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Summary

Pastures provide a good model system to study intergenotypic plant interactions because most pastures are mixtures
of several sown genotypes and species and the conditions necessary for genetic change are present : (i) an extremely
variable biotic and abiotic environment at the local scale, (ii) wide genetic variation, (iii) intense competition so that
strong selection is likely, and (iv) long term continuity enables selection to be continuous and cumulative . These
together provide a system in which (v) the theoretical outcome of intergenotypic interactions may be readily tested
and maximizes the probability of detecting patterns . Interactions between the species will have both ecological
and evolutionary consequences, both of which may be of interest to plant breeders . These patterns are detectable
at different scales but particular attention will be focused at the level of the individual genotype and especially
with mixtures of the grass Lolium perenne and the legume Trifolium repens . Competition experiments between L .
perenne and T repens are plentiful, but where specific hypotheses about adaptation at the genotype level have been
tested, in all cases T. repens grows best when planted with its naturalL. perenne neighbor- a reciprocal effect in the
L. perenne has only been reported once . This specific T. repens - L. perenne neighbor recognition may be mediated
through soil microorganisms, particularly Rhizobium leguminosarum biovar trifolii and Bacillus polymyxa .

Introduction

Some of the most important influences impacting an
organism arise from its relationship with other organ-
isms, at the same, or at different, trophic levels. This
is especially applicable to plants which, for the most
part, are relatively immobile and are forced to deal
with their neighbors which are often situated in close
promixity and at high density. Ever since Charles Dar-
win, agronomists, ecologists, and evolutionary biolo-
gists have been interested in the ways by which species
interact and the consequences of these interactions .
The Darwinian tradition has focused on biotic inter-
actions, indeed, he wrote that there is a ' . . .deeply-
seated error of considering the physical conditions of
a country as the most important (for its inhabitants) ;
whereas it cannot be disputed that the nature of the
other species with which it has to compete, is as least
as important, and generally a far more important ele-
ment of success.' Agronomists have been primarily

concerned with plant competition, and grazing, and
have focused research effort on maximizing biomass
production and on breeding or selecting for competitive
ability. Ecologists have been more interested in how
interactions cause organisms to specialize, or adapt, to
one another and to the physical environment, and how
this impacts abundance, distribution and the organiza-
tion and structure of communities . Evolutionary biol-
ogists have focused attention on how the interactions
themselves evolve, the nature and extent of speciation,
and whether perhaps the interactions have coevolved .
Perhaps not enough effort has been made to cross-
fertilize these disciplines, and this of course is not nec-
essarily easy, because the disciplines do have different,
although somewhat overlapping, goals . The topic I was
specifically assigned to address is intergenotypic inter-
actions in plant mixtures . Taking a little liberty with
the title, I will attempt to address some of the areas of
common interest to the agronomist, the ecologist and
the evolutionary biologist . I will do this by focusing
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my attention on managed (grazed) temperate pasture
systems where grasses and legumes are the major plant
association .

Some ecological principles

John Hill (1990) has well articulated the problem
before us when he says that `coexistence is crucial
to the success of any breeding programme designed to
raise the productivity of grass/legume pastures . . .' Var-
ious basic ecological assumptions are implicit in this
statement. First, one of the preconditions for coexis-
tence is that factors are present which limit the expres-
sion of dominance . In pastures this limitation will usu-
ally operate through grazing which will act to debilitate
potential dominants (Turkington et al ., 1993) . Second
that neighboring species are competing . Competition is
one of the conceptual backbones of ecological thinking
but it is still poorly understood . It is notoriously diffi-
cult to demonstrate, probably because avoidance of it,
in nature, is advantageous in most cases. However, in
the crowded conditions typical of pastures it is difficult
to believe that competition is not occurring. Third, is
the assumption that if species have persisted together
for a prolonged period it can be taken as axiomatic that
some ecological distinction must exist between them .
These differences may have always been present, or
as is most commonly argued, there has been some
degree of population differentiation by one or more
of the species, a differentiation driven by competition .
Fourth, that this differentiation permits coexistence,
and continued interaction may result in coevolution,
although Connell (1980) has argued why coevolution
between competitors should not be expected to hap-
pen frequently. Finally, that coevolved populations will
have a higher biomass production than non-coevolved
populations. To varying degrees these assumptions
have been tested experimentally in ecological studies,
and as expected, there is not always a consistent unam-
biguous result, although a fairly clear consensus and
theoretical framework is emerging (Thompson, 1994) .

Intergenotypic interactions - their context in the
pasture

Pastures provide us with a good model system to study
intergenotypic interactions because most pastures are
mixtures of several sown genotypes and species and the
conditions necessary for genetic change are present : (i)

an extremely variable biotic and abiotic environment at
the local scale, (ii) wide genetic variation, (iii) intense
competition so that strong selection is likely, and (iv)
long term continuity enables selection to be continuous
and cumulative . These together provide a system in
which (v) the theoretical outcome of intergenotypic
interactions may be readily tested and maximizes the
probability of detecting patterns . I will consider each
of these briefly .

Variable biotic and abiotic environment

The visual impression of pastures being quite uniform
is misleading. The only meaningful measure of envi-
ronmental variation is that which is seen from what
I (Turkington, 1975) and Harper (1978) have called
the 'plant's-eye-view' . Species with differing growth
forms will experience the local environment in entirely
different ways. For example, the tillering habit of Loli-
um perenne ensures that genets stay relatively fixed
in position and ensures that the individual experiences
a relatively constant spatial environment where it is
dependent on a strictly local supply of resources . Tri-
folium repens in contrast, has an exploring phenotype
that can spread through a grassland by up to 25 cm
annually. The whole plant axis therefore samples a
diversity of soil microenvironments (Snaydon, 1962)
and of neighbors (Burdon, 1980), both spatially and
temporally. It is already well established that T repens
varies in its aggressiveness to different species of
grass (Chestnutt & Lowe, 1970; Turkington & Harper,
1979b; Frame & Newbould, 1986 ; Harris, 1987), and
presumably also in its response to them . MacArthur
& Levins (1964) distinguished between environmen-
tal variation in which the period of fluctuation is less
than the lifespan of the plant and that in which the
period is greater. They called this fine-grained and
coarse-grained respectively. Thus most tillering pas-
ture grasses will `see' a coarse-grained environment
and rhizomatous or stoloniferous species will `see' a
fine-grained environment .

But the mosaic of vegetation patches that make up
a pasture also has a temporal dynamic (Thorhallsdot-
tir, 1990a) . Populations of grasses are distributed as
a patchwork, corresponding to patterns of past dis-
turbances, colonization, heterogeneity in the physi-
cal environment and interspecific interactions (Parish
& Turkington, 1990a, 1990b) . As plants grow, and
patches expand, they inevitably meet and interact with
other patches which they may invade, or by which
they may be invaded. Plants will die and the gaps



produced will be invaded by the same, or a differ-
ent species (Grubb, 1977) . In temperate grasslands
dominated by perennials, the dominant species most-
ly colonize small disturbances by vegetative spread .
Growth and death of plants, disturbance, and colo-
nization, all contribute to the dynamics of the pasture
community. These dynamics then impose their own
structure on the community. As patches meet and inter-
act, their structure will change as they expand or are
invaded (Thorhallsdottir, 1990b ; Turkington, 1993) .
Patches may change in age and size distributions, den-
sities, relative abundances, and relative proportions of
genotypes, which may in turn alter the local resource
levels. These changes in patches and resources will in
turn affect the outcomes of interactions . Consequently,
there will be a patch dynamics of interactions and a
patch dynamics of species distributions, abundances,
and composition (Thompson, 1985, 1988) . So what
is an apparently uniform system to the human observ-
er, is a dynamic and variable system when seen from
a plant's-eye-view. This level of variation can clearly
impose an array of local directional selection forces
which are likely to dominate the fitness of individuals
and promote microevolution .

Genetic variation

Trifolium repens is a highly variable species com-
monly showing considerable differences within and
between populations in a wide range of morphological
and physiological characters (Turkington & Burdon,
1983 ; Burdon, 1983 ; Frame & Newbould, 1986 ; Har-
ris, 1987) . Trifolium repens is polymorphic for petiole
length (Kerner von Marilaun, 1895), date of first flow-
ering (Davies & Young, 1967), nitrogen fixing ability
(Connolly et al., 1969), susceptibility for infection by
Rhizobium (Mytton, 1975), leaf marks and leaf size
(Cahn & Harper, 1976a, 1976b ; Evans & Turking-
ton, 1988), relative growth rate (Burdon & Harper,
1980; Trathan, 1983), cyanogenic glycosides (Dirzo
& Harper, 1982) and their consequent palatability to
some herbivores (Burgess & Ennos, 1987), and stolon
length and flower production (Aarssen & Turkington,
1985c) . Various studies of intraspecific diversity have
been conducted in populations of T. repens from an
old (approx . 100 years) pasture in North Wales . Bur-
don (1980) examined 50 plants and showed that they
usually differed from each other in several characters
and on average differed significantly in 3 .3 charac-
ters. Cahn & Harper (1976a) identified an average of
between 3 and 4 clones per 10 cm x 10 cm square,
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while Trathan (1985) using isoenzyme analysis, iden-
tified 48-50 genotypes per square meter. Gliddon &
Trathan (1985) estimated the genetic variation within
seven sub populations of T repens and L. perenne. All
15 polymorphic loci studied in T. repens and 21 out of
23 in L. perenne showed significant heterogeneity of
gene frequency, indicating that there was genetic differ-
entiation between samples . The level of diversity found
within this single population is of a magnitude more
commonly encountered in comparisons between pop-
ulations taken from distinctly different environments .
Unfortunately, such detailed data are not available for
any of the companion grasses but Aarssen & Turk-
ington (1985c) showed extensive variation for some
characters in L, perenne and Holcus lanatus from pas-
tures in British Columbia. In addition, Breeze et al .
(1965) showed that the rate of tillering in L. perenne
can be significantly altered by selection within clones ;
the response depends on the age of the clone and is
genotype-dependent. This is presumably due to some
type of somatic mutation. Kelley & Clay (1987) used
two grasses, Danthonia spicata and Anthoxanthum
odoratum, from a 40-year-old field in North Caroli-
na to show that naturally co-occurring genotypes of
these species differed in interspecific competitive abil-
ity . The competitive performance of a given genotype
often depended on the genotypic identity of the com-
peting species, especially in D . spicata .

Competition and selection

There seems to be little doubt that competition occurs
in pastures. Donald (1963) claims `intense compe-
tition' and `acute competitive stress' and Snaydon
(1978) states that `intense competition usually occurs
within the stand (pasture) . . .' Almost invariably, when
species are experimentally removed, there is a posi-
tive growth response in remaining species. However,
Fowler (1981, 1982) only detected generally diffuse
competition and weak competitive relationships among
species in a 30-year-old pasture in North Carolina . The
problem generally seems not to be one of demonstrat-
ing that competition is happening, but to demonstrate
that it is having a structuring effect on the community
(Turkington & Mehrhoff, 1990) .

There is abundant evidence that genetic changes
occur rapidly in both sown and natural populations
and it is mostly assumed that these changes are due
to competition-driven mortality . Brougham & Harris
(1967) have shown that the genetic composition of a
sward of L . perenne may change by as much as 40%
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within 4 months of sowing. The most comprehensive
series of studies was that undertaken by Charles and
coworkers from 1961-1973 (e.g . Charles, 1961, 1972)
and perhaps as few as 10% survive the establishment
year. They demonstrated that the genetic composition
of a number of species, including L. perenne and T
repens, changes substantially within a few years . This
shift was mostly caused by high mortality in the estab-
lishment year but the data from older swards showed
further marked changes in populations in established
grasslands. Changes were reported in biomass pro-
duction, flowering date, plant height and tillering .
Ennos (1981) demonstrated a significant change in the
frequency of linamarase-containing phenotypes of T
repens during the transition from the seed to estab-
lished plants in populations exposed to selection at
three different sites.

In older pastures, although the level of variation is
still apparently quite high, it is nevertheless declining.
McNeilly & Roose (1984) documented a decline from
about 40 different genotypes of L. perenne per 0 .25 m2
in a 10-year-old pasture to 5 in a 40-year-old pasture .
The reason for the death of these individuals and the
loss of variation may be related to many factors such
as grazing, competition, pathogens, and variable abi-
otic factors, and it is not clear what role competition
plays in this sorting process . These cautions also apply
to the survey by Aarssen & Turkington (1985c) who
collected 100 clones each of H. lanatus, L . perenne
and T repens from four pastures ranging from 4 to
67-years old. Although it did not occur for all charac-
ters, many characters, especially for L. perenne and T
repens, showed a decline in mean value and variance
with increasing pasture age .

Long-term persistence and stability

There is little evidence for seedling establishment in
pastures except on molehills (Jalloq, 1975), gopher
mounds (Peart, 1989), decayed dung pats (Parish &
Turkington, 1990b), and on ant hills (King, 1977) .
However, this small amount of new recruitment may
be important in maintaining genetic diversity within
populations (Soane & Watkinson, 1979) . Pastures are
therefore primarily perennial systems and it is this that
ensures that selection will be continuous and cumula-
tive, and provides the opportunity to assess the long-
term consequences to community structure .

It is very difficult to get long term data on any
one system even though White (1985) reports the cen-
sus (not repeated) of plants from about a dozen Euro-

pean grasslands from the last century . Few as they are,
such data have become available through a number
of recent papers (Silvertown, 1980; Silvertown et al .,
1994; Dodd et al., 1994, 1995) . These studies were
based on the Park Grass Experiment at Rothamsted, in
England, on plots established in 1856, and provide a
superb opportunity to assess stability or equilibrium in
plant communities . Initial changes in botanical com-
position, in response to different fertilizer treatments,
was rapid, but within 50 years no further significant
changes were detectable in the proportions by weight
of grasses, legumes and other species in seven of nine
plots. Dodd et al . (1995) call this a dynamic equilibri-
um because there was year-to-year variation caused by
the vagaries of yearly weather conditions, nevertheless
there was a range of long-term equilibria in community
composition. A similar stabilizing of floristic compo-
sition has been demonstrated by Aarssen & Turkington
(1985a) using pastures of different age and stringing
them together as a time sequence (also see Turkington
& Mehrhoff, 1990) .

The theoretical outcome of intergenotypic interactions

When a pasture is established with two or more species
that are genetically variable, their relationship may
change in at least two ways . First, the different popu-
lations may adapt separately and independently to the
local environment and the response will be intensified
by intrapopulation competition . Secondly, the popu-
lations may adapt to each other or coevolve and the
response here will be intensified by interpopulation, or
interspecific, competition (Antonovics, 1978) . Various
consequences of interspecific competition have been
proposed such as character displacement and charac-
ter convergence . But the most noteworthy feature of
such studies is the variability of the results . Many
fit the expectation of improved performance through
divergence. Just as frequently, competitive perfor-
mance declines or remains unchanged (Antonovics,
1978). The conclusion of most theoretical studies (e.g .
MacArthur & Levins, 1964,1967; Lawlor & Maynard
Smith, 1976) is that populations will tend to diverge
in their ecological requirements so that they increas-
ingly use different resources and so reduce or avoid
competition . In the ecological literature this theme has
become nearly axiomatic even though most of the evi-
dence is circumstantial with little empirical support,
but compelling (Grant, 1972; Arthur, 1982; Schoen-
er, 1983; Benton, 1987) . Clear evidence in support of
the hypothesis is provided by Allard & Adams (1969)



with barley and by Joy & Laitinen (1980) with Tri-
folium pratense and Phleum pratense. Alternative out-
comes of competition have been proposed, such as the
evolution of interference mechanisms (Aarssen, 1983 ;
Hairston et al., 1987), and convergence in resource
use (Ghilarov, 1984) . Nevertheless, the expectation of
interspecific, or intergenotypic, competition, is diver-
gence .

Intergenotypic interactions - consequences in the
pasture

There are two major methods by which to increase
biomass productivity (outside of fertilizing) . First, is a
straightforward systematic search for good combina-
tions of species or cultivars that are high yielding . Often
this has lead to attempts to identify characteristics, and
to their subsequent inclusion in breeding programs,
of the components of the high-yielding mixtures (Hill
& Michaelson-Yeates, 1987 ; Hill, 1990; Collins &
Rhodes, 1990 ; Annicchiarico & Piano, 1994) . Conven-
tional variety improvement programs endeavor to iden-
tify superior i .e . higher yielding, genotypes on the basis
of pure stand performance. The general conclusion
from these studies was stated in Donald's (1963) land-
mark paper and have been restated elsewhere (Tren-
bath, 1974; Haynes, 1980 ; Zannone et al., 1983, 1986)
and have not really needed upgrading, that is, that
the yield of a mixture (legumes excluded) will usually
be less than the higher yielding pure component and
higher than the lower yielding pure component, and
the total yield may be either greater than, or less than,
the mean yield of the two pure components . In terms of
yield there seems to be little benefit from mixing grass
forage species. Trenbath (1974) describes a few excep-
tions (Rhodes, 1968, 1970) . Such yield advantages
of genotypes in binary mixtures may occur when the
components are of contrasting growth habit (Rhodes,
1970) or have different seasonal growth patterns (Zan-
none et al ., 1983). Most of these studies have been
short-term (usually single generation) and made with
random pairs of cultivars or genotypes. There is some
evidence that coadaptation can occur among genotypes
of cereals (Allard & Hansche, 1964 ; Allard & Adams,
1969) but these studies ran for up to 18 generations of
selection and the Allan; end Adams composite cross
was derived from 31 varieties of barley .

Secondly, and of more direct interest to me are the
ecological and evolutionary consequences of species
interactions. Although it is a false premise that com-
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petitive ability of individuals and productivity of the
community are synonymous, it may not be so errant
to argue that success (fitness of individuals) and their
productivity are often synonymous ; this may be less
true in pastures where grazing is a dominant force of
selection. Nature selects for success, and if this can
be translated as productivity, perhaps nature is already
doing the systematic selection which we try to mimic
in a simplified fashion in field trials, and natural selec-
tion is probably more effective than artificial selection.
In our field and pot experiments the measures of per-
formance used most often are dry weight and tiller
production, measures of interest to the agronomist .

It would seem likely that coexisting genotypes,
if they continue to coexist, should coevolve so that
they increase their yield in each other's presence i .e .
have ecological combining ability (Harper, 1967) . It is
unlikely that random selections of genotypes grown in
mixture for one, or very few, generations, will gener-
ate any type of synergistic effect resulting in increased
yield. This requires a shift to using multigeneration
selection trials, and genotypes grown in mixture, or,
deliberately selecting target combinations of coexist-
ing individuals from natural situations where coevolu-
tion is assumed to have already happened . This way,
both components of the mixture are exposed to the
combined effects of both intra- and inter-genotypic
competition (Hill & Michaelson-Yeates, 1987 ; Hill et
al ., 1987) . It is odd that T. repens and grasses are usu-
ally bred separately in spite of the fact that T. repens
is almost universally grown in mixture with grasses .
Besides, a coevolved mixture will probably form a
more stable combination of genotypes. If, however,
the components of a mixture complement each other
nutritionally then over-yielding will not be unexpected
(de Wit et al., 1966) and it is not surprising that mix-
tures of grasses and legumes provide the most striking
and repeatable examples .

Phenotypic plasticity will act to buffer some of the
effects of natural selection and thus act to minimize
genetic variation. Within any population there is an
interplay of genetic diversity and phenotypic plastici-
ty. Both are a means by which a population may adjust
to its environment. Plasticity is particularly crucial
in allowing fairly rapid and reversible adjustment to
environmental change. Turkington (1989b) has argued
that in more `uniform' pastures we may expect to find
more evidence of microevolution, or multiple adaptive
optima, than in more `variable' pastures where more
of the variation detected will be phenotypic . Howev-
er, the consequences of a patchy environment may be
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increased phenotypic plasticity and/or population dif-
ferentiation (presumably having a genetic basis) among
habitats . In the pasture context where environmental
heterogeneity is high, where genetic variability within
populations is high, and where competition is intense,
there are a number of mechanisms by which a popula-
tion can apparently become locally specialized . Local
differentiation may have occurred by natural selection
of genotypes leaving most progeny. This is unlikely
because of the low rate of recruitment of seedlings into
pastures. If this were the case, given the extremely
fine scale at which this differentiation occurs (Aarssen
& 'Iurkington, 1985b), the intensity of natural selec-
tion would need to be extremely high. Alternatively,
and much more likely, the differentiation may have
occurred by spatial reassortment of the mobile popu-
lation of genotypes, such that each genotype is most
likely to be found in microenvironments that are most
favourable to it. This will be especially so in rhizoma-
tous and stoloniferous species. A third hypothesis is
that there is no genetic basis to the apparent differ-
entiation and the local specialization is a result phys-
iological carryover of a plastic response (e.g. Evans
& Turkington, 1988 ; Turkington, 1989b) . Whatever
the mechanism, the result would be that genotypes of
one species found with genotypes of another particular
species are specifically `adapted' and have the opti-
mal growth habits for coexisting . Arguably this should
result in an increased yield of the mixture . Genetic
change by non-random differential mortality among
genotypes is potentially a very important process of
adaptation in plant populations .

Ecological and evolutionary consequences

The range of responses by plants to the challenges of
their ever-changing environment is quite remarkable .
Once we have figured out why the plant population
does this or that, it confounds us with yet another eco-
logical or evolutionary solution to a problem that nature
has thrown at it. We can detect responses at different
scales and some of these may be of a purely academic
rather than agronomic interest . I will first of all con-
sider the larger scale (between species) patterns, then
within-species patterns, and finally at the individual
genotype level .

Between-species patterns

In most of the studies considered here, the specif-
ic hypothesis being tested was that the presence or
absence of coexistence in the history of a population
would influence its fitness in interspecific competition .
Evans et al. (1985, 1989) sampled coexisting individ-
uals of L . perenne and T repens and from four long-
established pastures in Switzerland, France, and Italy,
and a 7-year-old pasture in southern England . Trifoli-
um repens was grown in two-species mixtures either
with its coexisting L . perenne or with one of two other
L . perenne companions with which it had not previ-
ously coexisted. By the end of the second harvest year,
those mixtures based on coexisting populations yield-
ed 22% more on average than the other mixtures . After
the fourth harvest year, overall, T. repens yields were
significantly higher in the coexisting mixture . In addi-
tion, for all five populations the average annual yield
of T repens was highest when they were grown in
mixture with their coexisting grass . While they detect-
ed no significant differences between the grasses, a
pattern seems to be emerging (Table 1) where there
is a benefit to the grass to be grown with its coexist-
ing clover. On average, coexisting mixtures outyielded
the remaining mixtures . Menchaca & Connolly (1990)
also examined species interference in L. perenne and T
repens and their results are based on five sequential har-
vests after about 3 months. Initial growth of L. perenne
was vigorous and its influence on T repens was great
but it declined dramatically with time. The influence
of T repens on L. perenne was initially small but it
had an enhancing effect in later harvests, presumably
due to the increased soil fertility caused by nitrogen
fixation . Using the relative resource total (RRT) they
showed that there was initially no benefit from mix-
ing but there was a large benefit by the final harvest ;
this resulted because T repens developed from being
a competitor to a net facilitator over time, while L .
perenne remained a competitor of T repens through-
out. In the final two harvests, L. perenne individuals
performed better in mixture with T repens than in pure
stand at the same density. Turkington & Jolliffe (1996)
followed the dynamics, over one growing season, of
L. perenne and T repens in mixtures varying in densi-
ty and frequency, and using plants from different ages
of pastures . Interactions between Lolium and Trifolium
are complex, and change dramatically with pasture age,
harvest date, and density. Over successive harvests, the
two species' view of each other, and of themselves,
changed in a dynamic way . In addition, individuals of
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Figure I. Average growth of Trifoliwn repens (Net ramet production, NRP (A) and dry weight (B) and Lolium perenne (dry weight (C)) collected 
from three pastures of age 0 (seed) ), 8 a ) and 46 (m) years and (a) planted into undisturbed swards in 8- and 46-year-old pastures, (b, 
c) planted as mixtures and as monocultures into grazed patches in the two pastures. Wkhii a graph, bars sharing a common letkzr are not 
significantly different (p < 0.05). (From Mehrhoff & Turkington, 1990). 

Table 1. Dry matter yield (kg ha-‘) of Lolium perenne and Trifolium repens when grown in mixtures. Mixtures 
based on T. repens growing with its coexisting L. perenne and with other L. perenne companions. Data are from 
1984 and from a mean annual yield from 1981-1984. (From Evans et al., 1989) 
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L. perenne 1984 Mean 1981-1984 
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Coexisting pop 
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1093 1531 2624 1673 2640 4313 
682 1596 2278 1880 3139 5019 

1176 2176 3352 2680 3069 5749 
1600 1380 2980 3853 2578 6431 
1171 1742 2913 4016 2958 6974 
1616 2823 4439 4312 3237 7549 
1674 1618 3292 3820 2605 6425 
1110 1956 3066 3626 3038 6664 
1803 1625 3428 4110 2791 6901 
1371 2245 3616 3156 3334 6490 
1392 2384 3776 3275 3711 6986 
1409 2698 4107 3615 3278 6893 
1835 1564 3399 3825 2709 6534 
I796 2257 4053 4316 2832 7148 
1648 1405 3053 4368 2761 7129 
1515 1668 3183 3265 2773 6038 
1230 1987 3217 3423 3136 6559 
1531 2145 3676 3817 3027 6844 

species collected from different ages of pasture per- from a pasture in Surrey and from a Swiss Alpine 
ceived each other in different ways, and never in a pasture, and grew them in all four combinations of 
reciprocal manner. An analysis of some component of L. perenne and T. repens. He did not detect a lead- 
final yield would conceal these dynamic interactions ing diagonal effect where the productivity of mixtures 
and would lead to erroneous conclusions concerning based on coexisting components is higher than others, 
the hehaviour of the components in the mixture. Gen- but in three of the four mixtures (including both coex- 
erally however, L. perenne-T. repens mixtures used isting pairs) he detected a reduction in the interspecific 
resources more effectively and were more productive pressures exerted by both components. He suggests 
than their corresponding monocultures. Chirwa (1985) that they may have developed ‘tolerance’ to one anoth- 
collected coexisting pans of L. perenne and ?‘I repens er. Martin & Harding (1981) posed a similar ques- 
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tion using Erodium cicutarium and Erodium obtusi-
plicatum, common plant species in Californian annual
grasslands . They also showed that total seed output and
total reproductive rates of coexisting mixtures were
higher than those of non-coexisting mixtures . McNeil-
ly (1981) showed evidence of ecotypic differentiation
ofPoa annua with respect to competitive ability against
L. perenne .

Mehrhoff & Turkington (1990, 1996) propagated
individuals of L. perenne and T. repens from seed and
from two different-aged (8 and 46-year old) pastures .
The material was then transplanted back into the two
pastures as monocultures and as L. perenne-T repens
mixtures. The experiments were planted in spring,
grazed during summer and fall, allowed to grow until
May, then harvested . T. repens showed a significant
age-related pattern in growth where plant material from
older pastures outyielded that from younger pastures
both when planted into cleared plots without competi-
tors and into the dense sward (Figure 1 a) . This indi-
cates that microevolution can apparently occur quite
rapidly. In addition, yield per plant for both species
was higher in mixture than in monoculture, and the
highest mixture yield came from the plant material
collected from the oldest pasture (Figure 1b, lc) . It is
of interest that the age-related increases in L. perenne
growth were evident only when grown in mixture with
T repens, not in monoculture. In another series of stud-
ies, two-species mixtures of L. perenne grown with D .
glomerata, H. lanatus, and T repens were planted in a
common garden. Genets of each species were collected
from different pastures ranging in age from 0 (fresh-
ly sown) to 46 years. For each of the three species
combinations, total ramet production was significant-
ly greater in mixtures from older pastures than from
younger pastures .

Within-species patterns

Turkington & Harper (1979b) collected ramets of
T repens from within patches dominated by each
of four different grasses . The T repens populations
were grown in all possible combinations with the four
species of grass in greenhouse flats containing a stan-
dard potting compost. Each clover population tended
to grow best with the grass from which it had orig-
inally been sampled, i .e ., a principal diagonal effect
(see Luescher & Jacquard, 1991) . A similar result
was reported when the same design was done in the
field although a local soil influence was also noted .
It is evident that the different grasses impose differ-

ent constraints on the growth of T repens and that the
T repens populations has differentiated into subpop-
ulations defined by the identity of the grass neighbor.
This experimental design could not rigorously test (i)
if the shift was genetic, or merely a plastic response
to changing conditions, or (ii) if competition really
was the driving force . Neither claim was made in the
paper (Turkington & Harper, 1979b) although strongly
implied (see Snaydon, 1985), and a subsequent study
by Evans & Turkington (1988) highlights the problem .

From an old pasture in British Columbia, Evans &
Turkington (1988) collected 100 ramets of T repens
from each of four neighborhoods dominated by D .
glomerata, H. lanatus, L. perenne and Poa compres-
sa . These were transplanted into a common garden,
without competitors, and later scored for twelve mor-
phological characters. For ten of the characters, a sig-
nificant proportion of the variation between sampled
ramets was accounted for by the identity of the neigh-
boring grass species with which the T repens ramet
had been growing in the pasture (Table 2) . These same
clovers were grown for two more years in the common
garden and were then scored for morphological char-
acters as before . In no case was a significant proportion
of the variation in characters now found to be due to the
previous grass neighbors (Table 2) . The clear implica-
tion of this study is that divergence patterns in T. repens
morphology have a plastic rather than a genetic basis .

As a consequence of these apparently conflict-
ing results, Turkington (1989a) constructed a much
more complicated and rigorous form of this design,
following the protocol of Connell (1980) . Specifical-
ly he was asking (i) has population divergence hap-
pened, (ii) does it have a genetic basis, and (iii) was
it caused by competition. Again, a home-site advan-
tage was demonstrated for TT repens i .e . divergence had
occurred. This was the first to actually demonstrate a
genetic shift in the T repens populations in response
to competition from their grass neighbors .

Between-genotype patterns

Given Darwin's emphasis on the fate of individuals as
the cornerstone of natural selection, it is surprising that
we know so little about how the events occurring at this
scale are relevant to influencing community structure .

Aarssen & Turkington (1985b) reduced the ques-
tions of the previous section from investigating species
to investigating genotypes . They collected neighbor-
ing pairs of genotypes of L. perenne and T. repens
from four different locations in a 40-year-old pasture



Table 2 . Summary of analyses of variance for measured morphological characters of Trifolium repens
from neighborhoods dominated by Dactylis glomerata (D), Holcus lanatus (H), Lolium perenne (L), and
Poa compressa (P). The 1982 measurements were made shortly after the original collections, and the
1984 measurements were made on the same plant material four generations (2 years) later. The multiple
range tests are on the means for measured characters classified by neighborhood type from which the
ramets of T. repens were collected; means are ranked from smallest to largest, and underlined sets of
means are not significantly different (p > 0 .05) . (From Evans & Turkington. 1988)

in British Columbia. All 16 possible interspecific com-
binations of L. perenne and T. repens genotypes were
planted together in pots, the mixture clipped regularly
for 1 year, and the cumulative yield of each of the two
species recorded . For each pair, the yield of T. repens
was generally highest when grown in mixture with its
natural L. perenne neighbor, although a similar pattern
was not detected for the grass (cf . Evans et al ., 1989) .
The natural neighbor mixtures did not differ signifi-
cantly in total yield from pairs of nonnatural neighbors
(Figure 2). These results were more-or-less mimicked
by Luscher et al. (1992) using five genotypes each of
the same two species . For each of the five natural com-
binations the percentage of clover was higher than the
overall non-neighboring mean . Averaged over six har-
vests, the diagonal yield of T. repens was about 10%
higher than that of the average off-diagonal yield (Fig-
ure 3). The diagonal yield ofL. perenne was about 10%
lower and total yield about the same as their respective
off-diagonal averages .

1 1 3

Gliddon & Trathan (1985) did a rather elegant field
experiment using T. repens and L. perenne transplants
from four sites in the old (100 years) pasture in North
Wales. They clearly showed that both T. repens (espe-
cially for number of survivors) and L. perenne (for dry
weight) are highly locally specialized (Figure 4) . A
final competition experiment using plant material from
two of the sites showed a significant leading diagonal
effect.

A final example concerns the work of Collins &
Rhodes (1990) . They grew six T, repens varieties with
three L. perenne companions: (a) the coexisting L .
perenne collected from the same location as the T.
repens, (b) the variety Ba 9462 bred specifically to be
compatible with T. repens, and (c) S23, a variety of
L. perenne that has been used to evaluate clover vari-
eties during breeding programs . For all the T repens
the greatest T. repens yield, and the total mixture yield,
was highest in mixtures with the coexisting grass than
with Ba 9462 (Table 3) . It is notable that all T. repens

1982 Multiple
range test

1984
Percent
variation
accounted for

Significance Percent
variation
accounted for

Significance

Root weight 4 .8 ** LD HP 0 .0 NS
Shoot weight 4 .8 ** LD HP 0 .0 NS
Total weight 5 .3 ** LD HP 0.0 NS
Primary stolon 5 .7 ** DL HP Not measured
number
Total stolon 2 .7 DL HP 0 .0 NS
number
Internode 0 .7 NS Not measured
number
Primary stolon 0 .7 NS 0.17 NS
length
Secondary 2 .0 LD PH Not measured
stolen length
Total stolen Not measured - 0.0 NS
length
Intemode length 2 .4 * LD HP 0.0 NS
Petiole length 20 .2 ** LD HP 0.0 NS
Leaf weight 11 .8 ** 0.0 NS
Leaf length 19 .6 ** 0.0 NS
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Table 3 . Annual dry matter yield (t .ha - ' ) ofTrifolium repens populations in mixture
with Lolium perenne . (From Collins & Rhodes, 1990)
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Figure 2. Yield of Trifolium repens andLolium perenne when geno-
types of the two species were grown in mixture . Mixtures that were
collected as natural neighboring combinations in the field are-des-
ignated by (•) and mismatched combinations by (0) (Data from
Aarssen & Turkington, 1985b) .

yielded more with Ba 9462 than with S23 suggesting
that it may be possible to breed for more general com-
patibility in grasses. It must be noted however, that
some studies have reported that not all T repens grow

4

20

15-

10-

5

-5

-10-

-Is-

-20

J
	Harvest
Mean

Figure3. Comparative yield of Trifolium repens (0), Lolium perenne
(0), and their mixture (•) , over six successive harvests. The yield
advantage is a comparative measure of the percentage increase or
decrease in yield of natural neighboring combinations compared
with the mean yield of all mismatched combinations . Filled symbols
indicate a significant neighbour effect (p < 0.05) (From Luscher et
al., 1992).

h3.5-3

best with their coexisting grass neighbors (e .g . Collins
& Rhodes, 1989) .

Competition experiments between L . perenne and
T. repens (at different scales) are plentiful, but where

Yield (t.ha ')

T. repens
population

L. perenne
companion

T. repens L. perenne Total

Ac 3441 Coexisting 4.6 3 .5 8 .1
S.23 1 .2 2 .1 3 .3
Ba 9462 3 .4 2.8 6 .2

Ac 3160 Coexisting 8 .4 3 .1 11 .5
S.23 6.4 2 .2 8 .6
Ba 9462 7.9 3 .2 11 .1

Ac 4512-13-14 Coexisting 7.5 3 .2 10.7
S.23 6.0 2 .5 8 .5
Ba 9462 6.8 2 .7 9 .5

Ac3449-53 Coexisting 7.0 3 .4 10 .4
S.23 5.5 2 .7 8 .2
Ba 9462 6 .4 3 .4 9 .8

Menna Coexisting 7.9 2.8 10 .7
S.23 6 .4 2.3 8 .4
Ba 9462 7 .5 2.9 10 .3
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Figure 4. Mean  dry weight of survivors of (a) Trifolium repens and  
(b) Loliumperenne collected from four sites and  replanted into their 
site of origin and  also transplanted into the other three sites. Numbers 
on  top of bars are percentage survival values. (Data from Gliddon & 
Trathan, 1985).  

a  specific hypothesis about adaptation has been  tested 
(Turkington & Harper, 1979b;  Aarssen & Turkington, 
1985b;  Evans et al., 1985, 1989; G liddon & Trathan, 
1985; Chanway et al., 1989; Turkington, 1989a),  in all 
cases T. repens grew best when planted with its natural 
neighbor yet a  reciprocal effect in the L. perenne has 
only been  reported once (Gliddon & Trathan, 1985). 

Is there a mechanism? 

Wa tkin W illiams (1970), in his opening address to 
a  Wh ite Clover Research symposium, sponsored by 
the British Grassland Society, stated that ‘Another 
ma jor gap  in our understanding. . . is the precise 
relationship between the clover plant together with 
its symbiont (emphasis added),  and  co-habiting grass 
species in a  m ixed sward.’ In spite of the plea, and  

ORILXl 
4 Or q RxL 

b4ULAT IVE HARVEST 

Figure 5. The inf luence of Loliwn perenne genotype and  Rhizobi- 
um leguminosurum biovar nifolii strain on  the dry weight yield of 
TrijXurn repens. The  yield advantage is a  comparat ive measure of 
the percentage increase or decrease in yield of natural neighbor ing 
combinat ions compared with the mean  yield of all mismatched com- 
binations. Filled symbols indicate a  significant yield advantage (p c 
0.05). (From Chanway et al., 1989).  

considering that one  entire section of the sympo- 
sium (almost 80  publ ished pages) was devoted to the 
white clover/Rhizobium symbiosis, there have been  
few attempts to include the associated m icroorganisms 
in these investigations, and  almost nothing that I know 
of, to do  it in the field. A number  of more recent 
studies has attempted to partially remedy this situa- 
tion (Chanway et al., 1988, 1989, 1991; Ho11 et al., 
1988; Turkingtonet al., 1988; Thompsonet  al., 1990). 
Specifically Chanway et al. (1989) hypothesized that 
if individual genotypes of L. perenne and  T. repens had  
become specifically adapted to one  another, then the 
identity of the Rhizobium genotypes shouldbe matched 
to the L. perenne-T. repens association. The  objectives 
of the work were to (i) assess the effect of Rhizobium on  
the genotype specificity between individual L. perenne 
and  T. repens plants collected from a  permanent  pas- 
ture, and  (ii) to determine the effectiveness of Rhizobi- 
urn strains when tested with coexistent or unrelated T. 
repens host genotypes grown in species m ixture with 
L. perenne. We  used the term ‘homo logous’ to describe 
cuttings of L. perenne and  of T  repens, and  Rhizobium 
isolated from T. repens root nodules, all collected from 
the same point in the pasture. The  experiment consist- 
ed  of growing these three components (n = 3  for each 
factor) in a  factorial design. To  corroborate the pat- 
terns observed by Aarssen & ‘lmkington (1985b), we 
would have predicted a  yield advantage to ramets of T. 
repens when growing with matched L. perenne tillers; 
this effect was detected but it was not significant (Fig- 
ure 5) i.e. specificity between L. perenne and  Z  repens 
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Table 4. Effect of Bacillus polymy%a inoculation on plant dry weight (mg)
in a 50 :50 (by numbers) mixture of Lolium perenne and Trifolium repens as
genotypic homology is increased. (From Chanway et al., 1988)

Degree of

	

Lolium perenne

	

Trifolium repens

is lost if the coexisting Rhizobium is not present, a
result not corroborated by Liischer et al . (1992) . When
Rhizobium from homologous sites is used to inoculate
the mixture (Figure 5), the effect becomes very pro-
nounced, with homologous groups outyielding nonho-
mologous groups by up to 35% . However, a T. repens
yield advantage of up to 30% can also be achieved
when only homologous Rhizobium-L . perenne combi-
nations are used, regardless of the identity of the T.
repens. This indicates that it is the specific associa-
tions of Rhizobium-L . perenne genotypes that have the
greatest impact on T repens yield, even though the
Rhizobium is symbiotic with T. repens.

The work also considered a grass-associated bac-
terium, Bacillus polymyxa (Chanway et al ., 1988) . It is
clear from the data that the genotypic match between
plant species and bacterial inoculant is critical to the
direction and magnitude of the growth response . As the
level of homology was increased between participat-
ing species, yield ofL. perenne increased from slightly
below those of the uninoculated controls to 16% (p >
0.5) greater under conditions of total homology (Table
4). However, data for the white clover clones reflected a
significant yield increase in response to inoculation and
increasing homology from 23% with partial homolo-
gy, to 42% with substantial homology and finally 59%
under total homology. These effects appear to be truly
novel in an agricultural context and may represent the
discovery of a significant component of the variation
observed in plant growth promotion by rhizosphere
bacteria . Exploitation of these relationships could con-
tribute to the development of inoculants which consis-
tently and effectively promote crop growth.

homology

	

Inoculation

	

% change Inoculation

	

% change

Partial" 1631 1502 - 9 688 845 + 23a
Substantial 1856 1820 - 2 721 1025 +434
Totald

	

1624 1876 +16

	

619

	

985 +59

a Significant at p < 0.05 .
6 Plant populations comprised mixtures of three genotypes each of the two
species, one of which was homologous to the Bacillus inoculum strain .
c The yield species was homologous to Bacillus; the neighboring plant popu-
lation comprised a mixture of three genotypes, one of which was homologous
to the Bacillus inoculum strain.
d The yield species was homologous to both the Bacillus and the neighboring
plant population .

A final comment

A number of the studies I have described in this paper
were done in a pasture in North Wales when it was
about 100 years old (Peters, 1980) . The pasture has
large areas dominated by single grasses ; theL. perenne-
dominated site is about 150 m 2 (Turkington & Harper,
1979a; Thorhallsdottir, 1990a) . Here, during its life-
time, the individual T repens will not extend its stolons
through many different environments, but will sample
its environment in a coarse-grained manner, and may
spend many generations coexisting with one species of
grass. In contrast, many of the other studies I described
were done in an old pasture in British Columbia which
was 35-45 years-old during the studies . This pasture
has a similar botanical composition to the Welsh pas-
ture but has very different patterns of species distribu-
tion. The pasture is a complex mosaic of grass patches
where most patches are probably less than 1 m 2 and
closer to 0 .25 m2 (Evans & Turkington, 1988) . Here,
an individual T. repens will extend its stolons through
many different neighborhoods and sample the different
biotic environments in a fine-grained way . Thus, one
might expect to detect genetically based microevolu-
tionary changes in the T repens population in the Welsh
pasture in response to different coarse-grained patches .
In contrast, the British Columbia pasture population of
T. repens might be expected to respond in a plastic
manner to the fine-grained mosaic environment .
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