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ABSTRACT

The achievements of the Green Revolution in meeting the nutritional needs of a growing global population have been
won at the expense of unintended consequences for the environment. Some of these negative impacts are now threaten-
ing the sustainability of food production through the loss of pollinators and natural enemies of crop pests, the evolution of
pesticide resistance, declining soil health and vulnerability to climate change. In the search for farming systems that are
sustainable both agronomically and environmentally, alternative approaches have been proposed variously called
‘agroecological’, ‘conservation agriculture’, ‘regenerative’ and ‘sustainable intensification’. While the widespread rec-
ognition of the need for more sustainable farming is to be welcomed, this has created etymological confusion that has
the potential to become a barrier to transformation. There is a need, therefore, for objective criteria to evaluate alterna-
tive farming systems and to quantify farm sustainability against multiple outcomes. To help meet this challenge, we
reviewed the ecological theories that explain variance in regulating and supporting ecosystem services delivered by bio-
logical communities in farmland to identify guiding principles for management change. For each theory, we identified
associated system metrics that could be used as proxies for agroecosystem function. We identified five principles derived
from ecological theory: (i) provide key habitats for ecosystem service providers; (ii) increase crop and non-crop habitat
diversity; (iii) increase edge density: (iv) increase nutrient-use efficiency; and (v) avoid extremes of disturbance. By making
published knowledge the foundation of the choice of associated metrics, our aim was to establish a broad consensus for
their use in sustainability assessment frameworks. Further analysis of their association with farm-scale data on biological
communities and/or ecosystem service delivery would provide additional validation for their selection and support for
the underpinning theories.
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I. INTRODUCTION

(1) Current threats to the sustainability of farming

Agricultural landscapes across the developed world are dom-
inated by farming systems with a common lineage that
reflects the demands of a growing global population and
the strong policy drive, especially in Europe, for national
food security and affordable food following the privations
of two world wars. Post-war advances in crop breeding led
by the Nobel prize-winning laureate, Norman Borlaug
(Swaminathan, 2009), the invention of agrochemicals (inor-
ganic fertilisers and pesticides) and increased mechanisation
of farming operations, hereafter, the ‘Green Revolution’
(Evenson & Gollin, 2003), have led to the convergence of
farming systems around four common properties: (i) special-
isation of business enterprises (away from mixed systems to
exclusively livestock or arable); (ii) investment in a small num-
ber of crop and livestock species and genotypes supported by
large agribusiness and global markets; (iii) increased scale of
production both in terms of the size of individual land parcels
and the overall enterprise; and (iv) reliance on external inputs
of fertilisers and chemical crop protection products (hereaf-
ter, ‘pesticides’ – including herbicides, insecticides and fungi-
cides) and of hydrocarbons to fuel mechanisation. In many
areas of the developed world, the resulting homogenisation
of farming systems and landscapes has largely replaced the
more diverse, locally adapted, small-scale farms that charac-
terised those landscapes up to the middle of the last Century.

The success of the Green Revolution has undoubtedly
brought dramatic benefits for humankind and has delivered
on the policy goal of ensuring food production keeps pace
with a growing global population (Evenson & Gollin, 2003).
However, this success has been accompanied by well docu-
mented negative unintended consequences for the environ-
ment and society. These can be summarised as: (a) the
large-scale simplification of landscapes negatively impacting
national and regional-scale biodiversity through the loss of
semi-natural habitats resulting in biotic homogenisation
and the selection of generalist (including crop pest) species

at the expense of specialists (Carvalheiro et al., 2013; Smart
et al., 2006). (b) Intensive use of agrochemicals and homogeni-
sation of cropping systems leading to declines in the biodiver-
sity of the flora and fauna adapted to ruderal habitats
through direct effects of pesticides or loss of resources pro-
vided by non-crop plants (Donald et al., 2006; Goulson
et al., 2015; Storkey et al., 2012). (c) More frequent, mechan-
ised tillage, intensive use of inorganic fertilisers and reduced
organic inputs degrading agricultural soils through erosion,
contamination, acidification, salinisation, and loss of biologi-
cal diversity (Kopittke et al., 2019) with particular concern
around the impact of declines in soil organic carbon on soil
function (Prout et al., 2020). (d) Reliance on pesticides for crop
protection and simplification of crop rotations selecting for a
small species pool of pernicious pests, weeds and diseases and
the overuse of a limited number of pesticide active ingredi-
ents leading to the evolution of pesticide resistance
(Hawkins et al., 2019). (e) Losses of pesticides and chemical
fertilisers through volatilisation, leaching or adsorption on
transported soil particles polluting air and water courses with
implications for the health of ecosystems and humans (Bell
et al., 2021; de Souza et al., 2020). (f ) The contribution of agri-
culture to greenhouse gas emissions through land-use
change, the reliance on fossil fuels in mechanical operations
and the production of inorganic fertilisers plus the emission
of nitrous oxides and methane from fertilisers and livestock
(Lamb et al., 2021).

The impacts of some of these negative unintended conse-
quences of the Green Revolution (a, e and f ) are largely exter-
nal to the production system and manifested beyond the
physical boundaries of the farm. However, others (b, c and d)
represent intrinsic threats to the continued production of
high-yielding crops by compromising the inherent produc-
tivity of the farmed environment. The loss of farmland func-
tional biodiversity (b) has compromised ‘regulating’
ecosystem services (ESs) including pest control and pollina-
tion on which crop production relies (Bommarco, Kleijn &
Potts, 2013). Declining soil organic carbon (c) has negatively
impacted supporting services of soil water-holding capacity
and nutrient cycling by soil microbes (Neal et al., 2020).
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Finally, the evolution of pesticide resistance (d) has had a
significant impact on farm productivity and profits (Varah
et al., 2020). These stresses on the system threaten the agro-
nomic sustainability of farming and may partly explain the
widening ‘yield gap’ between the genetic potential of mod-
ern crop cultivars and realised on-farm yields (van Ittersum
et al., 2013). The remaining unintended consequences of the
Green Revolution that are external to the production sys-
tem can also be perceived as indirect threats to agronomic
sustainability. The simplification of agricultural landscapes
(a) reduces species pools of beneficial organisms that might
impact long-term resilience of agricultural systems to envi-
ronmental shocks (Oliver et al., 2015; Redhead et al., 2018).
Losses of fertilisers and pesticides to the environment (e) creates
pressure on policymakers to tighten the regulatory framework
for agrochemical use, reducing their use as agronomic man-
agement tools (for example, through the Green Deal and the
Farm to Fork Strategy, the European Union currently has
the ambitious goal to reduce pesticide use by 50% by 2030).
Finally, climate change, driven in part by agricultural emis-
sions (f ) is bringing about a wide variety of risks and challenges
to production systems (Ortiz-Bobea et al., 2021) and the drive
for net zero is creating additional pressure to reduce inputs of
inorganic fertilisers.

In response to these global threats, there is now a growing
political and scientific consensus that the current, dominant
paradigm of ‘industrialised’ food production is not sustain-
able (Pingali, 2012; Godfray et al., 2010) –where ‘sustainabil-
ity’ is here defined as ‘meeting the needs of the present
without compromising the ability of future generations to
meet their own needs’ (Brundtland, 1987, p. 16). If we
assume that the primary purpose of farms will remain
(in the medium term) the provision of food, then a sustainable
farm can be defined as one that can continue to deliver
this ‘provisioning’ ES, sensu the Millennium Ecosystem

Assessment (2005), at a level that meets the nutritional needs
of future generations without compromising the associated
regulating, supporting and cultural ESs delivered to society
by the farm or the surrounding landscape (Garnett
et al., 2013).

(2) The problem of measuring farm sustainability

In the face of the incontrovertible evidence of the negative
environmental impact of large-scale, industrialised farming
and the associated threats to sustainable production, there
is movement (particularly in Europe) towards a transforma-
tion of farming systems. This is more than the search for a
new technological breakthrough (such as gene editing) that
could catalyse a ‘second Green Revolution’ but rather an
acknowledgment that a more holistic approach is required
that maintains both production and the functional integrity
of the agroecosystem by investing in natural capital and
ESs (Jones et al., 2016). Over time, terms used to describe this
alternative approach to farming have proliferated – we iden-
tified a list of eight commonly used terms in the sustainable
agriculture literature (Fig. 1). At the time of writing, the term
‘regenerative farming/agriculture’ is increasingly used.
While the widespread recognition of the need for more
sustainable farming is to be welcomed, this has created ety-
mological confusion that has the potential to become a bar-
rier to transformation, particularly at the level of the
practitioner, and may also limit cooperation and knowledge
sharing between groups espousing different terms. It also
raises the problem of ‘categorisation’. Every individual farm
is a unique combination of landscape and environmental
context and management options implemented at multiple
spatial and temporal scales. While it is possible to generalise
farm types in terms of broad environmental constraints and
farming systems (Goodwin et al., 2022; Rodríguez, van

Fig. 1. Number of publications identified by aWeb of Science search using eight search terms associated with the concept of sustainable
farming, illustrating the diversity of terminologies. ‘Organic’ and ‘integrated pest management (IPM)’ are well-established terms,
other concepts, including ‘agroecology’ and ‘regenerative agriculture’ are becoming increasingly used but are less well defined.
IWM, integrated weed management.
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Bussel & Alkemade, 2024), objectively categorising farms
according to the more subtle management criteria intrinsic
to terms included in Fig. 1 is much more challenging. With
the exception of certification schemes with prescribed criteria
(for example to qualify produce as ‘organic’), there are no
agreed criteria for defining farms as, for example, ‘regenera-
tive or ‘agroecological’.

What is needed, therefore, is a robust, evidence-based pro-
tocol for benchmarking the sustainability of farms in terms of
multiple outcomes and monitoring the impact of change on
continuous gradients of system properties related to environ-
mental and agronomic sustainability. This represents a sig-
nificant challenge compared to assessing the past success of
the Green Revolution that had a single, clearly articulated
outcome (increased yield of major crops) that could be easily
measured, meaning the relative benefit of any change in
practice could be assessed based on its impact on that single
outcome (Evenson & Gollin, 2003). There are now several
examples in the literature of proposed lists of metrics or indi-
cators that can be used to quantify multiple outcomes and
could form the basis of an assessment framework for farm
sustainability (Bockstaller et al., 2008; Bonisoli, Galdeano-
Gomez & Piedra-Munoz, 2018; Gharsallah, Gandolfi &
Facchi, 2021; Mahon et al., 2018; Smith et al., 2017). For such
an assessment framework to be relevant at the level of an
individual farm, any proposed metrics or indicators must:
(i) be measurable in a cost effective and practical way;
(ii) relate to clearly defined outcomes; and (iii) be sensitive
to management change so that the impact of an intervention
on outcomes can be predicted. However, a recent review of
alternative lists of indicators concluded that the lack of con-
sensus amongst experts and transparency in the logic behind
the criteria for their selection is currently an impediment to
the implementation of a robust framework of this type
(de Olde et al., 2017).

(3) Guiding principles for linking management to
ecosystem services

Against this background, instead of starting with the question
of ‘what to measure?’, we first review the established knowl-
edge on the ecological processes that underpin the sustain-
ability of both food and wider ES production on farmland.
Candidate system properties that can serve as proxies for
the status of this ecological function are then identified with
reference to guiding principles for beneficial management
change. For the purposes of this review, our focus is on agro-
nomic and environmental sustainability with an emphasis on
the regulating and supporting ESs delivered by biological
communities on farms: (i) regulation of pest and weed popu-
lations including the predation of invertebrate pests and
weed seeds by natural enemy communities; (ii) pollination
of insect-pollinated crops; and (iii) nutrient cycling and
water regulation in soils by microbial communities and
meso/macrofauna.

In turn, these will determine the downstream outcomes of
sustainable food production and agrochemical use and

mitigate the threats to production associated with the unin-
tended consequences of the Green Revolution that threaten
agronomic sustainability. We acknowledge the landscape
and community ecology bias in our review of ecological the-
ory which we do not intend to be comprehensive. In every
case, however, the associated metrics we identify are also rel-
evant to assessing impacts of agriculture on wider environ-
mental sustainability beyond the boundaries of the farm
and production system and these are also discussed. The fun-
damental understanding of the relationship between ESs and
farm-scale metrics also facilitates prediction of the impact of
a management change if the metrics are also sensitive to spe-
cific options (Fig. 2). These management options can be
thought of as the ‘ingredients’ that are common to the alter-
native ‘recipes’ for different sustainable farming approaches
included in Fig. 1. Rather than attempting to quantify the
direct effects of individual management changes
(or combinations thereof) on ES, our approach is therefore
to predict how a management change would be expected to
‘nudge’ a farm-scale metric as a proxy for ES delivery.

Based on a knowledge of the literature on the ecological
processes that determine the functioning of agroecosystems
and underpin crop production, we identified five ecological
theories that are useful for identifying sustainability metrics.
In each case, starting with an introduction to the ecological
theory, we use the theory to suggest a guiding principle to
inform practice before identifying potential properties of a
farm that could be used as metrics. These could be used in
a framework for benchmarking and monitoring farms
in terms of the delivery and resilience of ESs related to agro-
nomic sustainability. Finally, in each case, the management
interventions that we predict would have a positive benefit
on the ES, reflected by a change in the metrics, are discussed.

II. FIVE ECOLOGICAL THEORIES
UNDERPINNING FARM SUSTAINABILITY

(1) Mass ratio hypothesis: maintain sufficient areas
of habitat on farms to provide resources for
functionally important ES providers

The ‘mass ratio hypothesis’ proposed by Grime (1998) states
that ecosystem function is primarily determined by the traits
of the dominant species in a biological community with evi-
dence for the community weighted mean of ‘effect traits’
(sensu Lavorel, 2013) being more important than trait diver-
gence in determining ES delivery (Diaz et al., 2007). In prac-
tice, this means that the delivery of a given ES on farmland
will be weighted by the abundance of individuals with traits
that result in them making a disproportionate contribution
to ES delivery. Hence the status of their populations
(expressed either at a species or functional-group level) or
response to management change is indicative of potential
effects on ESs. This theory is most relevant to maintaining
the regulating ESs of pollination (Potts et al., 2010) and pre-
dation of weed seeds and crop pests (Begg et al., 2017);
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the latter providing ‘top-down’ regulation of pest and weed
populations and reducing the frequency with which pesti-
cides need to be applied to crops (by using surveillance and
use of thresholds; Barzman et al., 2015). This will, in turn,
reduce non-target impacts as well as the likelihood of resis-
tance evolving – improving the agronomic sustainability of
the system.

A literature review of the relationship between inverte-
brate functional traits and ES delivery, albeit not exclusively
in agricultural landscapes, identified specialisation, body size,
feeding habit and dispersal range as important traits for both
pollination and predation with large, generalist species with
wide dispersal ranges (including the examples in Fig. 3) being
more effective (de Bello et al., 2010). There is evidence that
generalist species are also more resilient to environmental
perturbations (Redhead et al., 2018). While it is possible to
identify and measure abundance of these species or their
functional groups at the farm scale directly (by using, for
example pollinator transects or pitfall trapping), this relies
on experts and is not easily scalable. An alternative is to assess
habitat provision on a farm in terms of the ecological require-
ments of ES providers (Butler et al., 2009; Staley et al., 2021),
or the overlap of invertebrate effect traits with the response
traits of the plant communities that support them (Lavorel
et al., 2013). For example, for pollinators, farmland habitats
could be evaluated in terms of the spatiotemporal provision
of pollen and nectar using vegetation classification schemes
and databases of canopy architecture, flowering time and

flower traits (Baude et al., 2016) and, for predators by using
habitat characteristics that indicate essential refugia outside
the crop or cropping season (Woodcock et al., 2010).
There is extensive evidence in the literature for the impor-

tance of the absolute amount of semi-natural habitat in the
landscape for supporting ESs on farmland; often quantified
as % semi-natural habitat versus % farmed (Tscharntke
et al., 2005; Garibaldi et al., 2021; Holland et al., 2015) and
a recent study used variants of this metric to explain variance
in the resilience of crop yields (Redhead et al., 2020). Weight-
ing semi-natural habitats by their functional contribution to
regulating ESs (or quantifying important habitats separately)
would provide a useful, complementary way of evaluating
alternative approaches to managing the farm landscape to
ensure sufficient provision of important resources for ES pro-
viders at the farm scale. The literature on the ecological
requirements of regulating ES providers suggests that three
non-crop farmland habitats are particularly important: areas
that provide floral resources (especially in spring) (Carvell
et al., 2017; Albrecht et al., 2016), tussocky grass margins
(Woodcock et al., 2005) and hedgerows (Montgomery,
Caruso & Reid, 2020; Albrecht et al., 2016). Where
there are opportunities to increase in-field diversity (see
Section II.2), these resources may also be provided by areas
of the farm used for production, for example by integrating
flowering forbs into grass swards (Woodcock et al., 2014).
The amounts of functionally important habitats could be
integrated at the farm scale by taking the limiting-factor

Fig. 2. The impact of potential management options on ecosystem services (ESs) interpreted in terms of their contribution to meeting
five guiding principles based on ecological theories. The ecological theories on which the principles are based (numbers in
parentheses) are discussed in detail in Section II; in each case a farm-scale metric is also proposed to monitor and benchmark
progress based on continuous gradients (summarised in Section III).
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approach that uses the sum of reciprocals function (originally
used to describe the effects of nutrients on plant growth;
Balmukand, 1928). This combines multiple limitations such
that the result cannot exceed the smallest component while
reflecting the effect of all constraints. Habitat provision at
the farm scale could be quantified from high-resolution satel-
lite imagery in combination with or calibrated against habitat
surveys (Butcher et al., 2020) and further refined by assigning
a measure of habitat quality.

Increasing the absolute amount of non-crop habitat to
support regulating and supporting ESs, for example by estab-
lishing field margins (Marshall & Moonen, 2002), is the only
guiding principle in our list for which there is a potential
direct trade-off with food production as it may entail taking
land out of cultivation. Although there is recent evidence that
the contribution of ESs to increasing yield can compensate
for this land taken out of production, especially if established
on less-productive parts of the farm (Pywell et al., 2015), there
will be thresholds of habitat provision for any given ES below
which its delivery is compromised and above which further
loss of crop land cannot be justified on the basis of ES provi-
sion (Fig. 4). The lower and upper thresholds for these habi-
tats (in terms of the proportion of farm area) will be context
specific [depending on variables including farm size and frag-
mentation of habitat (Carvell et al., 2017)]. While more will

generally be better, therefore, we recommend presenting
the proportions of functionally important habitats separately
when benchmarking farms and relying on expert opinion
and local knowledge to identify deficiencies.

(2) Niche partitioning: increase crop and non-crop
habitat heterogeneity to avoid selecting for
dominant pest species and to maintain functional
diversity of ES providers

The relationship between species richness and the delivery of
a single ES is case specific and not always positive (Balvanera
et al., 2006; Hooper et al., 2005), and mass ratio effects mean
that individual services may benefit from an approach that
optimises the best-performing functional types rather than
species richness (see Section II.1). However, when multiple
ESs are assessed in parallel, increasing species richness may
be seen as desirable insofar as different species perform
complementary functions (Hector & Bagchi, 2007; Zavaleta
et al., 2010). Where overlap between species in terms of their
contribution to different services is small, the multifunction-
ality of the system has been predicted to continue to increase
as additional species are added to the community. Increasing
the diversity of habitats in a landscape will, therefore, provide
more ecological niches and support a greater range of

Fig. 3. Examples of generalist species with functional traits that mean they make a disproportionate contribution to pest and weed
control in Europe: the marmalade hoverfly (Episyrphus balteatus) (A), the predatory ground beetle Pterostichus melanarius (B), the seven-
spot ladybird (Coccinella septempunctata) (C) and for pollination, the red-tailed bumblebee (Bombus lapidarius) (D).
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biological ‘response traits’ (sensu Lavorel & Garnier, 2002)
reflecting different ecological strategies and resource require-
ments, cascading down to more resilient ES provision (Oliver
et al., 2015). In addition, focused studies on individual ESs
have also provided some evidence for the potential benefits
of biological functional diversity. For example, growing
crop species together in an intercrop has multiple benefits
for productivity (Tilman, 2020); the resilience of pest control
(Greenop et al., 2018) and pollination (Woodcock et al., 2019)
is improved by more functionally diverse invertebrate com-
munities; and biodiversity in pastures can contribute to the
regulation of soil water (Leimer et al., 2021) and sward nutri-
tional quality (Darch et al., 2020). Such effects have been
demonstrated at multiple, potentially interacting, spatial
scales, suggesting that habitat heterogeneity provides a useful
metric at landscape, farm and field scales (Benton, Vickery &
Wilson, 2003).

As well as promoting ecosystem multifunctionality,
increasing habitat diversity and niche partitioning in farming
systems also disrupts the life cycles of pests, weeds and dis-
eases; a concept that has been understood for millennia and
underpins the concept of crop rotations. By favouring or sup-
pressing species with different survival, tolerance, and

recovery traits, the greater variety of habitat niches associ-
ated with longer rotations reduces the likelihood of pest spe-
cies becoming dominant and restores diversity to the system
(Storkey & Neve, 2018). However, these ecological regulat-
ing processes have largely been replaced by pesticides in
modern, homogenous cropping systems, with associated
threats to sustainability of evolved resistance, loss of biodiver-
sity and negative environmental impacts. The resulting sim-
plification of crop rotations has narrowed the habitat niche
of non-crop biodiversity in cultivated fields, selecting for
well-adapted, dominant species that have become pernicious
pests or weeds of crops; increasing the reliance on specific
chemical active ingredients and the likelihood of these species
evolving pesticide resistance. Examples include the insect
pest cabbage stem flea beetle (Psylliodes chrysocephala) in oilseed
rape (Willis et al., 2020) and the weed black-grass (Alopecurus
myosuroides) in wheat (Hicks et al., 2018) (Fig. 5). It can be
argued, therefore, when monitored over time, more even
plant and insect communities within crop fields are indicative
of more sustainable farming systems (Storkey & Neve, 2018).
The simplification of landscapes and crop rotations

(including the decline of mixed farming and loss of grass leys
from arable systems) has been identified as among the

Fig. 4. (A) The proportion of functionally important habitat required to support populations of ecosystem service (ES) providers will
be a function of the demand for the ES and the ecological requirements of the target species or functional groups. There will be an
upper threshold beyond which further habitat creation cannot be justified based on the need for ES provision. The optimal solution at
the farm scale will depend on the ecology of the local species pool, existing provision of resources in the wider landscape, and the
precise shape of the curve relating habitat area to service provision. (B) Important non-crop habitats for ES of pollination or
predation of invertebrate pests and weed seeds, from left to right: tussocky grass margins, wildflower strips and hedgerows.
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primary drivers of declines in farmland biodiversity, the ESs
it delivers and resilience of the agroecosystem system (Benton
et al., 2003; Bommarco et al., 2013; Bullock et al., 2017).
Measures of taxonomic or functional diversity, dominance
or evenness of biological communities on and off fields are
therefore useful for evaluating future farm sustainability
and the impact of a change in practice. However, as with
the abundance of key functional types (see Section II.1) mea-
suring this directly is difficult and habitat diversity is, there-
fore, a useful proxy. A recent meta-analysis of the effect of
different types of agricultural diversification provided con-
vincing evidence for its benefit to the ESs of pollination, pest
control, nutrient cycling, soil fertility and water regulation
without compromising crop yields (Tamburini et al., 2020).
In their analysis, the authors included addition of non-crop
habitats within or around the field or in the surrounding
landscape as a category of diversification. However, we pro-
pose that the ecological principles underlying the impact of
crop and non-crop habitats are different, and there is more
to be gained by quantifying these separately at the farm scale.
The proportion and diversity of non-crop habitats contribute
to sustaining abundant and diverse communities of ES pro-
viders, while a key additional function of crop diversity is to
limit populations of disservice providers and thus regulate
pest, weed and disease pressure. That said, it is ultimately
the combination of non-crop and crop habitats (and the
interfaces between them, see Section II.3) that is important
for sustainability at the farm scale and which should be the
basis of a comprehensive assessment (see Section III).

Indices of biological diversity, such as the Shannon diver-
sity index or Pielou evenness index, can be applied to the
diversity of crops (including pastures) and non-crop habitats
separately but require different systems for categorising hab-
itat types. In the case of crop diversity, measured either spa-
tially at the farm scale, temporally at the field rotation level or

integrating the two, crop species or functional group (cereal,
brassica, legume, root crop, perennial, grass/mixed species
leys) can be used (MacLaren et al., 2022). Approaches such
as intercropping (growing two or more crops simultaneously
on the same field) or undersowing a crop with a living mulch
could be categorised as distinct crop types. Existing schemes
for classifying non-crop habitats designed for ecological sur-
veys (Butcher et al., 2020) are appropriate for deriving an
index of non-crop diversity but would benefit from a finer
grained definition based on an understanding of the contri-
bution of different habitats to ecosystem services (Holland
et al., 2014). Given the loss of semi-natural habitat on farm-
land, the simplification of crop rotations and decline inmixed
farming since the 1960s, increasing habitat diversity and
niche partitioning would generally be expected always to be
beneficial in modern farming systems. However, at some
point there will be a trade-off with the provision of important
non-crop habitats, mean patch size and the area of econom-
ically viable cropping that implies there may be an optimum
level of non-crop and crop diversity (Maskell et al., 2023).

(3) Spatial mass effects: increase edge density to
promote the spillover of ES providers into crops

One explanation for the coexistence of species is the ‘spill-
over’ of individuals from habitats with positive growth rates
into neighbouring habitats in which their fitness is lower
but populations are maintained by frequent recolonisation
(Shmida &Wilson, 1985). Alternatively termed ‘spatial mass
effects’ or ‘source–sink dynamics’, this process contributes to
maintaining α (within-habitat diversity) through β (between-
habitat) diversity. Through the use of inorganic fertilisers and
chemical pesticides and the simplification of crop rotations,
α diversity of biological communities adapted to the regularly
disturbed environments of cultivated fields has declined

Fig. 5. Examples of a pest and weed species that have been selected for by simplified cropping rotations and have now evolved
resistance to pesticides making them serious threats to the sustainable productivity of major crops: cabbage stem flea beetle
(Psylliodes chrysocephala), a pest of oilseed rape (A) and black-grass (Alopecurus myosuroides), a weed of cereal crops (B).

Biological Reviews 99 (2024) 1700–1716 © 2024 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
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dramatically since the advent of the Green Revolution in the
1960s (Butler, Vickery &Norris, 2007).While this is a conser-
vation concern, it also has implications for agronomic sus-
tainability as some of these species also provide the ESs of
crop pollination and regulation of crop pests. Modern crop
fields are largely deficient in the primary resources provided
to these beneficial invertebrates by weeds (which have been
removed by herbicides) and there is a growing evidence base
for the importance of the spillover of beneficial invertebrates
from neighbouring semi-natural habitats to deliver these ser-
vices (Rand, Tylianakis & Tscharntke, 2006).

A recent meta-analysis of the effect of landscape configura-
tion on functional biodiversity and agroecosystem services
established the benefit of increasing ‘edge density’ in agricul-
tural landscapes in the context of landscapes with varying
amounts of seminatural habitat (Martin et al., 2019). Edge
density (km/ha) is defined as the total length of edges
(or interfaces between land parcels) divided by total area of
the landscape, and thus tends to increase as habitat patches
become both more dispersed and connected throughout a
landscape. Although significant interactions with landscape
composition were also observed, edge density consistently
explained additional variance in the abundance of pollina-
tors and natural enemy species measured at the landscape
scale. One explanation for this result is that a landscape with
higher edge density may benefit populations of dispersal-
limited species through smaller scale provision of spatially
and temporally heterogenous resources. However, spillover
effects would also be expected to be more important in main-
taining α diversity in these landscapes; potentially increasing
yield in fields neighbouring habitats with high abundance of
beneficial invertebrates (Pywell et al., 2015). Martin et al.
(2019) only observed a few examples of a hump-backed rela-
tionship between ESs and edge density indicating that edges
were generally not acting as barriers to dispersal at the spatial
scales analysed. We, therefore, propose that, for benchmark-
ing farms or monitoring change, increasing edge density
should generally be viewed positively. However, taxa
adapted to open landscapes may respond negatively to the
addition of some boundary features (Carrasco et al., 2018;
Jonason et al., 2013). We also note that for a given proportion
of habitat in a landscape, edge density trades off against hab-
itat patch size (Martin et al., 2019), which may be important
to conserve species that are sensitive to edge effects and
adapted to large areas of undisturbed habitat (MacLaren,
Buckley & Hale, 2014; Phalan et al., 2011).

Edge density can be measured at the farm scale using
remote-sensing imagery and increased by introducing addi-
tional landscape features such as boundary features (hedges
or tree lines), additional patches of semi-natural habitat or
in-field strips of non-crop vegetation such as beetle banks
or strips of wildflowers. In the analysis of Martin et al.
(2019), all edges are treated as being equal in terms of
explaining variance in ES provision. However, a simple mea-
sure of edge density at the farm scale could be weighted by
the functional difference between community types, so that,
for example, an edge between two cereal crops would make

only aminor contribution to this score while an edge between
a cereal and legume crop would score more highly. Adding a
field margin to an existing field would score higher still, but
rather less so than approaches such as agroforestry or silvo-
pasture. A measure of edge density could also be weighted
to account for specific interfaces of habitats with dispropor-
tionate effects on specific ESs; for example, a flowering field
margin next to an insect-pollinated crop (Gillespie
et al., 2022) is likely to be particularly beneficial, and would
receive a higher score. Edge density will tend to correlate
strongly with measures of connectivity and the relative bene-
fit of an increase in edge density should be interpreted in this
context; where new landscape features are created this
should be done in a way that connects existing non-crop
habitats.

(4) Resource ratio hypothesis: balance resource
ratios better and improve nutrient-use efficiency of
system

The abundance of ES providers will be positively related to
the availability of resources (see Section II.1), whereas species
richness and community composition at the farm scale will be
determined by niche partitioning and spatial heterogeneity
in resource provision (see Section II.2). Within a habitat type,
however, the temporal demand for resources and ability to
capture them will also differ between species. This concept
can explain species coexistence through finer scale niche par-
titioning within habitat types: species can coexist whenever
there are multiple limiting resources and species vary in their
demand for different resources (Braakhekke & Hooftman,
1999; Harpole & Tilman, 2007; Harpole et al., 2016). The
increase in the availability of any one resource to the extent
that it becomes non-limiting shifts the limitation towards a
lower number of resources. In the most extreme case, all spe-
cies will be limited by a single identical resource, and the
potential niche dimensionality will be severely reduced, lead-
ing to species loss and increased dominance. Conversely, spe-
cies richness will be higher when resources are available in a
balanced manner regarding the needs of the different species
in a community (Cardinale et al., 2009).
One of the characteristics of modern farming systems is the

reliance on mineral fertilisers to provide crops with the nutri-
ents required for maximum growth and yield. In this sense,
cropped fields (and to a lesser extent, pastures) are deliber-
ately managed to ensure these resources are non-limiting,
leading to an imbalance of soil nutrients with a particular sur-
feit of nitrogen and phosphorus. This has had negative unin-
tended consequences for agronomic and environmental
sustainability. Firstly, the imbalance of nutrients has selected
for a few dominant, nitrophilous, weed species (Storkey
et al., 2021) that tend to be particularly competitive for light,
which along with water, is the main resource limiting growth
in highly fertilised crops. Increasing fertiliser use has been
identified as one of the main drivers of declining weed diver-
sity in Europe (Storkey et al., 2012) and it has been hypothe-
sised that a more even ratio of below-ground resources would
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promote a less-competitive weed community (Smith,
Mortensen & Ryan, 2010). The use of inorganic fertilisers
has also been shown to weaken plant–microbe networks in
soil, compromising the capacity for nutrient cycling (Huang
et al., 2019), which particularly increases crop vulnerability
to nutrient deficiency under drought conditions (Bowles
et al., 2022). Finally, beyond the boundaries of the production
system, excess nitrogen and phosphorus in the environment
leads to declining water and air quality (through nitrous
oxide emissions) and eutrophication of semi-natural habitats
with impacts on biodiversity. It would, therefore, be benefi-
cial to improve the balance of resources (and, by implication,
nutrient-use efficiency) at the farm scale through reducing
the requirement for inorganic fertilisers.

This could be achieved by growing more diverse crop
rotations that differ in their resource requirements, particu-
larly the increased use of legumes that do not require nitro-
gen inputs (MacLaren et al., 2022) and the integration of
short-term leys into arable rotations (Austen et al., 2022).
These interventions would be captured in a metric of crop
functional diversity (Section II.2). In addition, alternative
sources of nutrients to inorganic fertilisers could be used
including green compost, farmyard manure and anaerobic
digestate. These organic inputs have a more balanced stoi-
chiometry than inorganic fertilisers, which may reduce com-
petition between weeds and crops (Ryan et al., 2009), and
they also bring additional benefits for soil function by build-
ing soil carbon that supports a microbial community with
more efficient nutrient cycling (Albano et al., 2023; Neal
et al., 2023; Rayne & Aula, 2020). Manure could be applied
directly or through the integration of livestock into arable sys-
tems (MacLaren et al., 2019).

One approach to benchmarking farms in terms of the bal-
ance of their nutrient inputs is to include a measure of the dif-
ferent forms of nutrients such as nitrogen in an index of
system diversity (MacLaren et al., 2019; Tamburini
et al., 2020). However, a recent meta-analysis of the interac-
tion of so-called ‘Ecological Intensification’ practices to sup-
port yield concluded that the benefits of applied manures or
composts or additional biological nitrogen fixation by
legumes acted in a largely substitutive way in terms of their
interaction with inorganic fertiliser additions (MacLaren
et al., 2022). Benefits of the approaches described above in
terms of their contribution to sustainability are only realised,
therefore, if inorganic fertiliser use is also reduced. We there-
fore propose the simple metric of ‘nutrient use efficiency’
from fertilisers (NUE, nutrient offtake in crops/input of
nutrient as inorganic fertilisers) at the farm scale as a useful
system property for capturing the impact of these changes
in practice and likely effects on resource ratios. NUE can
be calculated from overall fertiliser inputs and crop yields
(using estimated or measured nitrogen and phosphorus con-
tents). Practices such as addition of organic amendments,
integration of livestock and increased use of legumes and
other diverse crops have the potential to reduce inorganic
fertiliser use while maintaining yields (Albano et al., 2023),
and so would be expected to improve ‘fertiliser yields’ as well

as providing the additional benefits of building soil carbon
and reducing the environmental impact associated with the
manufacture of inorganic fertilisers. Scaling by absolute yield
(sensu Pittelkow et al., 2013) would avoid the potential danger
of targeting improved NUE leading to systems with low
productivity.

(5) Successional dynamics: avoid extremes of
disturbance to balance productivity with function
of later successional communities

It is well known in ecology that recently disturbed (early suc-
cessional) ecosystems are ‘leaky’ in terms of nutrient cycling,
whereas mid- to late-successional ecosystems have much
tighter cycles of nutrient turnover (Chapin, Matson &
Vitousek, 2011). The tightening of nutrient cycling is driven
by later-stage, longer-lived species tending to possess traits
that enable more efficient resource use at lower fertility levels
than ruderal species (Raevel, Violle & Munoz, 2012;
Reich, 2014) – the resource acquisition/conservation contin-
uum. This is true of soil microbial communities as well as
plants, and recent research has indicated that microorgan-
isms receiving long-term carbon inputs in the absence of dis-
turbance modify the physical and chemical structure of the
soil to retain water and nutrients better (Neal et al., 2020).
In grassland, fungal communities and their interactions with
plant species may also take decades to establish after distur-
bance (Seaton et al., 2022). Most farmland, particularly that
dominated by arable crops, is deliberately kept in an early
successional state through frequent disturbance (using soil
tillage or herbicides to remove extant biomass) so that regular
flushes of resources are made available to, predominantly
annual, crops (Smith, 2015). Along with high fertiliser inputs,
this results in modern arable farming systems being domi-
nated by extreme ruderal habitats characterised by frequent
disturbance and high soil fertility. Nutrients are especially
vulnerable to losses in these systems via the processes of run-
off and erosion from bare ground combined with nitrifica-
tion, leaching and decomposition of organic inputs with high
rates of nutrient turnover (Dungait et al., 2012).

From a community ecology perspective, as well as tillage,
the application of pesticides can also be seen as a ‘disturbance
event’ further selecting non-crop species with extreme
ruderal strategies of short life cycles, high fecundity and wide
dispersal that enable populations to buffer localised, frequent
disturbance (MacLaren et al., 2020). These tend to be gener-
alist species with potentially high population growth rates
and the propensity to become crop pests. This can be
observed in weed floras that are now characterised by a small
number of dominant ruderal species (Bourgeois et al., 2019)
with dramatic declines in species less well adapted to buffer
disturbance events because of low fecundity and/or transient
seedbanks (Storkey et al., 2012). The dominance of fewer pest
species in turn leads to a reliance on a smaller number of pes-
ticide active ingredients and the evolution of resistance
(Hawkins et al., 2019). Agricultural intensification has also
selected for a depleted community of pollinators that is now
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dominated by generalists that are adapted to modern farmed
landscapes with the loss of specialist species and potentially
system resilience (Redhead et al., 2018). It would be benefi-
cial, both agronomically and environmentally, therefore, to
reduce the selection pressure for extreme ruderal life-history
strategies and broaden the ecological niche, increasing the
functional diversity of farmland biodiversity.

As a first principle, practices should be followed that avoid
large areas of land being in a ‘pre-successional’ state, i.e. bare
ground, which is most vulnerable to resource loss and coloni-
sation by weeds. Cover crops and catch crops can be
employed in seasons when cash crops are not grown
(Constantin et al., 2010), and crop residues can be retained
as physical protection as well as a carbon resource for
microbes to immobilise nitrogen (Vogeler, Boldt &
Taube, 2022). Secondly, practices that integrate perennial,
later successional, vegetation into farmed landscapes that
are currently dominated by annual crops, will move farms
along the successional gradient. This can be done by inte-
grating semi-natural habitats into the farm landscape, such
as the use of riparian buffer strips or in-field strips of
perennial vegetation (including ‘beetle banks’; MacLeod
et al., 2004), using deep-rooted plants that can capture nutri-
ents as water moves through the soil and input carbon
directly into the soil from root matter, whilst also providing
habitat for pollinators and predators of crop pests (Schulte
et al., 2017; MacLeod et al., 2004). Agroforestry or silvopas-
ture offers similar benefits (Pavlidis & Tsihrintzis, 2018;
Boinot et al., 2019) and all these interventions would also
increase resource provision, habitat heterogeneity and edge
density (Sections II.1, II.2 and II.3). Perennial forbs can be
sown, potentially in addition to conventional ryegrass culti-
vars or other grass mixes in ‘herbal leys’, providing multiple
environmental benefits (carbon storage, reduced emissions,
resources for pollinators) as well as the potential for improved
efficiency of livestock production (Jordon et al., 2022).
These leys may be used within arable rotations or within
high-intensity grassland management systems (e.g. dairy),
although the use of short-term leys for grassland cultivation
is associated with creation of bare ground and associated
issues and new systems approaches may be needed to replace
current intensive systems (Delaby et al., 2020). Finally, where
annual crops are grown, intensive, inversion ploughing can
be replaced with minimal tillage or direct drilling with bene-
fits for soil health and below-ground functional biodiversity
(Cooper et al., 2021; Stroud, 2019).

One option for evaluating a farm in terms of its position
along a gradient of vegetation successional dynamics would
be to record directly the intensity and frequency of distur-
bance events (tillage, pesticide application, grazing or
mechanical removal of biomass). Examples include the
Treatment Frequency Index (TFI) for pesticides, where a sin-
gle application of an active ingredient at field rate has a TFI
of 1 and subsequent pesticide applications increase TFI addi-
tively, or a proxy such as number of herbicide application
days (Hicks et al., 2018). However, obtaining these detailed
management data is often difficult and an alternative

approach would be to assess the emergent landscape and
habitat characteristics as an indirect measure of the fre-
quency and intensity of disturbance. This could be done
using remote-sensing data; for example, a combination of
mean Normalised Difference Vegetation Index (NDVI) over
a growing season and the intra-annual coefficient of variation
has been proposed as a useful index of ESs and would cap-
ture periods of bare ground and disturbance events
(Paruelo et al., 2016). Secondly, information on crop and
non-crop habitat, of the type used to quantify resource provi-
sion and habitat diversity (see Sections II.1 and II.2), could be
interpreted in terms of life-history traits; for example, by
weighting plant communities by their Raunkier life form to
quantify proportions of habitat representing different succes-
sional stages.
The best environmental outcomes would be expected

where disturbance is minimal, localised and/or irregular, to
avoid creating strong selection pressure for problematic spe-
cies and to avoid repeated instances of specific environmental
impacts. However, some degree of disturbance in agriculture
will always be necessary to: (i) maintain grazing for livestock
production and interrupt successional processes to prevent
annual cropping systems becoming dominated by perennial
weeds, and also on arable to (ii) disrupt the life cycles of pests,
weeds and diseases adapted to low disturbance and (iii) pro-
vide habitat for biodiversity adapted to frequently disturbed
habitats (such as farmland birds and threatened arable
weeds) (Butler et al., 2009). When seeking to manage succes-
sional gradients at the farm scale for agronomic sustainabil-
ity, a balance between the benefits and costs of disturbance
could be achieved by integrating crops and/or pastures with
different longevities, and by retaining patches of undisturbed
non-crop habitat (which also supports ES providers).

III. DISCUSSION

(1) Gradients of sustainability

In meeting the challenge of how to quantify farm sustainabil-
ity, rather than starting with the selection of indicators or
metrics, we have taken the novel approach of beginning with
a review of the current state of knowledge on the ecological
processes that determine the regulating and supporting ser-
vices that underpin food and ES production on farmland.
Based on this fundamental understanding of the behaviour
of the agroecosystem, properties of the farm were identified
that are predicted to reflect the relative integrity and status
of these ecological functions. Regardless of the farm system
terminology that is used (Fig. 1), we propose the resulting list
of farm-scale metrics, summarised below, that can be used as
proxies for ESs to identify beneficial directions of travel,
benchmark farms and monitor progress along gradients of
sustainability (Fig. 6). These metrics are not prescriptive
of the exact practices required to achieve them, and so offer
a shared framework of common goals to bring together
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Fig. 6. Gradients of farm sustainability quantified using metrics informed by ecological theory and guiding principles for system
change identified in Fig. 2. ESPI, ecosystem service preservation index; IPM, integrated pest management; NDVI, normalised
difference vegetation index. Illustration by www.mair.perkins.co.uk.
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different perspectives in sustainable agriculture. There is
space for different methods and different priorities (for exam-
ple, avoiding chemical inputs in organic farming or enhanc-
ing soil health in regenerative agriculture) while working
towards increasing these metrics of overall ecological func-
tionality of farming systems. They start from where most of
our systems now are but aim for much more integrated agro-
ecological systems where crop and non-crop habitats inter-
mingle with diverse cropping regimes to enhance both food
and ES production.

By focusing on agronomic and environmental sustainabil-
ity, we have deliberately prioritised provisioning services
delivered by farmland to inform the fundamental re-building
of agroecosystem integrity at the farm scale such that the
delivery of regulating and supporting services becomes an
intrinsic property of the system. This gives rise to metrics that
measure ‘win–win’ scenarios, where farm productivity bene-
fits from restoring ecosystem integrity (Fig. 2), which will like-
wise deliver benefits to the environment and society beyond
farm boundaries. In suggesting metrics, below, we have taken
into account the criteria identified by (de Olde et al., 2017)
and taken the pragmatic approach of using earth observation
data or farm records avoiding the need for the collection of
additional empirical data:

(a) Proportion of areas of functionally important habitat

Using high-resolution satellite data or on-farm habitat sur-
veys, record areas of functionally important habitats (for the
ESs discussed here, areas of pollen and nectar provision, tus-
socky grass margins and hedgerows). Express either as sepa-
rate proportions of total farm area or combine using sum of
reciprocals. Option to weight further by habitat quality.

(b) Diversity indices of crop and non-crop habitats

Using high-resolution satellite data, farm crop maps and/or
on-farm surveys, record areas of different crop species and
non-crop habitat types. Express using indices of diversity or
evenness calculated on an area basis (for example, Simpson,
Shannon or Pielou index; Magurran, 2003). For crops, this
could be calculated based on genotypic or functional diver-
sity. Non-crop habitats could be assessed using established
habitat classification schemes (Butcher et al., 2020) with the
option of creating further subcategories relevant to the ES
of interest.

(c) Edge density

Using high-resolution satellite data or farm maps of crops
and semi-natural habitat, measure the length of interface
between differing habitats and divide by total farm area. This
can include crops adjacent to semi-natural habitats or inter-
faces between two different crop types. There is the option
of weighting edges by their potential contribution to ecosys-
tem function, for example, upweighting an interface of an
insect-pollinated crop with a flower-rich habitat.

(d ) Nutrient-use efficiency

Using farm records of inorganic fertiliser inputs (expressed as
total kg of nitrogen or phosphorus applied on the whole farm
in a single cropping season or averaged over several years)
and nutrient offtake, calculate nutrient-use efficiency as off-
take/inputs at the level of the farm. Nitrogen offtake can be
calculated from yields and nitrogen concentration of har-
vested material. Where nitrogen concentration is not known,
it can be estimated based on crop type.

(e) Ecosystem service provision index (ESPI)

Based on analysis of satellite data, two attributes of the sea-
sonal dynamics of the NDVI can be combined to give a mea-
sure of overall productivity and variation in time and space of
green cover (a proxy for disturbance) (Paruelo et al., 2016).
The annual mean NDVI (NDVImean), an indicator of light
interception and hence of productivity, and the intra-annual
coefficient of variation of the NDVI (NDVICV), a descriptor
of seasonality, can be combined into an ES provision index
[(ESPI) = NDVImean × 1 − NDVICV] calculated at the
farm scale. If remote-sensing data are not available, propor-
tions of different crops and non-crop habitats, and informa-
tion on their life histories, could be used to estimate
disturbance frequencies.

( f ) Treatment frequency index (TFI)

Using farm data on frequency and rates of pesticide inputs,
the TFI represents a proxy for intensity of disturbance from
pesticide use and selection pressure for the evolution of pesti-
cide resistance. The TFI is calculated by dividing the total
amounts of active ingredients used in each crop by the
standard doses assigned to each use of the active ingredient
and can be further refined to include the environmental tox-
icity of different active ingredients (Kudsk, Jorgensen &
Orum, 2018). The TFI calculated for each crop can be
summed across the whole farm and expressed on a per hect-
are basis.
The list of six metrics above is founded on a consensus of

knowledge from the ecological literature and as such is not
contentious, but our focus on regulating and supporting
ESs delivered to production systems by biological communi-
ties means that our list is inevitably incomplete if outcomes
other than sustainable production and agrochemical use
are considered. For example, we have not referenced the
extensive literature on metrics of soil health that may have
a primary focus on alternative outcomes that are external
to the production system, such as climate change mitigation
(Chabbi et al., 2017). However, our approach of using unify-
ing scientific theory to interpret the impact of alternative
approaches to farm management and identify outcomes
and metrics has the potential to be applied more widely in
other disciplines to help build a framework for quantifying
farm sustainability that has broad acceptance across the aca-
demic, policy and practitioner communities.

Biological Reviews 99 (2024) 1700–1716 © 2024 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
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(2) Implementation

Basing our rationale for the selection of metrics on estab-
lished ecological theory gives confidence that they are effec-
tive proxies for agroecosystem function. They can,
therefore, be used in the first instance to monitor and inform
the ‘direction of travel’; an improvement in one or more of
the metrics is assumed to have a net beneficial effect for one
or more ES (Fig. 2). As the metrics can also be derived from
remote-sensing data or existing farm management records,
they also provide a basis for baselining and benchmarking
farms along the gradients of sustainability (Fig. 6) without
the need for additional surveys. Comparing farms at the
regional or catchment scale would account for potential
large-scale, confounding effects including variation in
regional species pools. It would also allow the metrics to be
scaled beyond the individual farm to inform management
of farm clusters or local landscapes.

However, the implementation of our framework would
benefit greatly from further quantitative analysis of the rela-
tionships between directly measured data on ESs (or ES pro-
viders) and the farm-scale metrics we have identified. These
analyses could be done retrospectively on published data or
new data derived from traditional ecological surveys or sam-
pling methodologies. In the future, it is likely that new tech-
nologies (computer vision, acoustic monitoring, radar, and
molecular methods) will transform our capability to monitor
biodiversity at the farm scale (van Klink et al., 2022). Using
these data to challenge our framework will be valuable for:
(i) providing additional evidence to support the assumption
that the metrics are effective proxies for ESs and for the
underlying theories; (ii) calibrating and quantifying the shape
of the relationship between metrics and ESs (identifying non-
linearity and thresholds); and (iii) contextualising the rela-
tionships between metrics and ESs at the regional scale
(thereby capturing effects of regional species pools and land-
scape structure).

IV. CONCLUSIONS

(1) The concept of farm sustainability can be difficult to eval-
uate objectively because it depends on the choice of system
outcomes used in an assessment framework and their inher-
ent trade-offs and synergies. A ‘results-based’ framework
that measures outcomes (including ESs) directly also has the
challenge of developing robust methodologies for the quanti-
fication of outcomes that may respond to processes operating
over different spatial and temporal scales. Using an alterna-
tive, ‘practice-based’ approach to benchmark and monitor
sustainability, while more tractable, is also challenging
because the impact of any one practice on an outcome will
depend on the local system and environmental context. Evi-
dence on the relative benefits of alternative practices, and
potential trade-offs elsewhere in the system, is also often
lacking.

(2) With the aim of developing a scalable and practical
framework for benchmarking in terms of agronomic and
environmental sustainability, we took the pragmatic
approach of focussing on the ‘middle ground’ between these
two approaches. Guided by the consensus of evidence in the
literature and fundamental ecological theory, we identified
properties of farms that are both responsive to land-use and
management change and determine ES delivery and down-
stream outcomes – i.e. proxies for agroecosystem function.
Focussing on this interface between practice and outcomes
provides a basis for decision making (‘how will a possible
management change impact one or more system proper-
ties?’) and monitoring progress towards more sustainable
systems.
(3) The resulting gradients of sustainability we identified
could be used to inform and promote incremental
change at scale that does not presume categorical system
change (e.g. from so-called ‘conventional’ to ‘regenerative’).
In so doing we acknowledge the challenge of system categor-
isation and that farms sit along a continuum defined by dif-
ferent measures of sustainability (and are at different
starting points). A given farm can, therefore, be assessed
against the six metrics to identify areas for improvement
based on a comparison with farms in a similar region or
landscape. For example, a farm may score highly against
the criteria of ‘provision of key habitats’ but these may
not be well integrated within the cropped areas of the farm
(measured by ‘edge density’), limiting the provision of ESs
to support crop production.
(4) The implementation of our framework is predicated on
the integration of data at the farm scale on land use (habitat
maps) and management (fertiliser and pesticide use) and the
full value of a set of metrics for an individual farm will only
be realised in the context of equivalent data from multiple
farms in the same landscape or region. As well as validating
the relationships between system metrics and ESs, therefore,
there is also a parallel need to develop scalable methodolo-
gies for collating these data based on Earth observation, dig-
ital farm maps and farm management records.

V. ACKNOWLEDGEMENTS

This work was funded byUKRIGrants NE/T000244/2 and
NE/W005050/1 AgZero+: Towards sustainable, climate-
neutral farming. AgZero+ is jointly supported by the Natural
Environment Research Council (NERC) and the Biotechnol-
ogy and Biological Sciences Research Council (BBSRC).

VI. REFERENCES

Albano, X., Whitmore, A. P., Sakrabani, R., Thomas, C. L., Sizmur, T.,
Ritz, K., Harris, J., Pawlett, M., Watts, C. & Haefele, S. M. (2023). Effect
of different organic amendments on actual and achievable yields in a cereal-based
cropping system. Journal of Soil Science and Plant Nutrition 23, 2122–2137.

Biological Reviews 99 (2024) 1700–1716 © 2024 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
Society.

Farm ecological sustainability 1713

 1469185x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13088 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [18/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Albrecht, H., Cambecedes, J., Lang, M. & Wagner, M. (2016). Management
options for the conservation of rare arable plants in Europe. Botany Letters 163(4),
389–415.

Austen, N., Tille, S., Berdeni, D., Firbank, L. G., Lappage, M., Nelson, M.,
Helgason, T., Marshall-Harries, E., Hughes, H. B., Summers, R.,
Cameron, D. D. & Leake, J. R. (2022). Experimental evaluation of biological
regeneration of arable soil: the effects of grass-clover leys and arbuscular
mycorrhizal inoculants on wheat growth, yield, and shoot pathology. Frontiers in
Plant Science 13, 955985.

Balmukand, B. H. (1928). Studies in crop variation: V. The relation between yield
and soil nutrients. Journal of Agricultural Science 18, 602–627.

Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J. S., Nakashizuka, T.,
Raffaelli, D. & Schmid, B. (2006). Quantifying the evidence for biodiversity
effects on ecosystem functioning and services. Ecology Letters 9(10), 1146–1156.

Barzman, M., Barberi, P., Birch, A. N. E., Boonekamp, P., Dachbrodt-
Saaydeh, S., Graf, B., Hommel, B., Jensen, J. E., Kiss, J., Kudsk, P.,
Lamichhane, J. R., Messean, A., Moonen, A. C., Ratnadass, A., Ricci, P.,
ET AL. (2015). Eight principles of integrated pest management. Agronomy for

Sustainable Development 35(4), 1199–1215.
Baude, M., Kunin, W. E., Boatman, N. D., Conyers, S., Davies, N.,

Gillespie, M. A. K., Morton, R. D., Smart, S. M. & Memmott, J. (2016).
Historical nectar assessment reveals the fall and rise of floral resources in Britain.
Nature 530(7588), 85–88.

Begg, G. S., Cook, S. M., Dye, R., Ferrante, M., Franck, P., Lavigne, C.,
Lovei, G. L., Mansion-Vaquie, A., Pell, J. K., Petit, S., Quesada, N.,
Ricci, B., Wratten, S. D. & Birch, A. N. E. (2017). A functional overview of
conservation biological control. Crop Protection 97, 145–158.

Bell, V. A., Naden, P. S., Tipping, E., Davies, H. N., Carnell, E.,
Davies, J. A. C., Dore, A. J., Dragosits, U., Lapworth, D. J.,
Muhammed, S. E., Quinton, J. N., Stuart, M., Tomlinson, S., Wang, L.,
Whitmore, A. P., ET AL. (2021). Long term simulations of macronutrients (C, N
and P) in UK freshwaters. Science of the Total Environment 776, 145813.

Benton, T. G., Vickery, J. A. & Wilson, J. D. (2003). Farmland biodiversity: is
habitat heterogeneity the key? Trends in Ecology & Evolution 18(4), 182–188.

Bockstaller, C., Guichard, L., Makowski, D., Aveline, A., Girardin, P. &
Plantureux, S. (2008). Agri-environmental indicators to assess cropping and
farming systems. A review. Agronomy for Sustainable Development 28(1), 139–149.

Boinot, S., Fried, G., Storkey, J.,Metcalfe, H., Barkaoui, K., Lauri, P. E. &
Meziere, D. (2019). Alley cropping agroforestry systems: reservoirs for weeds or
refugia for plant diversity? Agriculture Ecosystems & Environment 284, 106584.

Bommarco, R., Kleijn, D. & Potts, S. G. (2013). Ecological intensification:
harnessing ecosystem services for food security. Trends in Ecology & Evolution 28(4),
230–238.

Bonisoli, L., Galdeano-Gomez, E. & Piedra-Munoz, L. (2018).
Deconstructing criteria and assessment tools to build agri-sustainability
indicators and support farmers’ decision-making process. Journal of Cleaner

Production 182, 1080–1094.
Bourgeois, B.,Munoz, F., Fried, G.,Mahaut, L., Armengot, L., Denelle, P.,

Storkey, J., Gaba, S. & Violle, C. (2019). What makes a weed a weed? A large-
scale evaluation of arable weeds through a functional lens. American Journal of Botany
106(1), 90–100.

Bowles, T. M., Jilling, A., Moran-Rivera, K., Schnecker, J. & Grandy, A. S.

(2022). Crop rotational complexity affects plant-soil nitrogen cycling during water
deficit. Soil Biology & Biochemistry 166, 108552.

Braakhekke, W. G.&Hooftman, D. A. P. (1999). The resource balance hypothesis
of plant species diversity in grassland. Journal of Vegetation Science 10(2), 187–200.

Brundtland, G. (1987). Report of the world commission on environment and
development: our common future. United Nations General assembly document
A/42/427.

Bullock, J. M., Dhanjal-Adams, K. L., Milne, A., Oliver, T. H.,
Todman, L. C., Whitmore, A. P. & Pywell, R. F. (2017). Resilience and food
security: rethinking an ecological concept. Journal of Ecology 105(4), 880–884.

Butcher, B., Carey, P., Edmonds, R., Norton, L. & Treweek, J. (2020). UK
Habitat Classification – Habitat definitions v1.1.

Butler, S. J., Brooks, D., Feber, R. E., Storkey, J., Vickery, J. A. &Norris, K.

(2009). A cross-taxonomic index for quantifying the health of farmland biodiversity.
Journal of Applied Ecology 46(6), 1154–1162.

Butler, S. J., Vickery, J. A. & Norris, K. (2007). Farmland biodiversity and the
footprint of agriculture. Science 315(5810), 381–384.

Cardinale, B. J., Hillebrand, H., Harpole, W. S., Gross, K. & Ptacnik, R.

(2009). Separating the influence of resource ‘availability’ from resource
‘imbalance’ on productivity-diversity relationships. Ecology Letters 12(6), 475–487.

Carrasco, L., Norton, L., Henrys, P., Siriwardena, G. M., Rhodes, C. J.,
Rowland, C. & Morton, D. (2018). Habitat diversity and structure regulate
British bird richness: implications of non-linear relationships for conservation.
Biological Conservation 226, 256–263.

Carvalheiro, L. G., Kunin, W. E., Keil, P., Aguirre-Gutierrez, J.,
Ellis, W. N., Fox, R., Groom, Q., Hennekens, S., Van Landuyt, W.,
Maes, D., Van de Meutter, F., Michez, D., Rasmont, P., Ode, B.,
Potts, S. G., ET AL. (2013). Species richness declines and biotic homogenisation
have slowed down for NW-European pollinators and plants. Ecology Letters 16(7),
870–878.

Carvell, C., Bourke, A. F. G., Dreier, S., Freeman, S. N., Hulmes, S.,
Jordan, W. C., Redhead, J. W., Sumner, S., Wang, J. & Heard, M. S. (2017).
Bumblebee family lineage survival is enhanced in high-quality landscapes. Nature
543(7646), 547–549.

Chabbi, A., Lehmann, J., Ciais, P., Loescher, H. W., Cotrufo, M. F., Don, A.,
SanClements, M., Schipper, L., Six, J., Smith, P. & Rumpel, C. (2017).
Aligning agriculture and climate policy. Nature Climate Change 7(5), 307–309.

Chapin, F. S., Matson, P. A. & Vitousek, P. M. (2011). Principles of Terrestrial
Ecosystem Ecology, Second Edition. Springer, New York.

Constantin, J., Mary, B., Laurent, F., Aubrion, G., Fontaine, A.,
Kerveillant, P. & Beaudoin, N. (2010). Effects of catch crops, no till and
reduced nitrogen fertilization on nitrogen leaching and balance in three long-term
experiments. Agriculture Ecosystems & Environment 135(4), 268–278.

Cooper, H. V., Sjogersten, S., Lark, R. M. &Mooney, S. J. (2021). To till or not
to till in a temperate ecosystem? Implications for climate change mitigation.
Environmental Research Letters 16, 54022.

Darch, T., McGrath, S. P., Lee, M. R. F., Beaumont, D. A.,
Blackwell, M. S. A., Horrocks, C. A., Evans, J. & Storkey, J. (2020). The
mineral composition of wild-type and cultivated varieties of pasture species.
Agronomy 10(10), 1463.

de Bello, F., Lavorel, S., Diaz, S., Harrington, R., Cornelissen, J. H. C.,
Bardgett, R. D., Berg, M. P., Cipriotti, P., Feld, C. K., Hering, D., da
Silva, P. M., Potts, S. G., Sandin, L., Sousa, J. P., Storkey, J., ET AL. (2010).
Towards an assessment of multiple ecosystem processes and services via functional
traits. Biodiversity and Conservation 19(10), 2873–2893.

deOlde, E. M.,Moller, H.,Marchand, F.,McDowell, R. W.,MacLeod, C. J.,
Sautier, M., Halloy, S., Barber, A., Benge, J., Bockstaller, C.,
Bokkers, E. A. M., de Boer, I. J. M., Legun, K. A., Le Quellec, I.,
Merfield, C., ET AL. (2017). When experts disagree: the need to rethink indicator
selection for assessing sustainability of agriculture. Environment Development and

Sustainability 19(4), 1327–1342.
de Souza, R. M., Seibert, D., Quesada, H. B., Bassetti, F. D., Fagundes-
Klen, M. R. & Bergamasco, R. (2020). Occurrence, impacts and general aspects
of pesticides in surface water: a review. Process Safety and Environmental Protection 135,
22–37.

Delaby, L., Finn, J. A., Grange, G. & Horan, B. (2020). Pasture-based dairy
Systems in Temperate Lowlands: challenges and opportunities for the future.
Frontiers in Sustainable Food Systems 4, 543587.

Diaz, S., Lavorel, S., de Bello, F., Quetier, F., Grigulis, K. & Robson, M.

(2007). Incorporating plant functional diversity effects in ecosystem service
assessments. Proceedings of the National Academy of Sciences of the United States of America

104(52), 20684–20689.
Donald, P. F., Sanderson, F. J., Burfield, I. J. & van Bommel, F. P. J. (2006).
Further evidence of continent-wide impacts of agricultural intensification on
European farmland birds, 1990-2000. Agriculture Ecosystems & Environment 116(3–4),
189–196.

Dungait, J. A. J.,Hopkins, D. W.,Gregory, A. S.&Whitmore, A. P. (2012). Soil
organic matter turnover is governed by accessibility not recalcitrance. Global Change
Biology 18(6), 1781–1796.

Evenson, R. E. & Gollin, D. (2003). Assessing the impact of the Green revolution,
1960 to 2000. Science 300(5620), 758–762.

Garibaldi, L. A., Oddi, F. J., Miguez, F. E., Bartomeus, I., Orr, M. C.,
Jobbagy, E. G., Kremen, C., Schulte, L. A., Hughes, A. C., Bagnato, C.,
Abramson, G., Bridgewater, P., Carella, D. G., Diaz, S., Dicks, L. V.,
ET AL. (2021). Working landscapes need at least 20% native habitat. Conservation
Letters 14(2), 12773.

Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G.,
Bloomer, P., Burlingame, B., Dawkins, M., Dolan, L., Fraser, D.,
Herrero, M., Hoffmann, I., Smith, P., Thornton, P. K., Toulmin, C.,
ET AL. (2013). Sustainable intensification in agriculture: premises and policies.
Science 341(6141), 33–34.

Gharsallah, O., Gandolfi, C. & Facchi, A. (2021). Methodologies for the
sustainability assessment of agricultural production systems, with a focus on Rice: a
review. Sustainability 13(19), 11123.

Gillespie, M. A. K., Baude, M., Biesmeijer, J., Boatman, N., Budge, G. E.,
Crowe, A., Davies, N., Evans, R., Memmott, J., Morton, R. D., Moss, E.,
Murphy, M., Pietravalle, S., Potts, S. G., Roberts, S. P. M., ET AL.
(2022). Landscape-scale drivers of pollinator communities may depend on land-
use configuration. Philosophical Transactions of the Royal Society B-Biological Sciences

377, 172.

Biological Reviews 99 (2024) 1700–1716 © 2024 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
Society.

1714 Jonathan Storkey and others

 1469185x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13088 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [18/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Godfray, H. C. J., Beddington, J. R., Crute, I. R.,Haddad, L., Lawrence, D.,
Muir, J. F., Pretty, J., Robinson, S., Thomas, S. M. & Toulmin, C. (2010).
Food security: the challenge of feeding 9 billion people. Science 327(5967), 812–818.

Goodwin, C. E. D., Butikofer, L., Hatfield, J. H., Evans, P. M.,
Bullock, J. M., Storkey, J., Mead, A., Richter, G. M., Henrys, P. A.,
Pywell, R. F. & Redhead, J. W. (2022). Multi-tier archetypes to characterise
British landscapes, farmland and farming practices. Environmental Research Letters 17,
95002.

Goulson, D., Nicholls, E., Botias, C. & Rotheray, E. L. (2015). Bee declines
driven by combined stress from parasites, pesticides, and lack of flowers. Science
347, 1255957.

Greenop, A., Woodcock, B. A., Wilby, A., Cook, S. M. & Pywell, R. F. (2018).
Functional diversity positively affects prey suppression by invertebrate predators: a
meta-analysis. Ecology 99(8), 1771–1782.

Grime, J. P. (1998). Benefits of plant diversity to ecosystems: immediate, filter and
founder effects. Journal of Ecology 86(6), 902–910.

Harpole, W. S., Sullivan, L. L., Lind, E. M., Firn, J.,Adler, P. B.,Borer, E. T.,
Chase, J., Fay, P. A., Hautier, Y., Hillebrand, H., Macdougallm, A. S.,
Seabloom, E. W., Williams, R., Bakker, J. D., Cadotte, M. W., ET AL.
(2016). Addition of multiple limiting resources reduces grassland diversity. Nature
537(7618), 93–96.

Harpole, W. S. & Tilman, D. (2007). Grassland species loss resulting from reduced
niche dimension. Nature 446(7137), 791–793.

Hawkins, N. J., Bass, C., Dixon, A. & Neve, P. (2019). The evolutionary origins of
pesticide resistance. Biological Reviews 94(1), 135–155.

Hector, A. & Bagchi, R. (2007). Biodiversity and ecosystem multifunctionality.
Nature 448(7150), 188–190.

Hicks, H. L., Comont, D., Coutts, S. R., Crook, L., Hull, R., Norris, K.,
Neve, P., Childs, D. Z. & Freckleton, R. P. (2018). The factors driving
evolved herbicide resistance at a national scale. Nature Ecology & Evolution 2(3),
529–536.

Holland, J. M., Smith, B. M., Storkey, J., Lutman, P. J. W. & Aebischer, N. J.

(2015). Managing habitats on English farmland for insect pollinator conservation.
Biological Conservation 182, 215–222.

Holland, J. M., Storkey, J., Lutman, P. J. W., Birkett, T., Simper, J. &
Aebischer, N. J. (2014). Utilisation of agri-environment scheme habitats to
enhance invertebrate ecosystem service providers. Agriculture Ecosystems &

Environment 183, 103–109.
Hooper, D. U., Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P.,

Lavorel, S., Lawton, J. H., Lodge, D. M., Loreau, M., Naeem, S.,
Schmid, B., Setala, H., Symstad, A. J., Vandermeer, J. & Wardle, D. A.

(2005). Effects of biodiversity on ecosystem functioning: a consensus of current
knowledge. Ecological Monographs 75(1), 3–35.

Huang, R. L., McGrath, S. P., Hirsch, P. R., Clark, I. M., Storkey, J.,
Wu, L. Y., Zhou, J. Z. & Liang, Y. T. (2019). Plant-microbe networks in soil are
weakened by century-long use of inorganic fertilizers. Microbial Biotechnology 12(6),
1464–1475.

Jonason, D., Smith, H. G., Bengtsson, J. & Birkhofer, K. (2013). Landscape
simplification promotes weed seed predation by carabid beetles (Coleoptera:
Carabidae). Landscape Ecology 28(3), 487–494.

Jones, L.,Norton, L., Austin, Z., Browne, A. L.,Donovan, D., Emmett, B. A.,
Grabowski, Z. J.,Howard, D. C., Jones, J. P. G., Kenter, J. O.,Manley, W.,
Morris, C., Robinson, D. A., Short, C., Siriwardena, G. M., ET AL. (2016).
Stocks and flows of natural and human-derived capital in ecosystem services. Land
Use Policy 52, 151–162.

Jordon, M. W., Willis, K. J., Buerkner, P. C. & Petrokofsky, G. (2022).
Rotational grazing and multispecies herbal leys increase productivity in temperate
pastoral systems-a meta-analysis. Agriculture Ecosystems & Environment 337, 108075.

Kopittke, P. M.,Menzies, N. W.,Wang, P.,McKenna, B. A. & Lombi, E. (2019).
Soil and the intensification of agriculture for global food security. Environment

International 132, 105078.
Kudsk, P., Jorgensen, L. N. & Orum, J. E. (2018). Pesticide load-a new Danish

pesticide risk indicator with multiple applications. Land Use Policy 70, 384–393.
Lamb, W. F., Wiedmann, T., Pongratz, J., Andrew, R., Crippa, M.,

Olivier, J. G. J., Wiedenhofer, D., Mattioli, G., Al Khourdajie, A.,
House, J., Pachauri, S., Figueroa, M., Saheb, Y., Slade, R., Hubacek, K.,
ET AL. (2021). A review of trends and drivers of greenhouse gas emissions by sector
from 1990 to 2018. Environmental Research Letters 16, 073005.

Lavorel, S. (2013). Plant functional effects on ecosystem services. Journal of Ecology
101(1), 4–8.

Lavorel, S. & Garnier, E. (2002). Predicting changes in community composition
and ecosystem functioning from plant traits: revisiting the holy grail. Functional
Ecology 16(5), 545–556.

Lavorel, S., Storkey, J., Bardgett, R. D., de Bello, F., Berg, M. P., Le
Roux, X., Moretti, M., Mulder, C., Pakeman, R. J., Diaz, S. &
Harrington, R. (2013). A novel framework for linking functional diversity of

plants with other trophic levels for the quantification of ecosystem services. Journal
of Vegetation Science 24(5), 942–948.

Leimer, S., Berner, D., Birkhofer, K., Boeddinghaus, R. S., Fischer, M.,
Kandeler, E., Kuka, K., Marhan, S., Prati, D., Schafer, D., Schoning, I.,
Solly, E. F., Wolters, V. & Wilcke, W. (2021). Land-use intensity and
biodiversity effects on infiltration capacity and hydraulic conductivity of grassland
soils in southern Germany. Ecohydrology 14, 2301.

MacLaren, C., Buckley, H. &Hale, R. (2014). Conservation of forest biodiversity
and ecosystem properties in a pastoral landscape of the Ecuadorian Andes.
Agroforestry Systems 88(2), 369–381.

MacLaren, C.,Mead, A., van Balen, D., Claessens, L., Etana, A., deHaan, J.,
Haagsma, W., Jack, O., Keller, T., Labuschagne, J., Myrbeck, A.,
Necpalova, M., Nziguheba, G., Six, J., Strauss, J., ET AL. (2022). Long-term
evidence for ecological intensification as a pathway to sustainable agriculture.
Nature Sustainability 5, 770–779.

MacLaren, C., Storkey, J., Menegat, A., Metcalfe, H. & Dehnen-

Schmutz, K. (2020). An ecological future for weed science to sustain crop
production and the environment. A review. Agronomy for Sustainable Development 40, 24.

MacLaren, C., Storkey, J., Strauss, J., Swanepoel, P.&Dehnen-Schmutz, K.

(2019). Livestock in diverse cropping systems improve weedmanagement and sustain
yields whilst reducing inputs. Journal of Applied Ecology 56(1), 144–156.

MacLeod, A., Wratten, S. D., Sotherton, N. W. & Thomas, M. B. (2004).
’Beetle banks’ as refuges for beneficial arthropods in farmland: long-term changes
in predator communities and habitat. Agricultural and Forest Entomology 6(2), 147–154.

Magurran, A. E. (2003). Measuring Biological Diversity. Blackwell, Oxford.
Mahon, N., Crute, I., Di Bonito, M., Simmons, E. A. & Islam, M. M. (2018).

Towards a broad-based and holistic framework of sustainable intensification
indicators. Land Use Policy 77, 576–597.

Marshall, E. J. R.&Moonen, A. C. (2002). Field margins in northern Europe: their
functions and interactions with agriculture. Agriculture Ecosystems & Environment

89(1–2), 5–21.
Martin, E. A., Dainese, M., Clough, Y., Baldi, A., Bommarco, R., Gagic, V.,

Garratt, M. P. D., Holzschuh, A., Kleijn, D., Kovacs-Hostyanszki, A.,
Marini, L., Potts, S. G., Smith, H. G., Al Hassan, D., Albrecht, M., ET AL.
(2019). The interplay of landscape composition and configuration: new pathways
to manage functional biodiversity and agroecosystem services across Europe.
Ecology Letters 22(7), 1083–1094.

Maskell, L., Alison, J., Forbes, N., Jarvis, S., Robinson, D., Siriwardena, G.,
Wood, C. & Smart, S. (2023). Inconsistent relationships between area,
heterogeneity and plant species richness in temperate farmed landscapes. Oikos
2023(5), 9720.

Montgomery, I., Caruso, T. & Reid, N. (2020). Hedgerows as ecosystems: service
delivery, management, and restoration. In Annual Review of Ecology, Evolution, and

Systematics (Volume 51, 51, ed. D. J. FUTUYMA), pp. 81–102. Annual Reviews, Palo
Alto, San Mateo, CA.

Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-Being:

Synthesis. Island Press, Washington, DC.
Neal, A. L., Bacq-Labreuil, A., Zhang, X. X., Clark, I. M., Coleman, K.,

Mooney, S. J., Ritz, K. & Crawford, J. W. (2020). Soil as an extended
composite phenotype of the microbial metagenome. Scientific Reports 10, 10649.

Neal, A. L., Barrat, H. A., Bacq-Lebreuil, A., Qin, Y. W., Zhang, X. X.,
Takahashi, T., Rubio, V., Hughes, D., Clark, I. M., Cardenas, L. M.,
Gardiner, L. J., Krishna, R., Glendining, M. L., Ritz, K., Mooney, S. J. &
Crawford, J. W. (2023). Arable soil nitrogen dynamics reflect organic inputs via
the extended composite phenotype. Nature Food 4(1), 51–60.

Oliver, T. H., Heard, M. S., Isaac, N. J. B., Roy, D. B., Procter, D.,
Eigenbrod, F., Freckleton, R., Hector, A., Orme, D. L., Petchey, O. L.,
Proenca, V., Raffaelli, D., Suttle, K. B., Mace, G. M., Martin-Lopez, B.,
ET AL. (2015). Biodiversity and resilience of ecosystem functions. Trends in Ecology &
Evolution 30(11), 673–684.

Ortiz-Bobea, A.,Ault, T. R.,Carrillo, C. M.,Chambers, R. G.& Lobel, D. B.

(2021). Anthropogenic climate change has slowed global agricultural productivity
growth. Nature Climate Change 11(4), 306–312.

Paruelo, J. M., Texeira, M., Staiano, L., Mastrangelo, M., Amdan, L. &
Gallego, F. (2016). An integrative index of ecosystem services provision based on
remotely sensed data. Ecological Indicators 71, 145–154.

Pavlidis, G. & Tsihrintzis, V. A. (2018). Environmental benefits and control of
pollution to surface water and groundwater by agroforestry systems: a review.
Water Resources Management 32(1), 1–29.

Phalan, B., Onial, M., Balmford, A. & Green, R. E. (2011). Reconciling food
production and biodiversity conservation: land sharing and land sparing
compared. Science 333(6047), 1289–1291.

Pingali, P. L. (2012). Green revolution: impacts, limits, and the path ahead. Proceedings
of the National Academy of Sciences of the United States of America 109(31), 12302–12308.

Pittelkow, C. M., Adviento-Borbe, M. A.,Hill, J. E., Six, J., van Kessel, C. &
Linquist, B. A. (2013). Yield-scaled global warming potential of annual nitrous

Biological Reviews 99 (2024) 1700–1716 © 2024 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical
Society.

Farm ecological sustainability 1715

 1469185x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13088 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [18/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



oxide and methane emissions from continuously flooded rice in response to nitrogen
input. Agriculture Ecosystems & Environment 177, 10–20.

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O. &
Kunin, W. E. (2010). Global pollinator declines: trends, impacts and drivers.
Trends in Ecology & Evolution 25(6), 345–353.

Prout, J. M., Shepherd, K. D.,McGrath, S. P., Kirk, G. J. D. &Haefele, S. M.

(2020).What is a good level of soil organicmatter? An index based on organic carbon
to clay ratio. European Journal of Soil Science 72(6), 2493–2503.

Pywell, R. F., Heard, M. S., Woodcock, B. A., Hinsley, S., Ridding, L.,
Nowakowski, M. & Bullock, J. M. (2015). Wildlife-friendly farming increases
crop yield: evidence for ecological intensification. Proceedings of the Royal Society B:

Biological Sciences 282, 20151740.
Raevel, V., Violle, C. & Munoz, F. (2012). Mechanisms of ecological succession:

insights from plant functional strategies. Oikos 121(11), 1761–1770.
Rand, T. A., Tylianakis, J. M.& Tscharntke, T. (2006). Spillover edge effects: the

dispersal of agriculturally subsidized insect natural enemies into adjacent natural
habitats. Ecology Letters 9(5), 603–614.

Rayne, N. & Aula, L. (2020). Livestock manure and the impacts on soil health: a
review. Soil Systems 4, 64.

Redhead, J. W., Oliver, T. H., Woodcock, B. & Pywell, R. F. (2020). The
influence of landscape composition and configuration on crop yield resilience.
Journal of Applied Ecology 57(11), 2180–2190.

Redhead, J. W., Woodcock, B., Pocock, M. J. O., Pywell, R. F.,
Vanbergen, A. J. & Oliver, T. H. (2018). Potential landscape-scale pollinator
networks across Great Britain: structure, stability and influence of agricultural land
cover. Ecology Letters 21(12), 1821–1832.

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits
manifesto. Journal of Ecology 102(2), 275–301.

Rodrı́guez, S. L., van Bussel, L. G. J. & Alkemade, R. (2024). Classification of
agricultural land management systems for global modeling of biodiversity and
ecosystem services. Agriculture Ecosystems & Environment 360, 108795.

Ryan, M. R., Smith, R. G., Mortensen, D. A., Teasdale, J. R., Curran, W. S.,
Seidel, R. & Shumway, D. L. (2009). Weed-crop competition relationships differ
between organic and conventional cropping systems. Weed Research 49(6), 572–580.

Schulte, L. A., Niemi, J., Helmers, M. J., Liebman, M., Arbuckle, J. G.,
James, D. E., Kolka, R. K., O’Neal, M. E., Tomer, M. D., Tyndall, J. C.,
Asbjornsen, H., Drobney, P., Neal, J., Van Ryswyk, G. & Witte, C. (2017).
Prairie strips improve biodiversity and the delivery of multiple ecosystem services
from corn-soybean croplands. Proceedings of the National Academy of Sciences of the

United States of America 114(42), 11247–11252.
Seaton, F. M.,Griffiths, R. I.,Goodall, T.,Lebron, I.&Norton, L. R. (2022).

Pasture age impacts soil fungal composition while bacteria respond to soil chemistry.
Agriculture Ecosystems & Environment 330, 107900.

Shmida, A. & Wilson, M. V. (1985). Biological determinants of species diversity.
Journal of Biogeography 12(1), 1–20.

Smart, S. M., Thompson, K., Marrs, R. H., Le Duc, M. G., Maskell, L. C. &
Firbank, L. G. (2006). Biotic homogenization and changes in species diversity
across human-modified ecosystems. Proceedings of the Royal Society B: Biological Sciences
273(1601), 2659–2665.

Smith, A., Snapp, S., Chikowo, R., Thorne, P., Bekunda, M. & Glover, J.

(2017). Measuring sustainable intensification in smallholder agroecosystems: a
review. Global Food Security 12, 127–138.

Smith, R. G. (2015). A succession-energy framework for reducing non-target impacts
of annual crop production. Agricultural Systems 133, 14–21.

Smith, R. G., Mortensen, D. A. & Ryan, M. R. (2010). A new hypothesis for the
functional role of diversity in mediating resource pools and weed-crop competition
in agroecosystems. Weed Research 50(1), 37–48.

Staley, J. T., Redhead, J. W., O’Connor, R. S., Jarvis, S. G.,
Siriwardena, G. M., Henderson, I. G., Botham, M. S., Carvell, C.,
Smart, S. M., Phillips, S., Jones, N., McCracken, M. E., Christelow, J.,
Howell, K. & Pywell, R. F. (2021). Designing a survey to monitor multi-scale

impacts of agri-environment schemes on mobile taxa. Journal of Environmental

Management 290, 112589.
Storkey, J., Mead, A., Addy, J. & MacDonald, A. J. (2021). Agricultural
intensification and climate change have increased the threat from weeds. Global
Change Biology 27(11), 2416–2425.

Storkey, J., Meyer, S., Still, K. S. & Leuschner, C. (2012). The impact of
agricultural intensification and land-use change on the European arable flora.
Proceedings of the Royal Society B: Biological Sciences 279(1732), 1421–1429.

Storkey, J. & Neve, P. (2018). What good is weed diversity? Weed Research 58(4),
239–243.

Stroud, J. L. (2019). Soil health pilot study in England: outcomes from an on-farm
earthworm survey. PLoS One 14(2), e0203909.

Swaminathan, M. S. (2009). Norman E. Borlaug (1914–2009) Obituary. Nature
461(7266), 894.

Tamburini, G., Bommarco, R., Wanger, T. C., Kremen, C., van der

Heijden, M. G. A., Liebman, M. & Hallin, S. (2020). Agricultural
diversification promotes multiple ecosystem services without compromising yield.
Science Advances 6(45), eaba1715.

Tilman, D. (2020). Benefits of intensive agricultural intercropping. Nature Plants 6(6),
604–605.

Tscharntke, T., Klein, A. M., Kruess, A., Steffan-Dewenter, I. & Thies, C.

(2005). Landscape perspectives on agricultural intensification and biodiversity -
ecosystem service management. Ecology Letters 8(8), 857–874.

van Ittersum, M. K., Cassman, K. G., Grassini, P., Wolf, J., Tittonell, P. &
Hochman, Z. (2013). Yield gap analysis with local to global relevance-a review.
Field Crops Research 143, 4–17.

van Klink, R., August, T., Bas, Y., Bodesheim, P., Bonn, A., Fossoy, F.,
Hoye, T. T., Jongejans, E., Menz, M. H. M., Miraldo, A., Roslin, T.,
Roy, H. E., Ruczynski, I., Schigel, D., Schäffler, L., ET AL. (2022).
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