spread worldwide and brought greater food security [1.0]. However, small-scale
agriculture (farm holding < 2 hectares, family-centred, Fig. 5) remains globally significant (FAO,
2015; Garibaldi et al., 2016; Lowder et al., 2019; Rigg et al., 2016; Steward et al., 2014; Zimmerer et
al., 2015) and includes culturally important crops and landscapes (Globally Important Agricultural

Heritage Systems (GIAHS) - Hill et al., 2019; IPBES, 2019). Small-scale agriculture is practiced
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mostly in developing economies by an estimated 80% of the global rural population (~2.0-2.5 billion
people), representing 84% of the >600 million farms worldwide and producing an estimated 36% of
the world’s food from only 12% of the global agricultural land surface (Lowder et al., 2019). Other
estimates suggest >70% of calories in Latin America, sub-Saharan Africa and parts of Asia are
produced by smallholder family farms (Samberg et al., 2016). Consequently, small-scale agriculture
is crucial to achieving food security (Lowder et al., 2019; Pretty et al., 2011; Rigg et al., 2016;
Samberg et al., 2016) and global policy targets for alleviating poverty, hunger and the transition to
sustainable agricultures (UN, 2015).

[insert Fig. 5 here]

Moving to a sustainable agriculture requires the balancing production of food alongside
environmental benefits [4.0] by optimising current approaches [4.1] with emerging technologies [5.2]
or substituting [4.2] or redesigning [4.3] farm practices through integration or reconstitution of
ecological infrastructure and nature-based solutions. The feasibility of the different options will be
dependent on the economic scale and resources along with the ecological starting point of the system.

Many of the options are compatible with large and small-scale agriculture, but these smaller
production systems also face a multiplicity of specific demographic, economic and environmental
challenges. They tend to be situated in economies in the lower brackets of household income, with
limited access to capital and technologies (Abdul-Salam and Phimister, 2017; FAO, 2015; Lowder et
al., 2019; Rigg et al., 2016). Food insecurity is likely to grow because the forecasted growth in the
global human population [2.0] will mainly occur in the low to middle income economies where small
holder agriculture predominates. This is especially the case in Africa where the predicted doubling of
the population by 2050 to 2 billion may produce a per capita decline in food production where 52.7%
of people already experience moderate to severe food insecurity (FAOSTAT, 2017; Pretty, 2018;
Pretty et al., 2011; Rigg et al., 2016; UN, 2019). Small-holder farmers in these developing economies
also face persistent yield gaps and economic vulnerability (Fermont et al., 2009; Lowder et al., 2019;

Tittonell and Giller, 2013; Waddington et al., 2010). This is due to biophysical constraints, lack of
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agronomic and agroecological advice, physical or financial infrastructure and economies of scale
(Abdul-Salam and Phimister, 2017; Pretty et al., 2011; Rusere et al., 2019a; Tittonell and Giller, 2013;
Zimmerer et al., 2015). Small-holder agricultural systems are also likely to be most affected by global
climate change, either directly because developing world regions will be most affected by earth
system impacts (e.g., increased drought, erratic precipitation) or indirectly because their economic
scale means they lack adaptive capacity (Chaplin-Kramer et al., 2019; Godfray et al., 2010; IPBES,
2019; IPCC, 2019).

Achieving a sustainable small-scale agriculture and nutritional security will require solutions
tailored to meeting these challenges and to their different socio-ecological history, land-use and
landscape structure (Fig. S) (Hill et al., 2019; Rusere et al., 2019a; Rusere et al., 2019b; Tittonell and
Giller, 2013).

A feature of small-scale agriculture is that the people retain a closer, more direct link to food
production than most people in highly developed economies where large-scale agriculture prevails.
Smallholder farmers tend to be family-centred in terms of labour and reliance on the land for
household revenue (although this may also be the case in large-scale agriculture). Importantly, their
nutritional security, and that of the wider rural community, depend crucially on goods (crops,
livestock, non-food products) produced, sold and consumed at the household level (Lowder et al.,
2019) (Fig. 5). Improving financing opportunities, encouraging farmer-led cooperatives for
economies of scale and risk sharing, and promoting local-to-global value-chains that account for
social justice, equity and gender positions (Jost et al., 2016; Zimmerer et al., 2015) are vital to sustain
or improve yields and mitigate environmental and economic risks for small-scale, but also large-scale,
farm operations.

Efficiencies can be gained from leveraging access to improved crops, for both smallholder
and large-scale farmers, produced through genome editing technologies [5.2] (Fig. 2¢) through
national research and industrial infrastructure, financial instruments and cooperative purchasing. This

includes the potential for the genetic improvement [5.2] and polyculture of orphan, underutilised crop
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and agroforestry species (Dawson et al., 2019; Rosenstock et al., 2019) possessing traits that confer
greater economic and environmental resilience to farm yields. Most immediately, the use and
improvement of digital, mobile SMART technologies and basic electronic infrastructure (Fig. 2e) can
improve farm efficiencies and yields through better education, knowledge communication and mobile
applications to promote good practice, innovations and avoid malpractices (Abdul-Salam and
Phimister, 2017).

Unlike most industrial-scale systems, small-scale farmers already tend to employ diversified
approaches (Fig. 4, Fig. 5), including polyculture with minimal external inputs, combinations of cash
and subsistence cropping, and integration of livestock and agroforestry (Hill et al., 2019; Pretty et al.,
2011; Rosenstock et al., 2019). Consequently, landscapes dominated by small-scale agriculture tend
to be considerably more heterogeneous with respect to habitats and the organisms (Fig. 3, Fig. 5)
compared to large-scale systems transformed by conventional agricultural intensification [3.0] and so
may be on a potentially different trajectory.

Therefore, an opportunity exists to avoid environmental degradation by utilising the benefits
of an already diversified landscape and pool of service-providing organisms to deliver nature-based
solutions following the principles of ecological intensification (Fig. 2d) [4.3] (Garibaldi et al., 2016;
Garibaldi et al., 2017; Kovacs-Hostyanszki et al., 2017; IPBES, 2019; Rockstrom et al., 2017; Rusere
et al., 2019a; Tittonell and Giller, 2013). Although there is some knowledge from temperate and
intensively managed large-scale systems on the links between landscape heterogeneity, biodiversity,
and ecosystem goods and services [3.0] (Fig. 3), there is comparatively less evidence on the
importance of beneficial agrobiodiversity in smallholder systems (Garibaldi et al., 2016; Steward et
al., 2014).. Therefore, further research is required to understand the applicability of transferring
evidence from more intensively-managed agricultural landscapes to small-scale systems, and vice
versa, and how diversified farming (livestock, traditional and cash crops, agroforestry) can be
integrated with nature-based approaches to increase the amount and stability of yields (Garibaldi et

al., 2017; Pretty, 2018; Pretty et al., 2011). Although also relevant to large-scale agricultural systems,

35



903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

the potential design of agroecological [4.3.1.2] and diversified farming systems that contribute to the
building of a climate-smart agriculture [4.3.2] and resilient future food production is of particular
importance to low-income smallholder communities with the greatest vulnerability to global
environmental changes (Altieri et al., 2015; IPCC, 2019; Rosenstock et al., 2019).

Agenda 2030 of the United Nations (UN, 2015) states: “...by 2030, double the agricultural
productivity and the incomes of small-scale food producers, particularly women, indigenous peoples,
family farmers, pastoralists and fishers, including through secure and equal access to land, other
productive resources and inputs, knowledge, financial services, markets and opportunities for value
addition and non-farm employment [SDG2: Target 2.3].” Integrating and targeting an ensemble of
technological (Fig. 2¢ & 2e) and nature-based (Fig. 2d) approaches for conserving biodiversity and
assuring farm productivity, drawing on the experience of small-scale and large-scale agricultural
systems, will help to promote sustainable agriculture, improve food and nutritional security and

minimise ecosystem risks [3.0].

6. Conclusions

Conventional intensive agriculture through field management and its effects on landscape
composition and structure is a major cause of biodiversity loss and ecosystem degradation, which
profoundly modifies functional biodiversity delivering ecosystem services to crop yields and human
wellbeing [3.0]. Agriculture also represents a interconnected and interlinked sector which can
influence the transition towards sustainable development and mitigating global environmental change
(Fig. 2). It is clear that the paradigm of conventional agricultural intensification requires reform to
dramatically reduce its worst effects and maximise the potential benefits of reconsidering the spatio-
temporal scale and diversity of farm management.

There exists a spectrum of alternative agricultural models, to an extent overlapping and
interoperable, varying in their reliance on nature or technology and the level of transformative change
required, ranging from adjustments to efficiency to a wholesale redesign of the farm management

system [4.0, Fig. 4, Table 1]. To reverse the ecological degradation of agricultural lands seen
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worldwide and to shift it towards a sustainable system will require that nature-based approaches, like
those under the umbrella of ecological intensification [4.3], are placed at the core of future agricultural
management, but also the entire food system and value chains. This does not preclude a role for novel
technologies that help to optimise or facilitate increased production [5.3], but future technologies
must be applied alongside nature-based solutions in a systems approach and work within the limits
of the ecological landscape. Moreover, it is important to emphasise that no one solution is universally
applicable given the socio-economic and ecological heterogeneity worldwide, instead a future
agricultural system should comprise a suite of options (Fig. 4, Table 1) applied in the most efficient,
but environmentally sustainable and resilient way for each context (Fig. 2). We should draw upon the
best features of small-scale, diversified agricultural systems [5.1, Fig. 5], the positive effects of
extensive ecological infrastructure [3.0 & 4.3.1, Fig. 3] and the potential of new technologies [4.1.1,
5.3] to design future sustainable farm management systems that can be adjusted to the specific local
context (Fig. 2).

[insert Box 3]

This transformation of the agricultural system to meet the challenges of our time requires
active research (Box 3) and stakeholder co-development over the coming decade to realise future
sustainable farming approaches. While food production will remain key, diversification of farm
practices in terms of crop rotations, integration of livestock and/or trees, and the creation of ecological
infrastructure for ecosystem service delivery will combine to produce heterogeneous landscapes that
deliver biodiversity restoration and multiple contributions to human well-being (Diaz et al., 2018)
(Fig. 2). Social and demographic drivers such as those associated with urbanisation [5.2] will also
greatly influence the future landscape. Translocation of intensive food production to the urban zone,
shifts in cultural attitudes or diets due to an urbanising population, or technological advances (e.g.,
meat-free protein, synthetic biology, 3D bioprinting) may create opportunities for changes to
agricultural landscapes by switching to alternative land-uses delivering other environmental goods

(timber, bioenergy, fibre) or ecosystem benefits (carbon sequestration, biodiversity restoration).
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Further complexity and potential constraints emerge from differing worldviews (and potential
conflicts — see Skrimizea et al. this volume) among societal groups about their relative roles and
responsibilities, rights and social and cultural norms. Considering the social dimension is thus crucial
to the success of agricultural transformation and the outcomes for food security and reversing the
adverse human impacts on the environment [5.6] (Fig. 2).

Shifting to an alternative agricultural paradigm, if done properly, will encompass
multifunctional landscape planning and cross-sectoral integrated and participatory management.
Therefore it will span multiple policy sectors, actors and knowledge holders requiring decision-
making processes to become interoperable in an effective way to avoid unanticipated or perverse
outcomes and inter-sectoral competition for finite land resources (IPBES, 2019) (Fig. 2). Science in
conjunction with indigenous and local knowledge (ILK), must have an important role in this
evidence-informed policy to guide decision making through the complexity and interconnectedness
of the natural world and the agricultural and food system. Trans- or inter-disciplinary approaches
integrating biological, social and economic sciences to understand better the merits of different modes
of agriculture in assuring yields, nutritional security and social justice will be essential. Alternative
modes of agricultural management can achieve high yields and profits (Reganold and Wachter, 2016),
but evidence of the simultaneous impacts of farming systems on ecological, social, and economic
aspects of sustainability are scarce (Garibaldi et al., 2017). The study of each aspect belongs to
different research fields, each with its own idiosyncrasies and vocabulary. An increase in the number
of studies that use a common framework to quantify these multi-faceted impacts would facilitate the
finding of high-level patterns to help understand what solutions are most likely to work in which
situations, across regional and national lines, and across specific farming systems.

The current food system is seen as the driver of many negative impacts on the global
environment by both key intergovernmental organisations (CBD, 2014; IPBES, 2019; IPCC, 2019)
and the scientific community (Kovacs-Hostyanszki et al., 2017; Newbold et al., 2016; Potts et al.,

2016). Priorities need to be established for identifying farming systems that can generate benefits in
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multiple dimensions, whilst eliminating negative externalities and accepting solutions tailored to
different environmental, political and social contexts (DeLonge et al., 2016; Kleijn et al., 2019)
(Fig.2, Fig.4, Table 1). The scientific literature sometimes complicates the debate by failing to
distinguish between the different objectives implied by concepts of agricultural production versus
food production versus food security (Garibaldi et al., 2017). Moreover there is a mismatch between
scientific understanding of alternative approaches such as ecological intensification and uptake by
farmers (DeLonge et al., 2016; Kleijn et al., 2019). Space should be given to other knowledge holders
and practitioners (e.g., farmers, agricultural extension services, business and industry, indigenous
peoples) to engage with scientists to ensure that new agricultural systems emerge from a dialogue
that helps to assure lessons are learned, conflicts avoided and multiple outcomes achieved. Morevoer,
sustained and radical political commitment at the highest levels (Pe'er et al., 2020) is needed to build
upon intergovernmental agreements (CBD, 2014; IPBES, 2019; UN, 2015). New national and
international policies, levers and incentives (e.g., payments for environmental goods and services;
new certifications and labelling for quality control and consumer informed choices) (Pe'er et al., 2020)
are required to deliver the interlinked goals of food and nutritional security, environmental restoration,
poverty reduction and local development.

Agriculture relies on beneficial biodiversity and ecosystem processes, but it is also a socio-
cultural and industrial practice driving major ecosystem degradation and biodiversity extinction. This
means that agricultural reform is a necessity for a transition to sustainable food production,
responding to global change and safeguarding food and nutritional security. There are a plethora of
options to address the challenges of feeding a world with a growing population and per capita
consumption pattern, in an equitable way, and assuring the restoration of biodiverse and resilient
ecosystems. The ultimate key to the successful transformation of agriculture and the landscapes it
supports are people and their capacity to accept new ways of living and working in response to the

current environmental crisis.
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