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Towards better representation of organic
agriculture in life cycle assessment

Hayo M. G. vander Werf©®'%<, Marie Trydeman Knudsen? and Christel Cederberg®3

The environmental effects of agriculture and food are much discussed, with competing claims concerning the impacts of con-
ventional and organic farming. Life cycle assessment (LCA) is the method most widely used to assess environmental impacts
of agricultural products. Current LCA methodology and studies tend to favour high-input intensive agricultural systems and
misrepresent less intensive agroecological systems such as organic agriculture. LCA assesses agroecological systems inad-
equately for three reasons: (1) a lack of operational indicators for three key environmental issues; (2) a narrow perspective on
functions of agricultural systems; and (3) inconsistent modelling of indirect effects.

and growing'’, leading to a demand for information about

the environmental performance of agricultural systems, food
products and overall food chains from almost all parts of society:
policy makers, farmers, agribusinesses, public procurers, the media
and consumers. From this diverse group of stakeholders, differ-
ent questions arise, such as: ‘is product A better or worse for the
environment than product B? Does converting to this produc-
tion system really decrease environmental impacts? Should this
innovative management technology be encouraged from an envi-
ronmental perspective?’

The method most widely used to answer such questions is life
cycle assessment (LCA), whose use is now well established for
assessing resource depletion issues and environmental and health
impacts caused by production of agricultural products. LCA’s basic
principle® is to follow a product through its life cycle, defining a
boundary between its ‘product system’ (the ‘technosphere’) and
the surrounding environment. Energy and material flows cross-
ing this boundary are related to the system’s inputs (for example,
resources) and outputs (for example, emissions to water and air).
Resource consumption and pollutant emissions are then aggregated
into impact indicators; LCA thus focuses on negative impacts rather
than including positive impacts. The first LCAs were performed
in the 1970s by Coca-Cola when it investigated consequences of
switching from glass bottles to plastic bottles’. In the 1990s, applica-
tion of LCA to agricultural systems began. From 1992 to 2018, the
number of peer-reviewed English-language articles using LCA to
assess agri-food systems increased from 1 to 1,040 per year (Fig. 1).
Today, LCA is the core method in the European Union (EU)’s devel-
opment of a harmonized methodology for calculating environmen-
tal footprints of products (PEF) including several food groups”.

LCAs of agricultural products very often consider only one func-
tion of an agricultural system: provision and processing of biomass
to produce food, fibre or bioenergy®. By representing agricultural
systems in a limited manner, this product-based approach strongly
contrasts with conceptual frameworks that focus on the multifunc-
tionality of agriculture and its provision of a broad range of eco-
system services’ (contributions that ecosystems make to human
well-being). The ecosystem services concept has gained increasing
global recognition in policy making over the last decade, and today
it is a significant research topic with diverse modelling and mapping

f ocietal interest in sustainable agriculture and food is great

approachesat multiple spatial and temporal scales®. Another example
of a wider view of agriculture is the concept of agroecology (Fig. 2),
recognized by United Nations (UN) institutions as a science and
social movement in the transition to sustainable food systems and
a pathway to achieving the UN’s Sustainable Development Goals
(SDGs)’. Organic agriculture includes many agroecological prac-
tices; its umbrella organization, International Federation of Organic
Agriculture Movements (IFOAM) - Organics International, defines
it as a “production system that sustains the health of soils, ecosys-
tems and people” and “relies on ecological processes, biodiversity
and cycles adapted to local conditions”, ultimately basing it on four
principles: health, ecology, fairness and care".

Willett et al.' highlight the urgency of transforming global
food systems to meet the SDGs and the UN’s Paris climate agree-
ment; they propose planetary boundaries for six key Earth sys-
tem processes (climate change, land-system change, freshwater
use, nitrogen and phosphorus cycling, and biodiversity losses) on
which food production and consumption have great impact. There
is growing agreement on the need for changes in agri-food sys-
tems to make progress towards SDGs. Willett et al.' even call for
a ‘Great Food Transformation, which would require appropriate
assessment tools and methods to examine the environmental per-
formance of agriculture.

Here, we identify important deficiencies in LCA methodology
when assessing agriculture based on agroecological principles, with
examples of applying it to organic agriculture. We propose ways to
strengthen the ability of LCA to capture environmental impacts of
contrasting farming systems adequately.

Consequences of limiting agricultural system representation
LCA has a narrow perspective on functions of agriculture, linked to
its product-based approach.

Narrow perspective on functions of agriculture. When analys-
ing an agricultural system, LCA assesses its environmental impacts
by considering both on-site and off-site (associated with inputs)
resource use, pollutant emissions and land use. LCA can capture
resource use and certain impacts (Fig. 3), although biodiversity
losses and toxicity impacts due to pesticide use are rarely included,
as discussed later (in section ‘Neglected environmental issues’).
Impacts are quantified using a set of indicators and reported per
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unit of product (for example, kg of milk or wheat); consequently,
they assess eco-efficiency’’. In contrast, the ecosystem services
framework” models an agricultural system differently, consider-
ing the landscape of the entire farm or farming region including its
semi-natural habitats such as hedges, field margins, water bodies
and forests. Ecosystem services are generally expressed per unit area
(for example, ha of land'?). This framework considers the supply
of a broad range of services (Fig. 3) from the agricultural system:
provisioning (for example, crops, livestock and water), regulating
and maintenance (for example, pest control, pollination and climate
regulation) and cultural (for example, recreation and education),
as well as regulating and maintenance services supplied by other
ecosystems to the agricultural system. However, environmental
impacts associated with inputs used in the agricultural system are
not considered.

The frameworks of LCA and ecosystem services assessment dif-
fer greatly in how they consider land. In LCA, land is an elemen-
tary resource flow modelled in the same way as fossil energy and
ore resources’, while in ecosystem services assessment, it is part of
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Fig. 1| Annual number of peer-reviewed English-language articles
published from 1990-2018 using LCA to assess agricultural and food
systems. n = 5,954,

the agricultural system, as land is the basis for essential ecosystem
functions, many of which are inextricably intertwined with the soil
and its functions. Furthermore, LCA considers only the provision
of biomass (for example, crops and animals) from the agricultural
system. With this narrow focus, LCA faces obvious problems when
assessing multifunctional agricultural systems, such as organic
agriculture, and other food systems developed within the concept
of agroecology. In the scientific literature, there have been many
attempts to set out principles of agroecology, and a UN expert panel
has recently suggested a comprehensive set of 13 agroecological
principles. These are organized around three operational principles
for sustainable food systems: (1) improve resource efficiency (recy-
cling; and input reduction); (2) strengthen resilience (soil health;
animal health and welfare; biodiversity; synergy; and economic
diversification); and (3) secure social equity/responsibility (co-
creation of knowledge; social values and diets; fairness; connec-
tivity; land and natural resource governance; and participation)’.
Current LCA methods assess the two resource efficiency principles
sufficiently but inadequately consider many of the agroecological
principles designed to strengthen the resilience of food systems.
This further illustrates the limited perspective that LCA provides
on food systems.

Product-based approach. There is a large consensus that organic
agriculture has lower environmental impacts per unit of land occu-
pied than conventional agriculture'>'. If a farming region shifts to
organic agriculture, its environmental impacts will decrease (for
example, biodiversity will increase), and pesticide contamination
of soil, water, air and food will largely cease’. Thus, government
policies often favour a shift from conventional to organic agricul-
ture. From an LCA viewpoint, however, organic agriculture is not
an obvious answer to environmental problems of conventional
agriculture, because LCA defines the function of the studied sys-
tem using a ‘functional unit, which should be a precise measure of
what the system delivers. Because LCAs express impacts per unit of
product by default, they typically identify the solutions that reduce
emissions per unit of product as being the best for production sys-
tems. Although organic agriculture generally emits less pollutants
per unit of land occupied than conventional agriculture (an area-
based approach), it may have higher impacts per unit of product
(for example, land occupation, eutrophication and acidification)'*",

Fig. 2 | Agricultural systems and landscapes can be classified along a continuum from high-input intensive to agroecological. a, An example of high-
input intensive agriculture, aiming for high yields of a few crop species, with large fields and no semi-natural habitats. b, An example of agroecological
agriculture, supplying a range of ecosystem services not limited to crop and animal production, relying on biodiversity and crop and animal diversity
instead of external inputs, and integrating plant and animal production, with smaller fields and presence of semi-natural habitats. Current LCA
methodology and studies tend to favour high-input intensive agricultural systems and misrepresent less intensive agroecological systems such as organic

agriculture. Credit: Jacques Baudry (a); Valérie Viaud (b)
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due to its lower yields per unit area. Thus, focusing solely on
impacts per unit of product may well result in decisions in favour
of conventional agriculture that may increase pollutant emissions in
the farming region.

Furthermore, many consumers perceive organic food to be of
higher quality in terms of nutritional quality, pesticide residues
and ethics, such as animal welfare””. Studies confirm the better
nutritional quality of organic products'® and positive effects on
pesticide residues in urine'” and animal welfare'®. By expressing
impacts per unit of product, however, LCA studies comparing
organic and conventional food rarely consider product quality,
ignoring key qualitative aspects that are recognized in the prin-
ciples of organic agriculture.

Neglected environmental issues

Surprisingly, LCA studies of agriculture and food systems rarely
consider important issues such as land degradation, biodiversity
losses, pesticide effects and animal welfare. The last item is not
strictly an environmental issue, but it has recently been proposed
as a fourth pillar of life cycle sustainability assessment'. Although
animal welfare is important, and subject to trade-offs with environ-
mental efficiency, we will not address it here.

Land degradation. Land degradation is a serious and wide-
spread problem, including soil-deteriorating processes such as
erosion, compaction, salinization and soil organic carbon losses.
Unsustainable land management in agriculture is a dominant driver
of land degradation®.

Despite efforts over the last 15 years to improve assessment of
impacts due to land use, soil properties and functions remain little
represented in LCA, as discussed by Vidal Legaz and colleagues
when evaluating models assessing impacts on soil quality”. The
models were evaluated against criteria such as scientific sound-
ness, stakeholder acceptance, reproducibility and model applicabil-
ity in LCA. The authors conclude that none of the models fulfilled
all of the criteria, and that trade-offs were most frequent between
the relevance of the impact processes modelled and the model’s
applicability. Of the models assessed, the Land Use Indicator Value
Calculation in Life Cycle Assessment (LANCA) model was recom-
mended for assessing land-use impact in the EU PEF framework,
but when recently tested, it was found to still have some important
limitations*. One main drawback of LANCA is that it provides land-
use impact indicators at the coarse country scale, while soil proper-
ties have high spatial variability and potential negative impacts are
greatly influenced by local conditions. To favour assessment of soil
quality in LCA, methods need further development to strike a better
balance between consideration of local conditions and applicability.

A meta-analysis of 56 studies comparing a set of soil quality
indicators measured in conventional and organic systems shows
that organic farming methods have a strong positive effect on total
microbial abundance and activity in agricultural soils”. According
to its definition, organic agriculture must sustain and enhance soil
fertility, which is considered an important output of the farming
system. In most agri-food LCA studies, information about human
pressure on land is expressed using the simple indicator ‘area of
land use per functional unit and year’ Thus, soil quality effects of
land-management practices central to organic agriculture—such as
diversifying crop rotations and using intercrops and catch crops—
are largely ignored. Consequently, current LCA studies rarely cap-
ture positive characteristics of these practices that are core elements
of organic agriculture.

The extent to which LCA tends to ignore impacts on soil qual-
ity can be illustrated by the fact that PestLCI*, the state-of-the-art
simulation model used in LCA studies to estimate pesticide emis-
sions from an agricultural field to air, surface water and ground
water, considers soil to be part of the technosphere. Thus, in this
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Fig. 3 | LCA and ecosystem services conceptual frameworks. The
central panel represents an agricultural system, that is, a farm or
farming region, including semi-natural habitats. LCA (shown in blue)
assesses environmental impacts of the system by considering both
on-site and off-site (associated with inputs) resource use, pollutant
emissions and land use. Resource use, ecosystem and human health
impacts are quantified using a set of indicators expressed per unit of
product (for example, kg of milk produced). Ecosystem services (shown
in green) assess provisioning, regulating and maintenance, and cultural
ecosystem services provided by the structure and functions of the
system. Other ecosystems supply the system with additional regulating
and maintenance ecosystem services. Ecosystem services are quantified
using a set of indicators expressed per unit area, for example, ha of
land occupied. LCA and ecosystem services have common ground,

for example, emissions and sequestration of GHGs are considered in
the climate change impact (LCA) and in the climate regulating service
(ecosystem services). This comparison also reveals ‘blind spots”: LCA
does not consider ecosystem services other than provisioning, whereas
ecosystem services do not consider resource use and effects of inputs
used in the system.

reductive viewpoint, the soil is equivalent to other technosphere
elements such as factories, electrical power stations and livestock
buildings. Lumping soil into the technosphere precludes assessing
the toxicity of pesticide residues on soil life in LCAs, which is an
obvious deficiency, as the presence of pesticide residues in conven-
tional agricultural soils is the rule rather than the exception™.

Biodiversity losses. Despite repeated warnings about the rapid loss
of biodiversity and mounting evidence of biodiversity’s key role in
food security and nutrition, the ecosystems, species and within-
species genetic resources of agricultural systems worldwide are
becoming ever less diverse®. Since agriculture occupies more than
one-third of global land area, biodiversity losses on agricultural
land are crucial. Even though intensive agriculture is a main driver
of certain trends in biodiversity (for example, insect decline®”), LCA
studies of agricultural systems tend to ignore biodiversity impacts.
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Recent reviews of LCA studies of livestock systems® (n = 173) and
edible oils*® (n = 34) reveal that less than 5% of the studies con-
sidered biodiversity impacts. Even more striking, only 12% of LCA
studies comparing conventional and organic agriculture considered
biodiversity impacts'*.

Meta-analysis of many field observations has shown that organic
agriculture supports biodiversity levels, measured as species rich-
ness, that are approximately 30% higher than those of conventional
agriculture, a result that has remained robust over the last 30 years™.
Even future LCA studies are unlikely to capture such large differ-
ences due to agricultural practices, as the method selected by the
LCA community’ to assess impacts on biodiversity (potential
species loss from land use) is recommended only for identifying
hotspots within product systems, not for comparing products or
production systems. This model thus cannot be used to distinguish
conventional and organic agriculture. The latest version of this
model distinguishes three levels of land-use intensity*. A few studies
(for example, that of Knudsen et al.**) provide metrics to differenti-
ate impacts of organic and conventional agriculture on biodiversity;
however, an LCA-compatible method that can consider, in detail,
impacts of the variety of agricultural practices on biodiversity in
both conventional and organic agriculture is still lacking.

Pesticide effects. Worldwide, pesticide use increased from 1.5 to
2.6 kg active ingredient per ha of cropland from 1990 to 2015*.
Pesticides are now recognized as a major driver of biodiver-
sity loss”®* in terrestrial and aquatic ecosystems, and can impact
human health (for example, cancer and neurological disease)®.
They have caused deaths from acute poisoning®, especially in
developing countries, and high pesticide exposure of rural popula-
tions in intensive farming regions has been observed in Argentina®.
In many EU countries, reducing and improving pesticide use to
improve water quality are important policy actions, but reports of
contamination of surface and ground water by agrochemicals are
numerous®**. Despite the negative impacts that pesticides can have
on humans and ecosystems, agri-food LCA studies rarely consider
them. For instance, ecotoxicity was considered in only 14% of 173
LCA studies of livestock systems®, and toxicity-related impacts
were considered in only 26% of 34 studies comparing organic and
conventional agriculture'.

Organic agriculture’s prohibition of synthetic pesticides in order
to sustain soil, ecosystem and human health can be considered an
application of the precautionary principle. Attempts by LCA meth-
odology to assess potential environmental and health impacts of
pesticide use are laudable, but experience suggests that it may take
20-30 years to discover toxicological hazards of new pesticides that
had seemed relatively harmless at first. For instance, when intro-
duced in the 1970s, glyphosate-based herbicides were considered
not to persist in the environment and to pose low risk to non-target
species. Currently, however, glyphosate has been found to be widely
present in the environment, probably carcinogenic to humans and a
suspected endocrine disruptor”. Similarly, when introduced in the
1980s, neonicotinoid insecticides were considered to have less envi-
ronmental impact than the insecticides they replaced, due to the
low doses used and their targeted applications, such as in seed coat-
ings. It has recently emerged, however, that neonicotinoids accumu-
late in soils and have significant sub-lethal impacts on pollinators*'.
Furthermore, as time passes, previously unknown hazards associ-
ated with pesticides are discovered, such as endocrine disruption’
or impacts on child neurodevelopment®”. Consequently, as fuller
understanding of environmental and health impacts of pesticides
may take several decades, these impacts tend to be underestimated.
Furthermore, assessing toxicity effects in LCAs is also limited by
the lack of toxicity data for some synthetic pesticides used in con-
ventional agriculture and for some of the biological/natural and
inorganic pesticides used in organic agriculture*. Thus, LCA-based

comparisons of toxicity effects of conventional and organic agricul-
ture remain highly uncertain.

Tukker" describes the underlying evaluative philosophy of LCA
as a risk assessment frame, based on the belief that knowledge about
emissions and effects of substances on humans and ecosystems is
adequate, that emission control will work and that nature is resil-
ient. He contrasts the risk assessment frame to a precautionary
frame, which reflects low trust in the adequacy of knowledge and
in measures to control emissions, and the belief that nature is frag-
ile. Tukker proposes an LCA approach based on the precautionary
frame, involving indicators of the potential degree of ignorance, and
the level of irreversibility of contamination and effects. These indi-
cators would be used to give a bonus or penalty score to the emission
and fate and/or effect elements that are used to calculate impacts in
the traditional way. This approach may allow for implementation
of the precautionary principle when assessing pesticide impacts, as
knowledge about pesticide emissions and fate is far from complete.

Including indirect effects of shifting to agroecological
systems

Attributional LCA provides information about impacts of the pro-
cesses that are directly associated with a products life cycle. In
contrast, consequential LCA (CLCA) considers consequences of
changes in the level of output of a product, including indirect effects
outside the product life cycle*. CLCA commonly relies on economic
models to capture relationships between demand for inputs, price
elasticities, supply and so on*’, but it may also use simpler biophysi-
cal models”. Indirect land-use change (ILUC) is the indirect effect
considered most often in agri-food CLCAs to date, especially when
studying crop-based biofuels*. Estimates of greenhouse gas (GHG)
emissions due to ILUC vary widely, reflecting the high uncertainty
of these models”’. There is still no consensus on whether, or how, to
include ILUC effects in LCA*>*°,

Analogous to the inclusion of ILUC GHG emissions in LCAs and
carbon footprint studies of biofuels, a recent LCA study assigned
additional GHG emissions to organic food production, referring to
consequences of organic agriculture’s need for more land to make
up for lower yields*'. Similarly, Searchinger et al.”* defined a ‘carbon
opportunity cost’ as the amount of carbon that would be seques-
tered if the additional land used for organic agriculture were instead
subject to natural revegetation. The justification for assigning addi-
tional GHG emissions to organic food resembles the reasoning in
favour of ‘land sparing’: by adopting high-yield farming systems, we
spare land for nature®. Obviously, if a farmer adopts practices that
increase yields, less land will be needed to produce a given amount
of agricultural goods. However, the land-use dynamics associated
with shifts between higher- and lower-yielding systems are less
clear. Yield gains due to intensification may well increase profit
in that area, thereby encouraging expansion. Therefore, land-use
intensification may coincide with expansion of agricultural land™.
Furthermore, it is far from certain that deforestation will slow
down due to higher yields or that farmers will leave their land to
revegetate naturally in areas where agriculture is economically chal-
lenging. Instead, they may, for instance, maintain extensive pasture
operations in anticipation of more favourable economic conditions.

The understanding of cause-effect mechanisms of land-use
transitions needs to be improved. Some empirical knowledge exists
about how agricultural land-use patterns are affected by intensi-
fication or the introduction of biofuel crops. However, there is a
lack of knowledge about land-use consequences of agroecological
food-system transitions, which involve changes in both produc-
tion modes and consumption patterns. Consequently, cause—effect
mechanisms for these transitions are even more uncertain and dif-
ficult to model. Further, economic models used in many CLCAs
are calibrated using historical experiences and are ill suited for
exploring situations in which public policies shape development
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towards compatibility with the Paris climate agreement and SDGs,
which require drastic deviation from long-term trends, possibly
through disruptive innovations that make established production
practices obsolete.

Furthermore, a scientifically robust assessment of indirect effects
cannot be limited to the (arbitrarily chosen) issue of land-use
change”, as other indirect effects are also likely to occur in the food
system. A deficiency in models used in CLCA lies in their roots
in neoclassical economics, which assumes that individuals have
rational expectations and maximize utility*, and excludes drivers
of societal change such as ethical considerations. Taking meat as
an example, it is difficult, if not impossible, to foresee the overall
consequences in the food system of a shift in consumer demand
towards more organic meat at the expense of conventional meat.
Animal welfare is a major ethical attribute of organic food that
influences the purchase decisions of European consumers”. Such
considerations may mean that consumers of organic food will pur-
chase fewer animal-based food products but with higher (ethical)
standards. Hardly any studies of such consumer behaviour exist; the
few found (for example, that of Baudry et al.”*) show that consumers
of organic food tend to eat less animal-based food and more plant-
based food. Also, price effects must be included: if consumers buy
organic products, which are more expensive than their non-organic
equivalents, they will have less money to buy other polluting prod-
ucts or services. Such rebound effects are difficult and uncertain to
quantify and have been included in very few food LCA studies™.

To summarize, approaches that assign additional GHG emis-
sions to organic food products, due to lower yields than those of
conventional food products, can be considered a way to integrate
an environmental concern into LCA, in line with the precaution-
ary principle. However, translating yield differences at any location
into a corresponding area of natural land spared from conversion
(or agricultural land available for revegetation) implies an oversim-
plification that does not capture the complexity of geographically
diverse agroecological food systems. Singling out only one indirect
effect when comparing farming systems and food products is a poor
strategy when searching for the changes required to make progress
on several SDGs. Furthermore, these approaches favour high-yield-
ing intensive systems, which generally have high impacts per ha for
a range of environmental concerns, thus strengthening the already
narrow focus of LCA on provision of crop and animal products.

Possible ways forward

Meeting the SDGs requires urgent transformation of global agri-
cultural and food systems towards agroecology. Doing so requires
appropriate assessment tools and methods to examine the environ-
mental performance of agricultural systems. By misrepresenting
agroecological systems such as organic agriculture, current LCA
studies tend to favour intensive agricultural systems that produce
high yields but provide fewer ecosystem services overall than less
intensive systems®. LCA assesses agroecological systems inad-
equately for three reasons: (1) a lack of operational indicators for
three key environmental issues; (2) a narrow perspective on func-
tions of agricultural systems; and (3) inconsistent modelling of indi-
rect effects. Thus, we propose recommendations and priorities for
three key areas of research on environmental assessment of agri-
cultural systems. Recommendations for LCA practitioners assessing
agricultural systems are summarized in Box 1.

1. Additional indicators. Land degradation represents one of the
most urgent challenges for humanity?. In the planetary boundary
framework, recently used to identify healthy diets and sustainable
food production for the twenty-first century’, soil quality impacts
are not considered. We call for a boundary for land degradation
to be added to this framework. The current modelling approach
in LCA, in which soils are considered mainly as part of the
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technosphere, thus making them equivalent to replaceable capi-
tal stocks, is inadequate. The degree to which erosion, compac-
tion, salinization and loss of organic matter degrade soils, and the
influence of agricultural practices on these disturbances, is crucial
information that urgently needs to be included in LCAs and other
frameworks for analysing agri-food systems. Methodological devel-
opments in this field should be a top research priority to improve
consideration of soil quality in environmental assessments™.

The alarming decline in biodiversity is a major environmental
challenge for food production, as changes in land and sea use are
its most important drivers®. The limited degree to which agri-food
LCA studies have addressed biodiversity impacts to date is prob-
lematic, and an LCA-compatible biodiversity indicator framework
that can differentiate farm management practices at a fine scale is
lacking. Consequently, systems appear more favourable in envi-
ronmental assessments as their land use decreases, even though
they may intensively use agrochemicals detrimental to biodiversity
dimensions such as insect diversity”’. Ignoring important inten-
sive practices (for example, widespread pesticide use and low crop
diversity) when assessing biodiversity impacts is not consistent
with recent research identifying drivers of species decline’”*” and
can lead to the conclusion that land sparing is the best solution for
halting biodiversity losses associated with agriculture. For instance,
Willett et al.' proposed a boundary for cropland use in future food
systems without adequately discussing land-use intensity. There is a
critical need for datasets and indicators to explicitly assess impacts
of farm management practices on biodiversity in environmental
assessments of food and other agricultural products®.

Comprehensive assessment of the negative effects of pesticides
on ecosystems and humans requires detailed data on amounts
and characteristics of active ingredients used, application meth-
ods, crop types and development stages, soil properties and cli-
mate conditions. Many of these data are insufficiently available in
developed countries and often lacking in many developing coun-
tries. Likewise, the dearth of information on risks to farm workers’
health due to working with pesticides is troublesome. While new
pesticides often—but not always—tend to have lower impacts than
existing pesticides, their full range of impacts requires decades to
emerge, illustrating that knowledge about pesticide emissions, fate
and effects is incomplete. Development of an approach based on
the precautionary frame seems an appropriate way forward. Agri-
food LCA studies are not alone in largely disregarding pesticide
impacts; for instance, Willett et al." omitted them when choosing
environmental indicators for guiding transformation of food sys-
tems. Given the many negative effects pesticides have on humans
and nature, this omission is worrying, and reveals the need for mas-
sive and broad research to improve assessment of the environmental
and health impacts of pesticides.

Land degradation, biodiversity impacts and negative effects of
pesticides are serious problems associated with agricultural pro-
duction. LCA studies have rarely considered these detrimental pro-
cesses to date, and LCA still lacks fully comprehensive indicators to
quantify them when assessing the environmental impacts of food
systems. Consequently, decision makers are currently provided
with unbalanced information, as trade-offs among different envi-
ronmental aspects are not sufficiently emphasized, leading to the
obvious risk that environmental assessments of food systems will
fail to detect synergies in land management options.

2. The broader perspective. Because LCA was originally developed
to assess environmental impacts of industrial products, it focuses
on reduced impacts per unit of product. When applied to agricul-
ture, this approach tends to favour more intensive systems, which
have higher yields but also higher impacts per unit area. Thus, LCA
studies of agriculture and food implicitly advocate the land-sparing
theory. This strong product-based approach, however, fits poorly


http://www.nature.com/natsustain

NATURE SUSTAINABILITY

PERSPECTIVE

Box 1| Recommendations for LCA practitioners assessing
agricultural systems

o Assess land degradation, biodiversity and pesticide effects,
and do so using the best methods available.

o Use both product-based and area-based functional units.

o Supplement LCA with other frameworks, such as that for
ecosystem services, for more comprehensive analysis of
functions of agricultural systems.

o Consider farm practices and local soil, climate and ecosys-
tem characteristics in detail.

o When studying indirect effects of the transition to agro-
ecological systems, do not consider only indirect land-use
change.

o Ifindirect effects are included, results should be interpreted
very carefully because of the high uncertainty.

when assessing impacts on important ecosystem services that must
be managed at the landscape scale. For instance, mosaic landscapes
with small fields and high crop diversity favour biodiversity and
key ecosystem services (for example, crop pollination and biologi-
cal pest control) while maintaining agricultural productivity®, but
current LCA practice does not capture the positive effects of these
landscape configurations.

Furthermore, adequate assessment of agroecological systems,
which are much more reliant on local resources and adapted to the
local context than intensive high-external-input systems, requires a
fine-grained approach to LCA that considers local soil, climate and
ecosystem characteristics, as well as detailed representation of farm
management practices. These variables should be integrated in mod-
els used to create LCA data. Current efforts to regionalize these data
are a step in the right direction, but they need to be advanced to be able
to assess agroecological systems at the necessary local spatial scale.

Measuring and valuing provision of ecosystem services for a
range of spatial scales is a key area of innovation required to assess
sustainability of food systems’. As current LCA methodology is not
adequate to assess multifunctional agricultural systems with their
surrounding landscapes, we propose to integrate it with other envi-
ronmental assessment frameworks, such as that for ecosystem ser-
vices. One example of such integration is the framework recently
developed by Alejandre et al.®* for optimal coverage of ecosystem
services in LCA. The authors first propose a set of 15 categories
of ecosystem services derived from the Common International
Classification of Ecosystem Services (CICES) classification method
that provide optimal coverage. They then identify which of these
categories are assessed in the widely used ReCiPe2016 LCA method.
They finally prioritize missing categories, resulting in a ranking of
ecosystem service categories to be included in LCA, to help guide
the research community.

Overall performance of agricultural systems is complex to mea-
sure and model. Because most ecosystem services associated with
agricultural production depend on the context (mostly at the farm
and/or landscape scale), it is critical to assess them at a fine spatial
resolution. For this, we call for dedicated research efforts.

3. Indirect effects. Analysing and comparing contrasting farm-
ing systems (for example, conventional versus organic agriculture)
requires complex information about factors such as changes in
food consumption patterns, practices that may increase yields, use
of crop residues and waste, and how much marginal land is used.
Modelling consequences of conversion to less intensive agricultural
systems requires a comprehensive food-system perspective rather
than addressing only yield levels and potential ILUC GHG emis-
sions. Meaningful quantification of ILUC and other indirect effects

requires that we improve our knowledge about how drivers of soci-
etal change, and policy instruments, may affect consequences of
shifting from conventional to organic food. More systems-based
research is needed on factors governing land-use change, dietary
transitions (conventional to organic, as well as shifts towards more
plant-based diets) and reduced food waste to spare land and reduce
pressures on resource use and ecosystems®'. Science and policy
efforts should concentrate on real-world solutions, such as increas-
ing yields of agroecological systems and halting deforestation
through improved land and forest governance®®, rather than on
quantifying ILUC factors.

Conclusions

Food production is one of the largest drivers of global environ-
mental change and thus a major cause of exceeding planetary
boundaries. Transformative redesign of agri-food systems based on
agroecological principles is urgently needed, but it requires appro-
priate assessment tools and methods to examine the environmental
performance of these systems. Currently, LCA misrepresents agro-
ecological systems such as organic agriculture, partly because its
product-based approach focuses by default on the output of provi-
sioning services from agricultural systems, and partly because key
aspects of sustainable agriculture (better soil health, lower biodiver-
sity impacts and lower pesticide-use impacts) are largely ignored.
Consequently, LCA studies tend to favour intensive high-input agri-
cultural systems that produce higher yields but provide fewer eco-
system services overall than less intensive systems. Environmental
assessment of agricultural systems must adopt a broader perspec-
tive, consider negative impacts of pesticides and consider effects of
agricultural practices on soil health and biodiversity. In addition,
more research is needed to allow for meaningful modelling of ILUC
and other indirect effects.
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