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Abstract - Using experimental results obtained mainly with monocultures and mixtures of grasses
and of legumes, we argue for the need of a mechanistic and quantitative understanding of resource
partitioning among grassland species. An individual-based approach of species competition at the patch
scale is discussed and we show that the coexistence of grassland species is favoured by morphological
and physiological adjustments to the resource levels and to the neighbour densities they encounter.
It is argued that such adjustments tend to increase the stability and the resilience of grassland com-
munities and that the inclusion of such phenomena in models may improve our understanding of
the vegetation dynamics and our ability to control it. An individual-based model that simulates an homo-
gencous patch consisting of two species (grasses or legumes) is presented and it is shown that such
a model may help to understand some of the major traits (functional types) that favour the dominance
of species in communitics. Finally, the need for spatially cxplicit models of plant competition taking
into account the clonal growth of pasture species is stressed. &copy; Elsevier/Inra
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Résumé &mdash; Compétition interspécifique pour des ressources et dynamique locale de végéta-
tion dans les prairies tempérées. À partir de résultats expérimentaux obtenus avec des cultures
pures ou associées de graminées et de légumineuses prairiales, la nécessité de disposer d’estima-
tions quantitatives du partage des ressources entre espèces est discutée. Une approche écophysiolo-
giquc de la compétition est proposée et nous montrons que la coexistence des espèces prairiales est
favoriséc par des ajustements morphologiques et physiologiques au niveau des ressources, ainsi
qu’à la densité des voisins. Nous estimons que de tels ajustements permettent d’accroître la stabilité
et la résilience des communautés prairiales et que l’inclusion de ces mécanismes dans des modèles
peut améliorer notre compréhension de la dynamique de végétation, ainsi que notre aptitude à la
contrôler. Un modèle simulant la croissance de deux espèces (graminées ou légumineuses) dans une
zone homogène est présenté et nous montrons que ce modèle permet de déterminer certains des
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traits (types fonctionnels) qui favorisent la dominance des espèces dans un mélange. Enfin, la néces-
sité de disposer de modèles spatialcment explicites de la compétition, prenant en compte la croi-
sance clonale des espèces prairiales, est soulignée. &copy; Elsevier/Inra

compétition / diversité / coexistence / morphogenèse / bilan de carbone / absorption d’azote /
fixation biologique d’azote

1. INTRODUCTION

Semi-natural grasslands in Europe are
managed to meet a number of objectives,
including the productivity and quality of the
herbage, conservation of biodiversity and
the maintenance of landscapes. Such goals
are usually attained through various man-
agement practices (e.g., grazing, cutting and
fertiliser inputs) which affect both the
growth and the botanical composition of
swards.

Apart from their direct impacts on the
vegetation (through defoliation, treading
and excreta), most management practices
have also large indirect effects, through
changes in the above and below-ground
environments, which alter the growth of the
herbage and the competitive interactions
between individual plants. Few competition
studies have clearly and unequivocally con-
cluded that competition is the major selec-
tive force in pasture communities. However,
it is clear that competition is at least of some
importance and that it does contribute to
community structure within the constraints
set by environmental conditions, nutrients
cycling and grazing [59]. ].

Plant competition has been defined as:
’an interaction between individuals, brought
about by a shared environment for a resource
in limited supply, and leading to a reduc-
tion in the survivorship, growth and/or
reproduction of the competing individuals’
[3]. From this contemporary definition, it
appears that the study of competition needs
to consider both population biology and eco-
physiology (resource capture and use). In
this review, we discuss how a wide range

of physiological and morphological mech-
anisms of resource uptake and utilisation
can be related to the performance of indi-
viduals and populations as mediated by com-
petition.

2. A POPULATION BIOLOGY
APPROACH TO SPECIES
COEXISTENCE

Understanding the coexistence of species
has been and remains a central objective in
ecology. The principle of competitive exclu-
sion was established early this century and
was first formulated mathematically by
Lotka [34] and, independently, by Volterra
[61]. Using a simple model for the density
dependence of mixed population growth,
they demonstrated that the coexistence of
species in mixtures occurs when the effects
of either species on itself exceeds the effect
it has on the other species. In this case, inter-
specific competition is relatively small and
a stable coexistence is possible. Another
prediction of the Lotka-Volterra model is
that when there is strong competition
between species the outcome depends on
the initial conditions. Hence, there are four

equilibrium outcomes of two-species com-
petition in the Lotka-Volterra equations:
competitive exclusion of species A by
species B, competitive exclusion of species
B by species A, stable coexistence, and
founder control (the equilibrium outcome
of competition is unstable and depends on
initial conditions). A founder control has
the effect of making the outcome of a com-
petition highly dependent upon the initial
advantage. This may account for the rela-



tive indeterminacy of relative abundance of
species in many grassland communities.
A large number of experiments attempted

to test the Lotka-Volterra equations exper-
imentally, using either replacement or addi-
tion designs. A mixture of two species or
forms is the simplest model of diversity for
experimental studies. In additive designs
two species are grown together, the density
of one is maintained constant and that of
the other is varied. Such an experimental
design has an obvious relevance to many
field situations in which one species is invad-
ing the area occupied by another and it
allows to test the role per se of the addition
of a competitor [27]. By contrast, de Wit’s s
[64! replacement series involve sowing two
species in varying proportion while maint-
aining overall density constant. In this case,
part of the competition within a species
(‘intra-specific’) is replaced by inter-spe-
cific competition.
When two species of grass are grown

together in mixtures, the yield does seldom
exceed that of the higher yielding pure stand

[16]. By contrast, grass-legume mixtures
frequently outyield the pure stands [20, 29,
48]. In most replacement experiments, mix-
ing a grass with a legume improves the nitro-
gen nutrition of the grass [ 1 I J. This does
not necessarily imply a transfer of biologi-
cally fixed N from the legume to the grass,
as soil N is in relative terms more available
to the grass plants in a mixture, due to the
reduction of the grass density and to the
lower competitive ability for N uptake of
the legume [10, 47]. The yield gain obtained
by sowing perennial ryegrass in mixture
with white clover is closely related (figure I )
to the improvement in the nitrogen status
of the mixed, compared to the pure, grass
sward. This yield gain is greater at low than
at high fertiliser N supply !48], which
shows, as with a number of studies in the
literature (reviewed by Harper !27]), that
the competitive interactions between a grass
and a legume are strongly affected by the
availability of inorganic N.

From this example, it can be seen that
the coefficients of interaction between



species, which are fixed in the Lotka-
Volterra equations, are in fact a function of
the environment and of the availability of
resources. Therefore, density-based mod-
els, like the Lotka-Volterra equations, can
predict the dynamics of species interactions
only in the environment in which their
parameters were calibrated.

3. A RESOURCE BASED THEORY
OF COMPETITION

Few grassland habitats have been found
to have more than a handful of limiting
resources, even though the habitat may con-
tain several hundred species [26j. How can
multiple plant species coexist on a few
resources only?

Tilman [56] developed a resource based
theory of competition. The model consists of
a pair of consumer-resource equations
describing resource dependent plant popu-
lation growth and resource dynamics.
According to this model, the critical resource
concentration R* is a key parameter for
competitive success. It can be measured in
the field as the concentration to which a lim-

iting resource is reduced by a steady-state
monoculture. R* will vary with the relative

requirements for nutrients, which are
increased by nutrient losses (through the
abcission of leaves, the turnover of roots,
or herbivory) [4]. If all species are limited by
the same nutrient, the species with the low-
est R* is predicted, at equilibrium to dis-
place all competitors, independent of their
initial densities [56!. An environmental het-
erogeneity in the ratios of two or more lim-
iting resources could still permit a significant
number of species to co-occur in a small
area. However, this explanation requires a
separate limiting resource for each species
and it is only spatial heterogeneity that
accounts for the observed diversity of grass-
land community 123]. ] .

Tilman’s resource competition theory is
capable of predicting the long-term outcome

of interspecific competition at equilibrium in
natural relatively undisturbed habitats [57].
By contrast, in managed permanent grass-
lands, competition interacts continuously
with the disturbance induced by grazing or
mowing, which arrests the pasture from
developing into shrub and forest [59). The
non-equilibrium dynamics of species com-
petition for resources, is therefore of major
importance for the structure of grazed grass-
lands. In order to understand this dynamic,
the main physiological mechanisms of
resource uptake and use by competing grass-
land species should first be analysed.

4. COMPETITION FOR LIGHT

Competition for light, which is conspic-
uous in fertile grasslands, is usually con-
sidered as asymmetric: larger individuals
obtain a disproportionate share of the light
resource and suppress the growth of smaller
individuals [42]. Competition for light is
thus considered to be the primary cause of
size asymmetry and self-thinning in dense
populations [27J and it is often assumed that
when light competition predominates, there
is little opportunity for species coexistence,
resulting in a strong decline in diversity [30].

The degree of size asymmetry caused by
competition for light can be investigated by
modelling light partitioning between species
grown in mixture. A model of radiation

interception [45] was applied to grass-clover
mixtures by Faurie et al. [ 19]. Simulations
showed that the advantage of clover in terms
of photosynthetically active radiation (PAR)
capture was suppressed by nitrogen-fertiliser
supply because of a lack of vertical domi-
nance of the legume at high N [19]. The
equation by Schwinning and Fox [40] can be
applied to these results, in order to calcu-
late the size symmetry or asymmetry of

competition for light. With this equation,
the division of incident radiation (PAR)
between n species can be calculated accord-
ing to their average size (leaf area per plant,



LA). PAR; refers to the average amount of
PAR absorbed by plants from species i of
leaf area LAi. The parameter 0 indicates the
mode of competition from symmetric (6 <_ 1 )
to asymmetric (9 > 1):

11

When clover was dominant, the value of
0 was greater than one ( 1.5 ± 0.2), which
indicates that light capture increased more
than proportionally with leaf area (size
asymmetry). By contrast, with a dominant
grass, competition for light was size sym-
metric as 0 was lower than one (0.7 ± 0.1). ).
In this case, the light capture still increased
with the average leaf area per plant but less
than proportionally. According to the current
theory 142], the symmetry/asymmetry of
competition for light is expected to affect
species balance. Nevertheless, even when
competition for light was partly asymmetric
(dominant clover), the balance between
species which was established in the grass-
clover mixture at the time of canopy clo-
sure was not modified thereafter [13, 19 1.

This result can be better understood by
considering how declines in light quality
and quantity trigger shade avoidance in a
pasture species like white clover. Clover
reacts quickly to shading by increasing its
petiole length [52, 60]. As the ratio of the
extended length of clover petioles and grass
leaves is approximately constant [14], the
effects of competition for light for clover
are buffered. This morphological response to
shading has, however, major costs for the
legume like the suppression of branching
[44] and a mortality of small apices [49],
which was shown to be caused by leaf light
intensities below compensation point [22[. ].

Shade tolerance may also contribute to
stabilise the botanical composition of
crowded stands. Leaves that are photosyn-
thetically light saturated have a lower radi-
ation use efficiency. By contrast to a mono-
culture, the fraction of leaf in the shade can
reach one for a shaded species within mix-

ture. In this case, due to the avoidance of

light saturated photosynthesis, the radiation
use efficiency tends to increase [19, 62]. As
shading increases the radiation use efficiency
of subordinate species, these will use light
more efficiently and by acquiring shade
plant characteristics, they may be able to
delay competitive exclusion until light
becomes again available because of defoli-
ation by grazing or cutting. Hence, physio-
logical (shade tolerance) and morphologi-
cal (shade avoidance) responses to shading
tend to increase the possibilities for species
coexistence in fertile grasslands.

5. BELOW-GROUND COMPETITION
FOR NUTRIENTS

The available data suggest that below-

ground competition for nutrients is usually
size-symmetric [42], which appears to be
consistent with the basic mechanisms of soil
resource interception, as two proximate roots
will both generate depletion zones around
their surfaces and thus restrict the resource

supply of the other [2]. In case of little
mobile ions like phosphate, many local
depletion zones will develop that have little
overlap with the zones of adjacent plants.
This may allow a plant to be limited by a
below-ground nutrient without necessarily
having a strong impact on the resources
available to another plant [30]. According to
the model by Huston and DeAngelis [30],
under low to medium fertility as competition
is predominantly below-ground, a substan-
tial number of plant species can coexist.

Although fast-growing species are able
to grow faster even at low nutrient levels,
inherently slow-growing species appear to
have an advantage in nutrient poor sites [7,
33]. Efficient nutrient conservation due to
long life span of the organs has often been
suggested as an explanation for the long-
term success of slow-growing species [4, 7,
24]. According to the model by Aerts and
van der Peijl [ 1 the species with higher
nutrient productivity (dry weight produced



per unit nitrogen taken up) grow initially
faster at low nutrient supply, but in the long
term the species with higher mean residence
time for nutrients attain the higher biomass.
With three ecologically contrasting grass
species, high relative growth rates were cor-
related with short lifespans of the roots and
shoots and with low tissue density [43 [. Low
tissue density has also been found to be an
important component of the high leaf area
ratio and high root length ratio of grass
species [21, 39].

Nitrogen uptake by grassland species can
be modified both by competing neighbour
plants and by defoliation. In mixtures of
Lolium herenne with Festuca rubra, the
ability to compete for nitrate uptake was
reduced for each species by increasing its
cutting frequency [55]. After cutting, storage
pools are used in pasture plants both to sup-
port regrowth and to buffer the internal nutri-
ent status [54]. With slow-growing species
of infertile soils such as Fe.stuca ovina, large
reserve pools tend to uncouple growth from
nutrients uptake and such species are also
more able to capture nitrogen from short
pulses than fast-growing species [25]. Slow-
growing species which are tolerant to nutri-
ent stress display thus a range of adapta-
tions (low tissue turnover, ability to use
nutrients pulses) that tend to lower their
nutrients requirements and, hence, to reduce
their critical nutrient concentration, stricto
sensu Tilman [56].

Some other adaptations are involved in
the avoidance of nutrient stress by fast-grow-
ing grassland species. Supply of nutrients
from the soil is usually assumed to be from
a combination of mass flow and diffusion.
With a highly mobile nutrient like nitrate,
mechanistic models of uptake have shown
that the main parameters controlling the flux
are the root uptake capacity, the root sur-
face area and the total amount of nutrient
in the soil [21. The first two of these param-
eters are controlled by the plant and, with
fast-growing species like perennial ryegrass,
adaptive responses to N deprivation involve

increases both in the root:shoot ratio and in
the root uptake capacity [46]. Morphologi-
cal (increase in root mass and in root length)
and physiological (de-represssion of uptake,
[31]) adjustments to nutrients deprivation
caused by neighbours may therefore avoid or
at least delay the competitive suppression
of fast-growing grasses.

Other fast growing pasture species are
legumes which avoid N deprivation by sup-
plementing inorganic N uptake with sym-
biotic N, fixation, thereby retaining a rela-
tively high growth rate even in a low N soil
environment. Nitrogenase activity in forage
legumes is apparently fine tuned to the
growth rate and, hence, to the nitrogen
demand of the plant, mainly through
changes in the nodule mass and in the oxy-
gen permeability of the nodules [ 17, 28]. In
contrast to a grass, the nitrate uptake capac-
ity of a legume like white clover is little
repressed by a high internal N status [46].
Because of this lack of repression of nitrate
uptake, clover is able to compete efficiently
with a grass at high N availability. This may
limit the dominance of the grass in a high
soil N environment and its ability to shade
and suppress the legume 18].

Hence, when neighbouring species are
competing for soil nutrients like inorganic N
a number of physiological and morpholog-
ical adaptations seem to delay competitive
exclusion. Slow-growing species tend to be
tolerant to N deprivation, at least when they
are not cut frequently, while fast-growing
species tend to avoid N deprivation either
through morphological and physiological
adaptations, or by developing a symbiosis
with N., fixing Rhizobium bacteria.

6. MODELLING THE ALLOCATION OF
GROWTH AND THE COMPETITION
FOR MULTIPLE RESOURCES

A mechanistic understanding of whole
plant allocation is still lacking, although
some conceptual progress was made [35],
based upon the widely acknowledged theory



of phloem transport by Munch [36]. Recent
developments in molecular biology have
shown that some sugars act as signals for
the expression of various genes involved
both in carbohydrate production and use as
well as in tissue growth [32]. Moreover, the
involvement of chemical (especially through
abcissic acid) and hydraulic signalling
effects has been demonstrated for a num-
ber of processes, including stomatal aper-
ture and leaf extension [ 15]. Given the com-
plexity and the diversity of these regulations,
it is unlikely that a fully mechanistic model
of whole plant allocation can be developed
in the near future. Nevertheless, the hypoth-
esis of a functional equilibrium that would
preserve a balance between photosynthesis
and mineral nutrient capture through effec-
tive homeostatic mechanisms that modify
the allocation between roots and shoots [6,
12] is supported by a large body of experi-
mental evidence [63].

The most efficient allocation for an indi-
vidual plant would in no resources being
taken up in excess, so that all resources
would limit growth simultaneously [8]. By
contrast to the hypothesis of an optimisa-
tion of whole plant growth, this ’multiple
limitation’ hypothesis does not imply that
the plant can ’foresee’ the environmental
conditions it will experience during a growth
period in a fluctuating environment [38].

Using the multiple limitation hypothe-
sis, an individual-based model (‘Canopt’,
[51 J) of competition between grassland
species was constructed. The allocation sub-
model specifies a target root:shoot ratio,
according to the functional equilibrium
hypothesis and a target leaf protein content,
that ensures a co-limitation of leaf photo-
synthesis by the Rubisco activity and by the
electron flux [50]. The model describes
explicitly the leaf and canopy architecture
and simulates mechanistically the compe-
tition for light and the competition for inor-
ganic N between species [51]. ].

With this model, the outcome of compe-
tition for two major resources (light and N)

can be simulated quantitatively at different
cutting frequencies (figure 2). The non-equi-
librium dynamics of species competition
can thus be investigated, in interaction with
the disturbance induced by mowing (or graz-
ing). Simulations were run, considering two
identical grass populations grown in mix-
ture during I year under optimal conditions
(N+) and in a low N soil environment (N-)
and cut 3 to 36 times per year (regrowth
length comprised between 10 and 120 d).

In figure 2A, in order to study the effects
of size asymmetry, the initial mass of pop-
ulation 1 was halved. Under N deprivation
(N-), the initial asymmetry in the individ-
ual size of the grass tillers did not affect the
outcome of competition and, after 1 year
simulation, each population accounted for
approximately one half of the total mass of
the mixture at all cutting frequencies. In the
same way, the initial size asymmetry did
not affect the species balance for short
regrowth duration at N+. By contrast, for
long regrowth duration at a non limiting
N supply (N+), the initial size asymmetry
led to a low abundance of population 1 after
1 year simulation. These simulation results

show, in agreement with the literature [42],
that size asymmetry may lead to competitive
exclusion under severe competition for light
(infrequent cuts with a fertile soil), but that
this is not likely to occur in a N poor envi-
ronment, where competition occurs mostly y
below-ground, and at high disturbance rates
(high cutting frequency).

In figure 2B, the two grass populations
were assumed to have the same initial size,
but the lifespan of leaves and of roots was
doubled in population 1 compared to popu-
lation 2. After 1 year simulation, for long
regrowth durations, the results indicate a
strong dominance of species 1 both for a
low and for a high availability of soil N. By
contrast, in a frequent cutting regime (less
than 30 d of regrowth), the population with
the greatest leaf and root turnover (i.e., pop-
ulation 2) became dominant. Hence, these
results support the concept put forward by





Chapman and Lemaire [9] that leaf (and
root) turnover are of major importance for
the vegetation dynamics in a disturbed
(grazed) grassland. Long leaf and root
life spans would be beneficial for low cutting
frequencies, both because they allow a
greater size of the leaves and because they
lower the nutrient losses created by the
senescence and abcission of the plant tis-
sues. By contrast, in frequently grazed
swards, a faster leaf turnover would be ben-
eficial as it results in shorter leaves that may
escape defoliation and in a greater number of

axillary buds that may develop into new
tillers. However, in a low nutrients envi-
ronment, the S shape of the simulation indi-
cates that this benefit may be outweighed
by the greater nutrients requirement that
results from the faster turnover of the roots
and leaves.

Finally, the role of the allocation plas-
ticity (between roots, shoot structures and
shoot proteins) and of a photo-morpho-
genetic control of leaf extension based on
the relative PAR transmission [5 1 for the
outcome of species competition was inves-
tigated (figure 2C). At low cutting frequen-
cies, population 1, with a fixed proportion of
shoot structures, shoot proteins and roots,
was less competitive than population 2. By
contrast, when the duration of regrowth was
below 30 d, approximately, a fixed alloca-
tion pattern led to the dominance of the grass
population 1 for the two soil N environ-
ments. Therefore, it seems that allocation
plasticity is beneficial for long regrowth
durations, but not necessarily in a frequently
cut sward, as grasses with a fixed alloca-
tion pattern produce shorter leaves after cut-
ting that partly escape defoliation. The
Canopt model fails, however, to describe
the changes in tiller and leaf angles that
allow the avoidance of defoliation in fre-

quently grazed grass species [5] and this
renders the comparison between a fixed and
a variable allocation pattern more difficult
for short defoliation intervals. These simu-
lation results show that detailed mechanis-
tic models at the patch scale may help under-

stand the patch scale vegetation dynamics.
However, there are obviously several limits
to this approach.

First, the disturbance created by grazing
interacts continuously with neighbourhood
competition in pasture species and a better
understanding of the morphological and
physiological responses to defoliation will
be required, in order to model the grazing
avoidance and grazing tolerance strategies
that were reported for several pasture species
[5].

Second, competition for resources occurs
in a spatially structured habitat and in a vari-
able environment. On the one hand, the
adaptive value of phenotypic plasticity is
likely to be reduced in a variable environ-
ment, as the traits required to maximise fit-
ness are always changing [37]. On the other,
in a spatially structured grassland habitat,
significant trade-offs between the competi-
tive ability and the ability to colonize or to
disperse through seeds may favour the coex-
istence of grassland species [56]. Hence,
there is a need to develop spatially explicit
models including both neighbourhood com-
petition and dispersal in order to understand
the vegetation dynamics at the plot scale.
Such models should take into account the

ability of some pasture species to colonise
gaps, while others tend to form large tus-
socks consisting of highly aggregated ram-
ifications.

Third, there are also significant feed-
backs in grasslands, between the vegetation
and the soil, on the one hand, and between
the vegetation and the grazing animals, on
the other. Grassland ecosystem simulation
models [41, 53] are therefore required to
account for the dynamics of the grazed veg-
etation in the long-term and at scales greater
than the patch.

7. CONCLUSION

Although most hypotheses that have been
offered to explain the coexistence of large
numbers of plant species have emphasised



niche partitioning or disequilibrium pro-
cesses, we believe that the co-occurrence
of grassland species at the patch scale is also
due to morphogenetical and physiological
stabilising processes that are modulated by
the spatial structure of the mixed plant pop-
ulations. Further work will be needed to
understand the functional traits that favour
the coexistence of species or genotypes and
their resilience to disturbance (e.g., graz-
ing) and stress in grassland communities.
From an applied viewpoint, the study of
competition, in conjunction with that of the
plant-soil and plant-herbivore interfaces can
contribute to an integrated knowledge of the
mechanisms underlying the vegetation
dynamics and, hence, to the definition of
management guidelines that will help to
maintain the nutritional quality for herbi-
vores of extensively grazed semi-natural
grasslands.
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