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Abstract Paradoxically, the number of crop–livestock farms
is declining across Europe, despite the fact that crop-livestock
farms are theoretically optimal to improve the sustainability of
agriculture. To solve this issue, crop–livestock integration
may be organized beyond the farm level. For instance, local
groups of farmers can negotiate land-use allocation patterns
and exchange materials such as manure, grain, and straw.
Development of such a collective agricultural system raises
questions, rarely documented in the literature, about how to
integrate crops and livestock among farms, and the conse-
quences, impacts, and conditions of integrating them. Here,
we review the different forms of crop–livestock integration
beyond the farm level, their potential benefits, and the features
of decision support systems (DSS) needed for the integration
process. We identify three forms of crop–livestock integration
beyond the farm level: local coexistence, complementarity,
and synergy, each with increasingly stronger temporal, spatial,
and organizational coordination among farms. We claim that
the forms of integration implemented define the nature, area,
and spatial configuration of crops, grasslands, and animals in
farms and landscapes. In turn, these configurations influence
the provision of ecosystem services. For instance, we show
that the synergy form of integration promotes soil fertility,

erosion control, and field-level biological regulation services
through organizational coordination among farmers and spa-
tiotemporal integration between crops, grasslands, and ani-
mals. We found that social benefits of the synergy form of
integration include collective empowerment of farmers. We
claim that design of the complementarity and synergy forms
of crop–livestock integration can best be supported by collec-
tive participatory workshops involving farmers, agricultural
consultants, and researchers. In these workshops, spatialized
simulation modeling of crop–livestock integration among
farms is the basis for achieving the upscaling process involved
in integrating beyond the farm level. Facilitators of these
workshops have to pay attention to the consequences on gov-
ernance and equity issues within farmers groups.

Keywords Mixed farm . Agroecology . Ecological
intensification . Farming system design . Scaling . Farm
model . Decision support system . Collaborative farming .
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1 Introduction

1.1 Integrated crop–livestock farms to improve
the sustainability of agriculture

Agriculture of the Northern hemisphere has long been driven
by trends of specialization and intensification imposed by reg-
ulation, political, and economic constraints (Lemaire et al.
2014; Peyraud et al. 2014; Russelle et al. 2007; Sulc and
Tracy 2007; Wilkins 2008). In specialized and intensive agri-
cultural systems, management practices are standardized, and
based on the use of technology such as synthetic inputs (e.g.,
pesticides and mineral fertilizers) and high-performance ma-
chinery. The available technology is mainly expected (i) to

handle biophysical limits for agricultural production; (ii) to
reduce the vulnerability of agricultural systems to external
perturbations by artificializing agroecosystems, e.g., irrigation
to supplement rainfall; and (iii) to reduce the workload of
farmers. Today, environmental and social impacts (water pol-
lution, food pollution, etc.) related to specialized and intensive
agricultural systems (Horrigan et al. 2002) are no longer ac-
cepted by some members of society. As a response to these
issues, several authors suggest developing more integrated
forms of agriculture to restore the sustainability of agricultural
systems (Bell and Moore 2012; Hendrickson et al. 2008;
Russelle et al. 2007).

Diversified and (horizontally) integrated agricultural sys-
tems promote ecological interactions over space and time be-
tween system components (e.g., crops, grasslands, and ani-
mals) and create opportunities for synergistic resource trans-
fers between them (Hendrickson et al. 2008; Kremen et al.
2012). They offer opportunities to substitute technologies
(e.g., synthetic inputs) and high-performance machinery used
in specialized and intensive agricultural systems with ecosys-
tem services, such as soil fertility or biological regulation of
pests and diseases (Duru et al. 2015; Horlings and Marsden
2011; Power 2010). In an agricultural context, ecosystem ser-
vices are the products of interactions between farmland biodi-
versity (i.e., planned biodiversity—crops, animals, hedge-
rows, etc.—and associated biodiversity—soil flora and fauna,
herbivores, etc. colonizing the farm; Altieri 1999) and adapted
management practices that are integrated over different tem-
poral and spatial scales (Altieri 1999; Kremen et al. 2012).
While soil fertility can be managed at the field level through
appropriate crop rotations, intercropping, and tillage practices,
biological regulation of pests can be also managed at the land-
scape level due to the key role of crop spatial distribution, field
margins, and hedges (Garbach et al. 2014; Gaba et al. 2014;
Landis et al. 2000; Power 2010; Rusch et al. 2010).

1.2 The decline in crop–livestock integration at the farm
level: a lock-in effect?

Crop–livestock systems (Fig. 1) are suggested as a theoretical
ideal for implementing the principles of diversified and
(horizontally) integrated agriculture (Hendrickson et al.
2008; Herrero et al. 2010; Lemaire et al. 2014; Ryschawy
et al. 2014). Yet they have already declined in number in
countries of the Northern hemisphere, and the trend towards
specialization continues (Russelle et al. 2007; Peyraud et al.
2014; Veysset et al. 2014). To analyze this decline, two dy-
namics of specialization (i.e., a method of production involv-
ing few or only one cropping or livestock system; Bos and van
de Ven 1999) must be assessed: specialization of crop produc-
tion and of animal production implying abandonment of ani-
mal production and cash crop production, respectively (Billen
et al. 2010). Specialization of crop production is increasing,
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especially in areas dominated by large farm units (Peyraud
et al. 2014). Integrated crop–livestock farmers abandon ani-
mal production for several reasons: (i) costs of energy and
mineral fertilizer for specialized cereal cropping increase more
slowly than costs of labor required for animal production
(Peyraud et al. 2014); (ii) workload simplification and control
(especially by eliminating milking and calving) (Bell and
Moore 2012; Bell et al. 2014; Doole et al. 2009; Sulc and
Tracy 2007); (iii) changing regulations, such as norms on
livestock buildings, make upgrading farms prohibitively ex-
pensive (Peyraud et al. 2014); and (iv) disappearance of sup-
ply chains that process and sell animal products (e.g., concen-
tration of milk industries in specialized regions, disappearance
of small slaughterhouses) (Moraine et al. 2014).

Specialization of animal production occurs in areas domi-
nated by small farm units where animal production was al-
ready the main agricultural activity and is expected to expand
in Europe with the abolition of milk quotas in 2015 (Peyraud
et al. 2014). The process of economic concentration favors
livestock farms, industries, and commodities within regions
with high livestock density such as Brittany, France
(Peyraud et al. 2014). Except for sheep and suckler cattle
systems, this phenomenon builds on a trend of intensification
of animal production based on highly productive breeds, con-
finement systems, and off-farm feed purchase (often complete
feed, guaranteeing high animal performance). Recent progress
in communication technology strengthens this trend towards
specialization, since it addresses workload problems by en-
abling long-distance monitoring of livestock buildings and
intervention: automatic feeding and control of individual

animal performance. These changes simplify farmers’ work
(De Koning and Rodenburg 2004; Schewe and Stuart 2014).

These drivers of specialization are highly consistent with
the socio-economic context of production, and will be partic-
ularly difficult to unlock without significant changes in the
dominant socio-technical regime (Geels 2004; Horlings and
Marsden 2011). Beyond the investments required to revert to
diversified and integrated crop–livestock systems (purchasing
specific machinery, fencing plots to hold animals, building or
renovating animal buildings, etc.), which are often impossible
for individual farmers, the skills and knowledge required to
manage crop–livestock systems have often been lost after
specialization.

1.3 Aims and scope of this review

While advantages of crop–livestock integration at the farm
level have been widely studied, several authors (Bos and
van de Ven 1999; Lemaire et al. 2014; Moraine et al. 2014,
2016a; Peyraud et al. 2014; Russelle et al. 2007; Wilkins
2008) suggest that crop–livestock integration can be structur-
ally organized beyond the farm level through local groups of
farmers negotiating land-use allocation patterns and exchang-
ing materials (manure, straw, etc.). For instance, in regions
with high animal density, manure exchange among farms is
a common example of crop–livestock integration avoiding or
at least decreasing environmental impacts of livestock farms,
such as nutrient runoff (by avoiding or at least decreasing
excess manure applications), and promoting ecosystem ser-
vices such as maintenance of soil structure and fertility on

Fig. 1 Diversified and integrated
crop–livestock systems in
Gascony, southwestern France,
that incorporate crop fields,
grasslands, grazing animals,
hedgerows, and woodlots. The
ecological and patrimonial value
of such systems is threatened by
agricultural specialization and
intensification, resulting in
abandonment of less productive
areas and homogenization and
simplification of land use in
productive fields. (Credit: J.P.
Sarthou, J. Ryschawy)
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crop farms (Asai et al. 2014b). However, crop–livestock inte-
gration beyond the farm level remains seldom studied (Asai
et al. 2014a, b; Moraine et al. 2016b; Russelle et al. 2007) and
the scarce examples build on normative methods (Bos and van
de Ven 1999). Thus, at the moment, research on crop–live-
stock integration beyond the farm level mainly deals with
environmental aspects but neglects management and organi-
zational aspects that might explain implementation problems
(Moraine et al. 2014, 2016a; Noe and Hugo 2015).
Development of such a collective agricultural system raises
questions, rarely documented in the literature, about how to
integrate crops and livestock beyond the farm level, and the
consequences, impacts, and conditions of integrating them.
Given this lack of knowledge on crop–livestock integration
beyond the farm level, dedicated decision support systems
(DSS) have never been developed. Available DSS dealing
with crop–livestock integration (e.g., farm models like
Martin et al. 2011; Le Gal et al. 2013) are focused on the farm
level and consequently do not take into account organizational
aspects among farms. Thus, these DSS are not relevant to
support development of crop–livestock integration beyond
the farm level based on organizational coordination among
farms.

In this context, the aims of this review are:

(i) to clarify the different forms of crop–livestock integration
beyond the farm level and the benefits and limits related
to these different forms

(ii) to identify the required features and related research is-
sues of DSS for developing crop–livestock integration
beyond the farm level based on organizational coordina-
tion among farms

2 Benefits and limits to crop–livestock integration
beyond the farm level

2.1 Crop–livestock integration beyond the farm level:
how?

According to several authors (Bonaudo et al. 2013; Lemaire
et al. 2014; Moraine et al. 2014), crop–livestock integration
pursues three aims: reducing the openness of nutrient cycles,
following the rationale of industrial ecology, organizing land
use and farming practices to promote ecosystem services, and
increasing farm resilience to adverse climatic and economic
events. To achieve these aims, two types of integration be-
tween crops, grasslands, and animals can be managed over
space (co-location vs. segregation) and time (synchronization
vs. rotation) (Bell and Moore 2012). Following this categori-
zation, Moraine et al. (2014, 2016a) classify crop–livestock
systems according to temporal and/or spatial integration

between crops, grasslands, and animals and their impacts on
nutrient cycling and ecosystem services. We adapt the four
types distinguished by these authors to characterize crop–live-
stock integration beyond the farm level according to spatial,
temporal, and organizational coordination among farms
(Table 1):
– Type 1, “global coexistence”: exchange of raw materials

(grain, forage, straw, etc.) among farms through na-
tional or global markets. Exchanges are driven by
the global balance between supply and demand for
these materials, which is determined bymarket size,
nature of goods, prices, etc. Geographic dispersion
of farms makes it difficult and costly to exchange
products with low nutrient concentration, such as
slurry. Type 1 is based on spatial and temporal seg-
regation of crop and livestock productions and does
not involve direct coordination among farmers.
Most specia l ized farms in the Northern
Hemisphere are currently organized according to
this rationale (Horlings and Marsden 2011).

– Type 2, “local coexistence”: relocation of raw materials
exchanges among farms through a local economic
organization such as an agricultural cooperative
(e.g., Moraine et al. 2016b). Exchanges are driven
by local demand for these materials, and their de-
velopment may promote introduction of forage and
cover crops in crop rotations in specialized crop
farms to respond to the demand for forage products
(Sulc and Tracy 2007). Grain and forage can be
collected and possibly stored, transported, and sold
to livestock farmers by the local organization. A
similar form of transfer can be implemented to
transfer manure from livestock farms to crop farms.
However, because Type 2 does not involve direct
coordination among farmers, the magnitude of ex-
changes will rely on intermediary activities and this
local market ought to be coordinated by local eco-
nomic organizations which quantitatively and qual-
itatively buffer variability in exchangeable raw ma-
terials over time.

– Type 3, “complementarity”: direct exchange of raw ma-
terials between farms. This form of integration in-
volves strategic planning among crop and livestock
farmers to match supply and demand for feedstuff
through adapted crop rotations including grass-
lands, forage crops, and cover crops that produce
forage. It can also optimize manure allocation based
on comparative advantages of field soils of partici-
pating farms (Asai et al. 2014b; Wagner et al.
2008). Type 3 involves temporal coordination of
one-way flow or exchanges of raw materials be-
tween spatially segregated farms. Accordingly, it
requires direct and frequent coordination between
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farmers for strategic planning to respond to variabil-
ity in quantity and quality of exchangeable
materials.

– Type 4, “synergy”: strong temporal and spatial integration
between crops, grasslands, and animals among
farms. Overall, it involves resource sharing, mainly
land sharing: farmers group their respective land
areas and collectively plan land use of each field
and animal movements. Thus, synergy is also based
on practices such as stubble grazing; sacrificial graz-
ing of grain crops; introducing intercropped forage
crops, temporary grasslands, and forage legumes in
crop rotations; grazing animals from livestock farms
on crop farms (Moraine et al. 2014, 2016a); and
arrangements such as potato–dairy systems
(Russelle et al. 2007). Coordination between
farmers must be strong and long-lasting to manage
rotational manure application and occurrence of
grasslands in crop rotations.

While local coexistence (type 2) presupposes existence of
diversity of farms within a region or neighboring regions
displaying different types of farms, the complementarity and
synergy forms of integration (types 3 and 4) exclusively re-
quire existence of diversity of farms within a region due to the
nature and intensity of spatiotemporal interactions.

The following sections address ecosystem services and
economic and social benefits promoted by crop–livestock in-
tegration beyond the farm level. These services and benefits
are not exclusive to this level of analysis. Few of them also
apply to the farm level but the analysis is restricted to the
beyond-farm level.

2.2 Crop–livestock integration beyond the farm level
to promote ecosystem services

2.2.1 Ecosystem services and agriculture

The ecosystem services framework enables to characterize
trade-offs among different types of services. Indeed, agricul-
tural systems both provide and benefit from ecosystem ser-
vices (Garbach et al. 2014; Zhang et al. 2007). Focusing on
the influence of agricultural activities on ecosystem services,
Le Roux et al. (2008) distinguish three types of ecosystem
services: (i) input services provided to farmers, which support
production and reduce use of synthetic inputs and energy; (ii)
production services (or goods), which provide raw agricultural
materials (plant and animal products) to society; and (iii) non-
market services, which are provided by agricultural ecosys-
tems to society and result from regulation of biogeochemical
cycles at field and landscape levels (Garbach et al. 2014;
Rusch et al. 2010).

Input services may be the key services expected by farmers
implementing crop–livestock integration beyond the farm

level since they benefit their farms (Moraine et al. 2016a).
They correspond mainly to maintenance of soil fertility (in-
cluding soil structure and nutrient cycling), erosion control,
and biological regulation (including pollination) (Garbach
et al. 2014). They depend onmanagement of agricultural areas
but also other areas, such as (semi-)natural habitats (Power
2010; Rusch et al. 2010). It is well recognized that they are
mainly determined by management of planned and associated
biodiversity at different spatial and temporal scales, from field
to landscape and from sub-annual period (e.g., intercrop) to
the duration of a crop rotation, respectively (Gaba et al. 2014;
Garbach et al. 2014; Koohafkan et al. 2011; Power 2010;
Rusch et al. 2010). Non-market ecosystem services, mainly
water quality and flow regulation, carbon (C) sequestration,
climate regulation (regulation of greenhouse gas (GHG) emis-
sions), and production of natural habitats and attractive recre-
ational areas, are also strongly determined by farming prac-
tices (Garbach et al. 2014).

Through land-use modification at the field, farm, and land-
scape levels, agricultural systems influence ecosystem struc-
ture and processes that in turn determine ecosystem services.
Developing ecosystem services through agriculture involves
working across organization levels on the causal chain: man-
agement practices-property (state)-process (intensity)-service
(level) (Carpenter et al. 2011; Robinson et al. 2012). Several
authors have identified that cooperation (like the complemen-
tarity and synergy forms of crop–livestock integration, types 3
and 4) is often necessary to solve problems relating to natural
resources, since the geographic nature and scale of many en-
vironmental issues tend to require management across legal
and administrative boundaries (Bodin and Crona 2009). The
typical example is to achieve ecosystem services that require
spatial consistency and for which the only farm-level manage-
ment is inadequate, requiring cooperation of multiple land-
holders (Cong et al. 2014; Emery and Franks 2012; Stallman
2011). Currently, few agricultural systems manage ecosystem
services at levels larger than fields due to lack of knowledge
about monitoring of underlying ecological processes and to
poor coordination between farmers.

2.2.2 Soil fertility services promoted by crop–livestock
integration beyond the farm level

Ecosystem services are strongly influenced by the nature, size,
and spatial configuration of the crop, grassland, and animal
components of the farms and landscapes in which they are
located. In particular, spatial location, temporal duration, and
intensification level of cover crops (Gaba et al. 2014; Lemaire
et al. 2014), grasslands (Soussana and Lemaire 2014), and
legumes strongly influence soil fertility (Tilman et al. 2002;
Tribouillois et al. 2015). Starting from cropping systems of
specialized cash crop farms, crop–livestock integration be-
yond the farm level promotes introduction of cover crops,
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legumes, and short-duration grasslands. These changes favor
recoupling of C, N, and P cycles.

Compiling the results of 30 studies conducted in 37 study
sites all across the world, Poeplau and Don (2014) found that
cover cropping increased soil carbon content by
0.32 Mg C ha−1 yr−1 most often during 50 years at least. In
their meta-analysis of cover crop effects on N dynamics,
Tonitto et al. (2006) showed that cover cropping increases N
retention via C-N recoupling and in turn strongly reduces
nitrate leaching (from about 40 % in legume cover crop to
70 % in non-legume cover crop, see also Constantin et al.
2012 and Gardner and Drinkwater 2009). Thus, cover crops
recouple C, N, and P cycles (Drinkwater and Snapp 2007).
They also allow reducing runoff and erosion. For instance, in a
study conducted in Mexico, Zhu et al. (1989) showed that
implementation of cover crops reduced runoff by 44 to 53 %
depending on the species cropped.More generally, Schipanski
et al. (2014) simulated that introduction of cover crops in a 3-
year soybean–wheat–corn rotation in a typical Mid-Atlantic
climate (US) increases ecosystem services related to C and N
cycles and to soil erosion without negatively influencing crop
yields.

Legumes in pure stands or in mixtures link C-N-P cycles
through symbiotic N fixation (Drinkwater and Snapp 2007).
Symbiotic N fixation by legumes can range from 100 to
380 kg N ha−1 yr−1 according to the species of legumes and
to soil-climate conditions (Lüscher et al. 2014b). Experiments
in Europe and in the USA have shown that alfalfa–crop rota-
tions provide an equivalent of 100–200 kg of mineral N for
subsequent maize and cereal crops (Baldock et al. 1981;
Ballesta and Lloveras 2010). Intercropping including legumes
favors positive interactions between N2-fixing and non N2-
fixing plants. For instance, in Southwestern France, durum
wheat-winter pea intercrops resulted in land use equivalent
ratios till 19 % higher than that of sole crops (Bedoussac and
Justes 2010). Grass-legume intercropping or mixed grass-
legume swards also reduce nitrate leaching (Lüscher et al.
2014b; Drinkwater et al. 1998). Vertès et al. (1997) found a
reduction by 5–10 % under grass-clover compared to pure
grass swards. Deep roots of some legumes improve soil struc-
ture and soil permeability facilitating water infiltration (Snapp
et al. 2005; Blumenthal and Russelle 1996).

Short-duration grasslands are a third option to recouple C-
N-P cycles. At the field level, a range of 30–50 % of legumes
seems optimal for promoting coupling of C, N, and P cycles
and abovementioned ecosystem services provided by legumes
(Lüscher et al. 2014b; Soussana and Lemaire 2014; Soussana
et al. 2004). Moreover, Poeplau et al. (2015) showed that C
sequestration potential of perennial ryegrass in Sweden and in
the USA was 0.32 Mg C ha−1 yr−1. Kunrath et al. (2015)
reported that nitrate leaching decreased exponentially as the
proportion of grassland increased within crop rotations.
Souchère et al. (2003) have simulated that substitution of

17 % of grasslands with crops in Normandy, France, led to
an increase of runoff volume by 75% and of soil loss by 85%.

The longer the duration of cover crops, legumes, and short-
duration grasslands in a crop rotation, the greater their poten-
tial to increase soil fertility (and decrease N losses). Local
coexistence (type 2) may already promote diversification of
crop rotations with cover crops, grasslands, and forage crops
that include legumes (Tables 1 and 2). With complementarity
(type 3) and synergy (type 4), coordination between crop and
livestock farmers to match supply and demand for animal
feedstuff promotes an increase in cover crops, grasslands,
and legumes in crop rotations (Tables 1 and 2).

Immobilizing C, N, and P in relatively stable and abundant
organic matter forms, i.e., with a significant “mean residence
time,” is the key determinant of the extent and resilience of a
soil’s ability to autonomously provide nutrients adapted to
crop requirements and decrease nutrient losses to the environ-
ment (Drinkwater and Snapp 2007; Soussana and Lemaire
2014). These processes can be strengthened by manure appli-
cation (as suggested for local coexistence, complementarity
and synergy—types 2, 3, and 4) through mechanical spread-
ing or grazing, which increases the size and diversity of soil
microbial populations and the biological fertility of soils
(Diacono and Montemurro 2010).

According to the intensification level, grazing of grass-
lands, cover crops, legumes, and crop residues (as in synergy,
type 4) can improve or degrade soil fertility by coupling or
decoupling C, N, and P (Carvalho et al. 2010; Soussana and
Lemaire 2014). For instance, Ledgard et al. (2009) reported a
doubling of nitrate leaching from 30 to 60 kg N ha−1 yr−1 by
increasing milk yields per hectare from 13,200 to
15,500 kg milk ha−1 yr−1. The threshold above which land-
use intensification is associated with a strong increase in en-
vironmental risks is highly site-dependent (Lemaire et al.
2014; Soussana and Lemaire 2014). Depending on the site,
beneficial effects can be increased or decreased through
reduced- or no tillage in a conservation agricultural approach
(Franzluebbers 2010; Tilman et al. 2002). They also depend
on adaptability of farmers’ management strategies to soil-
climate conditions within and between years (Hendrickson
et al. 2008).

2.2.3 Biological regulation services promoted
by crop–livestock integration beyond the farm level

Functional biodiversity within field (e.g., through
intercropping) and directly around field (e.g., when including
flowering or herbivore repelling or attracting plants) and the
level of ecological intensification of agroecosystems strongly
determine biological regulation of crop pests and diseases, and
pollination of entomophilous crops (Altieri 1999; Bommarco
et al. 2013; Gaba et al. 2014; Letourneau et al. 2011; Tonhasca
and Byrne 1994). The intensity of the mobile-agent-based
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ecosystem services (Kremen et al. 2007) is dependent on both
the heterogeneity of landscapes and the within-field biodiver-
sity and crop management (Fahrig et al. 2011; Lüscher et al.
2014a; Rusch et al. 2010).

At the landscape level, two dimensions of landscape het-
erogeneity influence functional biodiversity: the composition-
al heterogeneity, e.g., the number and proportion of different
land use types and the configurational heterogeneity, e.g., the
spatial arrangement of these land use types (Fahrig et al. 2011;
Lüscher et al. 2014a). Integrating crops and livestock beyond
the farm level allow increasing heterogeneity of both dimen-
sions by including grassland areas in cropping landscapes (as
supported by complementarity and synergy—types 3 and 4;
Table 1) and by conserving semi-natural grasslands in live-
stock systems (compositional heterogeneity) and integrating
these areas (in time and space) within the current simplified
arrangement of crops (configurational heterogeneity). A pos-
itive correlation has been shown between diversity (i.e., rich-
ness and abundance) of semi-natural habitats and natural crop
pest control intensity within crop fields (Chaplin-Kramer et al.
2011). Indeed, a synthesis of 72 independent studies demon-
strated that landscape heterogeneity, through its higher diver-
sity of semi-natural habitats, increases natural crop pest con-
trol intensity and hence significantly decreases pest damage
levels in crops (Véres et al. 2013). Moreover, grazed grass-
lands in a landscape generally increase grass refuges in pas-
tures, which often shelter large aphid colonies and are suitable
reproduction sites for aphid-feeding beneficial insects (unpub-
lished data).

At a finer scale, a diversity of crops, semi-natural habitats,
and grasslands in the direct surroundings of a field (as favored
by complementarity and overall synergy—types 3 and 4) also
promote species richness and abundance of natural enemies of
pests (Sarthou et al. 2014). A meta-analysis of 552 studies
demonstrated that crop diversification from the field to the
farm level is positively correlated with specific diversity of
natural enemies and negatively correlated with crop pest abun-
dance and crop damages (Letourneau et al. 2011). For in-
stance, introduction of alfalfa within crop rotations yields
these services because alfalfa flowers provide aphid parasit-
oids with nectar (Landis et al. 2000) and alternative hosts

(Langer and Hance 2004). Abundance of natural enemies of
pests also proved to be spatially correlated with flower diver-
sity in field-surrounding semi-natural habitats and sown strips
(Tschumi et al. 2015). A similar but temporal correlation has
been found by Rusch et al. (2013): crop rotation diversity at
the landscape level enhances effective biological control of
pests in crop fields. Organic agriculture also favors natural
enemy diversity at the field and/or farm and/or landscape
levels (Crowder et al. 2010; Gosme et al. 2012; Tuck et al.
2014; Puech et al. 2015). All these correlations except the
temporal one (i.e., with crop rotation diversity) have also been
demonstrated for wild pollinators, mainly wild bees and
hoverflies (Kennedy et al. 2013; Andersson et al. 2014.
Alfalfa and overall diversification of arable crop rotations fa-
vor biological control of weeds (Meiss et al. 2010) and are
particularly valuable where herbicide-resistant weeds are
problematic (Doole and Pannell 2008).

Such diversified landscapes, at both large and fine spatio-
temporal scales, favor beneficial arthropods of crops both dur-
ing their active life cycle (Landis et al. 2000) and their
overwintering (Sarthou et al. 2014 and unpublished), since
they offer a higher diversity of vital ecological resources to
these organisms throughout the year. Indeed, almost all bene-
ficial insects move outside fields at different periods of the
year, while half of insect pests can complete their entire life
cycle inside a single field (Häni et al. 1998). Diversified land-
scapes also reduce pest pressure by the means of ecological
processes, such as resource dilution and stimulo-deterrent di-
version (i.e., attraction of pests to catch crops and repulsion
from cash crops), allelopathy effects, and direct and indirect
architectural/physical effects (Ratnadass et al. 2012). These
diversified landscapes are prone to be favored by the develop-
ment of crop–livestock integration beyond the farm level
(Franzluebbers et al. 2011; Table 2) and integration of forage
crops in cereal cropping systems and landscapes (as suggested
for local coexistence, complementarity and synergy—types 2,
3, and 4; Table 1).

There is still little knowledge on the relations between land-
scape composition and configuration and the different require-
ments of natural enemies involved in biological regulations so
that it is difficult to further conclude on biological regulation

Table 2 Summary of contribution of forms of crop–livestock integration to the provision of ecosystem services

Type of ecosystem services Ecosystem service
considered

Type 1: global
coexistence

Type 2: local
coexistence

Type 3:
complementarity

Type 4:
synergy

Soil fertility services Soil fertility 0 + + ++

Carbon sequestration 0 0/+ + ++

Biological regulation
services

Weed control 0 0/+ + ++

Pest and disease control 0 0/+ + ++

Symbols “0,” “+,” and “++” mean no effect, a positive effect and a very positive effect on the considered service, respectively. In type 2, provision of
ecosystem services depends on introducing forage crops and temporary grasslands in crop rotations
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services promoted by crop–livestock integration beyond the
farm level. Still, it seems that landscape-level biological reg-
ulations could be easier to develop with the synergy (type 4)
form of crop–livestock integration and when concerned farm-
lands are spatially continuous and contiguous. Delivering bi-
ological regulation services requires detailed social agree-
ments among farmers to implement the right combination of
biotic and/or abiotic components at the right place across the
landscape and at the right time (Mace et al. 2012). Many pest-
management studies have highlighted that adapted manage-
ment strategies at multiple levels are needed to greatly reduce
pesticide use (Mediene et al. 2011; Rusch et al. 2012; Scherr
and McNeely 2008). In such multi-level management and
ecological processes, potential cascading effects can occur,
leading to virtuous or vicious circles according to the scale
of the process or area considered (Galloway et al. 2008). For
instance, studying the effects of landscape structure on para-
sitism of the rape pollen beetle and related bud damages in
Northern Germany, Thies and Tscharntke (1999) found that
complex landscape with high percentage of semi-natural ele-
ments and high level of connectivity allowed limiting dam-
ages. But if the semi-natural area dropped below a value of
20 %, the level of parasitism was dropping below 32 to 36 %,
i.e., the threshold value below which a success in classical
biological control has never been found.

2.3 Crop–livestock integration beyond the farm level
to promote economic and social benefits

2.3.1 Economic benefits

Crop–livestock systems at the farm level are often considered
providers of key economic benefits. Economies of scope are
often cited as beneficial results obtained through the combi-
nation of complementary productions (Ryschawy et al. 2012).
The same processes apply beyond the farm level. With local
coexistence, complementarity, and synergy (types 2, 3, and 4),
livestock farmers obtain straw and grain without needing to
replace grassland with cereal crops (Havet et al. 2014). It
allows creating new equilibria between land and animals pro-
viding economic opportunities. Moreover, dedicating the re-
leased land to a new category of animals could enlarge the
scope of farm products.

The possibility of reorganizing spatial allocation and there-
fore integration between crops, grasslands (complementarity,
type 3), and animals (synergy, type 4) at the collective level
may develop diversified internalized markets (Dalle and
Didry 1998; Havet et al. 2014; Wilkins 2008) and promote
risk sharing among farmers and adaptive capacity and as a
result resilience of individual farms (Darnhofer et al. 2010;
Table 3). One such example that applies to complementarity
and synergy (types 3 and 4) is the possibility for crop farmers
to leave their crops to livestock farmers for sacrificial crop

grazing; this strategywould address decreases in yield or qual-
ity after a technical problem or meteorological event that
would hinder selling this product on the conventional market.
Bell et al. (2014) reported that sacrificial grazing managed at
the farm level yields economic benefits in 20–40 % of the
years in Australia. The potential economic impacts could ap-
ply to crop farmers involved in complementarity and synergy
(types 3 and 4).

Internalized markets could also reduce the risk of income
variability due to conventional market fluctuations (Peyraud
et al. 2014). For instance, in Southwestern France, a group of
organic crop and livestock farmers involved in a complemen-
tarity type of integration (type 3) has established agreements
upon prices of grain and forage through pluriannual contracts
(Ryschawy et al. 2016a, b). These contracts include moderate
price adjustments in case of significant fluctuations of the
conventional market. Moreover, with complementarity and
synergy (types 3 and 4), internalizedmarkets allow consumers
to easily understand production traceability, which could
strengthen their trust in the quality of agricultural production
and possibly provide additional economic benefits (Pecqueur
2001).

As part of complementarity and synergy (types 3 and 4),
collective organization also offers the opportunity to increase
resource-use efficiency (Table 3) through spatial allocation of
agricultural activities according to relative advantages of
activity-location combinations of farmland (Havet et al.
2014; Lemaire et al. 2014; Wilkins 2008). It would avoid or
decrease cultivation of crops on unsuitable land, which leads
to inefficient resource use. For example, land where crops
cannot reach desired yields may be better devoted to livestock
grazing, whereas highly fertile soils could be sustainably
cropped under long and diversified crop rotation without an-
imals (Bell et al. 2014). Also, producing irrigated forage in
areas with high agronomic potential where water is available
and accessible at low prices (pumping from rivers or shallow
wells) and transferring it to livestock farms in the same local
area that do not have such fields could avoid construction of
expensive water reservoirs. Improved organization of land use
at the collective level should increase overall productivity and
economic returns (Bell et al. 2014; Franzluebbers 2007). As
for environmental benefits, expected economic benefits of in-
tegrated crop–livestock systems depend on adaptability of
farmers’ management strategies to soil-climate conditions
within and between years (Hendrickson et al. 2008) but also
to characteristics of farm structures.

2.3.2 Social benefits

Several social benefits are provided by crop–livestock integra-
tion beyond the farm level through organizational coordina-
tion among farmers. They are mainly promoted by the com-
plementarity (type 3) and synergy (type 4) forms of
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integration. These social benefits mainly concern (i) farm
management and workflow, (ii) social learning and collective
empowerment, and (iii) social acceptance of agricultural
activities.

Long-term analysis of work organization in diversified
crop–livestock farms has shown seasonal complications in
management when animal production and cropping-activity
workloads conflict (Dedieu and Serviere 2012). Collective
organization offered by synergy (type 4) may offer opportu-
nities to resolve or reduce these workload problems (Table 3),
while sharing specific workloads during busy periods. As al-
ready shown by Andersson et al. (2005) in Sweden, possible
solutions include sharing the labor force through shared em-
ployees, task delegation, or shared tasks between farmers
(e.g., for making silage), as well as shared equipment to in-
crease productivity. These authors have shown that coopera-
tion can increase individual and collective economic
efficiency.

Complementary (type 3) and synergistic (type 4) reorgani-
zation of land use at the collective level may make workloads
on each farm more adapted to the available quantity and skills
of the work force (Table 3). Hence, transferring certain forage
or grain production to crop farms may facilitate workload
organization on livestock farms. Importantly, the possibility
of improving farmworkloads will strongly promote individual
acceptance and perception of work constraints, mainly in live-
stock systems. It can offer new opportunities, such as having
weekends off and annual vacations (Ryschawy et al. 2013).

Asai (2013) surveyed 644 intensive livestock farmers in
Denmark who distributed manure to other farms. Two thirds
of them reported that they had established at least one addi-
tional collaborative activity (e.g., co-work on selling/market-
ing) with their manure partner besides the manure arrange-
ment. Sixteen percent of all partnerships can be assimilated
into the synergy (type 4) form of integration, characterized by
strong social relationships, frequent communication among
partners, and long partnerships (over 10 years). In one third
of the partnerships, partners had worked together on other
farm activities prior to the manure partnership, while another
30% of partners used this policy-drivenmanure partnership as

an opportunity to develop other types of collaboration to re-
spond to internal/external conditions. This development of
collaborative partnerships can be seen as a means of social
innovation to strengthen farmers’ ability to adapt to external
changes (Table 3).

In professional groups, exchange of knowledge mainly
promoted by complementarity (type 3) and synergy (type 4)
provide increasing options for individual adaptations and the
ability to collectively respond to problems (Table 3), such as
the management of grassland allocation at the landscape level
to limit runoff and soil erosion (Souchère et al. 2010). Hence,
describing “collective aptitudes” in local agricultural profes-
sional groups, Darré (1999) highlights “decision-making em-
powerment” due to social learning through knowledge and
know-how exchanges and negotiation. This process is called
“capacity building” (Faure and Kleene 2004; Kilpatrick et al.
2006). It is considered a positive “informational externality”
of collective organization (Dalle and Didry 1998). On-farm
changes and their effects on the environment and society
could encourage farmers to modify values that underlie their
professional activities and promote personal development
(Coquil et al. 2013; Goulet and Vinck 2012; Vounouki and
Rémy 2009). It could also increase trust among farmers which
contributes to lubricate cooperation and reduce transaction
costs (Pretty 2003). Trust saves time dedicated to monitoring
other farmers.

Crop-farm diversification could promote development of
attractive recreational landscapes and more acceptable farm-
ing systems (Table 3). This is especially the case for local
coexistence, complementarity, and synergy (types 2, 3, and
4), especially when including cover crops, legumes, and grass-
lands that diversify landscapes matrices and decrease
mudslide risks. Reorganization of land use at the collective
level could also increase conformity with environmental reg-
ulations. For instance, in Denmark, implementation of the
Nitrate Directive (91/676/ EEC) has introduced a number of
strict rules on nitrogen management, planning, and reporting.
The rules determine howmuchmanure each farmer is allowed
to spray per unit of area. Specialized livestock farms lack
sufficient land area to manage the amount of manure

Table 3 Summary of contribution of forms of crop–livestock integration to the provision of economic and social benefits

Types of benefits Benefit considered Type 1: global
coexistence

Type 2: local
coexistence

Type 3:
complementarity

Type 4:
synergy

Economic benefits Risk sharing 0 0 + ++

Resilience 0 0 + ++

Resource-use efficiency 0 0 + ++

Social benefits Management and workflow 0 0 + ++

Social learning/empowerment 0 0 + ++

Social acceptance of agriculture 0 + + ++

Symbols “0,” “+,” and “++” mean no effect, a positive effect and a very positive effect on the considered service, respectively
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produced. Accordingly, Asai et al. (2014b) have shown that
these regulations have led to the establishment of collabora-
tive partnerships between specialized organic farms for ma-
nure exchange: in 2009, 80 % of all Danish organic arable
farms had formal agreements with livestock farms to receive
their manure, while about 70 % of organic dairy farms were
involved in partnerships and exported their manure. By pro-
moting compliance with environmental regulations, crop–
livestock integration beyond the farm level may improve so-
cietal acceptance of livestock and crop farms.

2.4 Potential limitations of crop–livestock integration
beyond the farm level

2.4.1 Cognitive and behavioral limitations

Increased coordination among farms along with complemen-
tarity and synergy (types 3 and 4) forms of crop–livestock
integration gradually makes their management more complex
(Table 4; Hendrickson et al. 2008; Horlings and Marsden
2011; Moraine et al. 2016a; Sulc and Tracy 2007). This in-
crease in complexity is related to increased diversity of prac-
tices and coordinations to manage within and between the
crop, grassland, and animal components and among farmers.
Farmers have to articulate doing things better (innovation
through better exploitation of resources) with doing things
differently (innovation through exploration of new resources)
which is more complex (Maletič et al. 2014). This results in an
increase in knowledge and skill requirements and classic man-
agement constraints of diversified and integrated agricultural
systems: (i) knowledge gaps about the functioning of ecolog-
ical and agricultural systems, e.g., the interaction between the
landscape mosaic, management practices, and the resulting
biological regulation of pests; (ii) imperfections and limits in
detecting variations in the state of the environment under the
effects of ecological processes and farming practices; (iii) the
difficulty, if not impossibility, of controlling all management
practices within a group of farms; and (iv) the stochastic, and
thus unpredictable, character of certain ecological processes
(Williams 2011). These management constraints increase
transaction costs of reaching farmers’ individual and collec-
tive objectives (Asai et al. 2014a).

Risk aversion and awareness of risk sharing can compro-
mise farmers’willingness to engage in crop–livestock integra-
tion among farms (Carruthers and Vanclay 2012; Hendrickson
et al. 2008). Farmers might be unwilling to face the new con-
straints that appear, such as loss of autonomy in decision-
making, dependence on other farmers for decision-making
and action, and involvement in partnerships of varying de-
grees of formality, especially with the complementarity and
synergy (types 3 and 4; Table 4) forms of integration (Moraine
et al. 2014). Risk aversion is influenced by external factors,
such as prices of inputs on the international market. For in-
stance, crop farmers’ willingness to accept manure partly de-
pends on the fluctuating price of mineral fertilizers: they are
more open to receive manure when the price of mineral fertil-
izers is high (Schipanski et al. 2014). This occurred in manure
partnerships between organic dairy farms and organic crop
farms in Denmark: since demand for organically certified ma-
nure remains high, their partnerships lasted significantly lon-
ger than those between conventional dairy farmers and con-
ventional crop farmers (Asai and Langer 2014).

2.4.2 Environmental limitations

Mismatch between supply and demand of nutrients (especial-
ly N, P, K), partly related to location-specific characteristics
(e.g., soil properties), can limit the relevance of local coexis-
tence, complementarity, and synergy (types 2, 3, and 4;
Table 4; Hendrickson et al. 2008). Especially with local coex-
istence, manure exchanges largely remain unidirectional: ma-
nure moves from livestock farms to crop farms, but nutrients
do not necessarily return to livestock farms through feedstuff
(Moraine et al. 2014; Peyraud et al. 2014). Typically, crop
farmers receiving manure do not adequately account for its
nutrient supply (Schmitt et al. 1999). This can be explained
by uncertainty surrounding manure application related to ma-
nure nutrient content or interaction with application timing
(Asai et al. 2014a). Ultimately, inadequate accounting of nu-
trient supply can lead to source-sink imbalances among crop
and livestock farms and result in soil nutrient leaching on crop
farms and soil nutrient depletion on livestock farms. In addi-
tion, with complementarity and synergy (types 3 and 4), trans-
port of raw materials among farms can reduce efficiency of

Table 4 Summary of potential
limitations to the development of
forms of crop–livestock
integration

Limitation considered Type 1: global
coexistence

Type 2: local
coexistence

Type 3:
complementarity

Type 4:
synergy

Cognitive and behavioral 0 – – –

Environmental 0 – – –

Economic 0 0 – –

Social 0 0 – –

Symbols “0,” “-,” and “–” mean potentially no limitation, a moderate limitation, and a major limitation
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delivery circuits resulting in higher energy consumption and
greenhouse gas emissions.

2.4.3 Economic limitations

The physical costs of transporting plant products and manure
(e.g., straw-manure; Wilkins 2008) involved in complementar-
ity and synergy (types 3 and 4) also determine their economic
acceptance by farmers (Table 4). The maximum distance of
economically efficient transport depends strongly on topogra-
phy of the road between farms and the type of animal manure
as a function of its dry matter (DM) content (Asai et al. 2014a).
For instance, Dagnall et al. (2000) reported that high-DM
(∼70%)manure can be profitably transported up to 40 km from
animal houses, whereas low-DM (<10 %) manure can only be
transported 10 km. Taking these economic aspects into consid-
eration, a study in the USA (Files and Smith 2001) concluded
that crop–livestock integration among farms ideally should oc-
cur within a distance of 25 km. Considering these economic
aspects and environmental side-effects (e.g., GHG emissions)
is essential, since few policy incentives support this kind of
coordination (Nuno et al. 2014; Sulc and Tracy 2007).

2.4.4 Social limitations

Social aspects are the last limitation in developing comple-
mentarity and synergy (types 3 and 4; Table 4). It requires
overcoming social barriers between farmers to match crop
rotations and related plant products to animal feed require-
ments (Paillat et al. 2009 in Peyraud et al. 2014). Difficulty
in doing so has been widely observed in studies of other col-
laborative activities between farmers. For instance, Ingram
and Kirwan (2011) investigated joint farm ventures in the
UK and found that formal long-term joint ventures are chal-
lenging due to differing motivations, expectations, and con-
cerns about farmers’ respective roles in the working relation-
ship and the validity of the legal framework. Only when an
informal relationship had already been established was there a
commitment to formalize a joint venture agreement. This ten-
dency was also observed in farmers’ collaboration in environ-
mental management (Macfarlane 1998; Mills et al. 2011) and
machinery sharing (Emery and Franks 2012). Ease of contact,
respect, and trust are essential for the success of cross-farm
cooperation in landscape-level resource management (Asai
et al. 2014a; Files and Smith 2001). This could be further
enhanced if farmers perceive themselves as a group acting or
responding jointly with respect to a joint problem or resource
(Mills et al. 2011). Here, mutual agreement implies addressing
multiple and possibly diverging goals among individuals
(Nuno et al. 2014) to reach consensus. A key concern for
crop–livestock integration is how to deal with intra- and
inter-annual variations in weather that could compromise the
amounts of plant products exchanged. Long-lasting

coordination between farmers requires that they work together
with variation rather than against it (Lyon et al. 2011) within
the framework of contracts (oral or written).

3 Supporting the development of crop–livestock
integration beyond the farm level

3.1 Motivations for using DSS to stimulate social learning
and collective thinking

Development of crop–livestock integration beyond the farm
level is a multi-level process made of technical and organiza-
tional aspects. It requires individual and social learning, col-
lective thinking, and negotiation within a network of stake-
holders (Leeuwis 1999; Röling 2002). Interdependent stake-
holders should evolve in a synergistic manner to arrive at a
coordinated action. To develop sustainable situations, individ-
ual learning is not sufficient. Farmers should go through this
process quite simultaneously in order to develop complemen-
tary or shared vision and understanding of the issue. Social
learning and collective thinking should bring actors to en-
hance the quality of the output of their cooperation and the
complementarity of their action. Stakeholders interactively
learn about other stakeholders’ perspectives, values, theories,
and aspirations, and, in comparison with these, also about
their own (van Mierlo et al. 2010).

DSS have been reported to promote social learning and
collective thinking among farmers in a diversity of contexts
(Martin 2015; Thorburn et al. 2011). DSS can be successful
with regard to learning and thinking by facilitating the process
of separating fact from opinion in participants’ minds, by
allowing discussion based on sound arguments, and by bring-
ing new viewpoints into a sometimes polarized debate
(Etienne 2003). DSS are said to enhance understanding of
agricultural systems by increasing the awareness of systems’
behavior through illustrating the role and the transparency of
its components (Groot and Rossing 2011). DSS are useful
tools to support social learning, collective thinking, and col-
lective action that are key to the development of crop–live-
stock integration beyond the farm level.

3.2 Required features of DSS for supporting
the development of crop–livestock integration
beyond the farm level

3.2.1 DSS requirements to support complementarity
and synergy forms of crop–livestock integration

Changes associated with implementation of a local coexistence
(type 2) form of crop–livestock integration do not involve spatial
or organizational coordination among farms. Changes concern
widely encountered agricultural practices, such as diversification
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of crop rotationswith forage crops, forage productionwith cover
crops (for local livestock), manure spreading on crop fields, and
integration of local grain into animal diets (Table 1). They can
easily be addressed with available DSS, such as crop models
(Rodriguez et al. 2014), animal nutrition models (INRA 2007),
farm models (Martin et al. 2013), and logistics models at the
level of local economic organization such as agricultural coop-
eratives (Le Gal et al. 2009). Therefore, no specific DSS needs
to be developed for local coexistence.

In contrast, complementarity and synergy (types 3 and 4)
require building seldom-encountered forms of spatial and
overall organizational coordination among farms and farmers
that cannot be addressed with available DSS. This section
deals with DSS oriented towards development of these two
promising (as shown in section 2) forms of integration.
Complementarity involves individual farm management in
the framework of collectively established organizational coor-
dination among farms and farmers. Synergy differs from com-
plementarity in that it is based on collective farm manage-
ment, individual resources being pooled together.

DSS should be flexible enough to address both forms of
integration. Farmer groups willing to implement crop–live-
stock integration beyond the farm level tend to design and
evaluate different scenarios with increasing levels of temporal,
spatial, and organizational interactions from complementarity
to synergy (Ryschawy et al. 2016a, b). DSS should stimulate
social learning, collective thinking, and negotiation towards
collective action. This process can best be supported with
temporal, spatial, and organizational simulation of crop–live-
stock integration. In particular, simulation should be able to
represent organizational innovations and to address trade-offs
between individual and collective performances by providing
assessments at the farm and beyond-farm levels (Moraine
et al. 2016c; Ryschawy et al. 2016a, b).

The effectiveness of scientific information and intervention
in influencing societal learning and action, such as coordina-
tion between farmers in crop–livestock integration beyond the
farm level, depends on three main features: credibility, sa-
lience, and legitimacy (Cash et al. 2003). “Credibility involves
the scientific adequacy of the technical evidence and argu-
ments. Salience deals with the relevance of the assessment
to the needs of decision makers. Legitimacy reflects the per-
ception that the production of information and technology has
been respectful of stakeholders’ divergent values and beliefs,
unbiased in its conduct, and fair in its treatment of opposing
views and interests” (Cash et al. 2003).

3.2.2 DSS function, behavior, and structure

To ensure credibility, salience, and legitimacy, DSS fostering
crop–livestock integration beyond the farm level must display
features that can best be described by three aspects (Gero and
Kannengiesser 2008): (i) function, i.e., what the DSS is for, e.g.,

design and evaluation of a possible solution; (ii) behavior, i.e.,
how the DSS does it, e.g., simulation-based assessment of solu-
tions designed by users; and (iii) structure, i.e., what the DSS
consists of, e.g., a board game supplemented by a dynamic farm
model operating at the landscape level (i.e., a group of farms).

Functions of the DSS are defined according to stakeholders’
needs to achieve salience. Participatory design (i.e., involving
stakeholders like farmers in one to several steps of the design
process) of agricultural systems has to support the three key
steps of the design process (Martin et al. 2013): (i) problem
specification (current system functioning and associated multi-
domain issues); (ii) design of new systems, including necessary
spatial, temporal, and organizational coordination among farms
and farmers; and (iii) assessment across space and time of their
potential effects and trade-offs between the individual and col-
lective levels (Jakku and Thorburn 2010; Klerkx et al. 2012). It
is also expected that during the design process, the DSS will
structure the negotiation process between farmers (Barreteau
2003; Etienne 2003) to identify consensual solutions at the in-
dividual and collective levels and achieve legitimacy.

To achieve this aim, the behavior and structure of the DSS
should rely on the conceptual framework that supports adap-
tation of agricultural systems proposed by Martin (2015),
which has already been applied to several agricultural DSS
(Berthet et al. 2015; Farrié et al. 2015; Martin et al. 2011).
This framework (Fig. 2) builds on collective workshops in-
volving researchers, agricultural consultants, and farmers who
collectively manipulate boundary objects (e.g., cards and
computer models). This enables simulation modeling of agri-
cultural systems and design of adaptations such as crop–live-
stock integration beyond the farm level (Duru et al. 2012).
Following Martin (2015), manipulated objects are of two
types: (i) material objects (e.g., cards) enabling modeling,
i.e., representation of the current situation and design of pos-
sible solutions to the problem, and (ii) computer objects (e.g.,
computer models) enabling simulation, i.e., assessment of
these solutions. Material objects represent physical and

Fig. 2 Overview of the collective workshops underlying the conceptual
framework of Martin (2015). Circles refer to people and triangles to
boundary objects. Arrows represent interactions between people and
between people and boundary objects. Bold text connected to the ovals
refers to processes involving people and boundary objects
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functional entities managed by farmers, such as crops, fields,
and animal groups. They are intended to create a connection
between workshop participants (Klerkx et al. 2012).
Computer objects (Fig. 2) provide instantaneous integrated
evaluation (in the form of graphs and indicators) of candidate
solutions designed by workshop participants to stimulate their
reflections and negotiations. Such collective workshops are
also expected to foster hybridization of scientific (to ensure
credibility) and empirical knowledge (to ensure salience and
legitimacy).

3.2.3 Specific requirements of computer models

The computer object is of key importance in the DSS. To
support the three design phases, we consider a spatially ex-
plicit dynamic simulation model operating at the farm level
and incorporating (i) biophysical models simulating activity-
location combinations (i.e., cropping and grassland systems
under different soil and climate conditions) and herd manage-
ment (e.g., animal reproduction, feeding, and production); (ii)
decision models representing farmers’ crop and grassland
management and coordination between farmers; and (iii) lo-
gistics models representing rawmaterial fluxes between farms
and associated resource use (e.g., workforce, machinery).
Simulation models developed by agricultural research are un-
able to cope with all characteristics of a given farming context
(Ewert et al. 2002). One solution to this problem is participa-
tory modeling and simulation that incorporates farmers’ em-
pirical knowledge into the simulation models to improve their
local relevance and therefore their salience and credibility.

This computer object should allow simulation of impacts of
intra- and inter-annual weather variations in crop, forage, and
animal production and resulting exchanges between farms, as
well as variability in individual and collective performances.
Spatially explicit graphs and indicators calculated by the DSS
are expected to quantify provision of ecosystem services by the
simulated farms and enable identification of acceptable trade-
offs between individual and collective performances under con-
straints such as land suitability, labor availability, etc.
(Paracchini et al. 2011; van Ittersum et al. 2008). They also
encourage social learning, thereby promoting salience of the
DSS (Jordan et al. 2011).

3.3 Related issues: a matter of upscaling

3.3.1 Upscaling processes involved

Developing a DSS to intensify crop–livestock integration be-
yond the farm level requires addressing several kinds of inter-
related scale changes (Fig. 3):
– Functional (or organizational) upscaling (Ewert et al.

2011) when moving across organizational levels:

from individual fields and field groups (managed
similarly) to individual farms and groups of farms

– Spatial upscaling (Ewert et al. 2011) from cropping system
areas to farmlands and groups of farm areas

– Temporal upscaling (Ewert et al. 2011) between the
differing time steps of management and assess-
ment periods (e.g., annual and inter-annual)

– Upscaling from individual decision-making to collective
decision-making (Menter et al. 2004)

Scaling methods refer to the methods used to integrate data
and models at different levels and scales. In multi-level assess-
ment and modeling approaches, models developed at one level
(e.g., plant) can theoretically provide information to models of
an upper level (e.g., canopy, field). In practice, knowledge and
data are not directly transportable across levels (Ewert et al.
2011). Therefore, upscaling requires defining the most salient
levels of analysis to integrate across levels in the early stages of
a project (Volk and Ewert 2011). This is why spatial upscaling,
temporal upscaling, and upscaling from individual decision-
making to collective decision-making all involve functional
upscaling. In addition to upscaling, development of such a
DSS requires anticipating its outscaling (Hermans et al.
2013), i.e., the horizontal process that consists of transposing
it from one group of farmers to another, and therefore from one
agricultural area to another.

3.3.2 Outscaling

Outscaling question the modeling approach implemented dur-
ing the development of the DSS and its validity domain. It is

Fig. 3 Diagram of spatial, temporal, decision-making, and functional
upscaling. The dotted line figures the position of the functional
upscaling arrow in the three-dimensional space
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essential to represent the key interactions between the subsys-
tems (e.g., crops, grasslands, animals, and the farmer) of each
level while keeping the model as simple as possible to promote
transparency and as robust as possible to promote its
outscaling. Previous studies have shown that scientifically
credible results are not necessarily obtained with models with
the highest level of detail of either biophysical (Adam et al.
2011) or decision-making processes (Martin et al. 2012).
Tools and models have to be transposable among agricultural
situations despite the latter’s site-dependent characteristics
(e.g., soil-climate conditions, crop management practices).
The required DSS must combine complex systems modeling
(Pahl-Wostl and Hare 2004) and low data modeling (Therond
et al. 2011) to facilitate (i) calibration, especially spatialization
of crop and grassland models in a landscape (Faivre et al.
2004); (ii) validation, to achieve scientific credibility and
outscaling; and (iii) interaction with stakeholders to achieve
salience.

3.3.3 Spatial upscaling

Regarding spatial upscaling, farms can be located on continu-
ous landscapes. To promote ecosystem services through
adapted land-use plans while achieving credibility and salience,
a fine spatial resolution is necessary to consistently assess the
fine components of the landscape matrix that determine eco-
system services (e.g., land-cover pattern, type, and spatial dis-
tribution of semi-natural habitats). Investigating large land-
scapes enables analysis of farmlands’ neighboring effects and
identifies hotspots of ecosystem services. The challenge re-
mains to develop, collect, organize, and integrate the high-
resolution geographic data to combine with indicators of eco-
system services (Eigenbrod et al. 2010; Maes et al. 2012).

To achieve salience, spatial upscaling requires addressing
labor requirements and costs of implementing coordination
between farms. As explained previously, transportation im-
pacts may decrease the environmental benefits of exchanges.
Two characteristics of exchangeable products can be used to
set a maximum transfer distance based on economic cost and
environmental impacts: protein or energy density and DM
content. The greater the transfer distance, the denser products
must be in energy, protein, or DM to make the transfer sus-
tainable. Therefore, the logistics involved in crop–livestock
integration beyond the farm level must be modeled and sim-
ulated (Le Gal et al. 2009), for instance using energy account-
ing (Vigne et al. 2013) that converts energy, biophysical, and
human resources involved in a given process into equivalents
of a single form of energy, usually solar.

3.3.4 Temporal upscaling

Challenges when developing crop–livestock integration be-
yond the farm level include ensuring intra- and inter-annual

complementarities and balancing direct and indirect (manure)
crop and livestock production. It requires addressing dynam-
ics of different types of production and constraints in their use
(e.g., manure spreading) over time and across organizational
levels, i.e., amounting to functional and temporal upscaling.
To achieve both credibility and salience at the field level, DSS
must have an adequate (intra-annual) temporal resolution,
e.g., to represent ruptures in dynamics of grassland production
(Martin et al. 2012) and “previous-crop” and cumulative ef-
fects of crop sequences. “Previous-crop” effects include
changes in physical, chemical, and biological soil states
caused by the previous crop that influence the next crop.
Cumulative effects include accumulation time of effects of
crop sequences on “slow variables” (Biggs et al. 2012).
Tools must also deal with relations between crop sequences
and annual crop plans. Diversity in crop rotation duration and
farmland constraints may promote variability in annual plant
production, even though relative stability is often expected.

3.3.5 Upscaling from individual to collective decision-making

Upscaling from individual to collective decision-making re-
quire structured methods for participatory modeling with
stakeholders. Due to complexity of the problems investigated,
which are usually ill-defined, it is necessary to develop a
structured design process that combines hard and soft
methods. This combination is intended to integrate scientific
and farmers’ knowledge andmove from problem specification
to problem solving in iterative cycles of design and assess-
ment. Few examples (Etienne 2003) exist of structured con-
ceptual frameworks and methods for participatory modeling
with stakeholders. One key challenge is to structure the design
process so that it promotes social learning and collective ac-
tion (Armitage et al. 2008; Newig et al. 2008; Pahl-Wostl and
Hare 2004).

Upscaling from individual to collective decision-making
also involves dealing with governance and equity issues with-
in farmer groups. These issues have long constituted the core
criticism of participatory approaches. Only recently have re-
searchers suggested methods to deal with such issues, e.g.,
companion modeling relying on agent-based models and
role-playing games (Barnaud and van Paassen 2013;
Leeuwis 2000). To date, implementation of these methods is
limited to a few case studies conducted by these authors. The
challenge remains to develop a consistent modeling tool that
explicitly represents trade-offs and synergies between the in-
dividual and collective levels and allows transparent discus-
sion and negotiation among farmers to find legitimate solu-
tions to their problems.

Greater integration of crops and livestock based on manag-
ing material flows and agrobiodiversity may lead to mediation
between targeted objectives and services. Various studies on
ecosystem services bundles highlighted positive associations
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between environmental and cultural services. However, these
two categories of ecosystem service were negatively correlat-
ed with food provisioning, e.g., economic services (Bennett
et al. 2009; Raudsepp-Hearne et al. 2010; Rodríguez-Ortega
et al. 2014; Ryschawy et al. 2016b). Therefore, development
of crop–livestock integration should strengthen the provision
of different categories of ecosystem services (e.g., biological
regulation, soil quality,…) while maintaining a level of socio-
economic benefits that ensures the feasibility and acceptability
of agricultural practices and the management of necessary
resources (e.g., soil, material). Accordingly, DSS should allow
farmers to rank the importance of the ecosystem service cate-
gories and socio-economic benefits they expect. To favor col-
lective thinking and negotiation, and help farmers identify
acceptable trade-offs between ecosystem services and socio-
economic benefits and between the individual and collective
levels, DSS should provide multicriteria assessments of eco-
nomic, environmental, and social performances at the individ-
ual farm and collective levels and over time. This kind of
output should help farmers to assess benefits and limits of
scenarios of crop–livestock integration prior to collective
action.

4 Conclusion

We reviewed the scientific literature to identify the potential
for restoring the sustainability of agricultural systems by de-
veloping crop–livestock integration beyond the farm level
through coordination among specialized farms. Three forms
of integration, i.e., local coexistence, complementarity, and
synergy, can be implemented that correspond to a gradient
of spatial, temporal, and organizational coordination among
farms and farmers. Each of these three forms promote succes-
sively higher provision of soil fertility and biological regula-
tion services through increased temporal and spatial integra-
tion between the crop, grassland, and animal components of
specialized farms. Economic and especially social benefits are
expected to increase along with these forms of integration
beyond the farm level. Limitations related to increased com-
plexity of farm management and to aversion to risks of col-
lective organization can be addressed by developing adapted
DSS. By enabling farmers to design and assess potential so-
lutions to spatial, temporal, and organizational coordination,
DSS that include spatially explicit simulation of crop–live-
stock integration options beyond the farm level may reduce
uncertainty about its implementation and stimulate social
learning among farmers. When implementing these DSS with
farmers, attention should be paid to consequences on gover-
nance and equity issues within farmer groups. Coordination
should not strengthen the power of some farmers at the ex-
pense of others. Research in the field of economics and polit-
ical science is now needed to identify policy incentives

dedicated to facilitate implementation of crop–livestock inte-
gration beyond the farm level.
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