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Abstract — The evolution of natural ecosystems is controled by a high level of biodiversity, In sharp contrast, intensive agricultural systems
involve monocultures associated with high input of chemical fertilisers and pesticides. Intensive agricultural systems have clearly negative
impacts on soil and water quality and on biodiversity conservation. Alternatively, cropping systems based on carefully designed species mixtures
reveal many potential advantages under various conditions, both in temperate and tropical agriculture. This article reviews those potential
advantages by addressing the reasons for mixing plant species; the concepts and tools required for understanding and designing cropping
systems with mixed species; and the ways of simulating multispecies cropping systems with models. Multispecies systems are diverse and may
include annual and perennial crops on a gradient of complexity from 2 to n species. A literature survey shows potential advantages such as
(1) higher overall productivity, (2) better control of pests and diseases, (3) enhanced ecological services and (4) greater economic profitability.
Agronomic and ecological conceptual frameworks are examined for a clearer understanding of cropping systems, including the concepts of
competition and facilitation, above- and belowground interactions and the types of biological interactions between species that enable better
pest management in the system. After a review of existing models, future directions in modelling plant mixtures are proposed. We conclude on
the need to enhance agricultural research on these multispecies systems, combining both agronomic and ecological concepts and tools.

species mixture / plant mixture / cropping system / agroforestry system / agrobiodiversity / resource sharing / crop model / competition /
facilitation

1. INTRODUCTION

1.1. Intensive monocultures versus multispecies
systems

Intensive agricultural systems are often based on optimis-
ing the productivity of monocultures. In those systems, crop
diversity is reduced to one or very few species that are gener-
ally genetically homogeneous, the planting layout is uniform
and symmetrical, and external inputs are often supplied in
large quantities. Such systems are widely criticised today for
their negative environmental impacts, such as soil erosion and

* Corresponding author: malezieux @cirad.fr

degradation, chemical contamination, loss of biodiversity, and
fossil fuel use (Giller et al., 1997; Griffon, 1999; Tilman et al.,
2002). Conversely, multispecies cropping systems may often
be considered as a practical application of ecological princi-
ples based on biodiversity, plant interactions and other natu-
ral regulation mechanisms. They are assumed to have poten-
tial advantages in productivity, stability of outputs, resilience
to disruption and ecological sustainability, although they are
sometimes considered harder to manage (Vandermeer, 1989).
A majority of the world’s farmers, particularly those located
in tropical regions, still depend for their food and income
on multispecies agricultural systems, i.e. the cultivation of a
variety of crops on a single piece of land (Vandermeer et al.,
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1998). Those systems, which are often without synthetic in-
puts and based on integrated management of local natural re-
sources and, in many cases, on rational management of biodi-
versity, theoretically offer numerous ecological advantages.

1.2. New issues

Faced with the critical situation of intensive monocultures,
new conceptual ways of constructing sustainable agroecosys-
tems are being sought (Malézieux and Moustier, 2005, b).
Several agronomists recently proposed that traditional multi-
species systems could be used as models for designing sus-
tainable cropping systems (Gliessman, 2001; Altieri, 2002).
Jackson (2002) proposed imitating the structure of the prairie
ecosystem, composed of a number of species of different func-
tional groups, to achieve resilience to changes in climate and
water supplies, and to pests and other natural disturbances.
Ewel (1999) enhanced the role of woody perennial species in
the sustainability of ecosystem functioning in the humid trop-
ics and proposed forest-like agroecosystems. Such systems are
usually complex, as they are based on several species, and may
involve combinations of perennial and annual, woody and non-
woody plants.

Agricultural research now has an adequate tool-box of
methods and models for technology development in monospe-
cific cropping systems, but its suitability for more complex
systems is unsure. Methods for designing multispecies sys-
tems barely exist. Systemic agronomy concepts (crop man-
agement sequences, cropping system), and especially the tools
derived from that discipline, scarcely deal with the complex-
ity of multispecies systems. In particular, the modelling tools
widely used today in agronomy are not well adapted to simu-
lating them. New models are required to represent, assess and
design sustainable multispecies cropping systems.

This article addresses those questions, reviews concepts
suitable for use in dealing with multispecies systems and at-
tempts to identify shortcomings in terms of tools, thereby
proposing new avenues of research. It is based on a wide range
of systems, such as simple or complex, uniform or heteroge-
neous and intercropped species, such as annual and perennial,
herbaceous and woody, etc. The article is structured in 3 parts,
focusing successively on the following issues: (i) the reasons
for mixing species, i.e. benefits and drawbacks, (ii) the con-
cepts and tools used for understanding and designing cropping
systems with mixed species, and (iii) the models existing and
needed for simulating multispecies cropping systems.

2. BENEFITS AND DRAWBACKS OF MIXING
PLANT SPECIES

2.1. The role of biodiversity in ecosystems

The relationship between biological diversity and ecosys-
tem functions has been and continues to be the focus of much
work in the ecology field (Loreau et al., 2001). In contrast

with most agricultural systems, biomass productivity in natu-
ral ecosystems is achieved through a high genetic diversity of
plants involving different complementary functional groups.
Although numerous studies report that plant communities with
some degree of genetic heterogeneity have advantages over
pure stands, debates and controversies remain on the exact
role of biodiversity in ecosystem functioning and productivity
(Loreau et al., 2001). Recent work by various authors has thus
shown positive correlations between the richness of species
and different ecological processes such as primary produc-
tivity, nutrient retention and resilience after stress. However,
studies have particularly focused on natural prairie ecosys-
tems (Hector et al., 1999; Loreau et al., 2001; Tilman et al.,
1996, 1997) or natural forest ecosystems (Vila et al., 2003;
Kelty, 2006; Erskine et al., 2006). Very few studies have con-
centrated on cultivated ecosystems (Altieri, 1999). In agroe-
cosystems, biodiversity may (i) contribute to constant biomass
production and reduce the risk of crop failure in unpredictable
environments, (ii) restore disturbed ecosystem services, such
as water and nutrient cycling, and (iii) reduce risks of inva-
sion, pests and diseases through enhanced biological control
or direct control of pests (Gurr et al., 2003). Some features of
biodiversity in natural systems may offer a basis for design-
ing multispecies systems (Ewel, 1986). For instance, persis-
tent ground cover and minimum soil disturbance, which min-
imises erosion, is the basis for the development of “conserva-
tion agriculture”, involving both minimum tillage and cover
crop use in annual cropping systems. The frequent presence of
deep-rooted perennials in natural ecosystems, one advantage
of which is to enable more complementary water and nutrient
use by plants, has led to the numerous agroforestry systems
that exist in the world. More generally, biodiversity remains
the basis for traditional farming in the tropics and multispecies
systems still provide food for a majority of poor farmers in de-
veloping countries.

2.2. The different ways to mix plant species in cropping
systems

In world agriculture, a multitude of different cropping sys-
tems can be identified on the basis of their composition, de-
sign and management. The agroecological areas involved in
species mixing extends, in theory, to all cultivated zones, be
they temperate or tropical, dry or humid. In what follows,
the multispecies systems described consist of growing several
crops simultaneously in the same field, or more generally, of
mixing several plant species within the same field: field crop
species, pasture species, trees, or combinations of these. Multi-
species systems have been the subject of numerous typologies
and classifications that may include various criteria such as (i)
the permanence of a specific crop assemblage or, conversely,
the frequency of land-use rotation, (ii) the intensity of inter-
cropping, i.e. the number, type and level of spatio-temporal
occurrence of crops within the field, and (iii) the percent-
age of tree canopy cover in the field (Garcia-Barrios, 2003).
The existence of trees with crops (agroforestry) is an impor-
tant feature and, within that category, the specific arrangement
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Picture 1. Wheat and mint intercropping in furrow irrigated raised
bed systems. Indo-gangetic plain, India. (Courtesy of G. Gupta, with
permission of KASSA http://kassa.cirad.fr.)

of species, which refers to the simultaneous or sequential ar-
rangement of trees and crops, or the spatial structure, which
refers to the mixed or zonal arrangement, are discriminating
factors (Huxley, 1983; Nair, 1993; Torquebiau, 2000). Our aim
here is not to give an account of that abundant variability, but
rather to highlight the major types existing, bringing out the
existence of a multivariate gradient ranging from pure stands
(cultivation of a single species, or a single genotype or even a
single clone) to cropping systems that function along the same
lines as a natural ecosystem. Table I illustrates that variabil-
ity, with certain properties that might be exerted as soon as
genotypes are mixed within the same species. The degree of
complexity increases, which might be expressed by the num-
ber of intercropped species, the nature of those species (ex-
istence to varying degrees of wild species “managed” by the
farmer), the number of strata making up the vertical profile,
and the simultaneous existence of several groups of species
(annual/perennial, woody/non-woody). Pictures 1 to 3 show
examples of row intercropping, row agroforestry in Europe
and complex agroforestry in the humid tropics, respectively.

2.3. Advantages of mixing species
2.3.1. Effects on stability

The idea that the species diversity of ecological communi-
ties contributes to stability is among ecology’s most venera-
ble hypotheses (Frank and Naughton, 1991), but there are few
data on how those properties are associated in agroecologi-
cal systems. Biodiversity is the most obvious feature in mul-
tispecies systems, but its real function often remains vague.
Some authors (Altieri, 1999; Swift et al., 2004) make a dis-
tinction between planned biodiversity, principally the crops
and plant species included intentionally in the system by the
farmer, and associated diversity, i.e. soil flora and fauna, her-
bivores and carnivores, decomposers, etc., that colonise the
system. Swift and Anderson (1993) proposed a comparable
classification of biodiversity in agroecosystems that distin-
guished productive biota from resource biota (organisms that

Picture 2. Harvest of a wheat crop in an 8-year-old poplar-cereal
intercropping system in the South of France. The poplar density is
75% of the density of a forestry plantation, and wheat is grown on
85% of the plot area, resulting in a high relative density, indicating
a design that is closer to an additive than a substitutive design. The
land equivalent ratio (LER) is over 1.3. (Photo C. Dupraz.)

e

Picture 3. Cocoa agroforestry system in Costa Rica (Talamanca
region). Cocoa agroforests include numerous cultivated and sub-
spontaneous plant species i.e. timber trees, fruit trees, palms, ba-
nana trees in complex and heterogeneous mixtures. Comparable mul-
tistrata systems are found in the humid tropics with coffee, rubber or
coconut palms as major cultivated crops. (Photo E. Malézieux.)

contribute to pollination, decomposition, etc.) and destructive
biota (weeds, insect pests, microbial pathogens, etc.). It has
been reported for numerous taxa in various conditions that as-
sociated diversity is positively correlated to planned biodiver-
sity (Vandermeer et al., 1998). A schematic representation of
this relation is given in Figure 1. Although the form of the rela-
tion between planned and associated biodiversity, and the ex-
act processes involved, remain open questions (Perfecto et al.,
1996, Swift et al., 1996), it is certainly a key for understand-
ing the ecological functions offered by multispecies systems
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Table 1. Different forms of species mixtures in agricultural systems. Systems are classified according to a gradient of complexity, including the
number and type of plant species (annual vs. perennial), the horizontal and vertical structure of the mixture, and the life cycle duration of the
species (S = short cycle, L =long cycle).

Type of System Number of Horizontal Number of strata  Duration Example/location
species heterogeneity

Annual crops

Tt
e
]
'
1
]
]
Lol

T

Combination (intraspecific mixture) 1 1 S Cereals

et

y

.~

LT LT L
Relay cropplng (time overlap only dgrmg Maize/beans, groundnut/cotton
one part of the life cycle of each species) - 2 lor2 S (Aftica)
Crops or crop and service plant
Row intercropping (growing two or Cereals/herbaceous legumes and
more species in rows) - Crops with crops 2 lor2 S grasses. Ex : Rice/arachis pintoi
or crops with service plant (Europe, South America)

2 species (maize-sorghum, maize-

. . . - cassava, etc.) to n species (tropical
Mixed intercropping (no distinct row

¢ 2-n 1 S garden e.g. rice, maize, tomato,
management) cassava, etc.) (humid tropics), annual
grassland (Europe)
Perennial crops
. Grassland (North America, Europe,
Perennial grasses 2-n 1 L .
Australia, etc.)
Agroforestry (crop with trees)
Sequentllal agrofore;try (crop 2 2 S-L Pineapple/rubber tree (Humid Asia)
temporarily mixed with trees)
Row agroforestry.
. maize/ green manure legume tree
Crop under service trees 2 2 S-L .
(Tropics)
Cereal/wood tree (Europe, N.America)
Herbaceous Crop under tree crop 2 2 S-L Pineapple/coconut tree,
pasture/coconut tree (Humid Asia)
X Pueraria/oil palm tree (Asia, Africa),
Service plants under tree crop 2-n 2 S-L Grass/vineyard (Europe)
T 2 lto3 L Cocoa/coconut tree (Oceania)
ree crops to Coffee/wood tree (Central America)
Complex agroforestry (trees, shrubs and i 205 S.L Tropical homegardens; cocoa, coffee

crops) and rubber agroforests (humid tropics)
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Associated biodiversity -

Resource biota Complex

Habitat
Structure
Interactions
among species

Row
agroforestry

Planned biodiversity - productive biota
(number of cultivated species)

Figure 1. Relationship between planned biodiversity (plant species
introduced and cultivated intentionally by the farmer) and associated
biodiversity (species that colonize the agroecosystem). (From Altieri,
1999; Vandermeer et al., 1998).

(Altieri, 1999). Intentionally mixing plant species will create
new habitats for associated species, mainly when the structure
of the system is modified (introduction of trees, for instance).
In sole crop systems, the mutually beneficial functions and
natural subsidies that lend stability and sustainability to nat-
ural systems are usually destroyed and require energy subsi-
dies. According to Hobbs and Morton (1999), the stability and
sustainability of managed systems could be increased by re-
placing external energy subsidies with the mutually beneficial
functions found in nature through biodiversity. Hence, multi-
species systems might or might not improve productivity, but
might improve sustainability by improving the ability to resist
or rebound in the face of disruptive effects, i.e. resilience.

2.3.2. Effects on yield and quality

The advantage of a mixture has often been assimilated to
a higher yield of the mixture when compared with an equal
area divided between monocultures of the components in the
same proportion as they occur in the mixture. Advantage may
also be considered when the yield of the mixture is higher than
the yield of its best components grown in a monoculture over
the whole of the same area, a less frequent situation called
transgressive deviation. In a study based on published data on
344 binary mixtures, Trenbath (1974) reported that most mix-
tures were recorded as yielding at a level between the yields of
the components’ monocultures. A minority of mixtures were
recorded as yielding outside the range defined by the yields of
the components grown in a monoculture.

Mixing species can also influence product quality, although
different processes may interfere. In coffee (Coffea arabicaL..)
agroforestry systems in Central America, shade due to tim-
ber or shade trees promotes slower and more balanced filling
and uniform ripening of berries, thus yielding a better-quality
product than a monoculture of unshaded plants (Muschler,

2001). Fodder quality may be improved when forage is grown
under trees, but that is probably due to an improvement in the
nutrient balance. Intercropping legumes and cereals may re-
sult in a higher nitrogen content in the cereal grains, hence
improving that quality criterion (Bulson et al., 1997). In field
experiments in Europe in the 2002/03, 2003/04 and 2004/05
growing seasons, intercropping wheat with faba bean (Den-
mark, Germany, Italy and UK) and wheat with pea (France)
regularly increased the nitrogen and sulphur concentration in
cereal grains, hence increasing the wheat quality for bread-
making (Gooding et al., 2007).

2.3.3. Effects on pests and diseases

Some crop combinations offer advantages in terms of
reducing pests and diseases (Trenbath, 1993, Hauggaard-
Nielsen et al., 2001). The effect of mixing crops on weed sup-
pression is also well documented (Liebman and Altieri, 1986;
Bulson et al., 1997; Welsh et al., 1999; Hauggard-Nielsen and
Jensen, 2005) although studies on the mechanisms governing
those effects are rare.

Numerous studies have shown a significant reduction in
harmful insects in mixed cropping systems compared with
monocultures of the same species (Nickel, 1973; Perrin, 1977;
Vandermeer, 1989). Andow (1991) analysed 209 studies on
crop mixtures involving 287 different species of parasitic in-
sects. The insects were significantly fewer in 52% of cases
(149 species) compared with monocultures, and greater in
15% of cases (44 species). In conservation tillage agriculture,
Dempster and Coaker (1974) found that the use of clover as a
cover between rows of brassica crops reduced populations of
three insect pests (Brevicorne brassicae L., Artogeia rapae L.
and Erioischia brassicae). Andow et al. (1986) showed simi-
lar results on insect pests with living mulches interseeded in
cabbage.

A particular type of mixed crop is called trap cropping. Trap
crops are “plant stands that are, per se or via manipulation, de-
ployed to attract, divert, intercept and/or retain targeted insects
or the pathogen they vector, in order to reduce damage to the
main crop” (Shelton and Badenes-Perez, 2006).

The reducing effect of crop mixes on diseases (Deadman
et al., 1996; Jing Quan Yu, 1999; Kumar et al., 2000; Kinane
and Lyngkjer, 2002) or nematode harmfulness (Egunjobi,
1984; Rajvanshi et al., 2002) has been shown in numerous
studies.

However, the balance of effects can be complex: for in-
stance, heavy shading in cocoa agroforests may increase pod
rot (Phytophthora megakarya), but may at the same time
reduce insect (Sahlbergella singularis) attacks and impacts.
Reducing or increasing shade intensity by controlling associ-
ated forest trees is therefore an important component of in-
tegrated pest and disease management in cocoa agroforests
(Berry, 2001). The great variability of responses to pests and
diseases in multispecies systems therefore requires a clearer
understanding of the mechanisms involved in those biological
interactions.
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Nutrient cycling

Losses (-)

Soil and water
conservation

Erosion (-)
Runoff (-)
Evaporation (+/-)
Soil structure (+)

Systems

Carbon sequestration

Above ground (trees) (+)
Below ground
(soil organic matter) (+)

Productivity
Differentiation in
growth rythm (+)
root depth (+)
Light use efficiency (+/-)

Allelopathy (+/-)
Lodging + (-)

Figure 2. Processes and induced properties in multispecies systems.

2.3.4. Environmental impacts

In addition to agricultural products, multispecies systems

may provide environmental services that have impacts be-
yond the field scale, either spatially, e.g. services to the local
or the global community, or temporally, e.g. modifications of
the environment for future generations. Factors that interact
in multispecies systems and may impact on both production
and protection functions are summarised in Figure 2. The most
documented environmental services are related to the follow-
ing areas:

®

Biodiversity conservation: the enhanced diversity of
plants in a field may host a larger range of species, from
plants to insects, birds to mammals, above- or below-
ground (Brussaard et al., 2007; Perfecto et al., 2003)
(Fig. 1). For crops such as coffee and cocoa, biodi-
versity often differs less between natural habitats and
low-intensity multispecies systems than it does between
low-intensity and high-intensity systems (Donald, 2004).
Beyond conservation issues, higher biodiversity can have
local effects, such as greater resilience to abiotic or biotic
disruptions, particularly through greater microbial diver-

Nutritional complementation(+)
itrogen fixation by legumes (+

Multispecies

Water use efficiency (+/-)

(ii)

(iii)

@v)

Biodiversity
conservation

Habitat for
associated biodiversity (+)
auxillaries (+)

atural contro
Mechanisms
(pest regulation)

Diseases (+/-)
Insects(+/-)
Weeds +

Dilution effect
Physical barrier efect
Habitat effect
Biocide effect

sity in the soil (Giller et al., 1997; Altieri, 1999; Swift
et al., 2004).

Nutrient recycling by coexisting species exploring differ-
ent soil depths: this has been particularly documented in
agroforestry systems where the deeper rooting system of
trees brings up nutrients from deeper soil layers, increas-
ing nutrient-use efficiency and reducing nutrient leaching
from the soil layers explored by the crops (van Noordwijk
et al., 1996).

Soil conservation and water quality: multispecies systems
may increase soil cover, root presence in the topsoil and
obstacles to run-off on the soil surface, hence decreas-
ing soil erosion, having a positive impact, on a watershed
scale, on the water quality of rivers, and on the intensity
of floods (Swift et al., 2004).

Multispecies systems can sequester carbon over pure crop
stands. Trees and/or cover crops (Vandermeer et al., 1998;
Scopel et al., 2005) may also enhance the soil carbon con-
tent, thus participating in climate change mitigation.

Multispecies systems can also provide other services,
linked to the quality of the environment: trees over crops can
provide shade and shelter for animals and humans, and, on a
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landscape scale, enhance the aesthetical value of land. How-
ever, such services are difficult to assess.

2.3.5. Economic profitability

The economic profitability of multispecies systems is firstly
related to their productivity. Despite difficulties due to the
number of products involved, specific tools have been de-
veloped to assess that productivity. The LER concept (Land
Equivalent Ratio, developed hereafter) has been extended to
take into account the duration of land occupancy by crops
(Area x Time Equivalence Ratio, ATER) or to incorporate
monetary returns (Monetary equivalent ratio, MER). However,
other issues have to be considered when assessing economic
profitability (Follis, 1993):

(i) Product time range
When setting up perennial plantations such as oil palms
or rubber trees, crop mixing is widely used to gener-
ate income in the first years of the plantation, when the
palms or trees are still unproductive, do not produce
any economic returns and also occupy a confined field
space. As investments and products are needed or de-
livered at different times, a financial appraisal of these
agroforestry systems calls for tools developed to assess
forestry projects, such as Discounted Cash Flow, and the
results of the comparisons depend on the discount rate
chosen. Nevertheless, most studies show an economic ad-
vantage for multispecies systems used for that purpose,
when compared with pure forestry projects.

(i) Income stability
Stability has often been presented as the main reason for
adopting multispecies systems in situations exposed to
risk, such as poor tropical agriculture. Multispecies sys-
tems that provide several products can maintain a more
stable income, particularly if price variations for those
products are not correlated. Multispecies systems also of-
ten require lower external fertiliser and pesticide inputs.
That lower dependence on external inputs makes multi-
species systems more resilient to external changes, such
as product prices.
Intercropping a new crop with a traditional crop is also a
way of cautiously entering a new market, without much
knowledge, as shown by fruit production in cocoa agro-
forestry systems in Cameroon.

(iii) Evaluation of ecological services
Multispecies systems may also offer ecological services,
either for the internal benefit of the fields in which they
are cultivated (pollination or soil conservation) or for ex-
ternal benefits, such as water quality, biodiversity or the
beauty of the landscape. Valuing those services is becom-
ing an important issue, to incorporate them into the eco-
nomic appraisal of cropping systems. Several examples
exist of payment for such services, particularly in Latin
America, but accurate assessment is still needed.

(iv) Labour productivity
Mixing is also assumed to be conducive to an adequate
distribution of labour over the year. Unfortunately, very

little on-farm research has been published on labour dis-
tribution and labour productivity in multispecies sys-
tems compared with pure crops. Some data are avail-
able on annual intercrops, such as the “abonera” system
in Honduras, where velvet bean (Mucuna deeringianum)
is sown in the rows of corn. That system shows higher
labour productivity, even after the second year of estab-
lishment, whatever the discount rate chosen. In Brazil,
the direct sowing mulchbased cropping system, combin-
ing cover crops before, after or during the main crop, is
widely adopted on mechanised farms. The adoption of
these systems by smallholders is mainly motivated by
labour savings, but precise labour data are not available.
Multispecies systems may also favour the equity of in-
come distribution within the family, as in West Africa,
where, for instance, nuts of the shea tree (Vitellaria para-
doxa) scattered in the fields are for the exclusive benefit
of women.

Although frequent, the advantages and benefits of multi-
species systems must not be overgeneralised: not all crops are
beneficial in mixtures, since they do not systematically gener-
ate ecological and/or economic benefits, and may involve more
complex or higher inputs of labour. Even when advantages are
recognised, multispecies systems are sometimes more difficult
to manage and require substantial farmer skills and specific
research efforts.

3. CONCEPTS AND TOOLS NEEDED
FOR UNDERSTANDING AND DESIGNING
MULTISPECIES SYSTEMS

3.1. The conceptual frameworks of agronomy
and ecology

3.1.1. The framework provided by agronomists

Agronomy is a discipline that concentrates on both the bio-
physical functioning of the cultivated field, and on the reason-
ing of actions taken in plant production (Sébillotte, 1978; Doré
et al., 2006). Progress in understanding plant-soil interactions
on a field scale has been widely based on a simplification of
reality, the cultivated plant stand being assimilated to a sin-
gle homogeneous crop. A widely-used approach in agronomy
is big leaf representation based on an energy balance where
the plant stand is assimilated to an area of thermodynamic
exchange with its surrounding environment. That approach,
which is very robust for describing biomass growth in pure
crops (Monteith, 1977; Gosse et al., 1986), has also been used
on sparse crops and to some extent on multispecies systems,
by cutting the plant cover into horizontal sections to take into
account the vertical heterogeneity of the stand (Wallace et al.,
1991). Whilst it has given some interesting results, particu-
larly for characterising competition for light and its impact on
biomass (Wallace et al., 1991; Keating and Carberry, 1993;
Cruz and Sinoquet, 1994), a functional approach to the plant
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stand becomes necessary to account for competition and
facilitation processes in the canopy (see below). A similar
approach was used for soil and root colonisation in the dif-
ferent soil layers, with similar limits. Using indicators estab-
lished on monospecies stands can raise problems for multi-
species stands; that is notably the case with N because the
nitrogen nutrition index is difficult to interpret for intercrops
(Corre-Hellou, 2005). One of the essential limits for apply-
ing the usual agronomic approaches to multispecies systems is
therefore to consider the plant stand as a collection of identi-
cal individuals. Some attempts to consider canopy heterogene-
ity and its dynamics have appeared recently for pure stands,
allowing for the consideration of emerging properties of the
system due to canopy heterogeneity and its evolution: for in-
stance, cohort models have been used to represent and simu-
late intraspecific heterogeneity in pure stands of bananas due
to phenology lags (Tixier et al., 2004). Architectural represen-
tations that consider the plant stand as a sum of differentiated
individuals are doubtless another efficient way of represent-
ing multispecies system functioning, since they can integrate
environmental heterogeneity and the impact of architectural
organisation on the functional activity and phenotypical plas-
ticity of plants (Soussana and Lafargue, 1998; Prusinkiewicz,
2004).

As regards the reasoning of actions, agronomy has pro-
duced a theoretical corpus based on decision rules for crop
management, incorporated into cropping system (Sébillotte,
1974, 1978, 1990), technical system (Osty et al., 1998) or ac-
tion model concepts (Aubry et al., 1998). Agronomists can
call upon methods developed for evaluation and design: mul-
ticriteria evaluation (Rossing et al., 1997; Loyce et al., 2002),
agronomic diagnosis (Doré et al., 2008), designing based on
models or expert evaluations. All these concepts and tools
should be applicable to multispecies systems as they account
for interactions between techniques, long-term cumulative ef-
fects and multi-criteria objectives for a crop. However, whilst
not ruling them out, they do not facilitate the consideration
of characteristics such as heterogeneity and the numerous in-
teractions between individual plants specific to multispecies
systems. Hence, multispecies systems require the development
of new knowledge, as intercrops involve more complex func-
tions when compared with the respective sole crops. It also
calls for the designing of decision rules enabling coordinated
management of several cultivated species and even, in some
cases, sub-spontaneous species that may have different func-
tions. The complexity of multispecies systems and the specific
properties that emerge from them often make it difficult to ac-
cept the hypothesis of homogeneity that lies at the basis of
many agronomy tools. It may therefore be necessary to revise
the concepts used and develop specific, new models and tools.

3.1.2. The framework provided by ecologists

The relations between plant interactions and plant commu-
nity structures have long received the attention of ecological
research (Clements et al., 1926). The question of how biotic
diversity and ecosystem functions are related is now consid-

ered one of the fundamental questions in ecology (Hobbs and
Morton, 1999). In natural systems, the composition of plant
species can change in line with a productivity (resource) gra-
dient (Tilman, 1984). For instance, species richness may de-
cline as soil fertility increases (Abrams, 1995). The research
conducted by ecologists therefore provides a rich theoretical
framework for approaching the role of biological diversity in
ecosystem functioning. However, attempts to apply that theo-
retical framework to cultivated ecosystems are few and far be-
tween. Main (1999) addressed the important question of how
much biodiversity is enough in an agricultural context. There
is certainly no absolute answer to that question, because all
systems are dynamic and solutions may depend on place and
time, and also because criteria need to be specified to address
the sustainability of cropping systems or agriculture. The an-
swer should be more qualitative than quantitative: the ecolo-
gists Ewel and Bigelow (1996) emphasised the fact that the
mix of life-forms, not the mix of species, exerts control on
ecosystem functioning.

That framework provided by ecology primarily relies on
three principles based on the hypotheses of complementarity,
facilitation and selection of species possessing particular traits
(Erskine et al., 2006). The principle of complementarity con-
siders that the diversity of ecological attributes arising from a
large number of species provides easier access to limited re-
sources. The principle of facilitation suggests that overall pro-
ductivity can be increased when some species, e.g. nitrogen-
fixing species, can enhance the growth of other species. The
principle of selection or sampling assumes that systems con-
taining a large number of species have a greater probability of
containing species that are highly adapted to the limiting con-
ditions faced by the system. The diversity of species may also
reduce instability in the ecosystem processes through asyn-
chronous responses of the different species to environmental
fluctuations. Those different aspects enable ecologists to inter-
pret the effects of biological diversity in ecosystems based on
two major variables of the ecosystem: its productivity, often
measured by the biomass present, and its stability. Despite the
wide range of applications, few studies have been conducted
to analyse the relevance and applicability of those three prin-
ciples for cropping systems. However, whilst the principles of
complementarity and facilitation could be tested in an agricul-
tural context, the theoretical principle of the effect of selec-
tion or sampling cannot be easily studied because mixtures of
species in cropping systems do not give rise to random distri-
bution but to a deliberate choice, reasoned and guided by the
farmer.

Taking into account competition between species is a pref-
erential point of entry for both agronomy and ecology, which
has strongly influenced the concepts and tools developed by
the two disciplines. Competition has received close attention
in ecological research (Keddy, 1989; Goldberg and Barton,
1992) but the explicit consideration of the facilitation principle
might renew the concepts and tools, as shown by Bruno et al.
(2003). By shifting the balance between competition and fa-
cilitation towards facilitation processes (Callaway and Walker,
1997; Anil et al., 1998), multispecies systems form a new ele-
ment at the interface of the two disciplines.
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Figure 3. Land and density equivalent ratios. (a) The land equivalent ratio (LER) of a multispecies system is the area needed to produce the
same outputs as one unit of land with a pattern of sole cropping; (b) the density equivalent ratio (DER) indicates the crowding of the mixture.

The symbols represent the plant population density.

3.2. Measuring multispecies system productivity

Simple methods can be used to assess the benefits of mul-
tispecies systems by estimating their productivity using the
Land Equivalent Ratio (LER, Mead and Willey, 1980). LER
compares the yields obtained by growing two or more species
together with yields obtained by growing the same crops as
pure stands. For two mixed species, the LER equation is as
follows:

LER = mixed yield1/pure yield1 + mixed yield2/pure yield2

The resulting LER indicates the amount of land needed to
grow both species together compared with the amount of land
needed to grow pure stands of each (Fig. 3a). A LER greater
than 1.0 indicates mixed systems are advantageous, whereas a
LER less than 1.0 shows a yield disadvantage.

A Density Equivalent Ratio (DER) can be defined as a mea-
sure of the crowding of the mixture:

DER = mixed density 1/pure density 1
+ mixed density2/pure density2

Additive, substitutive and intermediate designs may be used
to combine species in mixed cropping systems (Fig. 3b). The
key assumption in the use of the LER is that the densities of
plants in the sole cropping controls are close to the optimum.
The null hypothesis (LER = 1) means that inter- and intraspe-
cific interactions are equivalent.

The properties of multispecies systems are not always
derivable from the properties of individual species. Collective

dynamics may lead to emergent properties that cannot be de-
duced from species properties alone, i.e. redistribution of the
soil-water resource by shrubs in agroforestry systems. This
makes it more complicated to define a proper methodology for
studying multispecies systems compared with studies involv-
ing one species.

Loreau and Hector (2001) developed an approach to sep-
arate the ‘selection effect’ from the ‘complementary effect’
in ecological systems. According to these authors, a selec-
tion effect occurs when changes in the relative performances
of species in a mixture are non-randomly related to their per-
formances in a monoculture. In their approach, the authors
proposed measuring the selection effect in a mixture of N
species by a covariance function derived from the Price equa-
tion in evolutionary genetics (Price, 1970, 1995). Here, we
propose an adaptation of that function, which could be used
by agronomists to estimate the selection and complementary
effects resulting from a mixture of several cultivated species.

Let us consider N species cultivated in a monoculture in N
fields with areas equal to s, ..., sj, ..., Sy, respectively. Note
z; = §; X y; the crop product obtained with a monoculture of
the ith species in the ith field, where y; is the crop product
per unit area. Crop products can be expressed as yields or as
gross margins. It is more worthwhile expressing y and z as
gross margins when the monetary prices of the crops are very
different.

Now, let us consider a mixture of the N species. Note z; =
sy Xy the crop product obtained for the ith species when the
N species are cultivated as a mixture on a total area defined by



52 E. Malézieux et al.

st = §; + ...+ sy. Then, the covariance function defined by
Loreau and Hector (2001) can be expressed as:

N
cov(R,,z) = % Z (Rz,- - Rz) (zi—2) ey
i=1

where R;, = (Z— - 1) is the relative gain for the ith species
which results from the mixture of the N species.

According to Loreau and Hector (2001), the covariance
equation (1) can be used to measure the ‘selection effect’.
A positive covariance indicates that the highest relative gains
R..,i = 1,...,N, are obtained for the species giving the best
results when cultivated in a monoculture. On the other hand, a
covariance near zero indicates that those relative gains are not
linked to the performance of the N species in the monoculture.

A small covariance does not necessarily indicate that the
overall gain resulting from the mixture of the N species is
small. Indeed, it is easily shown that the overall gain is a sum
of two terms:

N
AZZIZ;_ZIZi:NXCOV(Rzi’Zi)+NXRZZ 2)

where 4 is the overall gain resulting from the mixture of the
N _ N

N species, 7 = % 21 zi, and R, = % 21 R,,. The first term is
i= i=

proportional to the covariance cov (R;,, z;) and the second term
is proportional to the average value R, of the relative gains ob-
tained for the N species. This second term can be used to mea-
sure the complementary effect of the species in the mixture.
A positive value of R. indicates that, on average, the relative
gains obtained for the different species are positive.

3.3. Resource sharing in multispecies systems
3.3.1. The principle of competition versus facilitation

Referring to Vandermeer (1989), “competition is the pro-
cess in which two individual plants or two populations of
plants interact such that at least one exerts a negative effect
on the other, while facilitation is the process in which two in-
dividual plants or two populations of plants interact in such a
way that at least one exerts a positive effect on the other; dou-
ble facilitation is equivalent to mutualism”. Multispecies sys-
tems may maximise beneficial interactions while minimising
competition. In comparison with homogeneous pure cropping
systems, different species that are sharing a common space
interact together and with the environment in an information
feedback loop, where the environment affects the plants and
the plants reciprocally affect the environment (Fig. 4). These
types of interactions give them a set of properties including
competition for space, competition for light between canopies,
and competition for water and nutrients between root systems.

The agronomic advantages of multispecies systems are the
result of differences in the competitive ability for growth
factors between plant components. In terms of competition,

Plant species 2
A
~

a4
Plant speciesii ...
-‘,

Plant species 1

A

Resource

t

Environment

Figure 4. Interaction between plants for resources (from Grace and
Tilman, 1990). In this context, plants have an effect on the abundance
of a resource and other plants respond to the change. Both the effect
(—) and the response (— — —) must be of appropriate sign for compe-
tition to occur.

this means that the components are not competing for the
same ecological niches and that interspecific competition is
weaker than intraspecific competition for a given factor (de
Wit and Van den Bergh, 1965). The ecological niche concept
(Vandermeer, 1989) underlies the fact that the different species
involved may have different resource requirements at differ-
ent times, as well as different sources of nutrition, e.g. root
exploitation of superficial soil layers by one species versus
deeper exploitation by the other, different growth patterns, or
different affinities for the same nutrient, e.g. nitrogen in NO3
form versus NHj available form.

3.3.2. Aboveground competition for light

Of all the major environmental factors that contribute to
reported multispecies system merits, the capture and use of
solar radiation is the one that has received the most atten-
tion (Keating and Carberry, 1993). Overyielding by mixtures
has often been attributed to a more efficient use of light
by their canopies. Trenbath (1974) reported that an “ideal”
leaf arrangement could be approached by a mixture of a tall
erect-leaved genotype and a short, prostrate-leaved genotype.
Among aboveground factors, the factors that affect the light
regime of plant canopies are the amount of light and quality
of incident radiation, the canopy architecture and the optical
properties of the leaves and the soil (Sinoquet and Caldwell,
1995). In comparison with pure, uniform stands, light cap-
ture depends on (i) the fraction of incident photosynthetically
active radiation (PAR) that is partitioned by heterogeneous
canopies and intercepted by each species, and (ii) the effi-
ciency with which intercepted radiation is converted by pho-
tosynthesis. While direct measurement techniques have been
slow to develop, light modelling within multispecies systems
has quickly matured (Sinoquet and Caldwell, 1995). A number
of models are now available with different levels of complex-
ity for multispecies systems, but field applications face some
practical limitations. Compared with pure stands, multispecies
systems contain significant spatial variations in leaf area den-
sity and leaf angle distribution that are difficult to simulate.
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Figure 5. Above and belowground competition for resources in multispecies systems. The functionning of such systems is not only conditioned
by the availability of environment resources but also by the ability of the component species to share them.

3.3.3. Belowground competition for water and nutrients

Belowground competition occurs when plants decrease the
growth, survival or fecundity of neighbours by reducing avail-
able soil resources. Contrary to aboveground competition,
which primarily involves a single resource, light, plants com-
pete for a broad range of soil resources including water and
at least 20 mineral nutrients that differ in molecular size, va-
lence, oxidation state and mobility within the soil (Casper and
Jackson, 1997). The components of the mixture may be com-
plementary in a spatial sense by exploiting different layers of
the soil with their root systems. Components of a mixture may
complement each other nutritionally (different needs in quan-
tities, preferential use of different chemical forms). Mixtures
of leguminous and non-leguminous species are well known in
that regard, and provide repeatable examples of overyielding
due to nutritional complementation. To study those interac-
tions, three aspects have to be taken into account that address
the resource supply to the roots, the characteristics of the root
system, and the demand for water and carbon allocation, re-
spectively (Fig. 5):

(i) Resource supply to the roots involves four main pro-
cesses: the distribution of resources in the soil and their

availability, which depends on soil biophysical and chem-
ical properties, interception by the roots (<10%), mass
flow, which affects water and mobile nutrients such as
NO;3, and diffusion, which affects nutrients such as P and
K.

Root system characteristics include morphological plas-
ticity — root location in time (Caldwell and Richards,
1986) and space (de Willingen and Van Noordwijk,
1987), investment in root biomass, root length or surface
— and physiological plasticity — rate of resource uptake in
relation to enzyme functioning.

The demand for water. Water distribution depends on the
partitioning of evaporative demand between the species’
components, and on soil evaporation (Ozier-Lafontaine
et al., 1997, 1998).

(i)

(iii)

An analysis of the belowground processes and resource use
by plants presents tremendous challenges as there are still gen-
eral methodological difficulties despite the advances made in
techniques and equipment design. For example, roots of the
component plants can intermingle (Gregory and Reddy, 1982),
making the task of separating the respective root systems very
cumbersome. Staining techniques generally fail to distinguish
one root system from another. Other possibilities, such as
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isotopic discrimination of 13C between C3 legumes and C4
cereals are efficient but require special equipment (Wong and
Osmond, 1991; Lichtfouse, 1997).

3.3.4. Intercrop and resources

For a long time, plant ecologists have intensively studied
competition and facilitation along resource gradients (Donald,
1958; Grime, 1977; Tilman, 1988; Wilson and Tilman, 1988).
However, empirical results and theories remain controversial
(Garcia-Barros, 2003). Schematically, competition might be
high in a high resource environment, while facilitation might
be greater under harsh conditions (Bertness and Callaway,
1994). More generally, the interpretation of interactive effects
between intercrop component activities and resources in the
environment is extremely complex. For example, specific crop
growth affects soil shading and light interception and therefore
also temperature; plant water uptake changes soil water con-
tent in the rhizosphere, which affects microbial decomposition
rates; decomposition rates affect soil texture, water-holding
characteristics, rooting profiles and nutrient availability for
crops. It remains very difficult to disentangle those processes
experimentally. Thus, dynamic simulation models of those
systems are valuable for interpreting all these processes and
interacting conditions (see Sect. 4).

3.4. Biological interactions

These refer to a variety of processes that include allelopa-
thy and competition with weeds, along with pest and disease
interactions with plants.

3.4.1. Interactions with weeds

Two types of action are identified to explain the reduction
in weed biomass frequently observed: (i) competition for re-
sources such as light, water, nitrogen or other nutrients, and
(i1) allelopathy (Liebman and Dyck, 1993), though the distinc-
tion between those effects sometimes remains difficult.

Allelopathy refers to inhibition of the growth of one plant
by chemical compounds released into the soil from neighbour-
ing plants. It may inhibit a mixture: tree species such as Gliri-
cidia sepium or Leucaena leucocephala used in agroforestry
are reported to have allelopathic effects on maize and rice
seedlings (Nair, 1993). Conversely, the use of specific species
may enable better control of weeds and thereby be a benefit
of mixing. However, little is known about allelopathic mecha-
nisms for weed control in a mixture. Beyond those allelopathic
mechanisms, the suppressive effect on weeds is observed
through competition when the cultivated species are comple-
mentary in resource uptake: nitrogen requirements (legumes
versus other plants), photosynthesis metabolism (C3 versus C4
plants) and different soil exploration by roots depending on the
species. The complementarity between cultivated species of-
ten makes it possible to capture a greater quantity of resources

in the case of intercrops versus pure stands, thereby reducing
the resources available for weed growth (Liebman and Dick,
1993; Bulson et al., 1997; Hauggaard-Nielsen et al., 2001;
Hauggaard-Nielsen and Jensen, 2005). In mixtures combin-
ing a cereal and a legume, the greater competitiveness of the
mixture compared with monocultures is due to the fact that
cereals are more competitive than legumes in taking up nitro-
gen from the soil due to faster root development and demand
(Corre-Hellou et al., 2006). Mixing species may also reduce
the specific diversity of the weed stand and lead to a change in
biomass distribution between weed species (Poggio, 2005).

3.4.2. Interactions between crop mixtures and diseases
and pests

In order to explain interactions between mixtures and dis-
eases and pests, a distinction is made between different pro-
cesses:

(i) The dilution effect
The hypothesis of resource concentration put forward by
Root (1973) reflects the fact that the mixture gives rise to
a "dilution" of the host plant in the plant cover, making
the parasite or pest less efficient at locating and colonis-
ing its host plants. An increase in the proportion of non-
host plants in a mixture enhances that effect (Sibma et al.,
1964; Trenbath, 1993).

(i) The physical barrier effect
The previous theory of Root (1973) is completed by the
disruptive crop hypothesis (Vandermeer, 1989). By mod-
ifying the structure of the stand and the architecture and
microclimate of the cover, the mixture modifies the lo-
cation of the host plant, thereby affecting disease spread
or disrupting the parasitic insect’s search for feeding or
mating sites (Francis, 1990). Conventional cereal crops
can disrupt insects in their visual search for smaller crops
(Ogenga-Latigo et al., 1992), and the existence of a lower
crop storey may, likewise, affect the visual search for a
potential host.

(iii) The habitat effect
Introducing species with a contrasting plant architecture
creates a new habitat which in turn modifies populations
of predators. For instance, Jones and Sieving (2006) re-
ported a change in the behaviour of insectivorous birds
with the introduction of a single row of sunflowers in or-
ganically grown vegetables.

(iv) The chemical effect
A mixture may contain species that produce substances
that have negative effects on diseases and pests, such as
nematodes, that are parasites on another component in the
mixture. That is the case for certain intercropping sys-
tems based on cover crops dedicated to controlling ne-
matodes (Yeates, 1987; Rodriguez-Cabana and Kloepper,
1998). Those different effects can be combined in differ-
ent ways: for example, cover crops used in mixtures may
affect plant parasitic nematodes (a) as non-host plants af-
fecting nematode reproduction, (b) by producing root ex-
udates stimulating nematode reproduction in the absence
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of hosts and causing nematode death, (c) by producing
root exudates with nematicide properties, and (d) by pro-
ducing compounds in the foliage which, once incorpo-
rated into the soil, have nematicide properties. Functions
(a) and (d) can be utilised in crop rotations, where they
ensure a preventive function (cleansing), whilst functions
(b) and (c) can be taken advantage of in mixtures, as those
two control methods can be utilised in overlapping cy-
cles.

4. MODELLING PLANT MIXTURES
4.1. The state of the art

Models of plant mixtures apply to various systems: crops
and weeds, mixtures of crop varieties, intercropping of differ-
ent crop species, tree and crop mixtures (agroforestry, tree-
shelters), and tree species mixtures (mixed forests). The non-
linear behaviour of multispecies systems cannot be accounted
for by simply studying or modelling plant components inde-
pendently.

4.1.1. Modelling is the only way to go with multispecies
systems

Design decisions made from the small amount of empirical
evidence from the few available trials on multispecies systems
are inherently weak, as plant development and productivity
in mixtures are site- or weatherspecific (Vandermeer, 1989).
Land Equivalent Ratio assessments based on a few years of
measurements are highly questionable (Vandermeer, 1989). In
mixture studies, innovative planting designs have been devel-
oped to reduce the land area needed for mixed-species plan-
tation experiments, by focusing on individual plant analysis
rather than plot-level analysis (Kelty, 2006). However, the
numerous combinations between species, environments and
practices are not within reach of traditional factorial experi-
mental approaches. In dynamic systems with heterogeneous
structures, a system approach is required to improve under-
standing of the processes involved, and to evaluate adequate
management schemes. There is a need for dynamic modelling
tools to evaluate how wide ranges of soil conditions, various
weather sequences and different management schemes modify
the yield and environmental impact of multispecies systems.

4.1.2. Modelling interspecific relationships

All models of multispecies systems simulate interspecific
interactions which are key determinants of the structure, the
dynamics and the productivity of mixed plant communities. As
seen previously, in contrast with sole cropping, multispecies
systems have parallels with basic ecological principles. Plant
interaction models are categorised as being either empirical,
providing only a description of the outcome of competition,

o~ ]
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Figure 6. The three crux of multispecies dynamic models for re-
source partition: including appropriate plasticity mechanisms in the
plant models (1), solving the resource sharing for multiple resources
simultaneously (2), and coupling plant models often built with differ-
ent concepts (3).

or process-based, offering a representation of the physiologi-
cal processes underlying plant growth. Empirical models are
useful for making predictions within the range of data used
to parameterise them but are not suitable for extrapolation.
Mechanistic models that are based on the behaviour of indi-
vidual plants are based on “focal plant—neighbour plant” inter-
actions. In contrast to empirical models, process-based mod-
els have the ability to make predictions outside the range of
data used in their parameterisation, making them the models
of choice for designing plant species mixtures. In order to
simulate both competition and facilitation, it is necessary to
achieve a balance in aboveground and belowground interac-
tions in resource capture by the component species. Moreover,
in modelling approaches, a balance needs to be maintained
between process and pattern, between temporal and spatial
aspects. Multispecies dynamic models for resource partition
must include appropriate plasticity mechanisms in the plant
models, solve the resource sharing for multiple resources si-
multaneously, and couple plant and crop models often built
with different concepts (Fig. 6).

4.1.3. A review of current multispecies system models

A comparison of some representative multispecies sys-
tem models is presented (Tab. II). Relatively few models
have been developed for mixtures of tree species (Bartelink,
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Table II. Comparison of some multispecies models designed for intercropping, agroforestry and forestry.

CROPSYS (Caldwell and
Hansen 1993)

STICS-CA (Brisson et al.
2004)

GEMINI (Soussana et al.,
2000)

Yield-SAFE (Van der
Werfet al., 2007)

WaNuLCAS (van
Noordwijk and Lusiana,
2000)

Hi-sAFe (Dupraz ctal.,
2007)

COMMIX (COMpetition
in MIXtures). (Bartelink,
2000)

SORTIE/BC (Coates et al,
2003)

SexI-FS (Vincent and
Harga, 2002)

Specific
diversity
(number of
species)

2

[crop/crop]

[crop/erop]
or
[tree/crop]

[crop/crop]

[tree/crop]

>2

[tree/crop]

>2

[ tree/crop]
and
[tree-tree]

>2
[tree-tree]

>2

[tree-trec]

>2

[tree-trec]

Spatial pattern
heterogeneity
(horizontal)

= == ==

ﬂ
|
|

OO0

Time step and
scale

Day time step

ncycles

Day time step

ncycles

Day time step

ncycles

Annual time step

Long term
production dynamic

Day time step

ncycles

Long term
production dynamic

Day time step

ncycles

Medium term
production
dynamic

Year time step

Long term
production dynamic

Year time step

Long term
production dynamic

Year time step

Long term
production dynamic

Aboveground
interactions

Belowground
interactions

Canopy : 1D, 2 layers Soil : 1D, n layers

Light balance

Canopy : 1D,
geometric shape
Light balance

Microclimate feed-
back

Water and N
competition

Soil : 1D, n layers
Water and N
competition

Plasticity of root

Canopy: 1D, n
vertical layers
Light balance

Canopy: : 1D, n
vertical layers
Light balance

Canopy : 1D n layers
Light balance

Microclimate feed-

system

but no C allocation

between shoots and
To0ts.

Soil : 1D, n vertical
layers
N uptake

Soil : 1D, n vertical
layers

Water

and N uptake

Soil : 2D, 16
companmenls

Type of system

Tropical linear
intercropping systems

Temperate and tropical
lincar intercropping
systems

Temperate grasslands

Temperate linear
intercropping systems

Tropical linear ou
circular intercropping

Water, N and P uptake systems; sequential

Tree roots may

back not implemented interact with crop

Canopy : 3D
Light balance

Canopy : 3D
Light balance

Space occupation

Canopy : 3D

Light balance

Space occupation

roots in the 16
compartments

N tree fixation

Crop roots do not

interact each other and
are limited in vertical

compartments

Plasticity of tree root
system

Slope included
Soil : 3D

Water and Nitrogen
balance

Ignored

Ignored

agroforestry

Objectives

Growth and yields of

annual species
Risk

evaluation/Decision
making

Growth and yields of
annual and perennial
species

Grassland species
coexistence, dynamic
and productivity.

Growth and yields of
annual and perennial
species.

Evaluation of
profitability of
agroforestry systems

Growth and yields of
annual and perennial
species.

Evaluation of
sustainability and
profitability of
agroforestry systems,

Temperate agroforestry Growth and yields of
systems with any design annual and perennial

for tree and crop
position

Temperate mixed
forests

Temperate and boreal
mixed forests

Canopy : 3D, continu Soil : 1D horizontally Tropical agroforests

Light balance

Space occupation

discrete

species.

Carbon, nitrogen and
water budgets for
environmental
appraisements

Forest productivity

Exploration of
thinning scenarii

Forest dynamic and
productivity

Exploration of
thinning scenarii

Forest dynamic and
productivity
Exploration of
prospective
management
scenarios

General comments

Dedicated to crop/crop
interactions

Suitable for tree/crop or
crop/erop interactions

No tree management
(pruning)

Simulation of phenotypic
plasticity in response to
shade and nitrogen
deprivation

Explicit description of the
plant shoot and root
morphogenesis and
architecture

Crop management (animal
module)

Tree management

Sustainabilty : SOM
(Century model)

Limits of the STELLA
programming platform

Crop and Tree management

Unsuitable for long term
prediction

Plasticity of tree root
systems

Water table

Phenological differences
between species not
included

Demographic processes
included (recruitment and
mortality)

Demographic processes
Module of crown shape
flexibility in response to
light and space limitations
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2000; Coates et al., 2003) and mixtures of herbaceous species
(Brisson et al., 2004; Caldwell and Hansen, 1993; Carberry
et al., 1996; Tsubo et al.,2005), including crop-weed models
(Deen et al., 2003), but even fewer for mixtures of trees and
crops (Garcia-Barrios and Ong, 2004; Mobbs et al., 1998).
Competition models for trees only usually run on a yearly time
step, while competition models for crops only, or crops and
trees, run on a daily time step.

Multispecies system models can be divided into three
groups depending on spatial discretisation of the simulated
scene. Most models ignore the spatial heterogeneity of plant
mixtures, and simplify the system to a one-dimensional rep-
resentation. They include CROPSYS (Caldwell and Hansen,
1993), APSIM (Carberry et al., 1996), Yield-sAFe (van der
Werf et al., 2007), and GEMINI (Soussana and Lafarge, 1998).
Those models mimic sole crop modelling, considering the sys-
tem to be composed of two species instead of one, and assume
that both aboveground and belowground stand components are
horizontally homogeneous. In the second group of models, a
first level of spatial heterogeneity is introduced through dis-
cretisation of the system into some linear or circular areas
between which flows of mass or energy occur. Some inter-
cropping models such as STICS-CA (Brisson et al., 2004) and
most tree belt-crop models (Huth et al., 2003) follow that ap-
proach. The WaNuLCas model (Van Noordwijk and Lusiana,
1998) includes 4 zones of tree-crop interactions with decreas-
ing intensity. The possible schedule of a sequence of crops
to be grown over time in each zone makes it possible to en-
compass a broader range of systems in terms of species di-
versity and spatial structure. The third group includes spa-
tially explicit models, based on modelling individual plants
that interact together. This is most common for trees in mixed
stands (Bartelink, 2000; Coates et al., 2003) but those mod-
els often ignore belowground interactions and focus on light
partitioning between trees. Very few spatially-explicit mod-
els have been developed for annual plants; some models deal
with grassland mixtures (Soussana and Loiseau, 2002), but
most are neighbourhood population dynamic models that of-
ten ignore competition for belowground resources (Stephen
etal., 1990). SeXI-FS (Manson et al., 2006; Vincent and Harja,
2002) and Hi-sAFe (Dupraz et al., in prep) are models that
explicitly integrate both above- and belowground competition
for resources on a plant scale, using a distance-dependent and
an individual-based modelling approach. By including demo-
graphic processes (mortality, recruitment), SeXI-FS simulates
the long-term dynamics of the spatial structure. For below-
ground interactions, progress has been achieved with the de-
velopment of 2D mechanistic models that include distributed
source-sink functions (Ozier-Lafontaine et al., 1998; Lafolie
et al.,, 1999), and in some cases algorithms to account for
minimum energy resolution (Adiku et al., 2000). By coupling
structure and function at different levels of complexity, these
biophysical models provide a clearer understanding of the im-
portance of the different components involved in water compe-
tition, i.e. demand partitioning, soil hydrodynamic properties,
root distribution and priority in root water extraction.

Time steps in all these models vary from 1 year to one
day or less, with possible integration over the course of one

or more growing seasons, up to a century for forest models.
The models have not been designed for the same purpose, or
for the same users, and a comparison is therefore tricky. They
often combine simplicity and complexity: one model might
be very simple regarding one mechanism, while being more
realistic and close to mechanistic models for simulating other
processes. Most of the models are used as research tools rather
than management tools. Knowledge gaps have been identified
and are discussed in the following section.

4.2. Future directions in modelling plant mixtures

4.2.1. Designing an appropriate working environment to
deal with spatial and temporal patterns

One of the main characteristics of multispecies systems is
the wide range of spatial arrangements (strip or mixed sys-
tems, alley crops with various plant-plant distances, mixtures
of annuals and perennials, vertical discontinuities in agro-
forests, windbreaks, etc.) and temporal arrangements (simul-
taneous versus sequential) that farmers opt for depending on
their agroecological purposes. Such a platform is only partially
designed in WaNulCAS and Hi-sAFe for agroforestry sys-
tems. A real breakthrough is needed in the design of a flexible
platform that involves both multi-spatial and temporal man-
agement, including annual (intercrops, cover crops) and peren-
nial (agroforests, forests) arrangements. The CAPSIS platform
provides an attractive example of such operational platforms
designed for the simulation of forest dynamics and productiv-
ity.

Dynamic simulation models need to integrate competition
for different resources in time and space, so as to predict highly
non-linear response patterns. A key point in future modelling
challenges remains the need for a link between different mod-
els geared towards process levels and, above all, between dif-
ferent spatial and temporal scales. That objective means cre-
ating bridges between ecophysiology, population biology and
functional ecology.

Table II focuses on the modelling of multispecies systems
as a whole, but other modelling tools are available and rel-
evant to the analysis of some multispecies system processes
or components. For example, radiation models based on 3D
architectural mock-ups and ray-tracing can be used to derive
parameters of the turbid medium analogy widely applied in
multispecies system models (Lamanda et al., 2007). In addi-
tion, conceptual population biology models may be helpful in
exploring the coexistence of species in mixtures. To that end,
use of functional traits and groups used in ecology to char-
acterise and simulate natural ecosystems such as rainforests
(Gourlet-Fleury et al., 2005) may be of great interest for simu-
lating complex multispecies systems, such as agroforestry sys-
tems in the humid tropics (Malézieux et al., 2007).
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4.2.2. Challenges related to the level of process
description in mechanistic models

The large number of possible species combinations, man-
agement practices and site-dependent interactions in mul-
tispecies systems indicates that a pure empirical approach
would be unsuitable for most problems to be solved. Although
intensive work has been devoted to simulating abiotic interac-
tions (light, water) in multispecies systems, efforts need to be
focused on (i) better knowledge of interactions for resources,
which requires both suitable discretisation of the above- and
belowground environment (voxellisation) and realistic simu-
lation of the physical properties of mass transport laws — sim-
ulation of changes in soil physical properties, due to tillage
and biological activities, must also receive greater attention
(Stockle, 1999) — and (ii) an appropriate understanding and
multi-scale representation of the plasticity of roots, shoots and
crowns involved in the process of adaptation to heterogeneous
and competitive environments. Through its decisive role in
resource acquisition and use, physiological and morphologi-
cal plasticity may alter the sign and magnitude of interactions
among plants and, as a consequence, the performance and dy-
namics of the system (Callaway et al., 2003).

Biotic investigations still remain the poor relation of mod-
elling research on multispecies systems, although many mod-
els have been developed to simulate the growth and activity of
weed, pest and disease populations (Doyle, 1997; Van Oijen,
1995). As pointed out by Stockle (1999), weed, pest and dis-
ease effects are ignored in most comprehensive models, as a
result of the complexity of dealing with a potentially large
number of species for each plant of interest. This field of re-
search is particularly dependent on population ecology con-
cepts — population dynamics, epidemiology — and the func-
tional ecology of the soil (role of micro- and macroorganisms).

In other respects, assessing the impact of climate change
and CO,; elevation scenarios on multispecies system produc-
tivity and the environment will continue to be an important
field of research, particularly for simulating the ability of
species to adapt to changing temperatures, moisture availabil-
ity, atmospheric CO, concentration and other aspects of cli-
mate change, i.e. pest pressure.

S. CONCLUSION

Despite its potential advantages and the huge diversity
of multispecies systems existing in world agriculture, main-
stream agronomic research has largely focused on monocrop
systems, with very little interest in ecological interactions be-
tween species in mixed systems. Today, it is barely feasible to
simulate multispecies systems and, due to the absence of effi-
cient models, it is difficult to understand the effects of the dif-
ferent factors that interact within those systems. The relevance,
but relative limitation of the concepts and existing tools of sys-
temic agronomy in alone representing and simulating multi-
species systems and their properties certainly reveal the need
to find new representations to account for the particular pro-
cesses brought into play. As shown in this article, the numer-
ous mechanisms involved in species mixing highlight the need

to deal with their complexity by combining concepts from di-
verse disciplines (agronomy, ecology, epidemiology, etc.), al-
though the necessary link with ecology largely remains to be
constructed.

As emphasised by Gurr et al. (2003), mixing species in
cropping systems may lead to a range of benefits that are ex-
pressed on various space and time scales, from a short-term
increase in crop yield and quality, to longer-term agroecosys-
tem sustainability, up to societal and ecological benefits that
include recreation, aesthetics, water and soil quality, and flora
and fauna conservation, including endangered species. Under-
standing such interactions between cropping systems and the
environment means working on a broader spatial scale than the
farmer’s field and means considering the mosaic of fields that
structure the landscape, and its evolution over a longer time
scale.

For all these issues, multispecies systems are today a real
challenge for agricultural research, and more specifically for
systemic agronomy. It is time to understand and integrate their
complex functioning and develop an adequate tool-box for
checking and ensuring their technological development.
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