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Executive summary

Biodiversity supports sustainable food production, although recognition of its roles has
been relatively neglected in the sustainable intensification literature. In the current study,
the roles of biodiversity in sustainable food production are considered, assessing how these
roles can be measured, the current state of knowledge and opportunities for intervention.
The trajectory of global food production, and the challenges and opportunities this presents
for the roles of biodiversity in production, are also considered, as well as how biodiversity-
based interventions fit within wider considerations for sustainable food systems.

The positive interactions between a diverse array of organisms, including annual crops,
animal pollinators, trees, micro- organisms livestock and aquatic animals, support food
production globally. To support these interactions, a range of interventions related to
access to materials and practices are requlred For annual crops, major interventions include
breeding crops for more positive crop—crop interactions, and the i integration of a wider range
of crops into production systems. For animal pollinators, major interventions include the
introduction of pollinator populations into production landscapes and the protection and
1mprovement of pollinator habitat. For trees, a major requlred intervention is the greater
integration of perennial legumes into farmland. For micro-organisms, the implementation
of agronomic practices that support beneficial crop-microbe interactions is crucial. For
livestock production, breed and crop feedstock diversification are essential, and the
implementation of improved methods for manure incorporation into cropland. Finally, in
the case of aquatic production, it is essential to support the wider adoption of multi-trophic
production systems and to diversify crop- and animal-based feed resources. These and other
interventions, and the research needs around them, are discussed.

Looking to the future, understanding the drivers behind trends in food systems is essential
for determining the options for biodiversity in supporting sustainable food production.
The increased dominance of a narrow selection of foods globally indicates that efforts to
more sustainably produce these foods are crucial. From a biodiversity perspective, this
means placing a strong emphasis on breeding for resource use efficiency and adaptation to
climate change. It also means challenging the dominance of these foods through focusing on
productivity improvements for other crop, livestock and aquaculture species, so that they
can compete successfully and find space within production systems.

New biodiversity-based models that support food production need not only to be
productive but to be profitable. Thus, as well as describing appropriate production system
management practices that enhance production and support the environment, the labour,
knowledge, time required to operationalize, and other costs of new production approaches,
must be considered and minimized.

To support the future roles of biodiversity in sustainable food production, we recommend
that particular attention be given to the longitudinal analysis of food sectors to determine
how the diversity of foods consumed from these sectors has changed over time. Analysis
is already available for crops, but related research is needed for livestock and aquaculture
sectors. This analysis will then support more optimal cross-sectoral interactions, in
terms of the contributions each sector provides to supplying the different components of
human diets.

Additional meta-analyses and synthetic reviews of case studies are required as an evidence
base for biodiversity-based food production system interventions, but future studies
should pay more attention to articulating the potential biases in case study compilation (the
problem of ‘cherry picking’ positive examples) and the measures that have been taken to
minimize such effects.







I. Introduction

Policy-makers, scientists and observers in wider society agree that food production must
be carried out more sustainably. This is in order to address the current dietary needs of
existing human populations (Foley ez al., 2011), as well as the human population growth
that is expected in future decades (United Nations, 2015), in the context of a global food
production system that already dominates much of the planet’s terrestrial surface, and
has major negative impacts on the Earth’s ecosystems. Environmental costs include land
degradation, salinization, pollution and freshwater depletion, and these costs exceed planetary
boundaries related to sustainable food production (Rockstrom et al., 2009; Steffen et al.,
2015). The world is becoming less biodiverse and there is good evidence that biodiversity
losses at genetic, species and ecosystem levels reduce ecosystem functions that directly or
indirectly affect food productlon through effects such as the lower cycling of b1010g1cally—
essential resources, reductions in compensatory dynamics and lower niche occupation
(Hersch-Green, Turley and Johnson, 2011; Cardinale et al., 2012). The detrimental effects
of losses in genetic diversity can sometimes be of the same magnitude as losses in species
diversity (Reusch et al., 2005; Crutsinger et al., 2006; Crutsinger, Souza and Sanders, 2008).

The situation has grown worse in recent decades with greater demand for animal
products (FAO, 2009a) that are not produced as efficiently in terms of human calories
realized for each unit of energy or land area and other resources (e.g. water) invested
in production, when compared to the direct human consumption of plant foods. It is
estimated, for example, that currently more than 30 percent of the calories produced
by the world’s crops are being used for animal feed, but that only 12 percent of those
feed calories ultimately contribute to the human diet as meat and other animal products
(Cassidy et al., 2013). Moreover, the greenhouse gas emissions of animals, coupled with
the emissions from the enormous use of fossil fuels in crop production, in industry and in
domestic energy provision, are expected to cause major production shocks in the global
food system (Global Food Security, 2015; Ray et al., 2015), exacerbating current deficiencies
in resilience.

In support of the objective of sustainability and in parallel with the publication of The
State of the World’s Biodiversity for Food and Agriculture (SoW-BFA) report (FAO, 2019),
the current study explores the roles of biodiversity in the sustainable intensification of
food production. The term ‘sustainable intensification’ is concerned with the processes
in the development of more efficient food production systems that come from better
exploiting synergies in production, minimizing trade-offs and properly accounting for
otherwise often hidden environmental costs (FAO, 2014). Godfray (2015) described
sustainable intensification as “a process designed to achieve higher agricultural [food] yields
whilst simultaneously reducing the negative impact of farming [food production] on the
environment”, and we use this definition, which is clearly linked to the concept of resource
use efficiency, as the starting point for the current study.

The roles of biodiversity are relatively neglected in the sustainable intensification
literature, as evinced by a recent survey of Attwood et al. (2016) that showed a focus on
individual ‘major’ crop yield improvements in plant breeding initiatives, and emphasis on
measures such as water management and residue integration, for enhancing crop production.
While such efforts are clearly essential for realizing sustainability, they neglect a much
wider range of measures based on the biological diversity of production systems that can
support food supply (Bioversity International, 2017). Here, we help to correct current
neglect by considering the roles of biological diversity at genetic, species and ecosystem
levels in supporting food production, taking a global view but paying particular attention to
production systems in low- and middle-income tropical and subtropical nations. Deficits in




both food calories and key nutrients are often high in such countries and interventions here
are therefore particularly important (Foleyet al., 2011), while these locations are often very
rich in both wild and agricultural biodiversity (e.g. Jamnadass et al., 2011; Attwood er al.,
2017a), so biodiversity-based solutions to food production may be of particular relevance.

In the following sections of this study we explore the roles of biodiversity in sustainable
food production. In section 2, we consider how these roles can be measured, the current
state of knowledge and opportunities for intervention to support these roles. In section 3, we
look to the future by considering the trajectory of food production and the challenges and
opportunities this trajectory presents for the roles that biodiversity will be able to play in
supporting future production. We conclude in section 4 by presenting wider considerations
for sustainable food systems and discussing the means for implementation of biodiversity-
based food production options, with recommendations for future action.




II. The roles of biodiversity in sustainable
food production

2.1 Methods for measuring the roles of biodiversity in sustainable food
production

There are many ways by which the productivity, resilience and costs of different food
production systems can be quantified, and which can in principle be employed to explore
the effects of biodiversity on production. These methods are based on measuring the various
inputs and outputs into systems, using calculations such as gross food calorie or protein
output per unit production input of energy/fertilizer/water/labour/land, etc., the economic
profitability of production per unit of area planted/pollutants emitted etc. and formal life
cycle analyses that take account of all aspects of production and use (Elliot et al., 2013;
Notarnicola et al., 2017; Smith et al., 2017). These metrics can be compared against what is
considered theoretically attainable in production systems and can be measured over multiple
cycles of production to explore aspects of resilience as well as overall production. These
measures can be modified so that not only the quantity and calorific values of produced
foods are considered, but their nutritional benefits in supplying vitamins and minerals,
etc. are taken into account too (Bioversity International, 2017). Measuring the effects of
biodiversity in systems can thus consider the efficiency, quantity, quality and stability of
food production. Once a direct link has been established with production, the presence of
biodiversity is often inferred to have beneficial effects without necessarily directly measuring
impacts (i.e. the use of indirect measures to extrapolate from known direct effects).

One of the most common measures that has been applied to explore the role of
biodiversity in crop production systems is known as the ‘land equivalent ratio” (LER) (Mead
and Willey, 1980). This is calculated as the sum of the relative crop yields (or total biomass,
etc.) of the different ‘biological’ components (crop spec1es or varieties or genotypes) in a
production system where they are grown together as intercrops, compared to the respective
elements when they are grown separately. A value above 1 therefore indicates that having the
biodiversity present in the system provides productivity benefits, while a value of less than
1 indicates dis-benefits. Because the LER measure is widely used, it allows comparisons to
be made across different crop and production system case studies. The compilation of LER
results can therefore support meta-analyses and synthetic reviews that place cropping system
examples into a globally relevant interpretation framework. We further explore the use of
LER in measuring the roles of biological diversity in crop production in section 2.2.

The LER measure is, however, a purely agronomic indicator and it does not, therefore,
consider the economic and social aspects of production These must also be taken into
account in determining the overall value of practlces espeaally any increases in labour costs
or in the knowledge required to implement intercropping. These costs may be high in some
cases (Lithourgidis er al., 2011). A discussion of these aspects, which are primary causes for
the absence of adoption of agronomically more sustainable biodiversity-based practices, is
continued later in this study.

2.2 The known roles of biodiversity in food production

Apart from the obvious role of plant and animal biodiversity in providing a variety of
different foods that are consumed by humans, the positive interactions between a diverse
array of organisms, including annual crops, animal pollinators, trees (in farmland and
associated habitat), micro-organisms, livestock and aquatic animals, are required or at least




provide important support to the production of many foods globally, in terms of enhancing
and stabilizing production (Altieri er al., 2015, Bioversity International, 2017). We discuss
these interactions below.

Annual crops

The importance of positive interactions between annual crops for food production are
best exemplified by a consideration of LER values for intercrop systems. In a recent
meta-analysis of LER values by Yu er al. (2015), which was primarily concerned with
cereal-legume intercrops globally, an average LER of 1.22 was found. Their analysis
indicated that the majority of intercrop systems gave higher land-use efficiency than sole
crops and demonstrated the magnitude of the positive effect on production that can be
gained from deploying crop diversity. At the same time, however, Yu er al’s assessment
indicated that positive effects were not always realized in intercropping as, in a minority,
but nevertheless still significant number of cases, LER values were less than 1 in the assessed
systems. Realizing benefits is therefore context-specific.

The analysis of Yu ez al. (2015) also found an overall negative effect of nitrogen fertilization
on LER when cereals and legumes were 1ntercropped which is consistent with theory on
the relative strength of beneficial and competitive interactions in systems depending on the
level of optimality of growth conditions (beneficial interactions are expected to become less
important and competitive interactions more important as growth conditions improve).
Data therefore indicated that intercrop production is likely to be more advantageous for
smallholder farmers in low- and middle-income nations where access to inputs such as
mineral fertilizer is limited.

Yu et al.’s review of 2015 also indicated that temporal niche differentiation (i.e. a move
in the direction of relay intercropping) contributed substantially to high LER in some
systems. By exploiting the relationship between crops’ relative sowing times, as well as
levels of fertilisation applied and sowing densities in intercrop performance, farmers can
enhance crop complementarity, productivity and profit (Yu er al., 2016). A move towards
temporal differentiation of crops culminates eventually in the crop rotation systems that are
traditional practised widely in agriculture globally and that can carry significant productivity
and stability advantages (Gaudin et al., 2015).

In another recent meta-analysis of intercrop systems, which also primarily considered
cereal-legume intercrops, Raseduzzaman and Jensen (2017) found that intercrops stabilised
yields compared with sole crop production.

An example of a mixed crop production system is banana farming in Central and East
Africa (see van Asten et al., 2011; Mulumba ez al., 2012; Staver et al., 2015 for detailed
information). Here, diverse banana varieties are grown by smallholders in several intercrop
systems that provide a range of foods that support diverse diets and that minimize banana
pest and disease risks that include black leaf streak, fusarium and bacterial wilt, and banana
bunchy top virus. Manure from zero-grazed goats also helps support banana yields.

Animal pollinators

The importance of animal (mostly insect) pollinators for crop production globally was
explored in a review by Klein et al. (2007), who determined that the production of dozens of
major and lesser-used crops is supported significantly by animal pollination. Crops analysed
where animal pollination was deemed essential to production included, at least for most
varieties, atemoya, Brazil nut, cantaloupe, cocoa, kiwi fruit, macadamia nut, passion fruit,
papaya, rowanberry, sapodilla, squashes/pumpkins, vanilla and watermelon (see Klein et
al. [2007] for further information on these crops). The authors identified that many of the
crops that were highly dependent or relied entirely on animal pollinators for production
were those providing key micronutrients in human diets, with therefore an important link
to nutrition.




Based on an unlikely but illustrative scenario of complete pollinator disappearance globally,
Gallai et al. (2009) estimated the total economic value of insect pollination to agricultural
output for crops consumed directly by humans as EUR 153 billion (about USD 185 billion)
annually, with values particularly high for vegetables, fruits, edible oil crops and stimulants.
On a country basis, Lautenbach et al. (2012) indicated that China was the most important
beneficiary economically of crop pollination services, followed by India and then the United
States of America. In terms of the role of animal pollination of crops in supporting healthy
human diets, Smith et al. (2015) modelled the effects of complete pollinator loss for the
production of nutritious crops at least partially dependent on animal pollination (supplementing
any deficit in calories with less nutritious staple foods). The results suggested that globally 1.4
million people more would die annually from non-communicable and malnutrition-related
diseases, with many more people also suffering worse health.

Trees in farmland and forests

The importance of trees in farmland and in neighbouring wild habitats such as forests for
ecosystem service provision to support agricultural food production was reviewed by Reed
et al. (2017). Among the studies they included in their compilation of the available literature,
half reported a net positive effect from tree presence on food yields or food yield proxies,
although a number of studies each indicated neutral, mixed or negative effects. Positive
effects of woody nitrogen-fixing legumes in nutrient cycling and soil fertility improvement
in African agriculture were explored in a meta-analysis by Sileshi et al. (2008), who found
significant positive effects on maize production for tree—crop intercrops and planted tree
fallows (where crops and trees were planted in rotation). The effects of woody legumes
extended to the stabilization of crop production (Sileshi, Debusho and Akinnifesi, 2012).
Similar effects on crop production were observed when trees were allowed to naturally
regenerate in agroforestry systems (Binam et al., 2015).

A meta-analysis conducted by Ricketts et al. (2008) explored the role of forests and
other natural or semi-natural habitats in the animal pollination of crops. The authors
found that pollinator richness and native pollinator visitation rates in agricultural land
declined exponentially with distance from natural and semi-natural vegetation that can
host pollinators, with corresponding drops in crops’ fruit and seed set observed in several
individual case studies. Tropical crops pollinated primarily by social bees and dependant on
only one or a few pollinator taxa appeared to be the most susceptible to the loss of pollinator
habitat including trees and forests. Crops pollinated by non-bee insects appeared less reliant
on remnant natural or semi-natural vegetation (Rader et al., 2016).

An example of mixed tree-crop production is dudukuhan farming in West Java,
Indonesia (see Manurung et al., 2008; Roshetko et al., 2012; Narendra et al., 2013
for detailed information). Here, smallholders use a range of dudukuhan systems,
from a timber production system (of lowest biodiversity), through a mixed
fruit-timber-banana-annual crop production system (where trees provide shade for
understory annual crops), to a mixed fruit-timber system (of highest biodiversity). Transition
between these systems is effected by tree enrichment planting, the selective retention of
natural tree regenerants and by varying timber harvesting intensity, among other measures.
Dudukuhan farming reduces the vulnerability of producers to market vagaries and climatic
uncertainties, and produces a wider range of foods and other products for home use.

Micro-organisms

The importance of below-ground micro-organisms in supporting terrestrial ecosystem
functions was reviewed by Bardgett and van der Putten (2014) and Vandenkoornhuyse
et al. (2015). Key roles identified in agricultural production included support for
nutrient retention and nutrient cycling, as illustrated by Wagg er al. (2014) through
manipulations of model microcosms simulating European grassland communities, where




losses of soil fungal and bacterial diversity impaired these among other functions. As
illustrated by the analyses of Yu er al. (2015), Sileshi ez al. (2008) and Sileshi, Debusho
and Akinnifesi (2012) already mentioned above, nitrogen-fixing legume-rhizobia nodular
symbioses that benefit the production of legumes and associated non-legume crops
play a crucial role in agriculture (Gruber and Galloway, 2008). The conversion of
insoluble phosphates by below-ground plant growth-promoting bacteria to a form that is
accessible to plants is also important in increasing crop yields (Hayat ez al., 2010). Foliar
micro-organisms too have a direct effect on the production of crops through their impacts
on disease susceptibility (Ritpitakphong ez al., 2016), growth and general stress tolerance.

Livestock production

Mixed crop-livestock production systems account for around 60 percent of all animal
production globally, with animal manure supporting crop productlon draught animal
power providing for the tilling of fields and crop residues being an important source of
animal feed (Herrero et al., 2013). Based on an assessment of global nitrogen flows in
cropland, for example, Liu et al. (2010) indicated that around 13 percent of gross nitrogen
fertilizer input is provided by livestock manure, with the contribution much higher in some
regions. The integration of livestock with crop production can support adaptation to, and
the mitigation of, climate change, in ways that crops or livestock alone are unable to do
(Thornton and Herrero, 2015). The use of plant forages including trees such as leucaena
and calliandra mitigates some of the climate impacts of livestock production (Thornton
and Herrero, 2010), and minimizes competition for grains that are also important human
foods (Cassidy et al., 2013; Rudel ez al., 2015). Pastures used for livestock production
enhance crop pollination when they provide habitat for insect pollinators (Morandin
et al., 2007). Symbiotic associations between ruminant animals and their gut microbiota are
essential in food digestion and the synthesis of important nutrients (Hanning and Diaz-
Sanchez, 2015).

Aquatic production

Aquatic agricultural systems (AAS) that are often ecotones of terrestrial and aquatic
resources in spatially and seasonally complex shifting mosaics of land and water use contain
important interactions that support coastal and inland capture fisheries, aquaculture, crop
farming and livestock grazing, and that strengthen environmental resilience (Castine et al.,
2013; Attwood et al., 2017b). In a meta-analysis of fish and rice co-culture in paddy fields, for
example, Ren et al. (2014) found positive effects on rice yields and lower usage of pesticides
when fish were present compared to rice monocultures, with organic nitrogen from fish
providing a renewable source of fertilizer to promote rice growth and fish controlling rice
pests. The rates of organic matter accumulation and methane emissions in such systems have
been reported to be relatively high and low, respectively, when compared to conventional
rice production, supporting production and mitigating climate change (Berg, Berg and
Nguyen, 2012). In China, silkworms are fed on leaves of the mulberry tree grown around
fish ponds and fish are fed on the mulberry and silkworms. An integrated system is created
by fish waste fertilizing mulberry production (Lee, 2004).

In aquaculture, polycultures have achieved production synergies, such as in oyster farms
that include seaweed and fish species, where the water filtering properties of oysters improve
the environment for algae and fish production (FAO, 2016). Intensive aquaculture industries
that generate nutrient-rich wastewater streams that can cause eutrophication use algae to
remove excess dissolved nutrients (Lawton et al., 2013). The use of ‘cleaner fish’ such as
wrasse, which remove dead skin and ectoparasites from other fish, is a popular option in

salmon farming for controlling sea lice, as an alternative to other non-biological treatments
(Skiftesvik et al., 2014).




An example of a complex AAS is sorjan production in southern Bangladesh (see Haq et
al., 2012; Attwood et al., 2013 for detailed information). Here, in a variety of sorjan system
types, smallholders produce vegetables, fruits, other crops and timber trees on and around
elevated earth bunds that border shallow water canals that contain fish, as well as rice and
ducks. High levels of structural and compositional diversity allow ecological processes
such as episodic flooding to be harnessed, providing valuable opportunities to intensify
production across seasons and in different niches, and supporting local, context-specific
adaptation to anthropogenic climate change. The range of crops and animals produced
supports year-round food availability, the organic nitrogen released from fish and ducks
supports crop growth, alternate ridges and canals improve crop drainage, and fish and ducks
help control crop insect pests.

2.3 Interventions to support the roles of biodiversity in food production

It is evident from section 2.2 that to better use b10d1ver31ty to support the sustainable
intensification of food supply, measures to improve positive interactions among the
different biological components that constitute food production systems are crucial.
Required interventions for the interactions explored in the previous section are
indicated in Table 1, and examples are mentioned below. It is clear that to practically
exploit positive interactions requires combinations of different interventions
that include farmers’ access to crop varieties, animal breeds and other genetic
materials, as well as changes in management practices in farming systems and of
associated landscapes.

In the case of annual crops, required interventions include breeding and selecting
crops for more positive crop—crop and within-crop genotype—genotype interactions, and
the integration of a wider range of crops, including new and ‘orphan’ crops, to support
diversification in production systems, both spatially and temporally.

In the case of animal pollinators, required interventions include the introduction
(or reintroduction) of pollinator populations into production landscapes, the protection,
improvement and expansion of pollinator habitat, joint management plans for wild and
introduced pollinators, and the reduction of farmland insecticide use.

In the case of trees in farmland and forests, required measures include the greater
integration of perennial legumes into farmland, greater attention to the domestication of new
tree crops to support agricultural diversification, and the adoption of more effective delivery
systems for tree plantlng materials so that smallholder farmers can establish their desired
diversity of tree species.

For micro-organisms, required interventions include the implementation of agronomic
practices that support beneficial crop-microbe interactions, direct inoculation with microbes
where necessary, and breeding crops for more productive interactions with micro-organisms.

For livestock production, important interventions include the restoration of degraded
pastures, breed and crop feedstock diversification, and the implementation of improved
methods for manure incorporation into cropland.

Finally, in the case of aquatic production, important interventions include the introduction
of a greater range of flooding-tolerant crops into AAS, the wider adoption of multi-trophic
production systems, and the diversification of fish and other aquatic organisms raised along
with their crop- and animal-based feed resources.

To explore the efficacy of these interventions, appropriate metrics need to be employed,
with direct and indirect approaches to do so given in Table 1 (see also section 2.1). These
interventions also need to be supported by research to address particular knowledge gaps,
with key areas for work also indicated in the table.




A key factor in intervention is determining its appropriate spatial scale, and this varies
depending on the interaction in question. Crop-microbial interactions, for example, occur
at a very fine scale, while crop-animal pollinator interactions may operate over much larger
distances (Ricketts et al., 2008). Again, in livestock production, considering scale at the
across-field level within the same farm is important, for the transfer of crop residues, the
production of other feedstuffs and manuring. Even in relatively simple production systems,
it is therefore important to consider the multiple scales of operation of interactions (Mitchell,
Bennett and Gonzalez, 2014). In complex systems, such as the farms typical of tropical
smallholders, such consideration is doubly necessary (Tscharntke et al., 2012).

Considering the scale of operation of interactions can for example inform where
maintaining forest and woodland cover that provides important animal pollinator habitat
to support crop production is most necessary, and where cutting of woody vegetation
will have less of an impact on production (Ricketts and Lonsdorf, 2013). The appropriate
spatial planning of interventions is supported by the recent development of a wide range
of medium- to high-resolution global and regional geospatial reference data sets covering
production system conflguratlons farm sizes, natural vegetation patterns, environmental
variables and other features that impact on intervention options and can be used to predict
and plan for the effects of climate change and design ‘climate smart” approaches (e.g. Herrero
et al., 2013; Fritz et al., 2015; Samberg et al., 2016; WorldClim, 2016; FAO, 2017; ISRIC,
2017; vegetationmap4africa, 2017).




Table 1. Interventions to support positive interactions in food production systems, with approaches to
positive impacts and knowledge gaps/research needs for the further optimization of systems

measure possible

Interactions

Interventions to support
food production

Approaches to
measure the impacts
of interventions

Knowledge gaps/research needs

Annual crops

Breed and select crops for
more positive crop-crop
interactions in production
systems, exploiting wild
and landrace gene pools;
as well as crop-crop
combinations, exploit
within-crop
genotype-genotype
mixtures to support
disease resistance and
climatic resilience; explore
the integration of a wider
range of crops, including
new and orphan crops that
may be able to interact
positively with other
components, Into cropping
systems, over spatial
(intercrop) and temporal
(rotation) scales (Finckh
et al., 2000; Doring et al.,
2015; Litrico and Violle,
2015; AOCC, 2017;
Dawson er al., 2018)

Land equivalent ratio
(LER), stability and
quality of production
(direct measures); rate
of artificial fertiliser
application, soil
fertility, crop species
diversity in intercrops
and rotations (indirect
measures)

Interactions among annual crops are
some of the best-researched in food
production systems. Developing
breeding methods that effectively
account for these interactions requires

a paradigm shift from current breeding
methods, however, and this is still in

its infancy (Litrico and Violle, 2015). A
better understanding of genetic variation
in important interaction traits in the
crop gene pools available for breeding
is required, exploring landraces and
wild germplasm where variation in
important traits may be more evident
than in advanced crop cultivars grown
in high input monocultures (Palmgren
et al., 2015). For integrating new

and orphan crops into production
systems, more research is required to
determine effective cropping options in
combination with major crops, using
cropping system modelling frameworks
and beginning with knowledge on
existing production systems (Reckling ez
al., 2016a)

Animal
pollinators

Introduce (or reintroduce)
a range of pollinators into
agricultural landscapes;
protect remaining natural
habitat/mosaics and further
improve and expand
animal-pollinator habitat in
farmland with agroforestry,
border planting and fallow
practices, etc.; implement
joint management plans

for wild and introduced
pollinators in landscapes;
reduce insecticide use in
farmland; adopt integrated,
pollinator-friendly
‘environmental certification’
approaches for animal-
pollinated crops (Klein

et al., 2007; FAQO, 2008;
Garibaldi et al., 2013;
IPBES, 2016; Kovacs-
Hostyanszki et al., 2017)

Yield, stability and
quality of animal-
pollinated crops
(direct measures);
number, range and
stability of pollinators/
pollinator populations
in agricultural
landscapes, especially
over the crop
flowering period
(indirect measures).
Many animal-
pollinated crops are of
particular nutritional
significance, so
increases in crop
production may be
modelled as human
nutritional benefits

There are gaps in understanding in
levels of pollinator dependency of
different crops. More realistic estimates
of pollinator dependency in different
production contexts are required,
especially for: important staples

(e.g. soybean) where the range of
quoted effects is large; new and orphan
crops; and low- and middle-income
country production contexts (Klein

et al., 2007; Melathopoulos, Cutler

and Tyedmers, 2015; Teichroew et

al., 2017). Climate change impacts on
pollinator-crop mutualisms, caused,
e.g. by the introduction of life cycle
asynchronies, are often unknown and
require elucidation, especially for major
animal-pollinated crops (Gilman et al.,
2011; Kerr et al., 2015)




Table 1 Cont’d

farmland and
forests

farm landscape mosaics;
further integrate trees,
including leguminous
species, into farms, with a
focus on soil rehabilitation
and improvement;
domesticate a wider

range of tree species to
increase productivity, to
successfully compete with
annual crops and thereby
support agricultural
diversification; develop
new markets for more
tree products and ‘shade-
produced’ commodities;
adopt more effective
delivery systems for tree
planting materials to
reach smallholder growers
(Leakey, 2010; Lilleso er
al., 2011, 2018)

resilience, life

cycle analysis

(direct measures);
soil fertility, soil
retention, niche
occupation, species
and market diversity
(indirect measures).
Many trees provide
important habitat for
animal pollinators,
so distance-related
effects on agricultural
production from

tree habitat can be
measured (pollinator
effects measured as
above, previous row)

Interactions Interventions to support | Approaches to Knowledge gaps/research needs
food production measure the impacts
of interventions
Trees in Protect remaining forest/ | LER, production Limited longer-term and

larger-scale research has been
undertaken to understand forest- and
tree-based ecosystem services and
associated impacts on food production.
Further research over longer time
periods and over a wider range of scales
is required (Reed et al., 2017). Positive
spillovers from farms to forests are
generally not well understood; further
research is needed to describe them
(e.g. farm habitat pollination services
for forest food production; Blitzer et
al., 2012). Agroforestry impacts on
land use changes and food security are
only partially understood and require
further establishment (van Noordwijk
et al., 2014). The best approaches to
bring trees into cultivation, to support
agricultural diversification, are often
unknown and further research is
especially required on participatory
tree domestication, considering the
particular needs of women and men, and
with particular emphasis on farm niche
(Mulyoutami et al., 2015)

Micro-
organisms

Implement soil/farm
management practices that
enhance beneficial microbe
populations and support
nutrient cycling and

soil fertility, such as the
greater use of intercrops,
rotations and appropriate
tillage methods, and

more incorporation of
crop residues; directly
inoculate with microbial
populations; breed

crops for more effective
beneficial interactions
with micro-organisms

by exploiting wild and
landrace crop gene pools
(Kapulnik and Kushnir,
1991; FAO, 2003; Mutch
and Young, 2004; Brooker
et al., 2015)

Crop yield and
stability (direct
measures); rate of
artificial fertiliser
application, soil
fertility, soil texture,
soil biome quantity
and composition,
water run-off quality
(indirect measures)

The role of below-ground biodiversity
in nutrient cycling is often poorly
characterised; more research is required
on the mechanisms involved in shaping
complex soil communities and their
functions (Bardgett and van der Putten,
2014). Inoculation methods are often
not very effective; research is needed

to address colonisation problems
(Compant, Clément and Sessitsch, 2010).
There is only limited knowledge of how
to create more effective

crop-microbe interactions at the
genotype-to-genotype level; research

is required on a range of genotype
combinations (Tikhonovich and
Provorov, 2011). Limited understanding
of how domestication and selective
breeding has affected the ability of crops
to establish beneficial interactions with
thizosphere microbes means research is
required on this topic (Pérez-Jaramillo,
Mendes and Raaijmakers, 2016)
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involving algae, cleaner
fish, etc.; promote a
greater range of crops
capable of tolerating
flooding and salinity

in aquatic agricultural
systems (AAS), and

that have increased
complementarity in
broader floodplain
management; domesticate
and breed a range of

fish to increase the
productivity, and support
the diversification and
resilience, of aquaculture,
and to increase the
nutritional diversity of
production; diversify
animal- and plant-based
fish feed resources (Hall et
al., 2011; Wijkstrom, 2012;
Olesen et al., 2015; FAO,
2016; Thilsted et al., 2016)

growth rate; crop
yield and stability

(all direct measures);
fish diversity; fish
feed diversity and
conversion efficiency;
fish and crop pest
prevalence (all indirect
measures). Many fish
are important for
nutritionally-balanced
diets, so increases in
production can be
modelled as human
nutritional benefits

Interactions Interventions to support | Approaches to Knowledge gaps/research needs

food production measure the impacts
of interventions

Livestock Restore degraded pastures | Animal weight There is currently only limited detailed

production to support overall changes and milk understanding of the interactions
production and increase yields; crop yield between animals and other components
resilience; adjust and and stability from in production systems, including
diversify: the breeds raised, | manuring; life cycle under climate change; further research
the plant feeds grown and | analysis (all direct on animal-crop(-tree) interactions is
the composition of ruminal | measures); soil required (Thornton and Herrero, 2015).
gut fauna, to enhance fertility; animal health; | Methods for the analysis of greenhouse
productivity/synergies and | animal gut microfauna | gas balances, to determine appropriate
minimise environmental composition; fodder mitigation interventions in the context
costs; implement improved | diversity (all indirect | of other production components, are
methods of manuring measures) available, but need to be refined (de
(Dijkstra, Oenema and Boer et al., 2011)
Bannink, 2011; Hayes,
Lewin and Goddard, 2013;
Dawson et al., 2014)

Aquatic Promote a wider range Fish catch, catch There is frequently little information

production of production systems stability and fish on the interactions in and with AAS

and aquaculture, including between
terrestrial and aquatic elements, and
between aquaculture and fisheries;
further research is required to allow
the development of more effective
integrated production strategies (Soto
et al., 2012; Attwood et al., 2017b).
The development of multi-trophic
aquaculture systems where appropriate
species from different trophic levels
are grown in combination (including
fish, bivalves, algae, etc.) has received
only limited attention; further research
is required to create more synergistic
relationships in resource use and
recycling (Barrington, Chopin and
Robinson, 2009). Addressing the
negative on- and off-site environmental
impacts of aquaculture has received
only limited attention and further
research is needed
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II1. Looking to the future: the trajectory of
food production and the roles of
biodiversity in supporting future
production

Looking to the medium- to long-term future, understanding the drivers behind trends in
global, regional and national food systems over time is essential for determining the options
for biodiversity in supporting sustainable food production. Such an understanding will
indicate developing opportunities and opposing constraints for production interventions,
and will provide a dose of realism in what future interventions are likely to be successful.

Over the last decades, human consumption of plantfoods globally has relied increasingly on
a narrow range of calorie-rich but nutritionally limited crops. Khoury et al. (2014) illustrated
this through an analysis of crop plant food supply balance sheets, which are a proxy for
human food consumption, based on an assessment of 152 nations’ data over the 1961 to 2009
period. The authors suggested that global homogenization in crop plant consumption could
be due to a range of factors, including greater international trade in crops, the increased reach
of multi-national food companies, the wider adoption of more western diets, government
subsidy patterns that relatively support major crop breeding, production and consumption
over other crops, the consolidation of plant breeding companies, a focus on a narrow range
of crop options when educating farmers, and the effects of farm mechanization. Of the crops
that relatively speaking have significantly increased in importance over the last 50 years
based on Khoury et al.’s analysis, several of these (such as oil palm, sunflower, soybean,
rice and wheat) are produced in low diversity farm environments, showing increasing
threats to agrobiodiversity and the potentially greater dangers of individual crop failure
for global food supply resilience (Clay, 2004). Expanding oil palm and soybean production
have also had particularly negative impacts on natural biodiversity because of directly- or
indirectly-associated clearance of highly biodiverse tropical and sub-tropical forests
(Donald, 2004).

Over the same time period as the above trend for plant-based foods, there has been
a massive expansion in food consumption from the livestock and aquaculture sectors,
especially in Asia (FAO, 2009a, 2009b). Between 1961 and 2010, for example global meat
productlon was estimated to quadruple, resulting in increased competition for land for
raising crops either for animal feedstuffs or for human consumption (HLPE, 2016). Over
the same period, the diversity of animal breeds at risk of extinction increased (FAO, 2015).
In the case of aquaculture, the “blue revolution” saw an annual growth rate in production
between 1970 and 2006 of around 7 percent (FAO, 2009b), placing increased pressure
on water, energy and feed resources. A trend to intensive mono-specific aquaculture
systems has threatened the species diversity that has traditionally sustained the sector
(Bostock et al., 2010).

An examination of productivity trends may help to shed light on why particular foods have
become more or less important in the global food system in recent decades. Accordingly, for
the purpose of the current study we undertook an analysis of production data for a subset
of crop foods that had been assessed by Khoury et al. (2014). Our analysis, presented in Box
1 and illustrated in Figure 1, indicated that ‘winner’ crops in the global food system have
sustained larger yield increases than ‘loser’ crops, and this may be an important factor that
has allowed them to compete effectively with other crops in production systems.
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Figure 1. Production trend data for 20 food crops over the 53-year time period 1961 to 2013

Annual global data for total production quantity, area harvested and yield were extracted from FAOSTAT (2016).
Figures are expressed as the proportion of the year 1961 (baseline). Large increases or decreases in relative food
importance (>>’ and ‘<<’, respectively) for three food components (C = calories, P = protein, F = fat) are shown in
red. Crops with >>’ or ‘<<’ for one or more of these three food components are classified as ‘winners’ and ‘losers’
in the global food system, respectively. Crops with >’ and ‘<’ indicate ‘moderate winners’ and ‘moderate losers’,
respectively, while ‘little change’ crops have no trend indications provided. Note changes in scale on the y axis. See
Box 1 for further information.
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BOX 1. Productivity trends of ‘winner’ and loser’ crops in global food systems

Khoury er al’s (2014) analysis of crop plant food supply balance sheets indicated crops that
had become more or less important in the global food system over the 1961 to 2009 period for
different food components. To understand the productivity trends for crops that had become
more or less important as global foods, we chose a subset of 20 of the food crops they had analysed
that showed different responses over the assessed time period, from large increases in relative
importance (we term these ‘winner’ crops) to large decreases (‘loser’ crops) for the provision
of calories, proteins and/or fat. (Crops at intermediate positions between these extremes were
defined as ‘moderate winners’, ‘little change’ or ‘moderate losers’.)

For these 20 crops, annual global crop production data for total production, area planted and
yield were extracted from FAOSTAT (2016) for the time period 1961 to 2013, which equates
roughly to the period of Khoury er al.’s (2014) assessment, but includes a few extra years’ data.
The FAOSTAT datasets are a useful source of information on crop production, consumption and
trade, although their use is also subject to certain caveats, which in the context of our current
analysis are indicated in Annex.

Profiles of production shown in Figure 1 indicated that for five winner crops (oil palm,
sunflower, soybean, rice and wheat) mean total global production increased by a factor of
7.8 globally over the assessed time period, while for five loser crops (cassava, coconut,
groundnut, millet and sorghum) there was only a mean increase of 2.3-fold (mean 2009 to 2013
values compared to 1961). For winner crops, the mean global yield increase was by a factor of
2.5 (equating roughly to a 1.5 percent year-on-year increase), while for loser crops it was 1.6.

An equivalent analysis to that of Khoury ez al. (2014), which was on crop plants, has not
yet been undertaken for the livestock and aquaculture sectors, but some general conclusions
may be drawn. First, the dominance of current major crop, livestock and animal species in
food production is likely to be reinforced in future decades. This means that efforts to more
sustainably produce these species are crucial. From a biodiversity utilization perspective,
this means placing a strong emphasm on breeding these species to produce food from them
more sustainably, focusing on issues such as resource use eff1c1ency and adaptation to
climate change. New breeding methods to overcome bottlenecks in conventional breeding
will be required, exploiting extensive and genetically-diverse gene pools that, at least for
major crops, are maintained in genebank collections worldwide, and which could be sources
of the required allelic forms of the key genes involved in the relevant biological pathways
(McCouch et al., 2013).

Second, if the increasingly dominant position of a few foods globally is to be effectively
challenged, the productivity of other crop, livestock and aquaculture species will need to
be substantially raised, by breeding and other methods. Only then will it be possible for
these other foods to compete successfully with, and find space within, production systems.
Many currently underutilized ‘orphan’ crops and wild plants potentially suitable for de
novo domestication have very large extant gene pools from which major genetic gains can be
realized through selection. As with major crops, these gene pools can be exploited through
new genomic breeding methods (Dawson er al., 2018). Many orphan crops have superior
nutritional profiles to staple crops, so they can have a particular role in addressing ‘hidden
hunger’ associated with dietary nutritional deficiencies (AOCC, 2017). Similarly, much
genetic variation in production traits in undomesticated or only incipiently domesticated fish
species is observed that can be exploited through new genomic approaches, to increase feed
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BOX 2. Assessing the stability of production of crops and the opportunities for
compensatory combinations

Some authors have expressed concerns that many new and orphan crops, including fruit trees, may
have unstable production characteristics because of the high degree of dependence of production
on animal pollinators, which could lead to large year-on-year variations in yields because of
vagaries in pollinator activity based on habitat, climate and weather (Garibaldi ez al, 2011). To
explore this issue, we extracted country-level yearly yield data for ten countries (Australia, Brazil,
Ecuador, India, Mexico, Peru, South Africa, Syrian Arab Republic, Turkey and the United States
of America) from FAOSTAT (2016) for three ‘control’ annual cereals (maize, rice and wheat;
the yields of none of which are influenced by animal pollination) and a range of 19 perennial
fruit crops (almond, apple, apricot, avocado, blueberry, cashew apple, cherry, chestnut, cocoa,
coconut, coffee, cranberry, grape, oil palm, olive, orange, papaya, pear and raspberry; these can be
considered as proxies for perennial new and orphan crops or are orphan crops themselves) with
varying levels of animal pollinator dependency (from none to essential, according to Klein et al.,
2007). On average, each country had data for 12.6 crops. Data were extracted for the years 1961
to 2013. Annex provides further information on the data extraction method.

Consecutive year-on-year differences in yield as a fraction of the yield in the earlier year were
then calculated and a log10 transformation of values used as an estimator of yield instability across
seasons. The crops with the single largest deviations in year-on-year yield over the time period
were then determined. Analysis revealed that the yield instability of perennial fruits and annual
crops was country specific. One of the perennial fruits, olive, showed very high instability across a
number of countries (it was the most unstable crop for four nations), but interestingly olive has no
dependence on animal pollinators for production, illustrating the role of other biotic and abiotic
variables in determining the yields of perennials. For four countries, wheat was one of the top
three most unstable species, and in one case maize was, indicating that although perennial fruits
can show unstable yields, so can annual staples.

Further analysis of two chosen nations (Australia and Peru) revealed that the directions of
year-on-year changes in yield can be statistically significantly negatively correlated between
particular pairs of crops (Figure 2).

use efficiency and productivity, and to support the diversification of aquaculture systems
that currently rely on only one or a few fish species (Benzie et al., 2012; Olesen et al., 2015).

An argument against the use of some new and orphan crops is that they may not have
as stable production characteristics as other crops. Our assessment of the evidence for this
indicated that this may be the case, but that the concern may also be overplayed (Box 2). In
addition, our analysis indicated particular opportunities that may exist for compensatory
production through employing specific crop combinations at a country level, where the
different components respond differently to that season’s environment. These combinations
may have a stabilizing effect on overall food production.
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Figure 2. Pairwise comparisons of yield changes for a selection of crops in Australia and Peru over 52 year-on-
year intervals, 1962/1961 to 2013/2012

For Australia and Peru, representing a high-income and middle-income nation, respectively, data on consecutive
year-on-year yield differences for each crop were regressed against all other crops over the time series. Colonred
circles in the matrix indicate statistically significant (P < 0.05) positive (red circles, yields for a pair of crops increase
or decrease in the same direction over yearly intervals) or negative (blue circles, yield for one member of a pair of
crops increases and yield for the other decreases over yearly intervals) correlations. A preponderance of significant
positive values indicates that many crops respond similarly to seasonal conditions. However, some crops have
opposite responses, indicating the possibilities for deliberately planning compensatory crop combinations, which vary

by country. See Box 2 for further information.
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IV. Final considerations and recommendations

Sustainable food systems are about much more than sustainable food production. Governance,
ethics, human rights, market mechanisms, the equitability of the distribution of benefits by
gender, wealth, age and location, the nutritional quality of foods, and food processors’ and
consumers’ behavioural patterns, are all important factors that have to be considered and
addressed (Pretty er al., 2010; Foran et al., 2014; Dawson et al., 2018). Taken along with
the complexity and particular contexts of production systems that have been described in
this paper, this means that inter-disciplinary collaborative research is required to gain a
proper understanding of food systems and sectoral and cross-sectoral interactions, carefully
considering the many synergies and trade-offs at different scales, including time scales.

A crucial factor is not only whether new biodiversity-based models that support food
production are productive, but whether they are profitable. Thus, as well as describing
appropriate production system management practices that enhance production and support
the environment, the labour, knowledge, time required to operationalize, and other
costs of new production approaches, must be considered in comparison with current
practices, justified and where possible minimized through simplification (Lithourgidis ez
al., 2011). Models have been developed to assess the synergies and trade-offs between the
environmental, social and economic impacts of (potential) new more biodiverse production
systems, and these require further development and adoption to design and support the
introduction of more appropriate farming practices in relevant locations (Reckling ez al.,
2016a, b). A major difficulty in implementing change with farmers and local communities,
however, is that new biodiversity-based approaches to support food production are often
relatively knowledge-intensive (Jackson et al., 2012). Close collaboration between farmers,
local communities and public and private extension services is therefore required in the
building of capacity to educate producers and bring about positive change (Gabriel et al.,
2009; FAO, 2011; IPES-Food, 2015).

Determining how and when particular (potential) practices will be adopted requires a
better insight into the different perceptions women and men farmers have of the roles of
biodiversity in supporting food availability, and the different options they have for bringing
about change (Cole ez al., 2014). Farmers, especially male farmers, may see the primary role
of production dlver51flcat10n as increasing incomes that can be used to purchase foods or for
other purposes, rather than diversification supporting direct household provisioning. This
influences farmers” attitudes to further diversification (Thorlakson and Neufeldt, 2012).

The steps to be taken to bring new food products to market to support the diversification
of production and consumption options are not trivial. New private—public partnerships in
market development are required, more efficient eco-certification approaches that favour
biodiverse production systems are needed, the culture of (new) food use needs to be addressed,
innovative incorporation of new ingredients into existing processed foods is important, and
investments in infrastructure and information systems are essential (Jamnadass ez al., 2014).
Work in these areas may ultimately be more important for driving adoption than the more
efficient production of a new food (Dawson et al., 2018).

Tosupportthe futurerole of biodiversity in sustainable food production we recommend that
particular attention be given to the longitudinal analysis of livestock and aquaculture sectors
to determine how — and explore why — the diversity of foods consumed from these sectors has
changed over time. This could refer to the analysis already available for crops (Khoury et al.,
2014) and would help inform specific opportunities for intervention to support diversification
of the sectors. The analysis of livestock and crop sectors could then, coupled with the work
already done on crops, be used to explore in more detail the positive and negative interactions in
crop-livestock—aquaculture production. This would help optimize the contributions each
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sector provides to supplying different components of human diets, and would guide the
relative levels of investment that should be targeted to the sectors.

In addition, although meta-analyses and synthetic reviews provide a crucial evidence
base for biodiversity-based food production system interventions, ‘cherry-picking” of the
case studies considered in these syntheses to support particular positions is not uncommon.
We recommend therefore that future syntheses should pay more attention to articulating
potential biases, the measures taken to minimize them and the remaining uncertainties
(Seufert and Ramankutty, 2017). This is a complex issue to address in practice, especially
addressing unconscious biases, but can be supported by multi-institutional teams that bring
different perspectives to the concepts and measurement of sustainability.

Finally, many of the authors of the current study are part of the CGIAR research centre
network. With its ‘boundary work” on natural resource management systems, the CGIAR
is in theory ideally placed to construct and manage the interfaces among the various
stakeholders needed to research and adopt biodiversity-based sustainable food production
practices (Clark er al., 2016). To begm to play a pivotal role, however, the CGIAR with its
partners needs to engage in more innovative integrated research on production and extension
models that integrate crop and animal production, and more widely communicate the
findings of such research.
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Annex

Caveats and qualifications in the analysis of FAOSTAT production data

The open-access online databases of the FAO Statistics Division (FAOSTAT, 2016)
provide useful data on crop production, but there are important caveats in their use and
interpretation. Here, we list important qualifications relevant to our own analyses that are
given in Box 1 and Box 2 and Figure 1 and Figure 2 of the current study.

Reporting of fractional ‘area harvested’ values

An important concern for the current study is accurate assignment of land area for crop
production. Specific information is not available, but it appears likely that individual
countries deal with the assignment of fractional land areas in intercropped lands in
different ways when collecting production data and reporting it to FAO. As a result,
comparisons in yield and area harvested across countries are susceptible to error. Errors
may also occur when over time there is a change in the production approach for a crop
within a country, for example, when there is a move from production in intercrops to
monoculture (e.g. a switch from shade to full sun cocoa or coffee production). An artificial
inflation in monoculture yields could be the result, if fractional areas were not properly
accounted for earlier in the intercropped system.

We were not able to address this concern in our current compilation of production data.
Changing political boundaries

Political developments alter the geographlc boundaries of nations, changing the production
areas reported and confounding across-time comparisons.

To counter this in our analyses, the yield data we used to assess crop production stability
(Box 2) were only from nations with unchanged boundaries and that had complete data
sets over the time series.

Across-crop differences in reporting accuracy

Countries may report production data more accurately for staple crops because these are
more important in overall calorific and/or economic terms and are therefore likely to be
more closely monitored. While the use of more approximate yield values for non-staple
crops is not normally a major concern for studying overall yield trends, it is important
when using FAOSTAT data to make year-on-year yield stability comparisons. The use of
rough estimations only could, for example, artificially reduce observations of

yield instability.

To help counter this in our analyses, the perennial crop yield data used in Box 2 and
Figure 2 were first screened to see when year-on-year yield values were identical in the
time series. A hlgh proportion of equal year-on- year values would suggest that entries
are approximations, so if this was observed on six or more occasions for a country-
crop combination, then that combination was excluded from our compilation. For

a small number of country-crop combinations, data were also excluded if any yield
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figures appeared very highly atypical of the general trend (e.g. if the difference between
consecutive years was of an order of magnitude in otherwise stable yield series). Such
differences may indicate transcription errors in data entry.

Opacity of yield data

A proper interpretation of FAOSTAT yield data requires a deep understanding of the
various factors that could support trends and stability. As an illustration, yield trends do
not necessarily indicate ‘absolute’ productivity changes (measured at the same location
under the same conditions), since, for example, crops may over time be shifted to more
fertile or marginal lands within nations, depending on the wider context of production
(relative economic values, government policies, etc.). Reported data for annual crops is
more likely to be affected in this regard, since perennial crops once established produce
from the same locations for at least a few years. This might tend to increase yield
instability data for annual crops, although in theory it could also reduce instability if an
element of climate forecasting were involved (i.e. if planting took account of predicted
weather conditions for the season ahead).

For perennial crops in particular, seasonal changes in quoted yields may also reflect
harvesting intensity, which may be reduced if the value of the crop that season is lower in
local or global markets (i.e. yield data may not represent actual ‘biological’ production — a
greater or lesser proportion of the crop may have been left on the plant).

We did not attempt to account for these factors in our analyses.
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