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"IT IS GENERALLY ACCEPTED THAT IN ORDER TO COEXIST
MORE THAN TRANSIENTLY SPECIES MUST DIFFER - THEY MUST
SHOW NICHE SEPARATION. 1IF SPECIES ARE TOO SIMILAR ALL
BUT ONE WILL BE ELIMINATED IN COMPETITION "

NEWMAN (1982)

"IF NOTHING IN BIOLOGY HAS MEANING EXCEPT IN THE LIGHT
OF EVOLUTION AND IF EVOLUTION IS ABOUT INDIVIDUALS AND
THEIR DESCENDENTS - I.E. FITNESS - WE SHOULD NOT
EXPECT TO REACH ANY DEPTH OF UNDERSTANDING FROM
STUDIES THAT ARE BASED AT 'THE LEVEL .OF THE SUPER-

"INDIVIDUAL, " . i. =~ “WHAT WE SEE ~'AS:“THE = ORGANIZED .. *:

BEHAVIOUR OF SYSTEMS IS THE RESULT OF THE FATE OF
- INDIVIDUALS" " ‘

HARPER (1977a)
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ABSTRACT

Recent studies have demonstrated intraspecific
differentiation in plants associated with specialization in
response to biotic interactions (e.g. competition), but the
selection mechanisms involved remain largely undetermined. The
common assumption that species coexistence 1in nature can be
generally explained by processes of natural selection for niche
divergence _does not have strong empirical support for plants.
This problem is addressed in a study of vegetation patterns and
species interactions in three different aged pastures.
Ordination of time-series percentage cover surveys showed a
trend of increasing community 'constancy' in older pastures and
suggested a developmental relationship -amongst the pastures.
Soil analyses showed 1little correlation with species cover.
Temporal patterns of fine-scale association between species was
studied wusing contact sampling. Interspecific associations in

younger communities were predominantly temporary in nature, and

“older- " communities ~ had’ -more . associations which persisted. -

essentially unchanged.- This -data ‘formed. the bésis of a"
gualitative ' model of pasture community evolution which
attributes within-community temporal changes to the selective
forces accruing from bioti¢ ‘interactions.

Competition experiments were set up for 1investigating
reciprocal responses between clones of individuals which were in
immediate proximity to one another as actual neighbours in the
fields. For each of the 3 pastures, five of the most abundant

species were used in a ~diallel design and three different
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species pairs were studied in a replacement series design.
Results suggested that competitive relations between particular
species may change with 1increasing pasture age either in the
direction of increasing niche differentiation, more balanced
competitive abilities, or towards competitive exclusion.

Samples of Lolium perenne and Trifolium repens clones collected

as neighbouring pairs from different localities in the oldest
pasture were tested for their ability to grow in the presence of
each other 1in a reciprocal transplant design. Natural
neighbouring genet pairs had the most equitable component
contribution to the total yield (i.e. highest combining
ability) but did not differ in total yield from pairs of non-
natural neighbours.

Results from these studies suggest that selection in
response to competition and other interactions among neighbours
(e.g. beneficence) may result in two alternative types of
‘combining ability' in plants: 1) ecological combining ability
(niche differentiation), and 2) competitive combining ability
. {balanced competitive abilities).: Most evidence was found for .
'2). In this mechanism, selection reduces the differential in
cbmpefitive abilitieé' of inférior'éhdtsﬁperiof coﬁpoﬁeﬁﬁsAfor
resources on which they both make demands. These findings are
discussed in relation to contemporary theoretical considerations
of natural selection operating 1in systems of competition. A
general evolutionary theory of coexistence is offered based on a
proposed distinction betweén the concepts of fundamental niche

and competitive ability.
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CHAPTER 1

GENERAL INTRODUCTION



PROBLEM

The coexistence of species which interact competitively has
long interested ecologists and the question of what permits so
many competitors to coexist in some communities has continued
largely unresolved (Hutchinson 1959, 1961, Miller 1969, Grubb
1977, Werner 1979). The notion of coexistence has been so
coupled with the concept of competition that it may be aptly
defined as the 'absence of competitive exclusion', much like
health is the absence of disease. 1In general, efforts have been
concerned Qith establishing what factors or mechanisms prevent
competitive exclusion of one species by another in a resource
limited environment. Gause's principle has formed the
theoretical basis and has been regarded as "... perhaps the
only specific principle or law of nature ever to be proposed in
ecology" (Vandermeer 1972a). The common notion of identical
ecologies reduces the principle to a 'trite maxim' (Cole 1960)

but recent perspectives have abandoned this and are more

concerned with:what is the limit of .niche overlap .beyond ~which® = :#

competitive exclusion ‘bf;one of fhé species is imminent’.  This
more operational view embodies the theory of species packing and
'limiting similarity of species' (MacArthur & Levins 1967,
MacArthur & Wilson 1967, MacArthur 1972, Newman 1982) and
interestingly, recapitulates one of the earliest statements of
the competitive exclusion principle: "Two species of

approximately the same food habits are not likely to remain long

evenly balanced in numbers in the same region. One will crowd

out the other" (Grinnell 1904) (italics added).



Most of the support for Gause's principle comes from
observations of niche differences 1in animals (e.qg. see
extensive review by Schoener (1974)). The idea of the 'food
niche' of animals was central to the early theoretical
development of the niche concept. Plant ecologists however must
deal with the fact that plants have virtually nothing comparable
to the food niche (Harper 1977b). The coexistence of animals
can be explained in part by their mobility, but more importantly
by the diversity of foods available to them, especially plants.
We are still left however with the problem of explaining plant
species coexistence. Willson (1973) and Antonovics (1978) have
drawn attention to the scarcity of clear empirical evidence for
within-community niche differentiation in plants. This 1is
particularly true in herbaceous plant communities. Some recent
studies have shown that <co-occurring plant species may show
differences, for example, in depth and placement of roots
(Wieland & Bazzaz 1975, Parrish & Bazzaz 1976, Yeaton et al .

1977, Berendse 1979, 1981a, Fitter 1982), differences in

“-response ‘to' ‘microtopography - (Brattor 1976, Silvertown 1981), " -

~partitioning of pollinators (Reader 1975, Parrish & Bazzaz 1978,
1979, Waser 1978) and separation along soil moisture gradients
(Pickett & Bazzaz 1976, 1978, Werner & Platt 1976, Platt & Weis
1977). Yet, because higher plants are relatively immobile, lack
any real choice 1in energy supply , and make demands on
essentially the same resources (of light, water and nutrients)
(Harper 1968), it is difficult to imagine how there could not be
considerable niche overlap and enormous opportunity for

competition 1in many plant communities. This has raised serious



doubts concerning any predominant or widespread importance of
niche differentiation as a mechanism for coexistence of plants
(Grubb 1977, Fagerstrom & Agren 1979, Pickett 1980).

The study of species coexistence is an evolutionary problem
and is at the interface of population and community ecology. It
concerns population interactions and community organization and
diversity. It embodies a 'Darwinian view' of nature which
places strong emphasis on the selection pressures which accrue
from competitive interactions as opposed to a 'Wallacian view'
which emphasizes more the selection pressures from abiotic
factors (Harper 1977b).. Darwin refers to the practice of some
in making,

cenn the deeply-seated error of considering the

physical conditions of a country as the most important

for its inhabitants; whereas it cannot, I think, be

disputed that the nature of the other inhabitants,

with which each has to compete, is ... generally a

far more important element of success (Darwin 1859, p.
400).

Bock (1972) has emphasized that biotic interactions provide a
"constant modification of selection forces" exerted by each

spec1es on other 1nteract1ng spec1es , and that thlSv stands in )

sharp contrast to the hlghly "statlc selectlon" exerted by the.

physical env1ronment These two types of selectlon are not
mutually exclusive; the effect of abiotic selection pressure may
influence the response to biotic selection pressure and vice
versa. Pigott (1982, p.402) draws attention to the frequent
observation in vegetation studies that plants "respond to
changes in their natural environment within the context of the
vegetation of which they are a part", i.e. that the reaction of

many 1individual species may result from, and give rise to,



responses of other species. Glesener & Tilman (1978) stress
that under benign physical conditions, the major selection
pressures related to environmental uncertainty will be of biotic
origin and suggest that the changing genotypes of the organisms
with which an individual interacts are the major source of this
biotic uncertainty.

Central to much of community ecology 1is the view that
species coexistence and community diversity reflects biological
accommodation among spécies (e.g. Sanders 1968). This 1is the
process of evolutionary adjustment of species to their biotic
environment. McNaughton & Wolf (1979) point out that no
empirical attempt seems to have been made to estimate the extent
of biological accommodation or its role in community
organization. Antonovics (1978, p.246) writes "... genetic
changes in competitive relations have rarely been studied,
either in established communities , during invasions or during
ecological succession. Such changes are very pertinent to any

discussion of communities as coevolved systems, and in need of

. investigation....  Even the. conflict Dbetween. convergent

Hédapfa?ioﬁ.fé a éémmoh'éhVifpnhént; and»divérgént'adapfafibﬁ fp'
other . membéfs of the coﬁmunity “has -never béeh éxpiicitly
investigated”.

To understand the nature of biological accommodation is to
understand the evolutionary mechanisms for coexistence. To
approach this problem it is necessary to recognize. the most
basic components of the guestion at hand, components which have
generally been neglected. 1If competitive exclusion is to take

" place between two interacting species (besides the requirement'



that resources be in sufficieﬁtly limited supply) two essential
conditions must exist: 1) their resource requirements (or the
number of niche dimensions in which they intefact) must overlap
"beyond a certain critical point, and 2) one of them must be a
superior competitor for these common resource requirements. A
comprehensive evolutionary theory of coexistence for potential
competitors must therefore encompass two distinct components: 1)
fundamental niche requirements and 2) relative competitive
abilities. The first component has received widespread
theoretical and empirical attention (e.g. Collwell & Futuyma
1971, Pianka 1974, 1976, Schoener 1974, Collwell & Fuentes 1975,
Whittaker & Levin 1975, Roughgarden 1976, Armstrong & McGehee
1976, 1980, Fenchel & Christiansen 1977, van den Bergh &
Braakhekke 1978, Newman 1982). The. second component by
comparison has received almost none.

Langford and Buell (1969) suggest that in the study of the
evolution of biotic communities, investigations of the processes
involved 1in the 1interaction among organisms should yield rich
. Feqag@g: Evolutlon of blologlcal accommodatlon ;%nf 1nteract1ng'
;sbéciéé -w1ll affect‘Acommunlty organlzatlon and dlrect “the'
evolution of communlty characterlstlcs (Whlttaker & Woodwell
1971, Whittaker 1975). Recent work has found evidence for
differentiation of single populations into = specialized 'biotic
ecotypes' produced in response to differing selection pressures
exerted by different neighbours (Watson 1969, Linhart 1974,
Turkington & Harper 1979c). The results of these recent
developments have led some to advance a view for the plant

community which focuses on the individual genotype as the



principal unit of community diversity (Antonovics 1976a, Harper
1977b, 1982). This merges the objectives of both population and
community ecology 1into a common. goal of wunderstanding the
consequences of selective forces operating on individuals.
Efforts are now needed to characterize the precise manner in
which selection produces biotic specialization of genotypes
within single populatione and 1its role 1in the evolution of
coexistence and hence, of communities.

The system under study in this thesis 1is the pasture
community. Pastures are generally regarded as systems in which
competitioﬁ is an important interaction (see extensive reviews
by Donald (1963) and Risser (1969)) and where genetic variation
in constituent species is abundant and highly susceptible to
change in response to physical and biotic factors of the
environment (see review by Snaydon (1978)). The aim of this
study is to 1investigate the qualities of biotic interactions
important in evolutionary mechanisms of specialization and
accommodation amongst coexisting plant species and how these
contribute to the structure and evolution of the pasture
commanity, | dme brobiem under investigmtion is. primecily
coneept;oriented rather than system-oriehfed. | Objectives ere
not so much to understand more about pasture ecology as to study
a system in which a high intensity of neighbour interactions is
predicted and in which different stages of community development
are available for investigating evolutionary changes in species
in response to their biotic environment. Emphasis is centered
on the following questions:

1) How do interspecific competitive relations change as a



community ages?

2) Is there greater biotic specialization in populations from
older communities?

3) Is specialization reciprocal between species?

4) Does biotic specialization occur at both the species and
genotype levels? o

5) What is the evolutionary mechanism of biotic specialization?
6) What role does the evolution of biotic specialization,

permitting coexistence, have in community evolution?



TERMS AND CONCEPTS

The terminology related to niche, competition and
coexistence has been used in many varied ways in the literature.
To avoid ambiguity it is necessary to define the terms as they
are wused 1in this thesis. The choice of meanings for terms and
concepts in ecology often reflects the biases and objectives of
the practitioner. The same 1is true here. It is proposed’
however that the semantic confusion surrounding the concepts of
niche and competition is related to the fact that an attempt to
bharacterize one is often embedded in a characterization of the
other, with the result that neither is clearly understood. 1In
what follows, an attempt 1is made to elucidate operational
meanings for, and a distinction between, fundamental niche and

competitive ability in particular reference to plants.

A) INTERACTION AND COEXISTENCE

If two species in nature interact, this implies in the most
"-"general:sénse. that one (or 'both) species in :some' way - enter(s)

into the sphere of influence of the other at some time during

their 1life «cycles. Types of interaction recognized by
ecologists include competition, predation, parisitism,
mutualism, amensalism and commensalism. If a certain

interaction between the members of two populations occurs
repeatedly (not necessarily continually but at least
periodically) in a given area, then the two species may be
regarded as 'coexisting'. In plants for example, a competitive

interaction between two species populations may never occur
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between vegetative individuals, but may repeatedly occur between
seeds for sites suitable for germination and establishment; or
competition may occur for pollinators or dispersal agents. If
neither species however has the potential to continuously enter
into the sphere of influence of the other in any way, either due
to limitations imposed by dispersal or by genetically determined
site reguirements, then the two species do not coexist.
Coexistence then 1is continuous interaction, and interaction is
an event in which the activity of one organism affects the
activity of another.

In this thesis, the term coexist will be used in the above
context, although Harper et al. (1961) use the term cohabit in
a similar sense, i.e. "individuals (or their products) ...
come into such proximity that a struggle for existence could
reasonably be considered possible”. Werner (1979) suggests a
distinction of terminology based on differences in temporal
and/or spatial scale: 'coexistence' implies a stable
equilibrium, incorporating the notion of continuous interaction
‘“detalled above' cohabltatlon 1mp11es a sharlng of habltat_nqr

.resources w1thout 1nteract10n (or at least w1thout contlnuous

' 1nteract10n); and 'cooccurrence' or occurrlng together " implies

only a mutual presence in which no particular assumption is made

regarding any incidence of impact by one organism on another.
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B) FUNDAMENTAL NICHE REQUIREMENTS

The different meanings of the term ‘'niche' have been
reviewed by several authors (MacArthur 1968, Vandermeer 1972,
Whittaker et al. 1973, Hurlbert 1981). Elton's (1927) ‘'all-
inclusive' notion of the niche has found common usage (e.g.
Krebs 1879, Ricklefs 1979) and is regarded as the species'
'position', 'role' or 'profession' in nature, including its
competitive relationships with other species. Where the basic
niche concept has been used interpretatively however,
competitive ability has rarely"ever been regarded as part of the
niche of a species. The most consistent usage of the term niche
recognizes its earliest connotation (Grinnell 1924, 1928) as the
idealized distribution of individuals in the absence of
interactions with other species. Grinnell's conception of the
niche was "pre-interactive - the potential area within which a

species can live as opposed to the area where one actually finds

it" (vVandermeer 1972). This general view is reflected in the
later more specific conceptions of 'fundamental’ versus
'realized' niche (Hutchinson 1957), 'pre-competitive' versus

h'bést;cémpetifﬁ§e}‘ﬁicﬁe (LeViné.1968,ﬂCoiﬁéll.& Fﬁt;yﬁg.'1§71),
“and 'potential' versus 'actual' niche (MacMahon et al . 1981).
That competitive ability is not part of the
characterization of a species niche is further evident from the
competitive exclusion principle. Variously stated, the
principle essentially means that two species with very similar
niches cannot coexist - one will out-compete the other.
According to Gause's principle, common niche results in

competitive exclusion which necessarily means different
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competitive abilities; this categorically precludes competitive
ability from the definition of the niche. Evidently then, most
ecologists have implicitly regarded competitive ability as
exclusive of the principal idea of the 'niche' in spite of
contradictory claims (folloWing an Eltonian view) that the niche
represents all the relationships of the organism with its
environment, which includes 1its competitors. This raises the
question of the relationship between fundamental niche and
biotic interaction in general.

It 1is proposed here that fundamental niche (or fundamental
niche requirements) be considered as all possible sets of
resources (e.qg. energy, chemicals, conditions of site) and
resource states (e.g. guantity, quality, intensity,
renewability, periodicity, etc.) that meet minimal requirements
for a species (individual or population) to leave descendents.
The activities of other species affects the availability of
required resources to a reference species through effects on one

or more of these resource states. These effects translate 1into

ablotlc_llnteractlons - the act1v1ty of one organlsm 1nfluences_ o

the well belng of another.' Other organlsms therefore affect theu
ava11ab111ty of niche requ1rements (and in turn affect f1tness)'
but it is crucial to recognize that they themselves are not part
of the niche requirements (with the exception of obligate
symbionts as in 1lichens, or obligate benefactors such as
pollinaters or individUais of the opposite gender in dioecious
species). This parallels a recent view from Hurlbert (1981,

p.177):
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As a consequence of its resource-using activities, an
organism has many influences on the surrounding
community or ecosystem. If the totality of these
influences or impacts is regarded as the 'functional
role' of the organism, then 'role' is not eqguivalent

to niche, as many authors would have 1it, but rather

'role' is a consequence of the niche.

Biotic interactions then are consequences of the niches of
species. In particular, they are consequences of niche overlap
between species. Organisms interact only if they have at least
some resource reguirements in common. Taking this one step
further, the coexistence of organisms depends not only on their
having some resouces requirements (niche) in common, but also on
the impact that each has on the availability of resources
required by the other. This two-component perspective for
coexistence applies to all biotic interactions and has been
generally recognized in predator/prey and host/parasite systems
for example, but largely neglected 1in systems of competition
because the notion of competitive ability has been infused into
the precept of niche.

Following above arguments, it is proposed that fundamental
;:nlche_:requ1rements be_ regarded as e. dlstlnct concept fromw
-‘competltlve ablllty and w1ll be deflned 1n thlS the51s in a.pre—
'1nteract1ve sense most closely resembllng the hyper volume view
of Hutchinson (1957), 1i.e. a multidimensional description of
the whole range of resource requirements encompassing all
environmental limitations of a species (population or
individual) within which it is potentially capable of leaving
descendents - "... primarily without reference to competitors,

but merely in terms of requirements and tolerances ..."

(Hutchinson 1978).
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A habitat in which a species 1is capable of 1living,
represents an actual proportion of the species' fundamental
niche that 1is .available for occupation. In practice however,
the presence of other species_may, deny occupation of certain
portions of available niche space, or they may expand the
available niche space, and hence delineates a 'post-interactive'

realized niche within the habitat. Accordingly, biotic

interaction is a consequence of fundamental niche and realized

niche is a consequence of biotic interaction.

C) RELATIVE COMPETITIVE ABILITY

The term 'competition' has come to have a variety of
meanings in ecology. 1In this thesis the strictest definition of
the word will be used following proposals in reviews by Birch
(1957) and Milne (1961). Competition will be defined as an
interaction between two (or more) organisms 1in which each
reduces the availability of resource units to the other from a

limited supply on which they both make demands. Tinnin (1972)

_ point§A to the ya;iaple. and _cqnfpsing rela;ion§hip__between o

‘céﬁpefition{. éﬁa "inférfefeﬁée' {n‘fheAiitefafure. AA fﬁrthér
“variation ih‘térhinolbgf was introduced by Hall (1974a) who
regards interference as any effect, detrimental or beneficial,
of one organism on another, the <context in which the term
"interaction' is used presently. In underlying mechanisms to be
considered later, the more traditional view that competition can
be divided into two types - 'exploitation' and 'interference' -

(Park 1954, Birch 1957, Miller 1967, 1969, Berendse 1981b) will

be adopted here.
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An even more confusing term in " the literatﬁre than
'competition' is 'competitive ability'. Competitive ability
alone 1is misleading as it is not an absolute characteristic of
-an individual; it has meaning only in a relative context to
others. Competitive ability 1is manifested only within (and
characterized entirely by) the prevailing neighbourhood of
interacting individuals making demands on the same limiting
resource(s). Competitive ability may be regarded as a combined
measure of: 1) the ability of an individual to reduce the
availability of limited resources to another, and 2) the ability
to tolerate reduction in resource availability by . another.
Attributes of a plant which confer‘competitive ability may in
the first case be considered 'offensive' characteristics, and in

the second case, 'defensive' characteristics.

Offensive Characteristics Conferring Competitive Ability

Numerous characteristics of a plant will in concert

determine its overall ability to reduce the availability of

. resources to another. Offensive characteristics important to

:EbmpefitiQéh‘abiiif§ujfall vinfé tﬁo céteébfiés?aﬁdAdefiné t;g
types of reiéfive'éémpetitivé abilifyt 1) relative exbibftatibhw
ability - the relative efficiency of exploitation of resources,
and 2) relative interference ability - the relative level of
interference with access to resources (Table 1). Exploitation
competition reduces the availability of 1limited resources to
another by reducing the gquantity of those resources by removal
through uptake from the site. This requires attributes related

solely to effective procurement of resources. Interference



16

TABLE 1. Possible characters which confer competitive ability
in plants 1in contexts of a) relative exploitation ability, and

b) relative interference ability.



a) EXPLOITATION COMPETITION

1.

. Large embryonic capital

Rapid growth rate (i.e. effective
photosynthetic metabolism and/or
effective or rapid uptake/storage
of nutrients and/or water).

. Tall plant height, long hypocotyls

stems, petioles (Black 1960).

. Large leaf area (Black 1960).

. Leaf orientation for effective
capture of light.(Monsiet al. 1973).

. Deep and/or extensive root system.

(seed
(Black 1958).

size)

. Effective timing (e.g. early
‘arrival at a site, early germin-

ation and/or early establishment)
(e.g. Sagar 1959, Harper 1961).

. Attractive flowers; pollen, seeds,

or- fruits for effective pollin-
ation and/or dispersal (Donald
1963, Levin & Anderson 1980,
Davidson & Morton 1981).

. General adaptation, resistence, or

plasticity to 'adverse' environ-
mental conditions other than those

imposed by competitors (Daubenmire
1968).
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b)

1.

INTERFERENCE COMPETITION

Encouraging, sheltering or carry-
ing pests, disease organisms or
predators which affect other
species (Janzen 1966, Sandfaer
1968, 1970a, 1970b).

. Encouraging/producing rhizosphere

components or soil reactions un-
favourable to other species
(Trenbath 1976).

. Altering the ability of the

environment to provide special-
ized trigger mechanisms. (e.g. for
the breakage of dormancy (Harper

1964)).

. Depositing a dense layer of

litter on the ground surface

(Grime 1973).

. Releasing substances which are

directly toxic to other species
(i.e. allelopathy) (Rice 1974).
lnterferfng with pollination

(e.g. "pollen allelopathy")
(Kanchan 1980).
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competition, in contrast, reduces the accessibility of those
resouces (i.e. without resource removal). This involves
attributes directly or indirectly related to preventing a
competitor from getting a resource. Grime (1973, p.20) argues
that an ability to maximize dry matter production is a "general
featnre" of competitive ability in plants. From Table 1
however, it can be seen that a superior plant competitor will
not necessarily be the 'biggest', 'strongest’, "'most
aggressive', or 'highest yielding' (Harper 1965) and this is
supported by evidence from competition experiments with plants
(de Wit 1970).

It is important to note that interference effects may occur
regardless of niche overlap or resource limitation, and as
detrimental effects may only be incurred by one species, such an
interaction may be more suitably referred to as 'amensalism'
(Harper (1961) has preferred to use the term interference to
encompass both competition and amensalism, i.e. "... those

hardships which are caused by the proximity of neighbours ...").

_nInterference phenomena however are usually thought to be evolved .

responses to resource shortage 1mposed by compet1t1on (e.g.

Gill’ 1974, Roughgarden 1979) .

Defensive Characteristics Conferring Competitive Ability

In some species, higher relative competitive ability may be
conferred by a higher tolerance during periods when resources
are limited by competition (for example by delaying or forgoing
reproduction in that vyear, varying the number or size of

different organs, or by dying back above ground parts but
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avoiding total death). This will be particularly important in
plants, where tolerance ability will be a reflection of such
characteristics as seed dormancy, 1life forms with sustaining
underground parts (e.g. as in hemicryptophytes and geophytes),
indeterminate growth and modular construction (Harper 1964,
1977b). Immunity to toxic allelopathic substances produced by
others would also be a type of defensive characteristic

conferring competitive ability.
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PROGRAMME

The studies described in this thesis are centered on a
system of three coexistent stages of pasture community
development. The approach to the problem under investigation is
two-fold: 1) time-series surveys of vegetational patterns; 2)
experimental analyses of biotic interactions. The  two
approaches complement one another and each contributes
information not available from the other.

Percentage cover surveys of the three pastures were carried
out periodically over a 33-month period to obtain quantitative
data for characterizing the developmental features of pasture
community evolution. The principal aim was to obtain an
empirical basis for referring to the developmental relationship
of the three communities. Important assumptions however are
recognized concerning the unlikelihood that the three pastures
experienced identical environmental conditions (e.g. of climate

or grazing) at any given stage of development.

i ”T'“:QhédratiAsamplingV"servés'Vtoﬁ-féyeal:&grdsé-'&végefatidnél‘"ﬁ

l3pattefns_Abut it is not whqllf _sensitive to the individuél"
plant's experience of its immediate neighbours. The sessile
habit of terrestrial plants and the high sward density in
pastures means that a recording of the number of above ground
physical contacts between 1individuals reflects a parameter of
fine-scale interaction. If monitored over time this procedure
represents a quantitative basis for discussing patterns of local
coexistence at the 1level of individual experience, i.e. the

"plant's experience of community diversity" (Harper 1977b).
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This sampling method, known as ‘confact sampling', is used in
the present study for this purpose. It was designed originally
by Yarranton (1966) and has been wused in recent étudies in

pastures (Turkington et al. 1977, Aarssen et al. 1979,
| Turkington & Harper 1979a, 1979b, Saulei 1981). Alternatives in
methodology and data analysis as well as its versatility and
value as a method of vegetation sampling have recently been
presented in detail by de Jong et al. (in press).

A variety of experimental methods were employed to
investigate the biotic interactions occurring between clones of
individuals which were in immediate proximity to one another as
actual neighbours in the fields and differences in interactions
for the same species in pastures of different age. Use is made
of the mixture diallel (e.g Trenbath 1978) and replacement
series (de Wit 1960) designs. A further method of reciprocal
phytometer transplanting is devised and used to investigate
reciprocal biotic specialization in two species in response to
different neighboufing genotypes of the same species collected
from difﬁe;gnFIlpejghboy;poodg_ in the oldest pasture (i.e. =
'giﬁfié:éﬁéci?iizatiéhfég thé:géﬁdéype ié&elj..vizj o -

' Where appropriate, results are interprétéd by blaéing‘ them
into a theoretical and evolutionary context. This is pursued at
length in the final cﬁapter which explores the implications of
natural selection operating in systems of competition. A
general evolutionary theory of coexistence 1is proposed and
discussed in relation to other theories of coexistence 1in

contexts of competition.
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CHAPTER 2

THE STUDY SITE: VARIABLES AND PATTERNS
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INTRODUCTION

The study site consists of three pastures located on the
dairy farm owned by William and Mary Chard, 25704 Fraser
Highway, Aldergrove (SW 1/4 Sec. 25, Twp. 10) in the Fraser
Valley of British Columbia (49003'45"N Lat.; 122°30' 45"W Long.).
The farm 1is situated in the Coastal Douglas-fir biogeoclimatic
zone of B.C. (Krajina 1965), but has been managed as grazing
land since the turn of the century. The three pastures were
last ploughed and seeded in 1939, 1958, and 1977 and hereinafter
the fields will be named after these dates or will be referred
to as the 40, 21 and 2 year-old pastures (respectively)
indicating the ages of the fields when clones were collected for
competition experiments. The fields were also used as pastures
prior to the above most recent planting dates. Details are

summarized in Table 2.

TABLE 2., Details on the three study fields.

Approx. date

of clearing (from _ Age when
scrub/brush) ~  Date of . reseach commenced
and first last ploughing (years since
ploughing ~  and seeding . last ploughed) Size (ha)
1942 1977 2 1.04
1930 1958 21 1.44
1900 1939 40 0.99

The pastures have always been either grazed by cattle or
occasionally cut for hay. Grazing in all three fields involves

on average, 20 to 30 cows present intermittently from May wuntil
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November. | Weather conditions rarely permit grazing between
December and April. None of the fields have been reseeded since
the stated dates, nor have they ever received any chemical
treatment (fertilizers or pesticides). Barnyard manure 1is
mechanically spread periodically.

The 1939 and 1977 pastures are generally flat with a slight
slope in the 1977 field. The 1958 field is gently rolling. The
elevation of the site varies from 110 to 122 m above sea level,
Contour maps of the fields are shown in Figure 1. The pastures
are contiguous (Fig. 1) but separated from one another by rows
of trees.. The entire site 1is enclosed by wire fencing and
bordered by drainage ditches and laneways, and in some places,

trees.

THE GEOLOGY

The general area is underlain by truncated strata of Eocene
sediments upon which 1lie a @parent material of glaciomarine

deposits of latest Pleistocene age (11,000 - 12,000 years B.P.).

f7Thé-s£ﬁdyfsité spécifically hasfqueréteIY‘to*fineftextured~dléYff“f'

loam, 1is generally non-stoney. and poor - to moderately well
drained. The soil is Luvisolic Humo-Ferric Podzol and Orthic
Humic Gleysol (Canada Soil Survey Committee 1978). Average top

soil depth (down to the top of the 'C' horizon) is 80 - 100 cm.
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FIGURE 1. Contour maps of the study fields. Elevations are
given in meters above sea level. Points represent the locations
of 60 quadrats in each field used in the vegetation surveys.

Insets show the positional relationship of the three pastures.
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'

THE CLIMATE

Most climatic data were recorded at Aldergrove, 2.4 km east
of the study site. The study area features a relatively mild
winter with heavy precipitation, mostly in the form of rainfall,
averaging 164.3 cm per annum (1953-1970). 1In winter the area is
usually not covered by snow for periods lasting longer than 1 or
2 weeks., The mean monthly distributions of rainfall, snowfall

and total precipitation are shown in Table 3.

TABLE 3. The monthly distributions of a) rainfall (cm), b)
snowfall (cm) and c) total precipitation (cm) (means for 1953-

1970, Aldergrove).

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

a) 18.7 16.5 14.6 10.9 7.2 6.6 4.3 5.2 9.4 18.5 20.7 22.0
b) 41.9 t2.4 10.4 0.5 0.3 0.0 0.0 0.0 0.0 0.0 5.1 25.4

c) 22,9 17.8 15.6 10.9 7.2 6.6 4.3 5.2 9.4 18.5 21.2 24.5

The area is exposed to npredominantly ~north and north-
eastefly 4winds in'the fall and winter.months. Winds afe mogtly‘
from the soutﬁ and south-west in spring "and summer. Forv the
years 1953 to 1970 the maximum summer air temperature recorded
was 36°C while the minimum winter temperature was -20°C.
Monthly distributions of climatic variables related to

temperature and hours of sunshine are shown in Table 4.
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TABLE 4. The monthly distributions of: a) mean daily
temperature (°C), b) mean daily maximum temperature (°C), c)
mean daily minimum temperature (°C); d) number of days with
frost (daily minimum below 0 °C) (means for 1953-1970,
Aldergrove); e) number of hours of sunshine (means for 1970-
1880, Pacific Regional Atmospheric Environment Service).

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

a) 0.8 3.3 4.9 7.6 11.5 14.2 16.1 16.0 13.6 9.3 4.9 2.5
b) 4.1 7.6 9.8 13.3 17.8 20.2 23.2 22.9 20.3 14.6 8.8 5.7
c)-2.4 -0.9 0.0 1.9 5.2 8.2 8.9 9.1 6.9 4.1 1.1 -0.7
d) 21 15 17 9 3 0 0 0 1 5 13 17

e) 68 77 112 164 209 217 291 245 174 137 72 54

THE SPECIES

A total of 28 naturalized herbaceous species are present in
the 3 pastures, 11 of which are grasses'(Table 5). All three

fields were last sown with a seed mixture comprising 5-10%

Trifolium repens , 15-20% Dactylis glomerata and 70-80% "'High-
~land' forage mixture (Tablé_é).”.The same species were ..present
in this mixture at all three seeding times (Richardson Seed Co.,
pers. comm.) but information on their relative proportions is
available only for the mixture used in planting the 1977 pasture

(Table 6).



TABLE 5.

GRASSES

Agropyron repens (L.) Beauv.

Agrostis alba L.

Anthoxanthum odoratum L.

Dactylis glomerata L.

Festuca rubra L.

Holcus lanatus L.

Lolium multiflorum Lam.

Lolium perenne L.

Phleum pratense L.

Poa compressa L.

Poa trivialis L.

A) PATTERNS IN THE VEGETATION

Each of the three

cover

spring (March), three summer (June) and three

pastures was
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A species list for the study site.

NON-GRASSES

Achillea millefolium L.

Carex sp.

Cerastium vulgatum L.

Cirsium arvense (L.) Scop.

Hypochoeris radicata L.

Juncus sp.

Medicago lupulina L.

Plantago lanceolata L.

Plantago major L.

Ranunculus acris L.

Rumex acetosella L.

Rumex crispus L.

Rumex obtusifolius L.

Stellaria media (L.) Vill.

Taraxacum officinale Weber

Trifolium repens L.

Trifolium pratense L.

surveyed for

of species on 9 occassions over a 33-month period.

fall

surveys were carried out. The surveys were conducted in order
to test two hypotheses: 1) Species composition 1is the
similar between the youngest and oldest pastures; 2) Species

percentage

(September)
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composition is the most variable throughout the 33-month period
in the youngest community and the least variable in the oldest

community.

TABLE 6. Species composition of the 'High-land' forage mixture
used 1in sowing the three pastures. Proportions shown are for

the 1977 mixture only. Lolium perenne was a tetraploid variety

in the 1977 mixture.

Dactylis glomerata 45%
Trifolium pratense 20
Lolium perenne 15
Lolium multiflorum 10
Phleum pratense 5
Trifolium repens 2

Ladino Clover ( T. repens ) 3
(1977 only)

Methods

Each survey . was. based on data collected from 25 _

:syscematlcally p031t10ned p01nts (5 rows of 5) w1th1n each of 60
systematlcally arranged permanent' quadrats, each 0.5m x 0.5
m, giving a total of 1500 points per field. Relative cover
results for an initial survey of 2000 points (in 80 gquadrats)
per field were not substantially changed after randomly
discarding up to 500 points from the data. To minimize field
effort, all subsequent surveys were therefore based on 1500
points per field. Each quadrat was approximately 10 m from each

neighbouring quadrat and a border of at least 10 m was avoided
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as a buffer zone around the perimeter of each pasture (Fig. 1).
Estimates of percentage cover were obtained by recording all
‘different species encountered in a  downward (vertical)
projection at each point and expressing these 1in terms of
percentage cover for every 25 points examined.  The total
percentage of ground covered by the species in any one quadrat
will exceed 100% because the leaves of more than one species may
cover the same point on the ground. Due to difficulty of quick

differentiation between Lolium multiflorum and Lolium perenne

and because they are known to hybridize readily 1in nature
(Hubbard 1968), the two species were lumped together and’
recorded as one species. Upon careful inspection, specimens of

Lolium multiflorum were only identified in the 1977 field; all

occurrences of Lolium spp. were therefore recorded as Lolium
perenne .

To analyze the percentage cover data, a reciprocal
averaging, eigenvector method of ordination was employed using a
program written by Dr. Gary Bradfield developed after the
~algorithm outlined in Orloci (1978).

;éésﬁlﬁs?v.A A |

The meén: tbtal pércentage Edver‘ovef £hé stUdy'befiod fof
the 1977, 1958 and 1939 pastures was 159%, 186% and 212%
respectively. The relative representations of the most abundant
species in the 3 fields are shown for each survey in Figure 2,
and as means over the study period in Figure 3. Some trends are

notable. With increasing field age, Dactylis glomerata shows a

general decline 1in percentage cover while Holcus lanatus , Poa

compressa and Trifolium repens show an increase in cover.
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FIGURE 2. Total percentage cover of the 14 most abundant
species present in the three pasture communities over the 33-
month sampling period;

———————— 1977 field; —— —— 1958 field; ——— 1939 field.
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FIGURE 3. The 10 most abundant species present in each study
field based on mean percentage cover over the study period.

Standard errors are indicated by vertical bars. The 5 species
collected and cloned for competition experiments are shown by
cross—hatching and stippling. Differences in percentage cover
of these 5 species depending on field age are significant at
P<0.05 from an analysis of variance using a MIDAS program (Fox &
éuire 1976). Analysis was based on log-transformed data
wherever an F-test indicated unequal variances in the raw data.

Ar - Agropyron repens

Dg - Dactylis glomerata

Fr - Festuca rubra

Hl - Holcus lanatus

Lp - Lolium perenne

Pp - Phleum pratense

Pl - Plantago lanceclata

Pc - Poa compressa

Ra - Ranunculus acris,

To - Taraxacum officinale

Tp - Trifolium pratense

Tr - Trifolium repens
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Festuca rubra has the highest cover in the middle-aged (1958)

pasture compared to its cover in the other pastures.

These overall vegetational differences among the 3 pastures
are summarized in an ordination of the 27 surveys (3 pastures x
9 sampling events) based on total percentage cover for each
species over the 60 quadrats in each field (Fig. 4). The three
pastures are readily distinguished along the axis 1 plane which
accounts for 42% of the variation in the data. The results show
that the quantity of variation accounted for by the first 3 axes
of the ordination generally declines with increasing field age.
Axis 2 accounts for appreciable variation in all three pastures.
For axes 1 and 3 however, the quantity of variation accounted
for decreases with increasing pasture age; an F-test for the
equality of variances of axis scores for the three pastures was
significant at P<0.05 for both axes 1 and 3. Time-series course
lines showing successive sampling events follow the same
direction in all three fields along the axis 2 plane. The

course line for the 1977 field 1is - the most directional

- proceedlng towards _the p051t10n1ng of the 1958 pasture surveys

4on ax1s 1. In contrast the course 11ne for the 1939 pasture on
‘the axis 3 versus axis 1 plot appears as an osc1llatlon around

a mean'.

B) COLLECTION AND PROPAGATION OF CLONES

In order to investigate fine-scale competitive relations,
several pairs of naturally neighbouring 'genets' (or clones)
(growing in physical contact above ground in the field) were

collected from locations in all 3 pastures where there was the
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FIGURE 4. Ordination results of the 27>surveys. a) axis 2 vs.
axis 1. b) axis 3 vs. axis 1. Time-series course lines are
drawn for each pasture showing the progression from the first
(circled point) to the ninth sampling event; ﬁ

——————— 1977 field; — —— 1958 field; ——— 1939 field.
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greatest overlap in their respective percentage cover
frequencies in the first survey (June, 1979). Clones were
collected 1in all possible pairs for 5 of the most abundant
species common to all three pastures; they were Dactylis

glomerata, Holcus lanatus , Lolium perenne , Poa compressa and

Trifolium repens (Fig. 3). Each genet was given a 'type' name

X/Y, where X 1is its species name and Y is the species name of
its natural neighbour (and X does not equal Y) Hence, X/Y and
Y/X would be a natural neighbouring genet pair. The pairs were
collected as two whole plants (including root material) and each
genet type was propagated separately under glasshouse conditions
by periodic separation of tillers or cutting of stolon pieces
followed by replanting as 'ramets' (physiologically independént
individuals) of the original clone. Each such population of
ramets provided a stock supply of cloned individuals of the
genet type. 1In experimental setups, a 'ramet' was designated as
one 8-10 cm tiller from a grass clone with all root material
removed, or an approximately 2.5 c¢m section of white clover

. _stolon with one trifoliate leaf and an associated axillary bud.

SOIL SAMPLING AND ANALYSES

Soil samples from all three fields were analyzed for the
following variables: pH (in water), total phosphorus, total
nitrogen, total carbon, total cation exchange capacity, and

exchangable calcium, magnesium, potassium and sodium.
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Methods

A reciprocal avefaging ordination of guadrats (based on
species cover) from the March (1981) survey (the most recent
survey before soil sampling) was carried out for all three
fields. From the axis 2 vs axis 1 plot of these ordinations, 20
stands from each of.the three fields were subjectively chosen to
represent the range of variation present within each field.
These 20 stands were then subjected to re-ordination. The
ordinations so produced formed the basis of the environmental
ordinations shown in Figure 9 used to test the hypothesis that
vegetation differences within a given field ean be accounted for
by underlying edaphic variation.

At each of the 20 seiected sites in each field, soil
samples were taken in May 1981 by the composite method (e.q.
Chapman et al . 1940) as follows: 12 soil cores, each 15 cm
deep by 2 <cm diameter, were extracted from around the outside
perimeter of the positioned quadrat so as not to disturb the
interior of the quadrat. These 12 independent samples were
' amalgamated into the. comp051te ,sample wh1ch gave a  mean
fanalytlcal value‘Jrepfesentatlve-vef ‘thea entlre 5011-samp11ngw
~volume at the quadrat site. Each comp051te sample was air dried
for 14 days, sifted through a 2 mm sieve and thoroughly mixed in
preparation for soil analyses.

All analyses were carried out on the 2 mm fraction by
procedures outlined in Lavkulich (1978). Phosphorus was
extracted using the ammonium fluoride method. A colourimetric
procedure by auto-analyzer was used for total nitrogen

determination. Total carbon analysis was obtained using a 'Leco
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FIGURE 5. Mean values for chemical analyses of soil from 20
selected stands from each pasture (4, 23 and 42 years old).
Total cation exchange capacity (CEC) and all exchangeable

cations are expressed as meq per 100 g soil.
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FIGURE 6. Distributional patterns of the 9 soil wvariables on

the axis 2 versus axis 1 plane of the stand ordination of 20

selected quadrats from each pasture. Values for exchangable

cations are in meqg per 100 g of soil.
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analyzer'., The ammonium acetate method was used for exchangable
cations and total cation exchange capacity (CEC).
Results

The mean results are summarized in Figure 5. A test of
significant differences 1in mean values for soil variables
between fields was not possible as soil samples were not
collected randomly. Figure 6 illustrates the distributional
patterns of the measured soil variables on the stand ordinations
for each field. Each diagram is based on the axis 2 versus axis
1 plane of the ordination of the 20 selected quadrats mentioned
previously. Correlétion coefficients for the different soil
variables with the percentage cover of 10 species and with the
axis scores for the first 3 axes of the above ordination of 20
guadrats are shown in Table 7. A few significant correlations
were found suggesting that gross vegetation differences within a
given field may to some extent be accounted for by underlying

edaphic variation.

. DISCUSSION

'The»unique management' history bf this se;ies of  three
different aged pastures provides an approximatioﬁ of different
coexistent stages of community evolution belonging to the same
natural sequence of development. This is corroborated by the
time-series survey results for percentage cover. Time of
planting (i.e. age) 1is assummed therefore to be a major
variable distinguishing the vegetation structure of the three
pastures. It must be recognized however that environmental

conditions (e.g. climate, grazing . intensity) at particular »
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TABLE 7. Product moment correlation coefficients for the 9
measured soil variables with quadrat percentage cover for 10 of
the most abundant species overall at the study site and with
axlis scores for the first 3 axes of the ordination of 20
selected quadrats (Fig. 6). a) 1977 pasture; b) 1958 pasture;
c) 1939 pasture. (* significant at the 5% level; ** gsignificant

at the 1% level).



a) 1977 PASTURE

Agropyron repens

Dactylis glomerata

Festuca rubra

Holcus lanatus

Lolium perenne

Phleum pratense

Poa compressa

Trifolium repens

Ranunculus acris

Taraxacum officinale

Axis 1
Axis 2

Axis 3

pH P N c CEC ca’t Mg+t k* Nat
345 179 460% - 451%x  -.261  -.251  -.048 .072 .128
.059 502%  .212 266 170 364 .276 .361 .276
455% 185 6h2%s - .52kx  -.345  -.207  -.061 .087 .088
.240 .258 .109 107 -.1k9  -.ho6  -.505% -.085  -.368
212 138 -.009 .075 .305 .193 .070 064 -.036
.24 342 .105 L7 -.267 .092 244 -.016  -.059
362 -.474%  .295 164 -.069 .030 .225 173 137
.299 221 .325 .379 A51% 216 11 .187 .130
.076 .333 .025 .027 .001 .026 .084 490% 130
371 .268 A1 376 -.159  -.062  -.202 22h  -.071
.505% 022 5124 .503% 320 185 -.026 073  -.108
048  .ok2 374 21 =477 -.506%  -.419 029 -.270
216 .382 127 074 -.125 359 .507%  .075 .109

LS



b) 1958 PASTURE

pH P N c CEC’ ca™t Mgtt K* Na't
Agropyron repens .063 .120 -.196 -.020 141 .04k .483%  -,099 -.001
Dactylis glomerata .261 .261 086  -.1h2 .310 .298 .341 .342 164
Festuca rubra .372 -.043 -.388 -.092 -.201 -.365 -.031 -.096 214
Holcus lanatus C468%  -.615% 172 059  -.530% -.565%% -.295  -.206  -.ko6
Lol ium perenne -.149 . 395 .138 .029 -.167 .336 -.334 .385 -.097
Phleum pratense -.048 17 J577%%  ,5B8G¥x G613% 661%*% - 068 .ShL7* . 361
Poa compressa 161 489 .251 .201 .506% .367 .347 .003 -.0b47
Trifolium repens .356 478%  -.160 -.221 .349 L6L6xx 387 .199 L11b
Ranunculus acris -.609%*  ,298 .210 . 361 -.3k2  -.529*% -,251 -.hok -.244
Taraxacum officinale .306 .030 -.163 -.285 .292 | .232 .010 .201 -.180
Axis 1 .280 .526%* .115 -.012 .557% . 702%% .340 .283 .130
Axis 2 -.540%  -.419 .458 . 166 -.218 -.207 -.185 -.002 -. b1k

Axis 3 -.234 174 -.264 -.266 -.hko -.004 -.172 -.2b2 -.035

8S



c) 1939 PASTURE

Agropyron repens

Dactylis glomerata

Festuca rubra

Holcus lanatus

Lolium perenne

Phleum pratense

Poa compressa

Trifolium repens

Ranunculus acris

Taraxacum officinale

Axis 1
Axis 2

Axis 3

pH P N c CEC catt Mgt k* Na*
346 .016  -.134 110 037 .17 100 478 376
.500%  -.132  -.390 .303 035 -.128  .097 .308°  .050
051 -.222  .105 083 438 135 -.112 .030 .100
.562%% -.013  .296  .230 .2k9  -.079 .083 146 .199
307 -.334 141 016 224 .078 .034 .165 .056
194 407 156 .159 13 -.110 .038 133 015
329 .036 023 .089 242 .203  -.050 012 173
A453% 368 .032  .017 170 193 - 111 .045 .031
.336  .080 .221 .197 .092 .159 .031 149 .260
214 -.349 172 -.146 .043 142 245 .060 128
.569%% -.147  -.167  -.029 .0h2 278 .034 .056 .024
b0k 312 210 -.195 231 -.042  -.070 228 -.183
.09  -.197  .0k5  .189 243 270 -.017 .092 .05k

63
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times (e.g. during and immediately following pianting), as well
as the relative proportions of the species in the planting
mixture (Table 6) are likely to have been different in the threé
fields. The cover of various species changes within each field
over the study period and this, not surprisingly, is at least
partially reflective of seasonal growth patterns. More
importantly, the representation of various species differs
substantially among different aged fields (Fig. 3). Some
species show trends of increasing relative abundance, and others
decreasing relative abundance with increasing field age. Poa

compressa and Trifolium repens, the second and fourth most

abundant species in the 1977 pasture, are the two most dominant
species in both older pastures. There are no species (with the

exception of Trifolium pratense and perhaps Lolium multiflorum )

that show a declining trend to total extinction with increasing
field age. The implication is that after 43 years since the
establishment of the 1939 pasture there have been no major
species (now present in the 1977 pasture) that have been totally
_ gliminated.

B :Tféndsiaiéd‘bécﬁf iﬁ»é¢§é£él';oil‘égriaglésiwi£h {anéégfﬁé'
field age (Fig;' 5’ thch may bevéfther geSponsibie "for, or a
consequence of (or neither), the trends in species cover.
Within-community correlations of species cover with the soil
variables however was not greater with increasing pasture age.
The oldest (1939) pasture 1in fact had notably the fewest
significant correlations of the three fields (Table 7). Within-
community vegetational patterns are therefore least accounted

for by wunderlying edaphic variation in the oldest pasture
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compared with the two younger pastures.

The ordination results indicate that the three study fields
represent a sequence of pasture community develdpment with
respect to overall vegetational patterns. In particular, the
youngest and oldest pastures are the most different in this
respect and there 1is more stability over time in the
vegetational patterns with increasing pasture age (Fig. 4).
'"Stability' here is used in the sense of community 'constancy'
(Orians 1975). The youngest pasture showed the most variability
in community composition over the 33-month study period and this
was represented by a directional trend in the ordination toward
those quadrats in older pastures (Fig. 4).

Superficially the three study fields show no striking
differences; their species compositions are virtually identical
(although relative cover varies) and differences in soil
variables are not large. A Simpson's diversity index (Peet
1974) was calculated for each survey based on total percentage
cover of each species per field (Table 8) and no significant
. differences were found amongst the three pastures over the study
‘period. in spite of this, the data presented hore on
vegetational patterns over time (Fig.4) expéées the three
pastures as distinct 'community entities', each distinguished by
its peculiar placement in a common developmental series
characterized by increasing community constancy. Increasing
community constancy however is not accompanied by any
significant change in species diversity. This together with the
lack of any clear trends with increasing pasture age for soil

variables on the gquadrat ordinations (Fig. 6, Table 7) . points
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TABLE 8.. Simpson's diversity indexes (D) calculated for each
survey based on total percentage cover of each species per
field. (D=1- m%(;ﬁ)z, where p. is the proportion of individuals
of species i ?ﬁ-the community and S is the number of species).

The mean values over the study period were not significantly
different amongst the three fields (P=0.3697) based on an
analysis of variance using a MIDAS program (Fox & Guire 1976).

An F-test for the homogeneity of variances was not rejected and

analysis was performed on untransformed data.

SURVEY . SURVEY PASTURE

NO. DATE 1977 1958 1939

1 June 1979 .859 .863 .822

2 Sept. 1979 .809 .862 .832

3 Mar. 1980 .805 .790 .755

4 June 1980 .829 .845 .845

5 Sept. 1980 .859 .842 .864

6  Mar. 1981 . .854 .831 . .824 |
7 gume 1981 854 .ses  .8a2
8 Sept.-1§81 870 .888 852

9 Mar. 1982 .789 .844 .818

Mean .836 .848 .828
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to the question of the importance of biotic faétors (e.qg.
grazing and neighbour interactions) in determining the
properties and development of neighbour relationships in these
pastures.

It is important to bear in mind that the three pastures
have been exposed to different lengths of time of grazing (i.e.
since last planted). Grazing may provide an important selection
pressure, e.gq. in affecting plant growth habit (Kemp 1937) or
species relative abundance (if grazing is preferential). It |is
reasonable to expect that community structure and dynamics may
be affected .by how long such selection has been operating. It
is also reasonable that the findings presented in this chapter
may be attributable to the fact that the ancestral components of
older communities have had a longer history of biotic
interaction and hence a longer time for subsequent selective
forces to accumulate and generate biological accommodation.
This focuses attention on the dynamics of interactions occurring

in' local neighbourhoods within the community. Such micro-scale

within-community -events are not adequately - addressed .at  the

gféditjénal scale of vegétatioﬁélv:Succeséiﬁn;. 'Thg.é;itiééi
events occuf at'thevlevelvof individual response to éelectivé
forces and 1involve <changes 1in genetic constitution. These
issues concerning neighbour interactions are pursued in chapters
to follow. Subsequent discussion assumes however that selection
pressure related to both grazing and neighbour' interactions
(e.q. competition) operate simultaneously and that their

effects may not be readily separable.
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CHAPTER 3

A QUALITATIVE MODEL FOR PASTURE COMMUNITY EVOLUTION:
PRELIMINARY EVIDENCE FOR SPECIES INTERACTIONS AND COEXISTENCE

USING CONTACT SAMPLING
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INTRODUCTION

Species interact in nature. To the animal ecologist this
is often readily observable, unprofound, and perhaps a truism.
Yet between plants, species interaction in nature is often not
immediately obvious. Most interest has centered on competition
and ecologists even face an enigma in the virtual impossibility
of empirically demonstrating that resources are really limiting
in some communities. Only studies on species removals from an
area and the subsequent response of those left undisturbed have
provided some quantitative data (Sagar & Harper 1961, Putwain &
Harper 1970, Pinder 1975, Allen & Forman 1976, Abul-Fatih &
Bazzaz 1979, Fowler 1981). Some have called for more attention
to be given to the role of predation and other disturbances
(e.g. climatic) which are also important factors controlling
populations (Connell 1975, Wiens 1977, Caswell 1978, Menge
1979). Against this however, most species have an innate
capacity to produce many more offspring than is necessary for

population replacement and yet remain on average fairly constant

‘iiﬁ“population-SiZe;GrThis’echOed‘paradiQM-of?MélthUsﬁanaifDarwinb““'

~supports ~the tacit assUmption'that resource limitation wiilvbe
common in nature and competitive interaction  virtually
inevitable. Dispute arises only with attempts to generalize
about the importance (or unimportance) of competition in nature
(e.qg. Andrewartha & Birch 1954; see also Hairston et al. 1960
versus Murdock 1966). It is more realistic to view competition
as an interaction of varying intensity determined by prevailing
environmental conditions, rathef than an all-or-nothing

phenomenon (Pianka 1976).
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A persistent -‘interaction between two species means that
they are coexisting. Spatial and temporal components are built
into the notion of coexistence, both of which seem somewhat
arbitrary; coexisting species must in some way be in the same
place together for some length of time . The spatial component
for mobile organisms is ver& different from that for sessile
organisms. Mobile organisms intefact while altering their
spatial relations with respect to one another. The spatial
component for sessile organisms however is more .equivocal - the
inherent guestion exists as to what degree.of proximity elicits
an interaction between two permanently displaced individuals.
In some vegetation types such as.pastures, species interactions
occur in very lopal neighbourhoods involving plants often in
physical contact and the individual rarely has any means of
adjusting 1its proximity to neighbours. Mack & Harper (1977)
found that up to 69% of the wvariation 1in .plant weight and
reproductive output of individual sand dune annuals can be

accounted for by the neighbours present within a radius of 2 cm.

.. Sampling which.records species presence/absence in quadrats ~-may: = .-

not reflect - the felevant,'scaleffof..interactiéns) and-a more ‘.
appropriate perspective may be to take a "plant's-eye-view" of
the vegetation (Harper 1977a, 1977b, Turkington & Harper 1979a)
based on physical contacts between individuals.

A plotless method of sampling vegetation has been developed
which enables investigations of community structure and
variation from the "plants-eye-view" 1in terms of neighbour
contacts. It was originally designed by Yarranton (1966) and

further modified by Turkington (1975) and used recently in
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grasslands as the 'contact sampling method' (Turkington et al .
1977, Turkington & Harper 197%9a, 1979b, Aarssen et al . 1979).
This sampling scheme defines a precise spatial component for
coexistence in plants. It provides an unequivocal frame of
reference because neighbours are regarded as those laterally
fixed individuals which physically contact above ground.
Moreover, the method embodies a neighbourhood concept of
community organization, i.e. it is sensitive to the way that a
plant experiences 1its immediate neighbours and hence, non-
randomness of interspecific association 1is detected at the
smallest possible scale - the local neighbourhood.

Plotless methods of sampling avoid the problems of scale
inherent in determining appropriate quadrat size and shape for a
particular vegetation type. The "species-juxtaposition" method
of recording species sequence along a transect at small
intervals (Stowe & Wade 1979) and the T"neighbouring point
analysis" of Fowler & Antonovics (1981) are similar plotless

methods also offering these advantages. The latter study,

carrled out 1n two dlfferent seasons, revealed two dlStlnCt o

_groups .ef: assoc1ated grassland spec1es Wthh dlffered in thelr:
Aseasonaiity of growth. Us1ng the contact sampllng method in
grass-legume communities, Turkington et al. (1977) found
predominantly negative association amongst grasses, negative .
association amongst 1legumes and positive association between
grasses and legumes. Turkington and Harper (1979b) found that
in a 50-year-old pasture, all of the associations between

Trifolium repens and each of eight major grasses remained either

permanently positive or permanently negative over a 16-month
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pefiod.

Contact sampling goes further than any previously devised
technique for providing guantitative data reflecting a measure
of species coexistence in communities. Aarssen et al . (1979),
using the contact sampling method, identified three categories
of significant (P<0.05) interspecific association in pastures -
stable, seasonal and temporary. Saulei (1981) reported similar
types of associations in abandoned fields. A stable association
is one which 1s constant through time. A stable positive
association detected by contact sampling is 1interpreted as
evidence that two species exist frequently within each other's
sphere of influence (more often than expected by chance). A
stable negative association on the other hand can be interpreted
as evidence for some measure of avoidance (in a non-cognizant
sense) of 1interaction. ‘This however is not evidence against
coexistence; there may always be some individuals that enter
into one another's sphere of influence.

The present investigation uses the contact sampling method
. to prgyide augpgnt;pgtiveubasis,fqyicgnst;gcténg‘ a pge}imipary_
jpic£uf§ -of‘ithe”.ﬁéfﬁf; éﬁa' dynamiéé,-6f_wfiﬁe—§c$£é» gpééiesh
interactions in the Study site of différent aged pasfurés.
Antonovics (1978) drew attention to the lack of attempts to
quantify the process of community change in pastures. Aarssen
et al. (1979) and Saulei (1981) studied interspecific
associations on three occassions in pastures which differed in
age (since last ploughed) by a range of 18 and 8 years
respectively. By comparison, the present investigation concerns

three pastures of which no two are less than 20 years different
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in their ages, and 1involves a longer term period of study
encompassing surveys in 3 seasons over each of 3 vyears. The
question. of central importance 1is: What are the patterns of
change in species associations during pasture community
development? The following hypothesis will be tested: There are
more 'stable' (unchanging) associations in older pastures than
in younger ©pastures, whereas younger pastures have more
associations which are relatively short-lived or 'temporary'.

On the basis of the results, a model is proposed for the
role of changing patterns of interspecific association in
characterizing  pasture community evolution. 'Community
evolution' is used here not in the sense of paleoecolgical
progression (e.g. Gray et al . 1981) or community-level group
selection (e.g. Wilson 1976, 1980), but rather 1in the sense
that the properties of multi-species assemblages may be viewed
as community-level products of Darwinian natural selection
(Whittaker & Woodwell 1971). Data on the patterns of fine-scale

neighbour relationships will also provide a foundation for the

experimental work reported later, designed to . identify more . .

”precisely' the. wéy(s) 'in  which competitive relations ¢hange
“between speciés in response to neighbouf interactions.

METHODS

Vegetation Sampling

Data were collected from 60 systematically arranged 0.5 m X
0.5 m guadrats in each of the three fields (Fig. 1). Within

each quadrat, contact-samples were taken at each of 25



70

systemafically arranged sampling points, 1i.e. 1500 contact-
samples per field. There are several optional methods for data
collection at each point. The method wused here follows the
recommended strategy of de Jong et al. (in press). At each
sampling point, the individual hit by the vertical downward
projection of a sampling pin is the initial sample species i
('point species'). The sampling point is subsequently removed
from that 1location to the nearest point of contact with a
neighbouring individual j ('contact mate'). If the contact mate
is of identical species to the point species (i.e. 3j=i) then j
is rejected and resampled until a contact mate of a different
species from the point species is determined, or until it is
established that no different species is in contact with the
point species. In the former case, the interspecific contact
point closest to the original sampling point is ultimately
chosen. Where the point species has no interspecific contacts
or no contacts whatever, or where there is no point species, the
entire sample 1is rejected and resampling occurs for another
point species.
| No :i.hfo"rmatii_o;r{ isngéth-e;;éd. on intraspecific 'as«'s_dvc‘i.a'.tio'n' in
this sampiing. strategy; the  pfoéedurelselectiveiy fochées on
neighbourhoods featuring interspecific interaction. The
advantage of this is that it avoids the often formidable task in
grassland vegetation of trying to distinguish whether, at the
point-of contact, there are two different plants involved, or
two different parts of the same plant.

Bach of the three pasture communities was surveyed using

the above method on the same dates as the surveys for the
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percentage cover of species, 1i.e three spring (March), three
summer (June) and three fall (September) surveys were carried
out starting in June 1979 and terminating with the last survey
in March 1982. Winter surveys were not possible due to
intermittent snowfall.

Data Analysis

The hypothesis tested was that of random association
amongst species. Randomness in this context means that the
number of contacts between species does not deviate from random
expectation. The point species and its contact mate define an
ordered contact pair (i,j) where i is the species of the first
selected plant, and j that of the second. Table 9 1illustrates
the appropriate 1layout of the data in a complete count matrix
displaying the number of each pair (nij) observed after N
samples.

Given the count matrix, previous practice has been to fold
the matrix along the diagonal resulting in a triangular array
where cell (i,j), 1i<j 1is the aggregate number of contacts
';between spec1es 1 and j without d15t1ngu1sh1ng between the order_

'1n wh1ch the palrs were determleed Earller studles' (Yarranton
1966, Turkington et él. 1977, Turklngton & Harper 1979%a,
1979b) have analyzed such data using the wusual but incorrect
procedure which 1incorporates a chi-square test of a 2 X 2
contingency table. De Jong et al . (1980) drew attention to
this improper treatment of contact sampling data and presented a
correct method of analysis for such folded contingency tables.

Subsequently, de Jong et al . (in press) designed a more

straightforward analysis in which the distinction between the
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are respectively the row and column totals for species k; nij

the number of (i,j) contact pairs; K
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Count matrix generated by contact sampling. f

and s
is

is the total number of

species; N is the total number of contact-samples taken.

First Second selected species (contact mate)
selected
species 1 2 3 . . e K Total
(point species)

1 - m, n . L fl

2 n,_?_‘1 - n,. . e e N, . £,

3 ng, n,, - .« e . LI f3

K Ny Ny, LN . - fe
Total s S S e s N

1 2 3 K

.TABLE -10. . Contingency table’ ‘for (i,j) interaction; notation"

follows ﬁhat_in

.Table 9.

Second choice

First choice i j other Total

1 - Nijy fi-nij £,

] Ny, - fj—nji fJ
other TR R N:ﬁi—i%fsi—sj N—fi—fj

i3 ji
Total S, S. N-5.-5. N
i 3 i
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ordered pairé (i,3j) and (j,i) is maintained and the data are
tabulated in an unfolded matrix as in Table 9. Variations in
growth forms and percentage cover amongst the different species
dictate that first and second choice probabilities will be
different wunder the above specified sampling strategy. As de
Jong et al. (in press) have argued, this calls for the
parameterization of the random association hypothesis in terms
of two sets of parameters: the first related to the relative
cover of the various species, and a second set related to grbwth
densities at contact level. This second set of parameters
accounts for vertical structure in the vegetation which may be
assumed virtually negligible 1in some vegetation types such as
lichen-bryophyte communities (e.g. Yarranton 1966) or grazed
grasslands as in the present study. 1In such situations contacts
essentially occur in a lateral plane which implies that the non-
zero second choice probabilities are proportional to the first
choice probabilities. This has been called the "proportionality
hypothesis" after de Jong et al. (in press). Details of . data
_analysis for random association are presented there and will
'onif.Se épﬁﬁéfﬁéédwbelow.,' | - .V - -

" The probability of selecting the ordered pair  (i,5), ot
assuming proportionality, is given by

piqj/(l_qi)' i,3=1,2,...,K; i#j

where P, is the relative cover frequency of species k in the
community and q, 1s the relative growth density of species k at
the wvertical position in the canopy where contact occurs. This
test is conditional on all other associations assumed random.

This is often a restrictive assumption which can be avoided
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under the proportionality hypothesis. This hypothesis states
that g = p and the probability of selecting the ordered pair
(i,j) becomes

The estimation of the maximum likelihood -expected cell
counts, eij under either random pairing model is accomplished
using an iterative procedure outlined by De Jong et al. (in
press). To measure the deviation from random association the
Pearson goodness of fit statistic was used:

2

2_ T3 -
X°= (n, ,-e.,.) /e
ij 1] 1]

Significantly large values of chi-square argues against the

lal

ij

hypothesis used to construct the e;5 values, and hence is
evidence for non-randomness in the data matrix as a whole.
Because the chi-square technique is a 'large-sample' method, it
cannot be legitimately applied in situations where there are few
observations. Conventionél practice has set a somewhat
arbitrary 1limit that the expected number of counts in each cell
should be at least five. Accordingly, rare species, occurring
"in 1éss'than-40fcdhtaCt;samplésfinfpotél;~Wefé4éxclUdedtfr0mﬁthe
"analysis. |

For 1investigation of particular pairwise associations, the
whole matrix of counts was first collapsed into cells defined by
Table 10. Expected cell counts corresponding to this table were
calculated using an iterative procedure which mimics that wused
for the overall test and again, a chi-square statistic was used
to indicate departures from randomness. ~For «certain species

pairs of particular interest, an index of association was

calculated as C=1-P where P is the significance probability from
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the chi-square test. The sign (positive or negative) of

significant associations was obtained from the sign of the

'standardized residuals', being the components of chi-square:
(“ij'eij)//eij.

The index C therefore ranges between +1,0 (maximum positive

association) and -1.0 (maximum negative association).

Significant associations (at less than the 5% level) occur when

C>+0.95 and C<-0.95.

RESULTS

For all 27 data sets the overall chi-sguare test indicated
global departures from randomness. Accordingly, it was decided
that an exact test for individual pairwise associations which
assumes that other pairs are random was inappropriate. The
proportionality hypothesis does not invoke this assumption (de
Jong et al., in press) and was therefore used to detect
significant associations for all pairwise combinations.
Significant (P<0.05) pairwise associations, together with their
- signs (positiVe"or negative) are. listed in Table 11 for all
surveys... |

Table 11 shows that associations between grasses are

predominantly negative and this 1s more pronounced in older

pastures. An exception is Agropyron repens - Poa compressa

which shows periodic positive association. Significant positive

associations typically involved a grass and a non-grass,

especially Trifolium repens and Taraxacum officinale.
Most significant associations were 'temporary', occurring

in only one or a few successive surveys, and then disappearing
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TABLE 11. Summmary of significant (P<0.05) individual pairwise
associations in the three pastures in each survey. Each value
is the attained significance level (to 3 decimal places) when
testing for individual interspecific association together with
the sign (+ or -) obtained from the standardized residuals.

Species names are abbreviated to their generic name only except
in cases where more than one species is represented for a genus.

Complete species names are available in Table 5.



A)

1977 PASTURE SURVEY NO. 1 2 3 4 5 6 7 8 9
SEASON SUM FALL SPR SUM  FALL SPR SUM FALL SPR

AGROPYRON - DACTYLIS +.005  -.000 -.002 -.000 =-.039 -.000 -.000 ~-.021

AGROPYRON - HOLCUS ' -.030 ~-.006 -.001

AGROPYRON - LOLIUM -.034 ~.000 -.001

AGROPYRON - PHLEUM -.036

AGROPYRON - PLANTAGO LANCEOLATA +.038

AGROPYRON - POA COMPRESSA +.000 +.000 +.000 +.014

AGROPYRON - RANUNCULUS +.043

AGROPYRON - TARAXACUM +.023 +.001  +.000 +.005 +.000

AGROPYRON - TRIFOLIUM PRATENSE +.046 ’

AGROPYRON - TRIFOLIUM REPENS +.000 +.007 -.034 -.004

AGROSTIS - DACTYLIS -.000 -.042

AGROSTIS - LOLIUM -.019

AGROSTIS - POA COMPRESSA +.018

AGROSTIS - RANUNCULUS +.000 +.000

AGROSTIS - TARAXACUM +.000 +.000

AGROSTIS - TRIFOLIUM REPENS +.005

DACTYLIS - FESTUCA ~.002

DACTYLIS - HOLCUS -.007 -.003 -.000 -.000 -.024

DACTYLIS - LOLIUM ~-.000 ~.001 -.000 -.004

DACTYLIS - PHLEUM -.004 -.000 -.000

DACTYLIS - PLANTAGO LANCEOLATA ~.001

DACTYLIS - POA COMPRESSA - -.050 ~.001 +.000

+.000

LL



1977 PASTURE SURVEY NO. 1 2 3 4 5 6 7 8 9
(CONT.) SEASON SUM FALL SPR SUM FALL SPR SUM FALL SPR
DACTYLIS - RANUNCULUS -.043 +.000
DACTYLIS - TARAXACUM -.003 -.009 - +.000 -.005 +.000

DACTYLIS - TRIFOLIUM PRATENSE +.005 +.012

DACTYLIS - TRIFOLIUM REPENS -.002 +.000 -.000 -.001 +.015 -.000 +.003
FESTUCAA- POA COMPRESSA +.002

FESTUCA - TARAXACUM +.000

FESTUCA - TRIFOLIUM REPENS -.009

HOLCUS - LOLIUM -.001 -.043 -.004
HOLCUS - POA COMPRESSA +.038 +.000 +.000

HOLCUS - RANUNCULUS +.013 +.000 +.001
HOLCUS - TARAXACUM +.036 +.000

HOLCUS - TRIFOLIUM REPENS +.045 +.045 +.039 +.000 +.002 +.000
LOLIUM - PHLEUM -.005 -.005 -.000 -.035

LOLIUM - PLANTAGO LANCEOLATA -.017

LOLIUM - POA COMPRESSA -.025 -.001 ~-.000 -.001
LOLIUM - RANUNCULUS +.020 -.001
LOLIUM - .TARAXACUM -.000 +.038 -.000

LOLIUM -~ TRIFOLIUM REPENS +.010 .-.007 -.005 +.013 -.015
PHLEUM - PLANTAGO LANCEOLATA +.000

PHLEUM - POA COMPRESSA +.005 +.001 +.019 +.000 +.003

PHLEUM - TARAXACUM +.003 +.000 +.000

PHLEUM - TRIFOLIUM REPENS +.009 +.001 +.003 +.043 +.009

A



1977 PASTURE SURVEY NO. 1 2 3 4 5 6 7 8 9
(CONT.) SEASON SUM FALL SPR  SUM FALL SPR SUM FALL SPR
POA COMPRESSA - PLANTAGO LANCEOLATA +.000

POA COMPRESSA - RANUNCULUS +.000. +.000
POA COMPRESSA -~ TARAXACUM +.028 +.000 +.000 -.027 +.001. +.001

POA COMPRESSA - TRIFOLIUM REPENS +.002 +.000 +.000 +.001 -.000
TRIFdLIUM REPENS'- P. -LANCEOLATA +.003

TRIFOLIUM REPENS - RANUNCULUS +.004 +.001 +.001
TRIFOLIUM REPENS - TARAXACUM +.019 +.006 +.009
TRIFOLIUM REPENS - T. PRATENSE -.002

PLANTAGO LANCEOLATA - RANUNCULUS +.0£8
PLANTAGO LANCEOLATA - TARAXACUM +.000 +.000 +.014

6L



B) 1958 PASTURE SURVEY NO. : 1 2 3 4 5 6 7 8 9
SEASON : SUM FALL SPR  SUM FALL SPR SUM FALL SPR

AGROPYRON - DACTYLIS -,028 -.000 -.007 =-.000 ~-.072
AGROPYRON - FESTUCA -.029  -.005
AGROPYRON - HOLCUS -.046 -.013  -.007 -.000 -.000
AGROPYRON - PHLEUM -.026 -.022 -.006
AGROP;RON - POA COMPRESSA -.001 ‘ -.045 +.000 +.000 +.000
AGROPYRON - RANUNCULUS +.043
AGROPYRON - TARAXACUM +.002 +.000 +.000
AGROPYRON - TRIFOLIUM REPENS +.000 +.000 +.009 +.002 -.047
AGROSTIS - DACTYLIS -.019 h -.016
AGROSTIS - HOLCUS | -.002
AGROSTIS ~ RANUNCULUS +.003
AGROSTIS - TARAXACUM +.014
AGROSTIS - TRIFOLIUM REPENS +.047 +.007
ANTHOXANTHUM - DACTYLIS j.039 -.022 -.031
ANTHOXANTHUM - FESTUCA +.037 +.000
ANTHOXANTHUM - PLANTAGO LANCEOLATA ' +.000
ANTHOXANTHUM - POA COMPRESSA -.034
ANTHOXANTHUM - RANUNCULUS +.001
ANTHOXANTHUM - TRIFOLIUM REPENS +.015 +.000
DACTYLIS - FESTUCA -.000 -.000 -.000 =-.002 =-.000 -.000 ~.000 =-.000 ~-.000
DACTYLIS - HOLCUS -.000 -.000 -.000 -.049 -.037 -.000 -.000 -.000 -.000
DACTYLIS - LOLIUM -.034 -.000 ~-.001 -.000 +.001

08



1958 PASTURE SURVEY NO. 1 2 3 4 5 6 7 8 9
(CONT.) SEASON SUM FALL SPR SUM FALL SPR SUM FALL SPR
DACTYLIS - PHLEUM -.000 -.000 -.000 -.000 ~-.039 -.000
DACTYLIS - PLANTAGO LANCEOLATA -.009 -.005 -.009 -.001 -.009 -.046
'DACTYLIS - POA COMPRESSA +.000 -.000 -.000 -.000 +.001 ~-.000 +.000 +.000 +.000
DACTYLIS - POA TRIVIALIS +.013

DACTYL}S = RANUNCULUS +.026
DACTYLIS - TARAXACUM +.000 +.000 +.002 +.017 +.006 +.049
DACTYLIS - TRIFOLIUM REPENS -.002 ~.000 +.000 +.000 +.000

FESTUCA - HOLCUS -.005 +.008 +.004 +.000
FESTUCA - LOLIUM -.002 -.OOé

FESTUCA - PLANTAGO LANCEOLATA +.000 +.012 +.015 +.000 +.000 +.000
FESTUCA - POA COMPRESSA -.031 -.001 -.000
FESTUCA - RANUNCULUS +.006 +.000 +.002 +.000
FESTUCA - TARAXACUM +.000

FESTUCA - TRIFOLIUM REPENS +.000 +.009 +.000 +.022 -.021 +.000
HOLCUS - .LOLIUM -.012
HOLCUS =~ PHLEUM ~-.034

HOLCUS - POA COMPRESSA +.000 -.011 -.023 -.004 -.005 +.002 -.000
HOLCUS - RANUNCULUS +.007 +.001 +.013 +.000 +.000
HOLCUS - TARAXACUM +.008 ~-.016

HOLCUS - TRIFOLIUM REPENS +.007 +.000 +.002 +.010 -.000 +.001

LOLIUM - PHLEUM +.007

LOLIUM - PLANTAGO LANCEOLATA +.006

18



1958 PASTURE SURVEY NO. ! 2 3 4 5 6 7 8 9
(CONT.) SEASON SUM FALL SPR SUM FALL SPR SUM FALL SPR
LOLIUM - POA COMPRESSA ~.035 -.005

LOLIUM - RANUNCULUS +.007 +.,018

LOLIUM - TARAXACUM , -.024 +.000
LOLIUM - TRIFOLIUM REPENS +.001 +.031 +.000 +,000 +.004 +.000 +.001
PHLEUM - POA COMPRESSA -.000 -.015 +.008 +.005  +.000 +.023
PHLEUM - POA TRIVIALIS +.000

PHLEUM - RANUNCULUS _ +.012
PHLEUM - TARAXACUM +.001 +.012 +.017 +.004
PHLEUM - TRIFOLIUM REPENS -.030 +.014 +.000 +.006

POA COMPRESSA - POA TRIVIALIS -.022

POA COMPRESSA - P. LANCEOLATA -.028
POA COMPRESSA -~ TARAXACUM +.013 +.025 +.000 +.000 +.001 +.000 +.006 +.007
POA COMPRESSA - TRIFOLIUM REPENS +.000 +.000 +.000 +.000 +.000 +.000 +.000 +.002. +.002
TRIFOLIUM REPENS -~ P. LANCEOLATA +.047 . +.000
TRIFOLIUM REPENS - RANUCULUS =.020

TRIFOLIUM REPENS - TARAXACUM +.000

PLANTAGO LANCEOLATA - RANUNCULUS +.013 +.036 +.000

Z8



C) 1939 PASTURE SURVEY NO. 1 2 3 4 5 6 v 8 9
SEASON SUM FALL SPR SUM FALL SPR SUM FALL. SPR

AGROPYRON - CIRSIUM +.000
AGROPYRON - FESTUCA +.030  +.040 +.032 +.003
AGROPYRON - HOLCUS -.001 -.023 -.020 -.008 ~-.008
AGROPYRON - LOLIUM -.031 -.031 -.028 -.005
AGROPYRON - PHLEUM -.005
AGROPYRON - POA COMPRESSA -.007 +.021
AGROPYRON - TARAXACUM +.000
AGROPYRON - TRIFOLIUM REPENS +.009 +.000 +.021  +.001 +.001 +.012 +.000 +.001
AGROSTIS - HOLCUS -.013
AGROSTIS - TRIFOLIUM REPENS +.005 +.039
DACTYLIS - CIRSIUM +.037
DACTYLIS - HOLCUS -.000 -.006 -.008 -.001 -.007 =-.047 =-.001 ~-.000
DACTYLIS - LOLIUM -.022 -.005 -.041
DACTYLIS - PHLEUM -.018 -.006
DACTYLIS ~ POA COMPRESSA -.011 -.002 -.000 -.018 -.018 -.006 -.039
DACTYLIS - TARAXACUM +.043 +.046
DACTYLIS - TRIFOLIUM REPENS +.000 ~+.000  +.001 +.007 +.000 +.000 +.000
FESTUCA - POA COMPRESSA ~.000 -.039
FESTUCA - RANUNCULUS +.000 +.014
FESTUCA - TARAXACUM +,037
FESTUCA - TRIFOLIUM REPENS +,026  +.008 +.043
HOLCUS - ‘LOLIUM -.017 -.000 -.000




1939 PASTURE SURVEY NO. 1 2 3 4 5 6 7 8 9
(CONT.) SEASON SUM FALL SPR SUM FALL SPR SUM FALL SPR
HOLCUS - PHLEUM +.013 -.020

HOLCUS - POA COMPRESSA -.037 -.023 -.000 +.001 -.011 -.000
HOLCUS - RANUNCULUS 4.026

HOLCUSA- TARAXACUM -.046

HOLCUS - TRIFOLIUM REPENS +.001 +.000 +.000 +.026 +.010 +.003 +.026 +.001 +.000
LOLIUM - CIRSIUM +.022

LOLIUM - POA COMPRESSA -.000 -.000 -.000 ~-.000 ~-.005 ~-.000 =.000 ~-.000 =-.001
LOLIUM - TARAXACUM +.027 +.016 +.026 +.Ol§

LOLIUM - TRIFOLIUM REPENS +.000 +.000 +.000 +.000 +.000 +.000 +.000 +.016  +.000
PHLEUM - POA COMPRESSA -.012 +.012

PHLEUM - RANUNCULUS +.022

PHLEUM - TARAXACUM -.020

PHLLEUM - TRIFOLIUM REPENS +.000 +.032 +.003 -.014

POA COMPRESSA - RANUNCULUS -(006 +.048
POA COMPRESSA - TARAXACUM +.000 +.000 +.035 +.024
POA COMPRESSA - TRIFOLIUM REPENS +.000 +.000 +.000 +.000 4.000 +.000 +.000 +.000 +.000
TRIFOLIUM REPENS - CIRSIUM -.041 -.017

TRIFOLIUM REPENS - RANUNCULUS -.023 -.000 -.022

TRIFOLIUM REPENS - TARAXACUM -.008 +.028 +.021 +.014
RANUNCULUS - TARAXACUM -.037

v3
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and sometimes reappearing in later surveys. The oldest pasture
had notably fewer temporary associations than the two younger'
pastures (Table 12). Some species pairs alternated between
positive and negative association and this was especially
evident in the youngest pasture. The youngest pasture had no
significant paired associations which were consistently positive
or negative over the 33-month study period. However, the 1958
pasture had 4 such 'stable' associations and the 1939 pasture
had 6 stable associations (Fig. 7).

The occurrence of increasing stability or constancy of
positive and negative association between particular species
pairs with 1increasing pasture age 1is further illustrated in
Figure 8. Particularly notable 1is the development with
increasing pasture age, of stable negative association between 4
different pairs of grass species - (Figqg. 8 a,c,e,h) and the
development of more stable positive association between

Trifolium repens and 5 different grasses (Fig. 8 b,d,q,i,3).

Likewise, patterns of seasonal association show a similar trend
reflectlng 'a tendency Qf 1ncrea51ng communlty constancy
: seasonal assoc1at10n can been seen develop1ng between Holcus

lanatus and Poa compressa wh1ch were 51gn1f1cantly negative in

association in all three spring surveys in the 1939 and 1958
pastures, but showed no seasonal pattern of association in the
youngest pasture (Fig. 8f). 1In the 1977 pasture, D. glomerata
and T. repens were positively associated in all three fall
surveys but this seasonal pattern was not present in the two
older pastures where association was progressively less variable

(Fig. 8d). The same trend was found for L. perenne and T.
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FIGURE 7. Stable pairwise associations (positive - solid lines,
and negative - broken lines) detected in a) the 1958 pasture,
and b) the 1939 pasture. BEach association was significant
(P<0.05) 1in all nine surveys (except P. <compressa - T.

officinale in a) with P=0.070 in survey 5, and D. glomerata -

H. lanatus in b) with P=0.083 in survey 3).



a) 1958 PASTURE

TRIFOLIUM POA TARAXACUM
REPENS COMPRESSA OFFICINALE
FESTUCA Y DACTYLIS Y HOLCUS

RUBRA 44 GLOMERATA re LANATUS

b) 1939 PASTURE

DACTYLIS
r/////GLOMERATA
HOLCUS AGROPYRON
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TRIFOLIUM
/////////// T \\\\\\\\\\\
LOLIUM 7/ POA
PERENNE 7/ COMPRESSA
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FIGURE 8. Course lines showing the degree of association for
selected individual species pairs versus the number of years
since the sampled field was sown. Sufvey data from the three
study fields over a period of 33 months from June 1979 to March
1982 are represented in each graph. Plotted wvalues are
association indexes calculated as C=1-P with the appropriate
sign of the vstandardiied residual attached and where P is the
significance probability 1level for the particular pairwise
association. Closed circles represent significant associations
at P<0.05 (C>0.95 or C<-0.95). The months in which surveys were

conducted are indicated as M=March, J=June, S=September.
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repens which were significantly negative in association in fhe
three spring surveys for the 1977 pasture, but association was
less variable 1in the two older pastures and was positive and
stable in the 1939 pasture. P. compressa and Taraxacum

officinale showed a stable behaviour of positive association in

the 1958 pasture but a temporary pattern of association in the
other two pastures (Fig. 8k). The overall trend is one of
increasing stability of associations between species in

progressively older fields.

DISCUSSION

The reaction of individuals to the presence of other
organisms is crucial to the understanding of the ecology of both
populations and communities. The manner of coping with the
biotic environment consititutes a major part of the
environmentally-induced genetic changes in many species (Cantlon
1968). In referring to species assemblages over broad spatial

and temporal scales, Whittaker (1975) commented, "Species

' associations with other- species . are . predominarntly” loose :and ™ ™

changeable, and community evolution 1is net-like in the sense
that species are variously combined and recombined into
communities in evolutionary time". No special distinction of
duration need be imposed however for 'evolutionary time';
evolutionary changes may occur on almost any time scale
(Antonovics 1976a). |

The results presented provide evidence for the transient
nature of interspecific association discussed by Whittaker, on a

very local scale. Detailed studies of developmental changes in
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local patterns of associatioﬁ in communities, from the "plant's-
eye-view", have been recent and few in number (Aarssen et al.

1979, Turkington & Cavers 1979, Saulei 1981). The present study
involves more intensive sampling over a longer period of
investigation in pastures which differ more widely in age than
in previous studies. The results are consistent with the
findings in earlier work, i.e. younger communities have a
preponderance of interspecific associations which are temporary
in nature during the study period and older communities have
more associations which persist essentially unchanged over the
same time period than do younger communities., Table 12
summarizes the temporal patterns of associations in the three

pastures.

TABLE 12. Numbers of significant temporary, seasonal and stable
associations (both positive and negative) detected in the three

different aged pastures.

YEAR OF NUMBER OF SIGNIFICANT ASSOCIATIONS (P<0.05)
SRR :1 o -”? ..T. o :,ﬁ-_' S
1958 SR B S g
1939 35 1 6

Apparently, associations between species become less 'loose and
changeable' and pasture community evolution tends toward a
stability in species interrelationships. The developmental

trends toward stability in interspecific associations (Fig. 11)
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parallel those directional trends in the ordination of quadrat
percentage cover data (Fig. 4, Chapter 2). The data on
neighbour contacts however translates the gross vegetational
patterns from quadrat sampling into an identification of the
particular neighbours representing the individual plant's
experience of 1its immediate biotic environment. The general
picture is that of a éransition from an essentially random
assemblage .of neighbourhoods in which the positional
relationship of consituent members is in a constant state of
flux, to a more fixed community matrix in which the most
proximate interspecific neighbours (i.e. in physical contact)
share a more or less permanent address.

The results may be besﬁ interpreted by placing them into a
theoretical and evolutionary context for the pasture community.
A popular view of community evolution was propounded by
Whittaker and Woodwell (1971, p. 137): "The community is the
context of species evolution ... the evolution of a community
must entail 'parallel’ or coadaptive evolution of the
community's species. The ‘community 1is an , assemblage of
nteracting and - coevolving species.... Throvgh ihis evolution
there will apﬁear adgptatidn'ﬁo‘envirbnméht fér the community as
well as the species.... Community level characteristics also
will evolve", Community evolution 1in this perspective means
that community-level characteristics (e.qg. diversity,
dominance, physiognomy, trophic structure, stability, spatial
pattern, coadaptive associations or networks, etc.) will tend to
follow certain deducible and recognizable trends through time

dictated by the fact that they are community-level products of
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evolution and interaction at the species level (Whittaker &
Woodwell 1971). Cody & Diamond (1975) echoed a similar
sentiment arguing that "... the observed patterns in community
structure are products of natural selection ...." The central
community characteristic here is that of 'coadaptive
associations or networks' and changes in this characteristic are
reflected by changes in all the others. 1In this context, the
results from the present study may be used to fashion a
gualitative model for community evolution.

Ultimately, the model set forth below is concernéd with
interspécific interaction and coexistence, but the. premise of
the model considers the community primarily as a collection of
genotypes. This is in keeping with the fact that the contact
sampling method .focuses on interspecific interactions from the
perspective of the individual. 1In addition, Harper (1977b) has
stressed how conventional descriptions of diversity based on the
taxonomic species unit may not be entirely adequate and that a

major part of the functional diversity of a plant community

' existé‘_at the intraspecific level. The proposed model treats

1gehetié éﬁd.speciés di#érs?ty' as 'iﬁtegral ahd',inieraépéhdéﬁt'
cbmpoﬁeﬁté of comﬁunity diverSity féther than as Ksepafate
phenomena. Hypothetical events are traced from the 1initial
'colonization' (sowing of the pasture) to some future state of
the community which may be defined arbitrarily as a ‘'subclimax'
maintained by grazing animals, although it is not intended that
the model be cast as a description of succession 1in the
traditional sense of replacement of 'community types'.

Attention is focused on finer-scale events occurring in local
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neighbourhoods within the pasture community.  The model is

displayed in Figure 9 and described by the following stages:

1) When the pasture is initially ploughed and sown, a degree of
both genetic and species diversity is imparted on the éommunity
which together with the diversity represented in the seed bank
comprises the total 'initial' diversity, genetic'and species, in

the community.

2) Local disturbances (e.g. grazing, mole hills, hoof marks),
management practices, variations in <climate, emigration and
immigration (gene flow), natural death of plants or plant parts
(and subsequent newly available space), and other chance events
(local dispersal patterns, mutations, -~genetic. drift, etc.)
represent the stochastic factors responsible for affecting
community change. Species and genetic diversity in the
community will be affected (2Aa). These events provide
opportunities for different species and genotypes to combine and
_recombine with one another - to 'sample' their neighbours in a

‘random and unpredictable manner.

3) The higher the diversity (species and genetic), the more
opportunities there will be for new 'random association', i.e.
the greater the probability of different species and genotypes
meeting randomly. Growth form will.also influence the number of
opportunities for species to ‘'sample' their neighbours.

Stoloniferous species such as Trifolium repens (and to a lesser

extent rhizomatous species such as Poa compressa ) are able to




98

FIGURE 9. A qualitative model for pasturé»community evolution,

Steps in the model are described in the text.
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migrate witﬁin the community, perhaps escape from 1inhospitable
neighbourhoods, and eventually happen upon compatible ones. 1In
this context, the stolonifefous species may be regarded as an
itinerant species and one which greatly influences the
propensity of 1initial random associations. In the present
study, T. repens was involved in more significant associations
(P<0.05) (most of which were 'temporary') during the study
period than any other species (Table 11). This influential role
played by stoloniferous species has been suggested by Turkington
& Harper (1979c) and has been developed by Aarssen et al
(1979).

Depending on the compatibility of the species involved in
these random associations, three different events may be

predicted as follows (Aarssen et al . 1979):

34) The association may be significant but transient. An
association (either positive or negative) may break down (and

perhaps reform) because of recurring disturbances. Species

~which respond to dlsturbance 1n 51m11ar ways may tend to occur

:together and those wh1ch respond dlfferently may become mutuallyi
exclusive. A significant negatlve association may result durlng
competitive exclusion and may be temporary if disturbance halts
the exclusion process and periodically restores random
association., This interpretation applies to the vast majority

of associations listed in Table 11.

3B) The association may be significant only on a seasonal basis.

Seasonal compatibility may result if two species have
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asynchronous life cycles (temporal partitioning). Species which
have some difference in their ecologies that permits their
coexistence, havé "ecological combining ability" (Harper 1964,
1967). Mechanisms permitting coexistence contribute ‘to the
maintenance of diversity in the community (3B.1). Such seasonal
differences may be mediated by short term fluctuations in
environment. In the present study, two seasonal associations
were detected 1in the 1977 pasture (Fig. 8d,i) and one in the

1939 pasture (Fig. 8f).

3C) The association may be significant and persistent, i.e. a
stable association. Stable significant associations are an
important developmental featﬁre of the pastures in the present
study (Figs. 7 and 8). On a grand scale, species are 'found
together' because they are 'adapted' to a common type of
habitat. The contact sampling method however reveals fine-scale
association at the «critical 1level of individual experience.
Such an association which is significantly positive may also be
_due ' to' common site V;gqqinemeptsj_gn“”amlocal scale. If this
association is stabie however ‘it means tnat  something is
breventing"éompetitive exclusion. Species which coexist are
usually thought to differ in sbme way(s) in which they exploit
the environment (e.g see reviews by Grubb (1977) and Werner
(1979)). Ecological combining ability may take on several forms
based on the notion that two species of contrasting habit with
respect to some morphological or physiological character, will
together be able to exploit the total environment more

effectively than both species growing alone. A resource-based
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selective advantége may be afforded by such an association and
their complementarity dictates that they may be found growing in
proximity to one another more often than expected by chance.

Positive association may also be encouraged by a beneficial
interaction between species such as mutualism or commensalism.

Stable (and significant) negative association may be a result of
some differentiation on a horizontal spatial scale with the
consequence that the two species rarely enter into each other's
immediate sphere of influence. This may confer an advantage in
terms of fitness 1f it serves to quell threats of competitive
exclusion, Harper (1967) has stressed that an understanding of
the critical differences between species will presumably provide

the 'explanation' of stable diversity in nature (3C.1).

4) Many associations will remain random (i.e. found together as
often as expected by chance). Within each population there will
be a range of genetic wvariability reflecting a range of

individual abilities to persist in a random association - (with

o perhaps any ope' Qﬁ_ many dlfferent spec1es‘ or genotypes)

.Selectlon actlng on this ex1st1ng genetlc varlablllty w1ll oust:
from the 'communlty or from certain neighbourhoods w1th1n the
community, those genotypes which do not 'fit 1in', 1i.e. are
incompatible. A reduction in genetic diversity may result.

Those genotypes which do 'fit in' are those capable of residing
in neighbourhoods 1in which immediate neighbours do not impose
overbearing constraints on fitness - neighbourhoods where

superior rivals are not residents.
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5) The above selection process leaves genotypes which are more
compatible within local neighbourhoods than the resident
genotypes before selection. This may permit coexistence and
hence further contributes to the maintenance of species
diversity. Having come full circle in the model demonstrates
its feedback potential; The steps 2 through 5 occur continuously
during the evolution of the community. The result is that some
random associations remain random, but others may become
significantly stable (positive or negative) if selection

involves niche differentiation or beneficence (see 3C above).

6) As selection results in members of a population adapted to
different segments of the community, 'biotic ecotypes' (Turesson
1922, Turkington & Harper 1979¢) may evolve. Biotic
specialization may evolve between species regardless of whether
they are found 1in association more often than expected by
chance. Species which develop a more persistent association

deviating significantly from random expectation (e.g. Fig. 8)

‘ however attractl partlcular attentlon and may exh1b1t the most.

recognlzable b10t1c ecotypes. Harper (1977b) has proposed that
‘the pattern of associations in old permanent pastures is llkely
to be the result of a close evolutionary coadaptation 1involving

all the species.

7) As more and more biotic specialization 1is evolved, the
community 1s continually approaching the 'subclimax' which
should theoretically be characterized more and more by a 'fixed'

community matrix of unchanging interspecific associations (some
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of which will be significantly stable) - a stage which is never
fully realized because of step 2. The net result may be a
decrease in genetic diversity (in terms of coexisting genotypes,
not genes). After several iterations, the model predicts that
the number of opportunities for species and genotypes to combine
and recombine in association is restricted because the community
is transfigured from an essentially random and diverse
collection of genotypes into an assemblage of largely
specialized biotic ecotypes which may also be superimposed on
abiotic ecotypes. In older communities then, threats of
competitive exclusion are less severe and the response to
disturbance in local neighbourhoods is more predictable. Hence,
there are fewer significant temporary associations than in

younger communties.

Placing the results into a broad theoretical context leads
next to a consideration of particular species interactions.

Only in this way can insight be gained into the mechanisms which

“may : drive the 'modél. -~ 'The " ‘prominence of Trifolium repens in "%

*stablew'positive' associatibns and -the ' prominence off'stable 
negative associations between grasses is noteworthy (Fig. 8).

Negative association may be expected amongst species such as
grasses with similar growth forms and hence perhaps similar ways
of exploiting the environment. Negative association may also
result 1if species have different site requirements in a
heterogeneous habitat. Results from the soil analyses (Chapter
2) however showed very little variation within fields and very

little correlation with species cover (Table 7).
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Turkington & Harper (1979b) attribute a stable positive

association between T. repens and Lolium perenne to an

asynchrony of their growth cycles. No clear evidence of this
was found in the present study and of particular interest is the
development of stable positive association between T. repens
and 5 different grasses (Fig. 8 b,d,g,i,j). These positive
éssociations involving T. repens may be related to selection
for some form of 'combining ability' and generated by a complex
of factors involving the 'wandering' habit of the stoloniferous
T. repens, 'seeking out' compatible neighbourhoods of grass
genotypes, and a beneficence afforded to the grasses by a close
association with the nitrogen-rich environment provided by the
legume. Turkington & Harper (1979c) found that each of four
different <clones of T. repens exhibited precise Dbiotic
specialization to four respectively different species of
neighbouring grass in an old pasture.

Very little can be said about the nature of species

interactions from contact sampling data alone. Contact sampling

‘serves to detéct departures from random-associition of speciesi 7 7

‘and  j - it does not permit decisions to be made COncérning'the
relative natural hostility or affinity of i for j, versus j for
i. Interpretations of patterns in terms of processes are only
possible using controlled experimental procedures. This poses
the guestion as to what are the mechanisms producing
associations and permitting coexistence in these pastures? This

forms the line of inquiry in subsequent chapters.
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CHAPTER 4

COMPETITIVE RELATIONS IN DIFFERENT AGED PASTURES:

A MIXTURE DIALLEL OF FIVE SPECIES
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INTRODUCTION

"The fact that organisms living in different places
are different is easy to explain by Wallacian forces.
The question of how so many sorts of organisms are
able to persist together in the same 'place' 1is much
more difficult to answer, is much more interesting; it
demands  biotic interpretation and a Darwinian
solution" (Harper 1977b).

Traditional studies of intraspecific differentiation within
plant species have been dominated by a 'Wallacian' perspective
concentrating on local and large-scale differences amongst
populations in relation to different qualities of abiotic
environmental factors (e.g. Turesson 1922, Clausen Keck &
Hiesey 1948, Kruckeberg 1951, Jain & Bradshaw 1966, Snaydon
1970, 1971, Davies & Snaydon 1973, Teramura & Strain 1979,
Snaydon & Davies 1982). Other studies have shown ecotypic
differentiation between populations in relation to grazing (Kemp

1937), other forms. of disturbance from human activities (Solbirg

& Simpson 1974, Warwick & Briggs. 1980), changes in overall -

ha5i£é£  §6hditi6hé ‘in 'Aiﬁéereﬁt métageS'Agf‘ ébéndonmeht '6f
égriCultural fields (Hancock & Wilson 19765,. and in thé
conversion of a woodland to a grassland (Lovett Doust 1981).
Questions concerning species coexistence however center
attention on the role of competitive interactions as selectional
forces and this represents the focal point of a 'Darwinian'
perspective of intraspecific differentiation.

Only recently have efforts been made to search for and

document intraspecific differentiation associated with biotic
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specialization 1in response to competition. Some studies have
reported population differentiation in a single plant species
that appeared to be associated with the particular constitution
of the surrounding vegetation (Watson 1969, Linhart 1974, Watson
1974 - in Antonovics 1978). Other studies have attempted to
pinpoint more precisely the biotic elements involved. Remison
and Snaydon (in Snaydon 1978) demonstrated ecotypic

differentiation in populations of Anthoxanthum odoratum,

Dactylis glomerata , Holcus lanatus and Lolium perenne ; pairs

of populations collected from the same site had a higher
combined yield when grown 1in experiment .- together than did
populations collected from different sites. Turkington & Harper
(1979¢c) demonstrated fine-scale population specialization in

Trifolium repens in response to different specified neighbouring

species within a single pasture less than 1 ha in size. Martin
& Harding (1981) also showed evidence for biotic specialization
in sympatric versus allopatric populations of Erodium

obtusiplicatum and E. cicutarium. The implication of these

 findings is that such differentiation 1is -a consequence . of
mggﬁéfié‘ éh;gééslfeéiettiﬁgilbqél éajp§tm¢ﬁt‘(sbéeiéliééti§ﬁ)‘tén
-fﬁe bibtic‘. envirbnmeﬁt. vMoréover; such intfaépecific
differentiation may exist not only between populations, but also
within a single population (eig. Turkington & Harper 1979c).

Some studies have indicated that a specific pair of genotypes
may be specialized to each other in relation to other genotypes
of the same two species (Allard & Adams 1969, Remison & Snaydon
- in Snaydon 1978, Joy & Laitinen 1980). 1In the context of

multispecies interactions, this underscores the modus operandi
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of "biological accommodation" (Saundérs 1968, McNaughton & Wolf
1979) in communities - the nucleus of an evolutionary
perspective of species coexistence.

The crucial question left unanswered by previous studies of
biotic specialization concerns the precise selection
mechansism(s) by which species adjust to their environment of
neighbours, resulting 1in more compatible behaviour in their
presence. Previous interpretations of biotic specialization
concern 'ecological combining ability' (Harper 1964, 1977b)
implying an evolved niche displacement. This confers some
measure of escape from competition with the result that species
yield higher together in mixture. This interpretation seems to
apply for example to the data of Remison & Snaydon (in Snaydon -
1978). Biotic specialization in the pasture population of

Trifolium repens described above has been interpreted as

evidence for 1local 'coadaptation' between white clover and
grasses involving a process of selection for ecological
combining ability (Harper 1977b). There was no attempt however
in the study to. test for reciprocal specialization in the
grasses, so it s not certain whether this is evidence for

coadapfatidn dr simply 'oné—way adapfatibn (Speéialization) by-
the clover. Furthermore, without information about the
reciprocal effects of competitors, it 1is not possible to
distinguish whether such local specialization is a consequence
of selection for ecological combining ability (niche shift), or
selection which improves relative fitness through an improvement

in the relative capacity to reduce the availability of resources

to a competitor.
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The best reflection of the way(s) 1in which neighbours
respond reciprocally to each other must come from investigations
involving individuals which actually interact in nature, yet no
former attempt at this has been made. Insight into the
~selection mechanisms producing biotic specialization is only
possible through studying how the reciprocal responses between
natural neighbours in a community change through time or in
different aged commﬁnities with an established ontogenetic
relationship. Furthermore, no previous efforts have been made
to elucidate the process of biological accommodation in a
community-wide framework. This requires a study of the changes
in reciprocal responses between natural neighbours for several
of the most dominant species 1in a community. These are the
objectives of the present investigation.

One approach to understanding the relationships amongst the
members of a community is to isolate the members and combine
them in all possible pairs. 1In this experimental design, called

a 'diallel analysis', a number of species are grown in all

'p0551b1e comblnatlons of pa1rs and the1r y1elds as mlxtures a;g .

| contrasted w1th thelr ylelds as pure stands (Norrlngton Dav1es
.1967, 1968, Trenbath 1975 1978). Both the y1eld dlfferentlal
between the two component species and their total yield provide
information for the analysis of reciprocal effects of
competition. It is also interesting to ask whether a particular
population exhibits a stable or sensitive behaviour in response
to different associates. Such information on the 'sociological
homeostasis' of mixtures can be obtained from the analysis of

mixture diallels (Jaquard & Caputa 1970, Rousvoal & Gallais



1973). The above 1information 1is sought in the present study
using a variation of the diallel set-up involving 5 of the most
dominant species in the different aged pastures under study.

The principal aim is to test for the occurrence of developing
biological accommodation during pasture community evolution, and

to characterize the possible mechanisms that may be involved.

METHODS

All possible 2-species pairs of natural neighbouring genets
were collected from each of the three different aged pastures
and cloned, as outlined in Chapter 2, for the following five

species: Dactylis glomerata , Holcus lanatus , Lolium perenne ,

Poa compressa and Trifolium repens . In the first week -of May
1980, 25 raméfs of each genet were planted with 25 ramets of its
natural neighbouring genet in 25 cm x 25 cm field plots in the
arrangement shown in Figure 10. Since each genet type was
defined by a specific natural neighbouring species, there was no

basis for deciding upon the genotypic composition for

‘moriocultire plots; ‘these ‘were ‘therefore omitted;” ‘Ramets of “each« "

“of the above épécies were also obtained from -a stock source of-
plants derived from a commercial seed supply (Richardson's Seed
Co., Burnaby, B.C.) and planted in all possible species pairs of
25 ramets each, as above. This represented 'natural neighbours'
from a pasture of age 'zero'. All mixtures were replicated 3
times. Plots were set up 1.5 m apart and arranged randomly in
the field at the experimental field station, University of -
British Columbia.

Successive harvests were taken by placing a square



FIGURE 10. Planting arrangement in the mixture diallel showing
positions for 25 ramets of each of two species. The dashed
lines indicate the size and positioning of the harvesting frame
placed over the plot within which thé vegetation was clipped and

collected at each harvest.
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harvesting frame over each plot (Fig. 10) and clipping the
vegetation inside the frame to approximately 3 cm. The
clippings were collected, separated according to species, dried
and weighed. The first harvest was taken 10 weeks after
planting the ramets. Four more harvests were taken at
approximately 3-4 week intervals wuntil November. Negligible
growth occurred over winter and harvesting resumed in the firsf
week of April 1981 and continued at 3-4 week intervals until
mid-July 1981, one year after the first harvest. In the final
harvest, the total above ground parts within each plot were
collected, dried and weighed and the total cummulative dry
weights for each of the two components over the one year period
were determined. Analysis of variance wused in data analysis

involved a MIDAS program (Fox & Guire 1976).

RESULTS

It is first interesting to compare the mean performance and
variability in pgrformance of each species with their different‘
'éésdciateSf(Table“13)1”~Thé Variabiiity”iof?ipérformaﬁéén‘fof“xé
‘species from a'given'field age -is measured by the coefficient- of
variation in Table 13 and reflects the sensitivity of that -
species to the nature of 1its associates in 1its community.

Holcus lanatus generally showed the lowest sensitivity to the

nature of its associates (except in the 21 year pasture where it

was second lowest). Trifolium repens generally showed the

highest sensitivity to the nature of its associates (except in
the 0 year pasture where it was second highest). Statistical

analysis showed’ that for each species (and for all species
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TABLE 13. 5 x 5 matrices of per-species yields (g) (means of 3
replicates) from the mixture diallel involving 5 species planted
as ramets. In a) all ramets were derived from a commercial seed
source (pasture age 'zero'). 1In b), c) and d) all ramets were
clones of 2 natural neighbouring genets collected from the 2, 21
and 40 year old pastures respectively. Probability levels are
given from the analysis of variance of mean yields, and from an
F-test for the equality of variances for each species with all
associates from a given field age. Attained P levels when all
species from a given field age are averaged (*) are also shown.

C.V. = coefficient of variation. D.g. = Dactylis glomerata

.
’

H.1l. = Holcus lanatus ; L.p. = Lolium perenne ; P.c. = Poa

compressa ; T.r. = Trifolium repens .
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ASSOCIATES PRODUCERS
D.g H. L.p. P.c T.r Mean (%)
D.g - 121.6  113.0 2.2 35.8
H.1 116.0 - 101.3 1.0 21.8
a) L.p 109.4 116.7 - 1.6 46.5
P.c 257.8  179.1 181.5 - 91.6
T.r 181.3 166.2 180.0 17.7 -
mean 166. 1 145.9  144.0 5.6 48.9 102.1
st. dev. 69.2 31.4 42.8 8.1 30.2 36.3
C.V. 0.42 0.22 0.30 1.45 0.62
D.g - 76.3  106.7 9.7 1.7
H.1. 223.1 - 35.7 16.4 29.5
b) L.p. 179.9 212.9 - 11.4 70.8
P.c 369.9 143.6 187.6 - 81.2
T.r 448.3  144.7 108.6 26.4 -
mean 305.3  144.4  109.7 16.0 45.8 124.2
st. dev. 125.3 55.8 62.1 7.5 36.9 57.5
C.V. 0.41 0.39 0.57 0.47 0.81
D.g - 84.6 70.3 12.3 3.3
H.1 226.6 - 58.5 7.3 2.2
c) L.p 273.3 182.9 - 5.2 11.4
P.c 270.6 242.3 180.2 - 59.4
T.r 419.6 225.2 162.4 24.1 -
mean 297.5 183.8 117.9 12.2 19.1 126.1
st. dev 84.2 70.7 62.3 8.5 27.2 50.6
C.V. 0.28 0.38 0.53 0.70 1.42
.- . D.g .= . .150.5 . .33.1. . .10.5 . .-5.4
: H.1 221.4 - . 73.3 13.8 . 16.2
d) L.p 291.4 128.5 - - 11,2, .72.0
P.c 346.9  211.3  163.0 - 54.3
T.r 408.6 172.5 61.3 36.6 -
mean 317.1 165.7 82.7 18.0 37.0 124.1
st. dev. ©79.8 35.5 56. 1 12.5 31.4 43.0
C.V. 0.25 0.21 0.68 0.69 0.85
P (analysis
of variance) | 0.1230 0.6662 0.5167 0.3007 0.5596 | 0.9823
P (equality |
of variances)|0.7743 0.5271 0.9313 0.8254 0.9677 | 0.7431
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averaged), there was-a remarkable consistency amongst plants
from the different aged pastures in their mean yields and
variances with all associates. |

Attention now turns to the differences 1in reciprocal
responses between particular neighbouring species from different
aged pastures. An index of 'combining ability' was devised as a
reflection of the reciprocity of competitive effects between
neighbours. Combining ability is calculated as

ca = /Y’

where Y and Y' are the recorded dry weight yields (g) of the
lower and higher yielding components of a mixture respectively.
CA indices have strictly relative value 1in comparing
combinations of a given neighbouring genet pair type (i.e. of
the same two species) from different aged pastures. Values of
CA closer to 1.0 indicate that ‘the two components are more
balanced in their yields 1in mixtures than are combinations
having a value closer to zero.

Changes in the nature of reciprocal competitive effects for

.,a given nelghbourlng spec1es pa1r areu encompassed by twqﬁi.v

| parameters 1) changes in total yleld of the comblnatlon, and 2)
changes in the relatlve contrlbutlon to total yield from the two’
components as reflected by the CA index. A comparison of
individual yields, total yields and CA indexes for each genet
pair type from the different aged pastures is presented in
Figure 11. Trends in the data with increasing pasture age are

summarized in Table 14,
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FIGURE 11, Comparisons of individual component yields, total
yields and combining ability indices (CA) for each genet pair
type collected from different aged pastures (0, 2, 21 and 40
years) and grown in competition in a mixture diallel. In 'each
case histograms represent a mean of 3 replicates. In comparing
the four field ages (with respect to component yield, total
yields or CA indices), those which do not share a common code
letter (a, b, c or d) are significantly differenf at the P<0.05
level based on Scheffe's multiple comparison test. F-tests for
the homogeneity of variances were not rejected and all analyses

were performed on untransformed data.
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TABLE 14. A summary of significant (P<0.05) trends in combining
ability indexes (CA) and total yields from the mixture diallel
for different genet pair types as the age of the pasture from
which they were collected increases (Fig. 11). An upward arrow
indicates that the value increases consistently with increasing
pasture age, and a downward arrow indicates a consistent
decrease with increasing pasture age. ‘Both arrows together
indicate a fluctuating trend. A dash (-) indicates no
significant change with increasing pasture age.‘ An asterisk (%)
means that the indicated trend occurs if the 'O-year'

combination is excluded.
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DISCUSSION

Recent studies have .demonstrated differences in niche and
competitive relationships amongst species from communities of
different successional maturity (Parrish & Bazzaz 1976, 1979,
1982a, 1982b). These studies have shown that species from
'late-succession’ communities are more differentiated with
respect to certain dimensions of niche than are species from
'early-succession' communities and this 1is proposed to be an
evolved product of selectional forces from competition. In all
of these studies, comparisons have been made between communities
which differ in species composition and hence, the competitive
relations of entirely different groups of species have been
compared in making the above conclusions. There is also not a
strong basis for considering that the different communities
being compared in these studies even belong to the same
successional sequence. This presents considerable uncertainty
in making any inferences about the importance of past
competition in the organization of a community over evolutionary
- time (see alschonneli i980)f‘f'

There have-abpafehtly béen no former attémpts to answer the
question of how the competitive relationship between two

particular species changes through time in a particular

community: Nor have previous studies been based on interactions
between individuals which were known to be immediate neighbours
in nature. The present study is an attempt to address these
problems wusing a series of different aged pastures which
represent a reasonable approximation of different coexistent

stages 1in the same developmental sequence based on known
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management history as weli as empirical data (Chapters 2 and 3).
Using this approach, interpretations concerning the role of
competition as a selectional force in communities can be made
with more confidence than 1in comparisons of communities of
widely different species composition having no established
ontogenetic relationship. The results showed that the overall
sensitivity (variability of response) to different neighbours
for any given species within a pasture did not change
significantly with pasture age (Table 13). Natural neighbouring
genets of a particular pair of species however, showed clear
- differences 1in their relative reponses to one another depending
on their pasture age of origin (Fig. 11).

The reported data lend insight into the characterization of
the development of biological accommodation in systems of
competition. In order to focus attention on mechanisms, based
on the operation of natural selection in relation to the
attributes of organisms which confer fitness, the development of
biological accommodation in a community may be translated as
| selection for ‘combining ability' in populations, Species which
‘£a§é ;o@hiﬁ;ﬁé ;Biiity: hé;éh:sqﬁé ¥hééﬁ§‘ 6f persisﬁingC xig
interaétiﬁn ‘with one. another defined by 'their ‘régpéctive
biological attributes. An explanation of competitive
coexistence therefore resides in the assumption that a
conéequence of natural selection is 1increased (or stabilized)
combining ability. Conversely, competitive exclusion would be
reflected by a decreasing combining ability and may also be a -
consequence of natural selection. Three features of the data

may be recognized from examining the relative changes in the
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total and respective component yields of genet combinations from
older pastures (i.e. ‘'after selection') (Fig. 11, Table 14):
1) A process of competitive exclusion is reflected by a decline

in combining ability. In two species pairs, Dactylis/Lolium and

Dactylis/Trifolium, combining ability decreases with increasing

pasture age. This suggests that the Dactylis population has
become relatively more competitive against both Lolium and
Trifolium 1in older pastures as a result of selection. 1In this
case, available resource units are partitioned less evenly
between two populations after selection, increasing the
probability that one will exclude the other.

2) Selection for ecological combining ability would be reflected
by an increase in total yield after selection (accompanied by a
stable or increasing combining ability). This implies a
displacement in behaviour with the result that each (or one)
population makes less demands on the resources needed by the
other than before selection. It is remarkable that only one

species combination, Dactylis/Holcus illustrated this trend.

- 3) The most notable feature of the data is that a change in

yieid iféf ydne :céhp6ﬁéh£ -(e:g..h.an :inEréasei 'isl_ ﬁsﬁéily
accompénied bf an' obposite change in yield (i.e. a decréase)
for the other component (left-hand bar graphs in Fig. 11). The
consequence of this is that combining ability changes
accordingly, but that total yield rarely shows significant
changes (right-hand bar graphs in Fig. 11). In two species

pairs, Holcus/Lolium and Poa/Trifolium , while combining ability

(CA) also increases with increasing pasture age, total yields in

mixture were not significantly different with increasing pasture
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age. This result does not indicate that competition has been
relaxed due to niche divergence; rather, the trends suggest that
selection has improved the relative ability of the inferior
component to reduce the availability of resources to the
superior component , thus resulting in a more balanced
partitioning of resource wunits from a common supply on which

they both make demands. The trend is similar in the

Dactylis/Poa combination but combining ability declines between
the 1958 and 1939 pastures.

The remaining combinations show no directional trends (Fig.
11 £,9,h,i). Neither a process'of competitive exclusion nor a
process of ecological cbmbining ability is indicated. As these
are traditionally the expected alternative outcomes of selection
pressure from competition, it may suggest that these competitive
interactions are not important forces of selection here.
However, an 1interesting feature of these combinations suggests
an alternative explanation - an increase in the yield of one
component 1is generally accompanied by a decrease in the other
_and vice versa. :In the two comblnatlons 1nvolv1ng Holcus ~the .
total y1eld also fluctuates but in negatlve relatlonshlp to.the.
fluctuatlon in combining ablllty (Fig. 11 £ & g). In the two
combinations 1involving Lolium, combining ability fluctuates but
the highest value occurs in the combination from the oldest

pasture. Also, in the Lolium/Poa combination, total yield is

the same with increasing pasture age (Fig. 11 h) and 1in the

Lolium/Trifolium combination, total yield decreases (Fig. 11

i). Although none of these results are consistent with an

interpretation of selection leading to either competitive
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exclusion or niche differentiation, they are consistent with a
selection process 1in which relative competitive abilities for
common niche requirements are continuously adjusted so that over
time a balance is maintained.

These data suggest that intraspecific differentiation
associated with biotic specialization in response to competition
may be ‘related to three alternative consequences of natural
selection:

a) increased combining ability resulting from niche
differentiation and release from resource competition;

b) 1increased combining ability resulting from a 'balancing' of
competitive abilities for contested resources;

c) reduced combining ability resulting from asymmetic
improvement (or 'unbalancing') of competitive abilities.

Notice that in both a) and b) it is assumed that selection
reduces the differential in the performance of the two
components of the mixture. The implication of this is that the
two populations have a greater probability of coexisting than

. before _selectlon : ;.e,“ 1n both cases the two populatlons have

higher comb1n1ng ablllty Only case a) however where total -

yield 1increases, permits an 1nterpretatlon of ecologlcal'
combining ability as previously defined (Harper 1977b). In c¢)
there has been selection for biotic specialization in the
superior competitor, selection which reduces combining ability.
Selection operating in a) and b) then result in biological
accommodation and coexistence, while selection operating in c)
results in competitive exclusion.

In conclusion, the changes discovered 1in the combining
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ability and total yields of mixtures of a given pair of
naturally neighbouring species from different aged pastures,
suggest that competition 1is an important force of natural
selection in this pasture system. It is evident that a failure
to study the reciprocal effects of competitors on one another
does not permit a clear interpretation of the mechanisms of
biotic specialization and combining ability of species. For

example, the biotic specialization in Trifolium repens reported

by Turkington & Harper (1979c) could be associated with any of
the above 3 consequences of natural selection (a, b or c).

Very little evidence in the present study (only one species
combination) (Fig. 11a) was found for the commonly assumed
notion that selection pressures from competition usually result
in the evolution of ecological <combining ability (niche
differentiation) 1in the component species of a community. Five
out of the ten species combinations studied (Fig. 11 ¢, e, h,
i, Jj) exhibited increased combining ability with increasing
pasture age nonetheless, but it was of a form interpreted
'blnstead . 3s .3 select10na1 process wh1ch reduced the dlfferentlalL
1n competltlve ab111t1es of the 1nfer10r and superlor compoﬁents-
of 1nteract10ns in younger communltles. As thls study included
several dominant species from the study site, it prescribes the
role of biological accommodation in a community-wide context and
lends further support to the proposed model for pasture

community evolution (Fig. 9, Chapter 3).
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CHAPTER 5

CHANGES IN THE NATURE OF COMPETITIVE RELATIONS
AMONGST THREE SPECIES IN DIFFERENT AGED PASTURES:

SUBSTITUTIVE REPLACEMENT SERIES MODEL
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INTRODUCTION

In a diallel design for studying competition (Chapter 4),
the performance in a 1:1 mixture can reveal a particular type of
interaction between a pair of genotypes. The analysis of that
interaction can however be cafried further wusing data on
mixtures having a range of proportions but maintaining density
constant (i.e. a 'replacement series'). Based on these
criteria, de Wit (1960, 1961) 1introduced experimental models
which have been widely used for identifyidg and quantifying the
properties of competitive relationships between plants (Trenbath
1978). It has been wused for anaiyzing how éompetitive
interactions are influenced by environment; e.g. the effect of
the presence of symbiotic Rhizobium on the competitive
relationship between a grass and legume (de Wit et al. 1966)
and the effect of soil depth on differential root placement in
species mixtures of the genus Avena (Trenbath & Harper 1973).
It has also been useful for identifying 1limiting resources 1in

competitive interactions (Hall 1974b).

‘Informatidn” on the frequency-dependence.or ‘independence of-- -

competitive 1interactions  permits ‘interpretation of felétive
competitive abilities and degree of niche overlap between
genotypes or species. The competitive advantage of oats sown in
a replacement series with peas was found to be independent of
the proportions in mixture (de Wit 1960). In contrast, mixtures

of Anthoxanthum odoratum and Phleum pratense showed frequency-

dependence with a close balance in competitive ability (van den
Bergh & de Wit 1960). Frequency-dependent behaviour has been

shown between Trifolium repens and Lolium perenne which 1is
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interpreted as some degree of niche differentiétion in these two
species (Ennik 1960, de Wit 1961).

The De Wit model provides a sensitive method for analyzing
changes in the competitive relations of species in response to
selection. Previous studies have shown that populations having
a history of interaction generally form more stable associations
demonstrated by frequency-dependent behaviour 1in replacement
series analysis than do populations with no history of
interaction (Remison & Snaydon - in Snaydon 1978, Joy & Laitinen
1980, Martin & Harding 1981). These studies present only
circumstantial evidence that niche differentiation is an evolved
product of past competition. No previous studies using
replacement series analysis have considered how the degree of
niche overlap changes 1in a particular pair of species in a
particular site (community). This 1is investigated in the

present study using plants collected from the study pastures

belonging to a common developmental progression. Changes in
competitive relations  with increasing pasture age are

_ investigated for. three different. pairs of species - Holcus .
lanéﬁﬁs» ;‘.Trifol&ﬁh:repéné ;JL§liuh beréﬁhéwj.ffifoiiﬁﬁ répeﬁ§ 
énd HOiéus ianatus - 'Loliﬁm perenne. The studies | of
evolutionary changes in competitive relations mentioned

previously have wused genetically non-identical individuals
(products of sexual reproduction) in the replacement series. 1In
contrast, the present study uses <cloned ramets of 2 single
genets collected as natural neighbours growing in immediate
proximity to one another in the field. This approach was taken

in an effort to detect the presence of localized biotic
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specialization of established genotypes and to investigate the
developmental qualities of that specialization as the community
ages. In order to set the stage for the experimental design and
facilitate 1interpretation of the results based on accepted
theory, a brief review of relevant theoretical considerations

will follow.

THEORY

If mixtures of two genotypes or species are planted at a
variety of proportions, the change 1in the ratio of those
proportions after an elapsed time can be plotted against the
ratio of proportions at the beginning. The plot so produced - a
'ratio diagram'- provides a sensitive figurative display for
detecting the type of competitive relationship between two
species. Five basic types of interaction can be interpreted
(Fig. 12) (de Wit 1961, Harper 1977b):

a) (Fig. 12a). The proportion of the two species remains

unchanged after a period of growth together. Since the final

- proportion ratio exadtly7EQUals*tﬁéﬂinitialfﬁfbportionjratiowfofvw;.A

all mixtures, it indicates®-(assuming densities are high enéugh)
that for both species, an inferspecific individual provides
precisely the same intensity of competition as does an
intraspecific individual, and that the two species make the same
demands on environmental resources (i.e. their niches broadly
overlap). In this case neither species has any 'advantage'. 1In
all considerations below, an ‘'advantage' will refer to a
capacity in a species to increase its frequency in the final

proportion ratio relative to the initial proportion ratio.
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FIGURE 12. Ratio diagrams illustrating 5 possible outcomes from
a replacement series experiment reflecting 5 different types of
competitive relationship between species i and j. The dashed
line represents the theoretical case where all initial ratios
equal all final ratios (i.e. the line of 'no advantage'). See

text for description.
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b) (Fig. 12b). Here, species i gains an advantage in mixtures
at all relative frequencies. The most intense competition for j
'is interspecific, whilst for i, intraspecific competition is
more 1intense, If the slope of the line is 1.0 as shown, the
advantage for 1 is independent of frequency; i.e. an increase
in the 1initial proportion ratio results 1in a corresponding
increase, by the same amount, in the final proportion ratio,
once again indicating as in a) that i and j overlap in their use
of available resources. Hence, the advantage possessed by i is
reflected by a relatively greater capacity to reduce the
availability of resourcesbto j from a supply on which they both
make demands, and that this capacity is the same regardless of
relative frequency in mixture. Accordingly, the perpendicular
distance of the actual ratio line from the theoretical 1line of
'no advantage' indicates the magnitude of the superiority of i's
relative competitive ability.

c) (Fig. 12c). Here, the same principles as in b) apply except
that 3 gains an advantage in mixtures at all relative
o freguencies. . B
é)T{E;QQ “féé).. Thisi reéﬁit ‘iﬁdicéte;‘ja 'f?eqﬁeﬁéy;aéﬁénaggé‘
competitive felationéhip, i.é. which épecies has aﬁ'aavantage
is dependent on the initial proportion ratio. Generally, the
minority component 1in a mixture 1is always at an advantage -
consequently the regression slope is less than 1.0. Here, 1in
contrast to b), each component experiences the most intense
competition from an individual of its own species. Hence, the
'advantage' for the minority component of a mixture is incurred

by its experience of fewer intraspecific individuals and hence
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less stringent competition. With plants, this traditionally
implies that resource use by the two species does not completely
overlap; i and j have different niches. An equilibrium ratio
occurs where the regression intersects the theoretical line of
'no advantage'. At this initial proportion ratio, an identical
final broportion ratio results because, for both species, the
level of intraspecific density imposes hardships of resource
limitation that are equal in magnitude to those hardships
imposed by interspecific competition for those elements of niche
which do overlap.

e) (Fig. 12e). This result also indicates a frequency-
dependent competitive relationship but 1in this instance, the
majority component of a mixture 1is always at an advantage,
regardless of species. Hence, the regression slope is greater
than 1.0. Intraspecific competition 1s never stronger than
interspecific competition in either species. This result
predicts that either species could out-compete the other

depending on which has the highest relative frequency in mixture

.and _an_ unstable< equ111br1um p01nt therefore ex1sts.' Such a

'51tuat10n would occur 1f each spec1es 1mpa1red 'the. env1ronment.;
of the other more than it 1mpa1red its own env1rohhent as for
example with mutual allelopathic interference (Harper 1977b).

Here, the effectiveness of interference by one component on
another encompasses a concerted effort amongst cohorts, and an
'advantage' for one component 1is entirely a coneequence of
higher relative numbers in the initial proportion ratio. Unlike
b), the capacity to reduce the availability of resources to the

other component species changes with relative frequency in
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mixture, and this applies conéurrently to both components. 1f
in such an interaction, competitive exclusion was imminent (as
this model predicts), it would imply that the‘ extent of niche
overlap was enough to make impossible any escape from

extinction.

METHODS
Three different genet pairs, Holcus lanatus - Trifolium
repens, Lolium perenne - T. repens , and H. lanatus - L.

Qereﬁne , were collected as immediately adjacent neighbours from
each of the 3 different aged pasture communities (2, 21 and 40
years). Each pair was collected and propagated as outlined in
Chapter 2 to obtain a population of ramets for each genet type.

Plastic pots (1.75 1liter - 15 cm diameter, 15 cm deep)
containing a standard potting mix of 50%'peat, 25% sand and 25%
perlite were used. For each natural genet pair type, a constant
density of 13 ramets per pot were planted in the replacemént

series and arrangement shown in Figure 13. The planting

““arrangement -ensured” that ‘each ramet of “the ‘minority’ ‘component

type was 'surrounded, as much as possible, by ramets of thé~
majority component type. Each proportion in each replacement
series was replicated three times and the pots were arranged
randomly in a polyethylene tunnel. Rhizobium culture was added
when the ramets were planted (first week of June, 1980) and all
pots received 3 applications of liquid organic fertilizer (N/P/K
: 10/5/5) (after weeks 1, 5 and 9). The pots were watered
whenever the soil surface became dry, about 3 times weekly on

average., After 4 weeks, an 'initial' count of the total number
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FIGURE 13. Planting arrangement used for 13 ramets in the

replacement series:

species i 0 1 2 4 5 8 9 11 12 13
species J 13 12 11 9 8 5 4 2 1 0
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of tillers (for grasses) and measure of the total stolon length
(for clover) per pot were taken. This follows Ennik (1960).
After a further 12 weeks, the experfment was terminated and a

"final' tiller count and stolon measure per pot were recorded.

RESULTS AND DISCUSSION

For each replacement series, initial and final proportion
ratios were calculated. After log transformation, the data were
plotted as ratio diagrams (Fig. 14) following multiple linear
regression analysis using a MIDAS program (Fox & Guire 1976).
Ratio diagrams provide a convenient model for analyzing changes
in interspecific competitive relations. In accordance with
established theory (Fig. 12), the ratio diagrams produced from
the present data may be interpreted within the context of
alternative hypothetical models for changing competitive
relations produced as a consequence of natural selection in
component species (Fig. 15). These are considered below

followed by a discussion of particular species interactions.

“'Two 'critical “"values .are extracted from ratio:diagrams for "¢

interpreting~competitive‘relations:"1) Changes in the "‘slope - of
the regression; 2) parallel changes 1in the position of the
regression. A decreasing slope of the regression with a common
point of rotation (Figqg. 15a), reflects a process of niche
differentiation., The smaller the slope, the more differentiated
are the two components with respect to niche requirements. With
a slope of zero, the final relative frequency 1is constant
regardless of initial relative frequency, which implies that the

two components virtually avoid one another completely. The
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FIGURE 14. Ratio diagrams for the experimental results. Each
point represents the value corresponding to the initial and
final ratios involving total stolon length and/or total tiller

number per species per pot.
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FIGURE 15. Ratio diagrams showing theoretical trends for
evolutionary changes in competitive relations between two
species (i. and j) during different stages (1, 2 and 3) of

natural selection. See text for'description.
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performance of each is entirelyiunaffected by the presence of
the other. It follows that a reverse order of increasing slope
towards 1.0 would suggest selection for niche convergence where,
because of 1interaction, the final relative frequency very much
depends on the initial relative frequency. (This is not to be
confused with the fact that with a slope = 1.0, an advantage for

Ta component in mixture is independent of frequency.) An

increasing slope beyond 1.0 indicates a process of selection for
increasing mutual interference effects between the two
components (not illustrated). Parallel shifts in the position
of the regression in a freguency -~ 1independent model (Fig.
15b), or a displacement of the equilibrium point from x to y to
z in a frequency dependent model (Fig. 15c), reflects changes
in the relative competitive abilities of the two components. In
both b) and <c¢) the competitive ability of j relative to i is
shown to be 1increasing through stages 1, 2 and 3.
Considerations above however dictate that in b), i and j are
using the same resource supply, whereas in «c¢) their niche
requirements overlap iess._ Neither b) nor c¢) implies that
-seieétign.ﬂaé éﬁénged-#hé‘aeérééibf,ﬁiché‘6§¢£iéé.--E§olﬁ£i6ﬁ;f§f
cﬁangés'in 5o£h ﬁiche relétionship and rélative cémpetitivé
ability are reflected by a concomitant change in the slope of
the regression and shift in its parallel position (Fig. 154d).
For each species pair studied, analysis of variance
revealed the significant differences in slopes and intercepts
amongst genet pairs from different aged pastures (Fig. 14).
These comparisons are displayed in Figure 16 and a discussion

for each species pair follows.
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FIGURE 16. Ratio diagrams for immediately adjacent genet pairs
from the three different aged pastures (2, 21 and 40 yrs)
superimposed on the same graph. F-tests for the homogeneity of
variancesﬂ after log-transformation were not rejected.
Probability 1levels are from an analysis of wvariance for
significant differences in slopes and intercepts of the
regressions (* significant at P<0.05) for all possible pairwise
comparisons of field age. A coefficient of determination is
given for each multiple linear regression.

Pasture age: -—-——---— 2 year; —— —— 21 year; ——— 40 year.
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a) Holcus lanatus - Trifolium repens (Fig. 16a).

H. lanatus and T. repens showed a trend of decreasing
regression slope in the ratio diagram as well as a shift in the
position of the regression (i.e. as in Figure 15d). An
unstable behaviour (slope greater than 1.0) is illustrated for
the two year o0ld genet pair and this shifts to a stable
behaviour (slope less than 1.0) in the pairs from the two older
pastures. This is interpreted as niche divergence. The 21 year
and 40 year pairs do not significantly differ in regression
slope but do differ in postion (intercept). The regression
shifts proportionally to favour T. repens at all relative
frequencies . This indicates a higher relative competitive
ability for Trifolium in the 40 year pair than in the 21 vyear
pair but no difference in amount of niche overlap between the
two components.

b) Lolium perenne - Trifolium repens (Fig. 16b).

In all cases the competitive relationship between these two
species is frequency-dependent (with slope < 1.0) but the slope
H.of .the' regre551on'.is hlgher _jn palrs from tha_ two older“;
'pasthres ThlS 1nd1cates that n1che overlap is greater 'between.
‘genet pairs from the two older pastures than from the youngest

pasture suggesting a selection process of niche convergence.

The position of the regression also changes, again demonstrating
an example of model d in Figure 15; i.e. the 21 year and 40
year pairs do not significantly differ in regression slope but
do differ in position. As with H. lanatus and T. repens, the
regression for L. perenne and T. repens shifts proportionally

to favour T. repens at all relative frequencies. T. repens
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evidently has a higher relative competitive ability against L.
perenne for common niche requirements in the 40 year pasture
than in the 21 year pasture.

c) Holcus lanatus - Lolium perenne (Fig. 16c).

These two species demonstrate largely a frequency-
independent competitive relationship in all pairs. This
indicates that in all 3 pastures, H. lanatus and L. ©perenne
have widely overlapping niche requirements and this degree of
overlap does not change as there .is no significant difference in
the three regression slopes. H. lanatus has an advantage 1in
mixtures at all relative frequencies but this advantage
diminishes with increasing pasture age; the 40 year regression
approaches the theoretical 1line of 'no advantage' and is
significantly different in intercept from the 2 year regression.
This indicates that the extent to which H. lanatus 1is the
superior competitor of the +two 1is less in plants from older

pastures (model b in Figure 15).

The traditional expectation of competitive interaction

'*‘befWéeni?Spécies“}isf~divéfgencé;f”Ahﬁonbviésf(1978)3reVié&éfthe’if

findings of experimental- studies on changes - in competitive .
performance as a result of competition, most of which involve

Drosophila. Several studies have demonstrated changes, as

theoretically expected, in the direction of increased
differential resource utilization by one or both components and
greater reproductive output of the mixture (Moore 1952, Seaton &
Antonovics 1967, van Deldon 1970, Barker 1973, Chen 1973 (cited
in Antonovics 1978)) . Other work has shown that competitive

performance remains unchanged (Sokal et al . 1970, Hedrick
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1973, Sulzbach 1980), or in some cases even declines (Futuyma
1970, Ford 1972). Variable results may be due to
unpredictability associated with experimental designs, or due to
lack of genetic variance or constraints on selection caused by
such factors as negative correlation among fitness components or
inbreeding depression (Antonovics 1978). Variable results
however may also result if selection operates in a variety of
different ways and the query which arises when results
contradict 'traditional expectation' may simply be a conseguence
of an erroneous expectation. “

Studies for plants comparable to the above demonstrations
of the progression of change 1in competitive relations are
unknown prior to the present 1investigation. Unlike previous
studies, the present work addresses the question: What is the
competitive relationship between established genet pairs that

are actually interacting in nature and how does this

relationship differ (for the same two species) in communities

whose populations have had different lengths of time to respond

. to the competitive -environment?  Furthermore, in the present

s;udy,'qiﬁtéfprétafioﬁ Aiﬁvol&es-ééieééién whiéhAhéé.Qééurred.in
nature, not uﬁdeg artificial labofatofy conditions. Tndividuals
which interact in the experiments reported here are of identical
genotype to those individuals which were actually interacting in
the field. Results which do not meet traditional expectation
were found and interpretations are offered which reflect
different ways in which natural selection may operate (i.e.

Figure 15). H. lanatus and T. repens show evidence supporting

an hypothesis of niche divergence as traditionally expected, but
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L.  perenne and T. repens show evidence for niche convergence
and all 3 species pairs show evidence suggesting that selection
has changed the relative competitive abilities of the species, a
non-identical event to changes in the extent of niche overlap.
Results for the two grasses (Fig. ~16¢c), H. lanatus and L.
perenne , suggest that selection has resulted solely in a more
balanced relative competitive power between the two species for
a resource supply on which they both make demands.

The unusual result suggesting niche convergence between L.
perenne and T. repens suggests the possibility of some form of
beneficence between these two species. This may be related to a
nitrogen-rich environment made available to the grass through
close association with the clover (Wilson 1942, Vallis 1978).
Evidence for a strong trend of increasing stable association
between these two species with 1increasing pasture age was
presented in Chapter 3. In respect to animal competition,
MacArthur & Levins (1967) suggest that convergence may result
between two species if their activity together is more effective
_in suppressing a third more aggressive competitor common  to.
_Ibbth, “ :éoﬁ§¢rgeﬁéekiié .aigénhéssgéiéted;A§i£h ﬁﬁgltk&nﬁsﬂ.bf.
.Qeleétion forceslassociated with mimicry'(Sheppafd 19%5).' AgrenA
& Fagerstrom (1980) propose a model of niche convergence for two
plant species which initially differ in their flowering times.
They argue that a competitor A, which is superior to competitor
B in competition for pollinators, but inferior 1in seedling
competition , may be able to increase its relative fitness by
evolving increased niche overlap with respect to flowering time,

and thereby reducing seed production of competitor B. Such
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considerations draw attention away from traditional pre-
occupation with 'divergence' as a consequence of competitive
interaction, and focus instead on the role of relative
competitive power and concomitant beneficial interactions in the
evolutionary adjustment of species to their environment of
neighbours. In this vein, a finer-scale investigation of the

interaction between L. perenne and T. repens will be presented

in the next chapter.
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CHAPTER 6

BIOTIC SPECIALIZATION AT THE GENOTYPE LEVEL:
RECIPROCAL PHYTOMETER TRANSPLANTS
AMONGST FOUR NATURAL NEIGHBOURING GENET PAIRS

OF LOLIUM PERENNE AND TRIFOLIUM REPENS
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INTRODUCTION

Population ecology is to a large extent the study of
natural selection. Genetic wvariation dictates that some
individuals leave more descendents than others. The properties
of all 1levels of biological organization are consequently
affected and the‘study of ecoiogy asks how and why of the
related processes and resultant patterns. Since 1967, Harper
(1967, 1978) has called attention to the need for more
interaction between population genetics and population ecology
and has stressed that the convergence of the two provides one of
the most exciting fields of development in modern biology. Such
thinking has had recent consequences at the level of community
ecology. Ecologists have become dissatisfied with the
taxonomists' 'typological' categorization of the species as
these categories were formulated with different needs and
philosophies in mind than those Iof ecologists (Antonovics
1976a). Interest has been aired in recent literature to regard

the genotype as a relevant unit of community diversity and to

“-view- the  community "as-  a -congliomerate ‘of- evolving components "’ "

'(Antonoyics~19763,.Hérper 1977b, 1982). .These components maY~be
regarded as local neighbourhoods within the community in which,
not the particular species, but the particular genotypes of
different neighbours dictate the events which attend biotic
interaction and set the itinerary of community evolution (Fig.
9, Chapter 3).

Most demonstrations of adaptive genetic variation in plants
are not community-based studies; they concern a single component

population from a diverse species assemblage. Investigations
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have shown that 1if disruptive selection 1is strong enough,
different adaptive 'types' can arise within a single gene pool
even over very short distances and in spite of the diluting
effect from gene flow (Jain & Bradshaw 1966, Ehrlich & Raven
1969, Bradshaw 1972). In most studies, the environments
discussed concern stringent abiotic selective forces, such as
wide ranges in the degree of salinity in maritime habitats
(Aston & Bradshaw 1966), or levels of heavy metals (Antonovics
et al . 1971) or fertilizers (Snaydon & Davies 1972) in soils.
Very 1little attention has been given to the role of such
adaptive genetic variation in considerations of structure and
evolution at the community level.

To the plant ecologist a community is essentially a group
of co-occurring species on the same trophic level amongst which
some degree of interaction 1is presumed. It 1s reasonable
therefore to expect that the structure and evolution of plant
communities will to a large extent be determined by the quantity
and quality of genetic variation related to the properties of
.con"trophic’ biotic - interactions.. . In . spite . of .this,
.éufp%isinélyitiifflé;.wérﬁlhaé:beeﬁ.aéﬁé £onétpdy}sﬁcﬂh;éf§5t§6;
in piént communities. Any cﬁmmﬁﬁity-leQei ihtefpretatioﬁ' of a
descriptive vegetation study based on the biology of the
constituent species requires an examination of the reciprocal
manner in which neighbouring individuals respond to one another.
Most studies which have shown micro-evolution in plant
populations in response to biotic interactions however, have

again been concerned with differential behaviour (responses)

within a single species. For example, (Watson 1969) found that
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populations of Potentilla erecta growing in neighbouring areas

of Molinia - and Agrostis - dominated grassland, were different
in respect to size of characters when compared as both
transplant material and as seed progeny growing in an
experimental garden. Linhart (1974) discovered differentiation
between peripheral individuals and individuals in the central

portion of a single population of Veronica peregrina over a

distance of only two to five meters. The differentiation
appeared to be related to intense intra-specific competition in
the central region versus more intense inter-specific
competition near the periphery; Watson (1974, cited in
Antonovics 1978) found that with respect to several growth

characters, Plantago lanceolata collected from different micro-

habitats were genetically differentiated with respect to the
vegetation height from which they came. Turkington & Harper
(1979c) found evidence for micro-evolution in a population of

Trifolium repens 1in response to different selection pressures

exerted by different species of grass in localized regions of a
| permanent pasture.

:. xéi6£i;‘ eéééypésm“;ithiﬁ' b§pplatioﬁs.éfé évidéncgféf'erIQ'
‘Dérwinian‘ fofces of natural selection in nature. Studieéi'
discussed above have demonstrated fine-scale genetically-based
biotic specialization at the species 1level within single
populations. A community level context for micro-evolution that
focuses on the genotype as a relevant unit of diversity raises
further, more -elaborate gquestions: Does there exist local

concomitant (i.e. reciprocal) biotic specialization in each of

two interacting species in a community? Does specialization
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occur at the genotype level? - i.e. does micro-evolution occur
differentially within a single population in response to
different neighbouring genotypes of a single species, and is
there reciprocal specialization in the neighbouring genotypes?

Allard & Adams (1969) showed that lines of barley that had
persisted together in mixture over many generations on average
yielded higher in mixture than in pure stands. In contrast,
lines that had no history of interaction generally showed no
difference in yields in mixture compared to pure stands. Joy
and Laitinen (1980) discovered a higher yield advantage in

mixture (over pure components) in strains of Phleum pratense and

Trifolium pratense that had been cultivated 1in mixture for

several generations than in a mixture of two other randomly
chosen cultivars of the same species. In what way(s) does
selection adjust the behaviour of plants -in such biotic
specialization at the genotype level in grass-clover
combinations? Does it involve evolutionary changes in both

interacting populations? What role might a possible beneficial

. interaction . of commensalism (from the nitrogen-rich environment -

.b;9§idéd.b§lEhé:leguméﬁ;"exisﬁingréonéﬁrréﬁtiy‘with tﬁe'néééfive
interaction of. cohpetition, have in establiéhing‘ the
evolutionary response to neighbour interactions?

These questions wunderscore a view of the plant community
that is centered on the <coevolution of plant competitors -
reciprocal evolutionary responses to competition involviﬁg
mutual shifts in genetic constitutions of interacting species -
a phenomenon that has received little attention in evolutionary

thinking and virtually ignored in pasture ecology (Antonovics
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1976b, Snaydon 1978). Information about the properties of
biotic interactions and ensuing micro-evolutionary patterns is

incomplete without an 1investigation of reciprocal responses

between neighbours. Reciprocal responses of natural neighbours
defines the 'combining abilitY' (Chapter 4) of individuals which
actually interact in the community. Combining ability reflects
the extent to which each component is compatible in the presence
of the other; it refers to the capacity of two species or
genotypes to continue interaction with one another, or to
coexist (Chapter 3). Traditional theory tacitly assumes that
coexistence in systems of competition requires some measure of
niche differentiation. The prefixed term, 'ecological’
combining ability (Harper 1964) alludes to this mechanistic
interpretation; species with ecological combining ability, by
definition, coexist because their niches do not broadly overlap
(Harper 1977b). This does not necessarily imply that all
interaction is precluded, but rather that interaction does not
take place in respect to any elements or requisites of niche in

_either -species, for which an ensuing contest would lead to the
" competitive exclusion of one by the other.

| In 'tﬁe fwork éfesehted | here, local  population
differentiation at the genotype level is studied in respect to
reciprocal responses between natural genotype neighbours from

interacting populations of Lolium perenne and Trifolium repens .

Previous studies have shown that different genotypes of a grass

species differ in their response to Trifolium repens (Myers &

Garber 1942, Ahlgren et al . 1945). Different clones of clover

have also been shown to vary in response to a particular grass
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(Turkington et al . 1979, Turkington & Harper 1979). T.
repens in the present study site showed a progression of

increasing stability of association with Lolium perenne in older

pastures (Figqg. 8, Chapter 3). The replacement series
experiment showed evidence for niche convergence between these
two species and increased relative competitive ability of T.
repens in older pastures (Chapter 5). The extent of
specialization and the nature of the combining ability of these
two species 1is further investigated here. The experiment was
designed to test whether samples of Lolium and Trifolium clones
taken as neighbouring pairs from different localities in the
oldest (1939) pasture differed in their ability to grow in the

presence of each other.
METHODS

Experimental Design

Four different genet pairs of Lolium perenne and Trifolium

Jrepen (des1gnated L1-T1, L2- T2 L3- T3 La- T4) were collected as‘A

.phy51cal nelghbours from four w1dely separate locat1ons iu the
1939 pasture where there was abundant overlap in their
percentage cover frequencies. The pairs were collected as two
whole plants (including root material) and each genet 'type' was
propagated separately under glasshouse conditions for 4 months
by periodic separation of tillers or cutting of stolon pieces
followed by replanting as ramets of the original clone. Plastic
pots (26.5 cm top diameter; 30.5 cm deep) were used containing a

standard potting mix of 50% peat, 25% sand and 25% perlite with
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added nutrients specified in Table 15. Nutrients were added at
half the recommended rate to ensure that they were not available
in abundance. Each pot (Fig. 17) had a 2.5 cm border in which

seeds of Dactylis glomerata were sown at a high density to serve

as an outer buffer zone and to 'contain' the study plants by
" preventing clover stolons from growing out over the edge of the
pot and keeping leaves from adjacent pots from interacting. The
appropriate height to achieve this could be monitored by varying
the height at which the Dactylis border was kept clipped. The
Dactylis border zone was separated below ground from the central

zone by a plastic. 'sleeve'.

TABLE 15. Nutrient composition of potting mix used for the
competition experiment between different genets of Lolium

perenne and Trifolium repens . (Values are per 35 liters of

potting mix).

83 g osmocote (18-6-12) (9 month slow release)

109 g dolomite lime

. 43,9 gypsum . | |

*4:5ig f?etted;t;écé“eléﬁénts (boféﬁ,'iéabpéf;f‘iréﬁ;  méngan¢5e}:

molybdehum, zinc)

Three weeks after.sowing the Dactylis border, 8 ramets of
each grass 'type' were planted with 8 ramets of each <clover
"type' in all possible paired combinafions. The planting
arrangement had 4 central phytometers (2 of each species)
surrounded by the remaining ramets which served as an inner

buffer zone (Fig. 17). The 4 central phytometers therefore
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FIGURE 17. Planting arrangement for pots <containing different

genet combinations of Lolium perenne (L) and Trifolium repens

(T). The outer 2.5 cm border was sown with Dactylis glomerata.

The cummulative yield of the 4 denoted central phytometers was

followed in the experiment, each species component being

recorded separately.
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experienced the most representative biotic environment - i.e.
each centfal phytometer was surrounded by 4 phytometers of the
other species. Each combination of clover 'type' and grass
'"type' was replicated three times and the pots were arranged
randomly in a temperature controlled glass house. The pots were
watered whenever the soil surface became dry, about 2 to 3 times
weekly on average. Once every 3 to 4 weeks the plants
(including the Dactylis border) were clipped to approximately 3
cm to simulate grazing. The clippings from the 4 central
phytometers were collected each time, dried and weighed
separately according to species. Twelve months after planting
the ramets, the total above ground parts of the 4 central
phytometers were harvested, dried and weighed and the weights of
the two components were added to the respective cumulative
totals.

Data Analysis

An index of 'combining ability' was calculated for each L-T
genet combination as follows (see Chapter 4):

- - S cA=y/A o o
EQHére.Y ié fﬁe oBsér;éd véiﬁg'(beyipbt)'fof-£ﬁé--iééer'vjiéiéiﬁgn
component and Y' is the obServedlvalué for thé'ﬁighef yielaing
component. (In each combination, T. repens assumed the value
of Y and L. perenne assumed the value of Y'). The CA index is
compared amongst genet combinations and therefore has strictly
relative value. It assumes that a measure of the relative
contribution of the two components to the combined yield
reflects their capacity to persist in interaction relative to

the same measure for other combinations. Data were tabulated in
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4 rows and 4 columns as in Table 16 for grass yields, clover
yields, total yields and combining ability indexes. Each of
these variables was subjected to a multiple linear regression
analysis using the following linear model (Table 16):

'+ r + ¢ +

Yijx = Wt Iy j * 8554

it 85k
where, Y55k is a value for the observed variable (i.e. total
yield, component yield or CA index); i is the row number; j is
the column number; k is the replicate number; u is the mean of
the cell in row 1, column 1 (assuming no diagonal effect); r, is
a variable for 'row effect' (i.e. component of the observation
due to the effect of row 1i); cj is a variable for 'column
effect' (i.e. component of the observation due to the effect of
column j); d, is a wvariable for 'diagonal effect' (i.e.

component of the observétion due to the effect of principal
diagonal position i); Gij has a value of 1 if i=j and a value of
0 if i#Aj (i.e. incorporate a diagonal effect if the observation

is in a principle diagonal «cell); e is a random normal

ijk
variate.
. .. The overall test had the null hypothesis: . ~
“ﬁéz ;2‘;Ar3'; f44;:§2.¥fc3l¥'e4 - af;;jd£'='é3 ;;d4,;no'
(i.e. no row, colﬁmn or diagoﬁal effects). Aﬁalysis Qas'aiﬁed
primarily to detect whether there were any significant diagonal
effects in the data, allowing also for any possible row or
column effects. Where the analysis revealed no significant row
or column 'effects, an overall test was generated with the null
hypothesis:
Ho: d1 = d2 = d3 = d4 = 0

(i.e. assuming row and column effects are zero). For
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individual diagonal effects the following null hypotheses were
tested:

Hol: d1 = 0, Ho2: d2 = 0, Ho3: d3 = 0, Hod4: d4 = 0.

Data were analyzed using a MIDAS program (Fox & Guire
1976). F-tests for the homogeneity of variances were not

rejected and all analyses were performed on untransformed data.

RESULTS

The results of dry weight production for Trifolium and
Lolium in all genet-pair combinations are shown in Tables 17 and
18 respecti&ely. The null hypothesis of no row, column or
diagonal effects was reﬁected in both cases. For each genet-
pair type Lx-Tx (Fig. 18), the yield of T (clover) in any
combination involving Lx or Tx was generally highest in the
natural neighbouring combination; L3-T3 and L4—T4. showed
significant (P<0.05) diagonal effects. The converse was true
for Lolium ; yield was lowest in the natural neighbouring genet
combination and significant diagonal effects were found for Li1-
T{ - and ¢ L3=T3..(Fig. "18).. There was little neighbour specific:-
pattern for ‘total (L plus T) yields of the combinations <(Table
19); the L1-T1 combination showed the only signifiéant diagonal
effect.

The fine scale nature of biotic specialization between
Lolium and Trifolium genotypes 1is further evident from a
comparison of combining ability indices (Fig. 19 and Table 20).
This simultaneously incorporates the neighbour-specificity of L
for T and T for L. For each genet pair type Lx-Tx, the

combining ability was higher than 1in any other combination
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TABLE 17. Yields (g) of phytometers of Trifolium repens (Tx),

each collected with. a natural neighbouring genet of Lolium
perenne (Lx) from four sites in the 1939 pasture and planted in
all combinations of clover type and grass type; the performances
of the clover types with with their natural neighbouring grass
types are shown on the principal diagonél; all values are means
of 3 replicates; the probability levels given are the attained
significance 1levels for- the four diagonal elements assuming row

and column effects; for the overall test, P=0.0041.

grass associate

L1 L2 . L3 L4

o T1  3.32° 2.25 1.00 0.94
‘cléver © T2  2.95- 3.25 1.73  0.99
producer T3 1.68 1.43 3.38 1.39
T4 2.15 1.07 1.84 2.97

P1=0.2102, P2=0.1301, P3=0.0074, P4=0.0092
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TABLE 18. Yields (g) of phytometers of Lolium perenne (Lx),

each collected with a natural neighbouring genet of Trifolium
repens (Tx) from four sites in the 1939 pasture and planted in
all combinations of clover type and grass type; the performances
of the grass types with their natural neighbouring clover types
are shown on the principal diagonal; all values are means of 3
replicates; the probability 1levels given are the attained
significance levels for the four diagonal elements assuming .row

and column effects; for the overall test, P=0.0126.

clover associate

1 T2 T3 T4
A 6.45 15,22 23.01 8.03 .
grass L2 7.11  9.59 10.13 5.21
producer L3  11.38 6.53 5.63 8.94
L4 12.71  7.92 10.71  7.44

P1=0.0086, P2=0.2420, P3=0.0430, P4=0.6630
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TABLE 19. Total combined yields (g) of phytometers of Lolium

perenne (L) and Trifolium repens (T) collected as natural

neighbouring pairs from four sites in the 1939 pasture and
planted in all combinations of grass type and clover type; the
values for the natural neighbouring pairs are shown on the
principal diagonal; all values are means of 3 replicates; the
‘probability levels given are the attained significance levels
for the four diagonal elements assuming row and column effects;

for the overall test, P=0.0098.

clover type

T T2 T3 T4
I A 9.77 18.20 24.69 10.18
vgrass | L2 9;69~ 12.84° 11.55- - 6.29
type = L3 12.39  7.93  9.01 10.78
L4 13.65 8.92 12.10 10.41

P1=0.0125, P2=0.1346, P3=0.1133, P4=0.3307
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TABLE 20. Combining ability indexes for genet pairs of Lolium

perenne (L) and Trifolium repens (T) collected as natural

neighbouring pairs from four sites 1in the 1939 pasture and
planted in all combinations of grass type and clover type; the
values for the natural neighbouring pairs are shown on the
principal diagonal; all values are means of 3 replicates; the
probability 1levels given are the attained significance levels
for the four diagonal elements assuming no row or column

effects: for the overall test, P=0.0014.

clover type

T1 T2 T3 T4
| L1~ - 0.52 0.19 0.11 ° 0.27 .
‘grass L2 0.35 0.36 0.24 0.21
type L3  0.09 0.30 0.49 0.2
L4 0.12  0.17 0.13 0.48

P1=0.0045, P2=0.1287, P3=0.0088, P4=0.0121
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FIGURE 18. VYields of phytometers of Lolium perenne (L) and

Trifolium repens (T) when grown together in different

combinations of genet types. Graphs show the yields when in
combination with natural neighbours (stippled bar graphs)
compared to yields in all other combinations involving A) L1 or
T1, B) L2 or T2, C) L3 or T3, D) L4 or T4. All values are means

.of 3 replicates.
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FIGURE 19. Combining ability indexes and total yields for

different genet type combinations of Lolium perenne and

Trifolium repens . Graphs show the wvalues for the 4

combinations of natural neighbours (stippled bar graphs)
compared to all other combinations involving A) Lt or Ti!, B) L2
or T2, C) L3 or T3, D) L4 or T4. All values are means of 3

replicates.
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involving Lx or Tx (Fig. 19). Significant (P<0.05) diagonal
effects were obtained for L1-T1, L3-T3 and L4-T4.

Total yields are also illustrated in Figure 19 in order to
compare them with combining ability indexes. No strong trends
are apparent although there appeafs to: be some negative
relationship between total yield and combining ability in
combinations involving L1 or T1 (Fig. 19a) and in combinations
involving L3 or T3 (Fig. 19c). Examining the data as a whole,
the four natural neighbouring genet pairs had the highest
combining ability 1indexes but did not significantly stand out

from the other combinations in terms of total yield (Fig. 20).

DISCUSSION

Three out of four genet pairs of Lolium and Trifolium which
were sampled together as immediate neighbours in the field had
higher combining ability than those in which the two components
came from different neighbourhoods. The three sets of

significant results are stressed since they offer experimental

'.'"‘1-r’\d-ic:‘a'tior‘."O'f,""‘a'-‘p'c»'te'n*ti'al"'l-?y?""'i;'mpor‘tant’T"oi‘ga_ﬁizi‘hg‘~:f.a’-c‘t'or:~ inﬁt4if

community structure. Combining ability may be ‘thought of as the"
capacity to avoid competitive exclusion or as the probability of
coexistence for one genet combination relative to another. The
term makes no assumption as to mechanism. Combining ability is
defined 1in this study by the differential in the performance of
the two components in the presence of each other. Those
combinations in which the superior component vastly out-yielded
the inferior component have a>lower probability of coexistence,

or lower combining ability, than combinations in which the two
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FIGURE 20. Relationship between total yield and combining
ability index for different genet type combinations of Lolium

perenne and Trifolium repens. The values for the naturally

neighbouring genet pairs collected from the four sites in the
experimental field are circled. All values are means of three

replicates.
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components were more similar in their performance. Ecological

combining ability implies a high probability of coexistence due
to some degree of niche separation affording some measure of
escape from competition (Harper 1977b). The result is that
combinations with more ecological combining ability (more niche
separation) have a higher total yield in combination than those
with less ecological combining ability (less niche separation)
(e.qg. Seaton & Antonovics 1967, Allard & Adams 1969, Remison &
Snaydon - in Snaydon 1978, Joy & Laitinen 1980).

The most noteworthy feature of the present results is that,
as concerns the underlying mechanism for higher combining
ability between naturally neighbouring genets compared to non-

neighbouring genets, an interpretation of ecological combining

ability is not justified. There was no indication that
combinations with the highest combining ability had the highest
total yield (Figq. 20). Higher combining ability of natural
neighbouring genets is instead attributed to the fact that the
performance of each clover genet was highest with its natural

_nelghbour1ng grass genet (Whlch parallels ‘t@e! flndlngs ‘ofd;
- Turk1ngton & Harper (1979c) w1th respect to elover responsehtol74
natural neighbouring grass spec1es as opposed to genets), but
that the performance of each grass genet was lowest with its
natural neighbouring clover genet. The result 1is that the
differential 1in performance of the highest yielding component
(which was always the grass) and the lowest yielding component
(which was always the clover) was least in genet pairs from the
same neighbourhood. The consequence of this 1is a higher

combining ability of these genet pairs but not a higher total
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yield.

Higher combining ability between natural neighbours in
‘these results cannot be interpreted in terms of any shifts in
amount of niche overlap. The interpretation instead appears to
involve a form of selection which reduces the differential in
relative competitive power for resource requirements that the
two species have in common. Moreover, relative competitive
ability appears to be genotype specific; the factors that permit
high combining ability between one pair of neighbouring Lolium -
Trifolium genets are not the same factors that permit a high
combining ability between a different pair of neighbouring

Lolium - Trifolium genets from a different neighbourhood in the

community. This higher combining ability for natural neighbours
may be a result of several factors most likely operating
variously in concert rather than separately:

a) Differential fitness through local competitive ability and

recombination

If 1initially the grass is generally more aggressive than

Arhe clover 1t may ellmlnate several clover genotypes from the .

communlty W1th1n a local nelghbourhood however, a few clover
genotypes may possess challenglng competitive ability .agalnst
the particular resident grass genotypes. The most challenging
of such clover genotypes would leave the most descendents and
increase in 1local frequency. The exact course of selection
would depend on the type of competition imposed by particular
grass genotypes. (The grass population may not respond in like
manner for reasons outlined in c) below). Grass genotypes would

therefore face the most stringent competition from the locally
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adapted clover genets that belong to the same neigHbourhood and
hence perform more poorly in their ©presence than with alien
clover genets from other neighbourhoods. The converse would be
true for clover genotypes. The production of genetic
recombinants would facilitate tracking of local changes in the
competitive environment and be important to individual fitness.

b) Differential fitness through migration ability

Some clover genotypes may have a greater capacity than
others to migrate (through stolon extension) from neighbourhoods
imposing stringent competition, and hence escape from impending
mortality. This wandering phenotype of T. fegens permits it to
'seek out' neighbourhoods of grass genotypes in which it is
compatible (Chapter 3). These may be neighbourhoods in which
competition 1is avoided through niche differentiation. The
present evidence however suggests instead that they are
neighbourhoods in which no member imposes an overbearing threat
on the relative fitness of others through any superior ability
to exploit contested resources (as in (a) above). This course
Of selection is especially likely if niche requirements are not -
?reaaglﬁlpéf£i£iéﬁébié. -Inlﬁﬁév'faeéAAéf‘vén,.édQefsé;y' ait;red
combeéitive» envifonﬁent, fitness is enhanééd éncé again by a
propensity of the genotype to migrate through lateral spread.

c) Beneficence between grass and clover

A beneficial effect on the grass may be provided by the
nitrogen rich environment in the presence of the legume. This
could be a sufficiently strong selective force to favour those
genotypes of grass which do not exert highly stringent

competitive pressures on the clover. Grass genets which
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ultimately leave the most descendents in local neighborhoods may
therefore be those that are competitive enough to avoid
competitive exclusion by the clover but 1in turn, are not so
competitive as to severely suppress or eliminate the source of
nitrogen made available by a neighbouring clover. This may be
especially important to fitness if available soil nitrogen is
scarce, The genotype-specific coadaptation in local
neighbourhoods may be further mediated by a cbmplex indirect
‘mutualism involving interaction of particular grass genotypes
and particular strains of symbiotic Rhizobium in the clover
(c.f. Hill 1977).

A beneficence of the above sort may place constraints on
niche divergence. Niche divergence may not contribute to higher'
fitness if the mutualistic or commensalistic relationship is
lost in the process. Selection may instead result 1in an
equilibration of the reciprocal aggressiveness of the two
competing species exploiting a broadly overlapping niche. Local

selection in the present Lolium and Trifolium populations may be

- operating to synch;onously' curb "~and - vitalize efforts

‘reépéctiGeiQ:A in the gtrﬁgélé ‘ﬁo”Abfé—empﬁ ;éh§i#bﬁ&entéi
reséufcés,-and may é§en involve ﬁiche conQergence as evidence
suggests from the replacement series results (Chapter 5). Grime
(1979) also advocates a phenomenon of selection for reduced
competitive wvigour 1in his theory of S-selection ("stress-
tolerant™” strategy). S-selection presumably brings about
reduction in both vegetative and reproductive vigour,
adaptations whigh allow endurance of continuously unproductive

environments.,
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‘The relative contribution of a), b) and c¢) 1in developing
the 1local biotic speciaiization reported here is a topic worthy
of further inquiry. Thé possible role of beneficence in
defining selectional forces 1is particularly interesting.
Ecologists have tended to 'pigeonhole' species interactions into
separate types, e.g. parasitism, predation, commensalism,
amensalism, competition, mutualism. Competition and beneficence
have generally been viewed as conflicting extremes of organism
interaction and before about 1960 accounts of the evolutionary
process largely dismissed cooperative phenomena as not requiring
special attention (Axelrod & Hamilton f981). Yet it is
reasonable that two organisms which are competing in one
respect, may be cooperating in another. Empirical and
theoretical considerations. to date have concerned mostly
simultaneous intra - specific competition and cooperation, e.g.

in Drosophila (Mather 1961) and in sessile invertebrates (Buss

1981). Possible beneficial functions in animals include
cooperation between genders required for producing offspring,
 increased protection from weather, reduced risk of  predation, .
inﬁreasééVTIféééiné :Hefficiéﬁcy,:‘éﬁa 'iﬁcféésed. inﬁérspécificn
~i.n'.cerfc‘ar.'ence ability (Bﬁés 1981). Mathér (1961) argues thét in
so far aé the cooperative function is essential to fitness, a
certain minimal contribution to it may be favoured even at the
risk of reduction in competitive capacity.

Evidence for concomitant positive and negative interactions
between species 1is scarce. Thomson (1978, 1980) has described

cases where two species of entomophilous annual plants compete

for the same pollinators, but where they grow together,
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pollination rates for both are higher than when they grow alone
because the more spatially concentrated bloom atfracts
proportionately more visiting pollinators. Atsatt & 0'Dowd
(1976) cite numerous examples from the literature suggesting
that the defense of a plant from herbivores and other pests may
be improved in the company of specific neighbours offering some
measure of protection and with whom some measure of competition
can be reasonably assumed. For example, Phillips & Pfeiffer
(1958) demonstrated that the grasses Agrostis and Festuca gain
considerable protection from cattle when associated with the

noxious buttercup Ranunculus bulbosus . Using the same species

as in the present study, Radcliffe (1972 - cited in Atsatt &

O'Dowd 1976) showed that susceptibility of Trifolium repens to

damage from grass grubs and caterpillars was decreased in mixed

stands with Lolium perenne compared to in pure stands. A

further example is given in a study of the effect of removal of
different components of the neighbouring vegetation on the

population size of Rumex acetosa (Putwain & Harper 1970). It

_was found ‘that if both d§coty;edgqs'§nd‘.grgsses' were“‘remgvgdh
iﬁs' pépulétioh iﬁéréégédn iéés Hfﬂéﬁ uif“ gréssés':aiéﬁéw wefé :
removed. This sﬁggesté that in.somé way. the» presencé of ﬁhe
other dicotyledonous members of the community extends the

realized niche of Rumex acetosa . Harper (1964) emphasized, "A

component removed from a habitat is not only one of many species
making demands on limiting light, water, and nutrient supplies;
it is also a possible source of micro-environmental conditions
necessary for associated species."

Because of the high nitrogen requirement of many grasses
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combined with the nitrogen-rich environment pfovided by the
legume, a natural beneficial interaction may occur together with
a competitive one in pastures. Often, grasses have been found.
to be more competitive than white clover for other important
nutrients such as potassium (see review by Robson & Lonefagen
1978). This may result in what has been described as the "cycle
of good and poor clover " (Blaser & Brady 1950). During 'good'
clover years the soil nitrogen 1is increased; hence, grasses
start growing very early in the spring of the subsequent year.

The resultant competition for potassium may limit the growth of
the leguminous associate (hence a 'poor' clover year). In the
following year, clover attains more vigorous growth because the
grasses face a low nitrogen supply and cannot compete as
aggressively for potassium; so the cycle continues. A similar
phenomenon has been described in the more detailed "grassland
cycle" of Turkington & Harper (1979a). Itkis reasonable to
consider that selection should favour those individuals in both

these fluctuating populations that could establish a more

»_fba}anqing‘ compétitiye‘;glationship.u,As_it is.qussjble ,that S

'sélgétiéﬁ‘“for hiéhé. difféfentiatiéh'w;th ;espéct_to pbtéssium
utilization éould sﬁppresé £héb beneficencé régarding ‘niﬁrogén
supply to fhe grass, selection may instead favour a decrease in
competitive ability for potassium in the grass accompanied by an
increase in this corresponding competitive ability in the
legume. Those genotypes of grass which are less aggressive in
this regard should be able to survive and reproduce more
successively through both good and poor clover years along with

their compatible clover neighbours and thereby may leave more
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descendents.

As this selection continues during community evolution,
these grassland cycles might be expected to dimﬁnish in
amplitude or frequency. Evidence for such a <c¢ycle in the
present study can be seen in Figure 2 (Chapter 2). T. repens
in all three pastures had a higher percentage cover in the 1979
surveys than in the 1981 surveys. 1In contrast, L. perenne had
a higher percentage cover 1in the three pastures in the 1981
surveys than in the 1979 surveys. The cycle seems barely to
have started in the 1977 pasture, is most pronounced in the 1958
pasture and tapers off somewhat in the 1939 pasture. Poa
compressa also showed this opposite cover trend to clover in the

1977 pasture and Holcus lanatus displayed the same trend in the

1958 pasture.

Biotic specialization at the genotype level as demonstrated
in the present study calls for an organism - centered view of
community structure and evolution (Chapter 3).  The traditional
view defines a community as the collection of populations

',pccypying: aA,given.'area,' usuallyﬂ thought - to - atfect the

distribution and'-abundance of one anotﬁer (Odum 1971). A more

refined apprbach regards the community as a 'montage' of
evolving neighbourhoods which centers on the organism as the
pivotal unit of interaction (eg. MacMahon et al 1978, MacMahon
et al . 1981). This view 1is especially suited to sessile
organisms such as plants since any given individual will
interact with others 1in only a very local neighbourhood. The
present results corroborate the findings reported earlier

(Chapters 4 and 5) that evolutionary changes in the combining
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ability of species may be a consequence of not Aonly niche
differentiation, but also a 'balancing' of competitive
abilities. The present study indicates that, given sufficient
genetic wvariation, micro-evolutionary forces may be so precise
that the properties which determine reciprocal adaptation in
local neighbourhoods may be neighbour specific even at the scale
of different genotypes of the same species. The interpretation
exposes the need for more investigations of the occurrence and
role of species 1interactions which integrate beneficence and

opposition.
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CHAPTER 7

GENERAL DISCUSSION
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PROSPECTUS

The results and interpretations of the work presented in
this thesis call for a general discussion of the phenomenon of
coexistence in systems of competition between plants. In
Chapter 1, the 1largely overlooked distinction between the
concepts of fundamental niche and competitive ability is
established and a comprehensive perspective for the meaning of
the latter is offered. This enables the thesis to'proceed with
minimal ambiguity in the parlance of competition and
coexistence. 1In Chapter 2, ordination of time-series percéntage
cover surveys (Fig. 4) revealed trends which support the
suggestion that the three pastures under study represent
different stages in a common progression of community
development. This 1is further <corroborated by time-series
surveys of contact sampling presented in Chapter 3 (Figqg. 8).
Contacts between 1individuals are interpreted as reflecting an

operational measure of species interaction. The dynamics of

“interspecific . contacts ~therefore ' represent ‘patterns  of .. *

_association " and coexistence at - the fine-scale ’vlevel_: of
individual experience. A trend of increasing stability of
inter-specific association in older pastures was discovered and
this is used as a basis for constructing a 'portrait' of pasture
community evolution which attributes within-community temporal
changes to the selective forces accruing from biotic
interactions (Fig. 9). Armed with this information, the stage
was set for addressing the central issue of this thesis: What

mechanisms are responsible for this 'settling down' of community
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dynamics and permitting coexistence in these systems?

It 1is tacitly assumed that predation (i.e. grazing) and
other disturbances are important factors permitting diversity in
"pastures through their effects in suppressing potential
dominants (e.g. Harper 1969, Watkin & Clements 1978, Grime
1979). It is also axiomatic in ecology that a phenomenon as
broad as coexistence will rarely be fully explained by a single
factor. The present work therefore focuses on the hypothesis
that the biotic factor of neighbour interactions, especially
competition is important. With different stages” of community
development available at' the same time, an opportunity was
available for studying precisely how the competitive
relationship between a particular pair of species changes during
community evolution.

Natural selection 1leading to‘ coexistence in contexts of
competition and other neighbour interactions may be defined as
selection for ‘'combining ability'. The three experimental

designs for studying competitive interactions (Chapters 4, 5 and

6) _yielded - corroborative data.  -~Evidence indicates - that =

combihiné. abiiify.. may- be ofllpﬁo cqﬁtféstidg. tfpes} 11)
;ecoiogical' coﬁbiniﬁg abilitf (niche aifferentiatién); and 2)
'competitive' combining ability (balanced competitive
abilities). The ramifications of these findings to contemporary
coexistence theory are pursued here in relation to systems in
which competition 1is an important force of natural selection.

The arguments presented follow from recognizing ‘a clear
distinction between the concepts of 'niche' and 'competitive

ability' (Chapter 1).
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COMPONENTS OF A GENERALIZED COEXISTENCE THEORY

A theory for the coexistence of plant competitors 1is set
out below which integrates traditional theory with a broader
interpretation of the operation of natural seléction than
previously recognized. Its evolutionary premise incorporates
the dynamics and variability of two primary components; 1)
fundamental niche requirements, and 2) relative competitive
ability. A qualitative model is portrayed in Figure 24 and 1is

described by three underlying concepts.

A) Gaussian coexistence

The theoretical framework of Gause's principle is denoted
by the contents of the dashed box in Figure 21 which 1is in
reference to a hypothetical two-species system. In regard to
the first theoretical component, ~ if fundamental niche
requirements are sufficiently similar (in the sense of 'limiting

similarity' (MacArthur & Levins 1967)), Gause's principle

"pronounces a relentless proceeding toward competitive  exclusion-:

6f one of the s<pecies. Given this condition for the first
component, (although never part of any formal statement) the
principle implicitly 1invokes an assumption for the second
component - i.e. relative competitive abilities will be
sufficiently different. . This difference in competitive
abilities is assumed to be invariably present between any two
interacting species until exclusion of one species is complete.

Gaussian coexistence (a corollary of the competitive exclusion

principle) is possible only if fundamental niche reguirements
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FIGURE 21. The schematic structure of a general theory of
species coexistence in contexts where competition 1is an
important force of natural selection. The general theory
recognizes two basic and distinct components: (1) Fundamental
niche requirements, and (2) Relative competitive abilities.

Three concepts are represented and discussed in the text: (A)

traditional theory for 'GausSsian' coexistence (dashed box); and

two evolutionary mechanisms which permit coexistence - 1)
selection for ecological combining ability (niche
differentiation) (B), and ii) selection for competitive

combining ability (coevolution) (C).
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are. different ‘'enough' (i.e. a 'limited' amount of overlap is
permitted), the crucial consequence being that the two species
do not always ha§e to compete because each has some exclusive
niche space, either spatially or temporally. According to the
Gaussian view, where competition occurs between two species in
respect to a broadly overlapping niche, - the competitive
exclusion of one is impending.

That the Gaussian philosophy is still pervasive in current
ecological thinking is evident by a recent gquote from Newman
(1982): "It is generally accepted that in order to coexist more
than transiently species must differ - they must show niche
separation. If species are too similar all but one will be
eliminated in competition". It is not difficult to imagine how
such profound statements associated with Gause's principle could
have been a product of the early evolutionists' central focus on
such ideas as 'struggle for existence' and 'survival of the
fittest'. Such were strong outward themes of Darwin and Wallace

conceived from their awareness of the 1inherent capacity of

populatlons to 1ncrease 1n 51ze. Th1s was further relnforced by_”' 

early experlmental studles demonstratlng competltlve exclu51on:
in laboratory populatlons (Gause 1934, Park 1948, 1954). | What
is surprising is that this same theme persists largely unaltered
today. As Sheppard (1975) has pointed out, the use of the word
'struggle’' which suggests physical combat, has obscured the
"all-embracing nature of selection” and the importance of (and
potential for) the immense variation within species that Darwin

was really driving at.
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B) Coexistence by selection for ecological combining ability

(niche differentiation)

Upon~ recognizing that a population will wusually have
genetic variation pertaining to fundamental niche requirements,
ecologists turned their attention from investigations of what
enables one species to win in a competitive interaction
(competitive exclusion) (e.g. Sakai & Gotoh 1955, Lerner & Ho
1961, Mather & Cooke 1962, Gale 1964), to investigating the role
of natural selection in the evolution of niche differentiation
and hence permitting coexistence (Fig. 21-B). In plant
interactions this has been termed selection for ecological
combining ability (Harper 1964, 1967, 1977b). Under this
theory, species coexist because evolution, by the selection
pressures of competition, results in évoidance of a competitive
interaction through niche differentiation.

Notice that this evolutionary approach to explaining
coexistence is still entrenched within a 'Gaussian' framework
(dashed box in Fig. 21). It still assumes that: 1) coexistence
is only achieved if niche requirements become sufficiently
jéifferéﬁt'énd.henéeiiﬁfefgpeéific Hééﬁpéti;ionj ié‘;éeiaxed“‘(bg
éliﬁinafea5 and 2) wﬁére 'niche. ov;rlap remains, éompetitive
exclusion wiil ensue. In essence then, selection for ecological
combining ability 1is an extension or corollary of Gause's
principle (c.f. Grubb 1977, p.107) and presupposes that under
high inter-specific density, natural selection may result in
niche differentiation and hence coexistence - else, competitive

exclusion is forthcoming.

I1f each species is affected more by the presence of the
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other fhan by the presence of intraspecific individuals, then
competition is of the 'interference' type (Harper 1977b). One
species may be more aggressive than the other, but directional
selection may be strong in both species and differences 1in
relative fitness amongst individuals (in each species) occupying
different regions of niche space may result in niche divergence.
In the more common 'exploitation' type of competition in plants
however, 1if competitive abilities are wunequal, the weaker
competitor 1is generally affected more by the presence of
interspecific individuals and the stronger competitor by the
presence of intraspecific individuals (Harper 1977b). The
greatest selection pressure here will be exerted on a weak
competitor when faced with a much stronger competitor. If the
difference in the species' relative competitive abilities 1is
large, directional selection will be strong and niche shift
(displacement) may result in the weaker competitor, but there
would be no reason to expect niche displacement in the stronger
competitor. Significant competitive pressure for  the stronger
ﬁ_competltor comes prlmarlly from 1nd1v1duals of 1ts own spec1es
'jFrom :thév standp01nt of preventlng competltlve exclu51on thé
mostllmportant requisite 1is that the weaker compet1tor secure an
exclusive niche space.

The central feature of this mechanism is that coexistence
is permitted as 1long as competitive interaction is reduced or
virtually eliminated and this is accomplished by selection for
niche differentiation when competitors encounter one another
resulting in each having an exclusive niche  space. If

competition 1is avoided, more efficient exploitation of the
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environment results and two species will have a higher total
yield in combination after selection than before selection.

Evidence for this mechanism may be interpreted for some species
pairs in the mixture diallel study (Fig. 11) and in the

replacement series analysis for Holcus lanatus and Trifolium

repens (Figqg. 16). Selection operating in this manner will be
limited by the species' potential to generate new genetic
variants capable of pre-empting novel niches. This theme has
become nearly axiomatic in recent ecological studies far too
numerous to list (see for example Cody 1974, Grubb 1977, Diamond
1978, wvan den Bergh & Braakhekke 1978). Most evidence however
is circumstantial; some have recently argued that in fact there
is' little empirical basis to support the commonly held view that
coexistence in multi-species gquilds is a result of niche

divergence (Wiens 1977, Connell 1980).

C) Coexistence by selection for competitive combining ability

(coevolution)

- Genetic ~ variation  will be present in a population .

ﬁpéftain?ng not oniffté péfticﬁlaf‘ typég. of ffﬁndamental“ niqﬁé
requi?éments, but also pertaininé ﬁo. rélative compéﬁitivé
ability for any common niche requirements. The same selectionél
force of competition will operate on both of these components of
genetic variation. The exhaustive literature on plant genetics
suggests that the number of genes controlling plant characters,
is very large (Solbrig 1980). Indeed, a vast number of alleles
will be present in a population which determine the various

states of all the characters in Table 1 (Chapter 1) which govern
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competitive ability. Possibilities are even further multiplied
in considering that one genotype'may for example have a greater
uptake efficiency for one nutrient while a second genotype may
have a greater uptake efficiency for a second nutrient; which
will have the selective advantage will depend on the nature of
the prevailing competitive pressures. The opportunities for
natural selection to improve relative competitive ability in a
plant population seem innumerable. 'Sakai (1961) has proposed
that competitive ability in plants can be treated itself as a
'character' under at least partial genetic control.

Under this mechanism for coexistence, any genotjpe that is
a superior competitor acts as a selective agent on its own
competitors. The crucial point is that such selection pressure
will operate reciprocally and sequentially in . two competing
populations so any ‘'superior' genotype ultimately loses its
competitive advantage. 'Superiority' in competition therefore
alternates between (and amongst) members of the two populations

as various characters which confer competitive ability are

. generated, combined, recombined, selected for, selected against,

and ‘éeiéctéd'” for’ oncé again. ALocél _néigﬁbourhbbds are-
'éOnStan£ly engaged in a-fine—tuning pr&cess ﬁhat altérs fhe wéy
members respond to one another. A species population therefore
need not avoid competition in order to avoid competitive
exclusion; it may instead maintain the potential to generate (or
acquire, through mutation, gene flow or recombination) and
propagate new genetic variants with increased competitive power
under the prevailing competitive pressures. In each such event

of natural selection, once again the strongest selection
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pressure will be exerted by the more powerful competitor on the
weaker competitor. Competitive exclusion is avoided if natural
selection favours those genetic wvariants 1in the weaker
competitor that have an overall competitive ability at least
comparable to that of the stronger competitor. If some form of
beneficence also occurs between competitors, selection may
concurrently favour those genetic variants 1in the stronger
competitor that have an overall competitive ability more
comparable to that of the weaker competitor (Chapter 6).
“Coexistence under this mechanism is achieved by reciprocal
natural selection operating sequentially within both species,

each time to ‘reduce the difference 1in relative competitive

abilities which might otherwise lead to competitive exclusion of
the weaker competitor (Fig. 21-C). Following convention, this

mechanism may be termed, 'selection for competitive combining

ability' (c.f. ecological (=niche) combining ability). Total
yield in combination need not increase after selection for
competitive combining ability. This 1is consistent with the
A‘resultsi,fgg. SN spec1es comblnatlons hin‘ the dlallel analy51s o
(Table 14) and 1n the comblnlng ablllty of natural nelghbourlngu

genets of Trifolium repens and Lolium perenne compared to genet

combinations of these two species from alien neighbourhoods
discussed in Chapter 6 (Fig. 19).

It 1is 1important not to be mislead in the above discussion
by the terms 'stronger' and 'weaker' competitor. 'Reciprocal
selection' wunder this mechanism 1is not an 'arms race' in a
perpetual 'fight' implying an increasingly costly enterprise as

one might 1imagine in the context of aggressive interference in
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animals. In contrast, it is possible that any one of éeveral
more subtle characterstics in plants (e.g. Table 1, Chapter 1)
may afford an individual a competitive edge. Moreover, at
different times, at different ages and under different types of
cdmpetitive pressures, different charactersitics or suites of
characteristics ‘may be important in providing competitive
'staying power'. Selection is therefore not unidirectional but
multidirectional and one need not think of a population 'running
out' of genes or characteristics for competitive ability.

Development of more balanced competitive abilities is seen 1in

the replacement series analysis of Holcus lanatus and Lolium

perenne from the different aged pastures (Fig. 16c, Chapter 5).
Any measure of superiority acquired by one species affecting the
fitness of a second species will in turn be tracked by genetic
changes in the second species. The result 1is ongoing
coevolution.

Competitive pressure will of course come from members of

the same species as well as from different species and selection

‘; for 5qompgtitiye_ combining_ability willlope:ate poth;intraj and o

infer;épecifjéaily; Iﬁ'fact, intra—specific.coékisfeﬁqé‘qén' be
largely interpreted bf tﬁis process. Selection for inter-

specific competitive combining ability operating in two species
in effect means that they coexist because they continue to
behave competitively as essentially a 'single species' in which
the average difference in competitive . ability between

individuals is comparatively small regardless of species. Under
high density and resource limitation, such a collection of

individuals would be expected to experience a process analagous
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to 'self—thinning'. From the perspective of the 'individual' in
the community there is no reason to differentiate between inter-
specific and intra—épecific'competitive combining ability for
species with broadly overlapping niches. The only matter of any
consequence to the individual faced with competition with
another 1individual 1is the difference in their relative
competitive abilities regardless of species identity.

As pointed out earlier, selection for ecological combining
ability implies an increase in total yield of a mixture.
Measuring the total yield of a species mixture is analagous to
measuring the yield of a heterozygote resulting from a cross
between two homozygotes for assessing their 'genetic combining
ability' (Harper 1964). However, in the product of a species
mixture,in contrast with the product of a geﬁetic-tross, the two
components which are being assessed for combining ability remain
distinct and the contribution of each to the total yield can be
measured separately. Competitive combining ability is a special
type of combining ability which takes account of the variability
which may occur in the relative contribution of the two
components and is a reflection of their potential to contribute
equally to the total yield. In selection for competitive
combining ability, an increase in yield also occurs (as with
ecologicai combining ability), but only in the inferior
component.

" Based on the above c;nsiderations, interpretations of the
competitive relations between species from the experimental

investigations reported in this thesis are summarized in

Table 21.
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TABLE 21. A summary of interpretations of competitive relations

between species reported from the experimental investigations.



SPECIES PAIR

EXPERIMENTAL DESIGN USED
FOR INVESTIGATING
- COMPETITIVE RELATION

CHAPTER IN
THIS THESIS

INTERPRETATION OF THE
TYPE OF COMBINING ABILITY
RESULTING FROM SELECTION

DACTYL!S GLOMERATA /

HOLCUS LANATUS /
LOLIUM PERENNE

Replacement Series

HOLCUS LANATUS Diallel Ecological

DACTYLIS GLOMERATA / Diallel none

LOL 1UM PERENNE (Competitive Exclusion)

DACTYLIS GLOMERATA / . -

POA COMPRESSA Dug}lel. Competitive

DACTYL!S GLOMERATA / Diallel none

TRIFOLIUM REPENS (Competitive Exclusion)
Diallel Competitive

Competitive

HOLCUS LANATUS /
POA COMPRESSA

Diallel

Ecological & Competitive

HOLCUS LANATUS /
TRIFOLIUM REPENS

Diallel

Replacement Series

Ecological & Competitive

Ecological & Competitive

LOLIUM PERENNE /
POA COMPRESSA

Diallel

Competitive

LOLIUM PERENNE /
TRIFOLIUM REPENS

Diallel
Replacement Series

Reciprocal Transplanting

Competitive
Competitive

Competitive

POA COMPRESSA /
TRIFOLIUM REPENS

Diallel

Competitive

60¢
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OTHER MECHANISMS FOR COMPETITIVE BALANCE

The mechanism of selection for competitive combining
ability‘implies a tenuous 'balance' between competitors for the
same resources' and that this balance is maintained by natural
selection. Other mechanisms of coexistence also based on a
'balance' between competitors have been proposed and it is
necessary to point out how they differ from selection for

competitive combining ability.

1) Non-evolutionary mechanisms

As relative competitive ability is mediated by
environmental conditions, temporal variation in the environment
may allow coexistence by continually altering (e.g. seasonally)
the prevailing relative competitive abilities of populations
inhabiting it, where first one species, then another then the
first again (etc.) has the competitive advantage (Hutchinson
1948, Gulmon 1979, Fowler 1982). 'Non-equilibrium coexistence'
L~>mayp’»résultf°when faétOrS"sﬁch“”as  disturb5ncé}V%disé$se5»ot:"
‘predation serve to suppreés superio; 'éompetitOTS"which' would
otherwise competitively exclude other species (Caswell 1978,
Huston 1979, Pickett 1980). Coexistence may also be possible if
relative competitive abilities wvary with age so that each
species has an advantage in different phases of the life cycle
(Watt 1955, Grubb 1977, Fagerstrom & °Agren 1979). Iﬁ a
multispecies system coexistence may be possible by a circular
network of relative competitive abilities . Species A for

example may be a superior competitor to species B while ‘species



B in turn excludes species C -which wins 1in competition with
species A (Pianka 1979). These mechanisms may be important to
some extent in the pasture system in the present study. Such
explanations however are nonevolutionary; they are not concerned
with the genetically dynamic and variable potential of relative
competitive ability 1in populations or the role of natural
selection in continually adjusting it in a process of ongoing
coevolution. It is this factor which sets apart the mechanism

of selection for competitive combining ability.

2) Frequency dependent selection

Models for frequency‘ dependent balancing of competitors
have also been considered as possible mechanisms of- stable
coexistence of competitors (e.g. Pimentel et al . 1965, Ayala
1966, 1970, 1971, 1972, Levin 1969, 1971, Leon 1974, Levin &
Udovic 1977). Pimentel (1968) argues that the rarer of two
‘competing species will be involved more often in interspecific
encounters and the commoner in intraspecific encounters. Hence,
the“..rére;'¥spé¢iesu,wi;l"gxpg;i§n¢eﬁusgrqu§;, seiectiqn(_fcr
imﬁ%ermeﬁﬁ. in“‘i;térsbéqific gééhpe#i£ién Aapdﬁllikewisé  the
cémmoéer speﬁies-forlimprovement in infréspeéific competitibn.
This would theoretically lead by a process of genetic feedback
to ecological stability.. A genétic basis for such reversals in
species dominance may exist when at least at one of the loci
controlling competitive performance (in each species), one of
the homozygotes has maximum interspecific competitive ability
but minimum intraspecific fitness, and vice versa for the other

homozygote (Ayala 1970).
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There are important assumptions built into this frequency-
dependent model that are not found in the mechanism of selection
for competitive combining ability. In the former, two
populations are purportedly maintained due to a dampening of
wide oscillations of species dominance. The only evidence for
such oscillations have éome from laboratory populations of
animals; in nature such Qscillations have never been observed in
sessile higher plants (Antonovics 1978). Moreover, as this
mechanism makes no stipulation regarding the degree of niche
overlap, it implies that selection for intraspecific competitive
ability may be 1in opposition to selection for interspecific
competitive ability in respect to the same contested resources.
It implies that attributes which make an 1individual a good
interspecific competitor are different from those attributes
that make it a good intraspecific competitor and that their
effects are in fact conflicting. To suggest that this is common
in plants 1is unfounded. In a plant species which is a good
intra -specific competitor but experiences high inter -specific
ﬂégpsity{“'se;e;tipn in the populationv,may indged._;esult:in__
iiﬁbroved ig;ég ;spééificAéémbefitiyé ébilify,?ght ’thefé i;“:néﬁ‘
apparent réés§n :thét- it should neceésarily also resuit in‘
reduced intra -specific competitive ability. If an individual
has a rapid uptake rate for nutrients which are in limited
supply for example, this will confer a superior competitive
ability over individuals with a slower uptake rate, regardless
of species. Lawlor and Maynard Smith (1976) argue that such
models are more directly applicable to cases in which

competition is mediated by behavioural interference (as in many



213

animals) rather than merely relative exploitation of resources
as is more common in plants. Selection for competitive ability
here involves 'd-selection' discussed by Gill (1974) which "...
refers explicitly to the acquisition of interference phenomena,
mechanisms which prevent a competitor from gaining access to the
resources ...". It 1is therefore especially difficult with
plants to imagine an instance where Pimentel's genetic feedback
mechanism for competitors should be important‘in nature with the
possible exception of auto-toxicity by allelopathy (e.g. Webb
et al . 1967). That such a mechanism should be important at
all in nature is viewed unlikely by some (Levin 1971).

In stark contrast to the above perspective focussing on
animals, “frequency dependent competitive phenomena in plants 1is
usually considered a consequence of the fact that two species
escape some measure of competition with each other (i.e. they
have niche differences) (Harper 1977b). (See Figure 12 and
theory presented 1in Chapter 5). This is evident, for example,
from frequency dependent behaviour in replacement series

'banalysﬁsf e.qg. between Holéus "lanatus and'Trifolium.repens‘

"(Fig;AAJGC; Chabtéf 5). "It fs’iﬁpdffanf‘to'Undéfsténd how :this
.'difféfs' ffom”'thé ffeqhéncy dependént"competition' discussed
above. With niche differentiation, intraspecific competitive
pressure 1is not the same as interspecific competitive pressure
but this is because each species always suffers more from
competitive inﬁeraction with an individual of the same species
than with an individual of the other species. In this situation
there are no forces which should produce oscillations in

dominance and there 1is no reason to 1invoke an explanation
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involving any genetic alterations of intra- versus inter-
specific competitive ability. Competition is frequency

dependent here because intraspecific competition is more intense

than interspecific competition in both species (because of more
niche overlap between intraspecific individuals). Competition
is frequency dependent in Pimentel's genetic feedback model

because intraspecific competition is of a different nature than

inﬁerspecific competition (because behavioural interference
effects are different between intraspecific individuals than
between interspecific individuals).

In Pimentel's genetic feedback mechanism, the same
selection that favours <characters impoftant in intraspecific
competition, operates against characters important in
interspecific competition, and vice versa. In selection for
competitive combining ability, competitive ability 1is improved
according to the prevailing competitive pressures, intra- or
inter-specific, and no assumption 1is 1imposed that characters
important 1in intra-specific competition need conflict with , or
.even be —-any differep;l from, characters  important in:

interspecific competition.

3) Different limiting factors

Another mechanism that has been proposed for the 'balance'
of more than one similar species in close proximity occurs when
the density of each species ié limited by a different
independent factor, or by the same factor at different times
(Harper et al . 1961).  Braakhekke (1980) reviews relevant

recent literature. This idea was referred to earlier with



215

regard to such limiting factors as drought tolerance, pathogen
or predator resistence, etc. Such factors may suppress
otherwise superior competihors or keep population densities of
all competitors low enough so that resources are not wusually
limiting and hence competition rarely ever occurs (Grime 1979).

It 1is necessary however to draw attention to instances where
resources are the differential limiting factors operating as 1is
often purported to be the case under this mechanism. Grubb
(1977) gives the following examples: "...on some soils nitrogen
is the primary limiting mineral for grasses, but phosphorous and
potassium limit the growth of legumes (Thurston 1969); on other
soils phosphorus may be the primary limiting mineral for grasses
and nitrogen for sedges (Willis 1963). Similarly the root
growth of one species may be best in soil pores of a certain
size and that of another  species may be best in adjacent pores
of a different size (Sheikh & Rutter 1969)". Tilman (1977)
found in experiments with two species of freshwater algae that
when both species were 1limited by phosphate, one species was
_ competltlvely domlnant over the other, whereas when both spec1es“:
”were 11m1ted by 5111cate, the second spec1es ‘'was competltlvely:
domlnant. At intermedite levels of phosphate and silicate, each
species was limited by a different resource and stable
coexistence occurred.

It is apparent that this mechanism is at least partially
interpreted in terms of niche differences. Clearly, if one
species is limited much more by one factor than 1is another
species then the niche space within which each species is

capable of success, even in the absence of competitors, will be
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different. For example, grasses may be limited by nitrogen in a
community while iegumes may not because the latter have
symbiotic nitrogenAfixing bacteria. Here, the legumes have a
different source (or niche) for nitrogen.

In overlapping niche space however, where competition
occurs for the same resource units, coexistence requires another
explanation. The prevailing environment in a particular habitat
will determine the degree of richness or limitation of
particular resources for a particular species. If the
population size of each of two species is limited by two
different 1limiting resources in a given habitat, this is not in
itself a sufficient condition for <coexistence. Coexistence
hinges on the condition of balanced competitive abilities. For
example, each species might be a better competitor for one of
the two resources (but not the same one) required by both
species. In this sense the two species would have competitive
combining ability. If one of the species is a better competitor
for both resources, coexistence will not be possible in spite of
. fhe .fact that the particular habltat features a different
-iimitiﬁg fésourée for'egéﬂ épeéies;& - S

'Different limiting factors' for.twé sbecies is interpreféd
by van den Bergh & Braakhekke (1978) as a form of 'functional'
niche differentiation in the sense of Elton (1927). 1In the.
above example, this is taken to mean that each species has a
different saturation level for both resources, 1i.e. it is
capable of using different amounts of each resource (e.g. see
extensive review by Andrew and Johansen 1978). This combined

with the available supply dictates that one resource. is limiting
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for one species énd the other resource is limiting for the other
species. If however they are exploiting the same wunits of
resource, any potential for coexistence must be measured against
any differential capacity to reduce the availability of these
resource units to ‘the' other, not simply the occurrence of
different 1limiting factors. Coexistence here is not explained
by any (e.g. functional) niche differentiation, but by balanced
competitive abilities in the same niche. Furthermore, balanced
overall competitive ability can also be maintained just as well
by selection for competitive combining ability when both spécies
are limited by the same resource; each species maintains a
certain, but not invariable, suite of attributes (e.g. Table 1,
Chapter 1) (perhaps different from the other) that permit it to
reduce, to the same extent in each species, the availability of

that resource to the other.
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NICHE DIFFERENTIATION VERSUS COEVOLUTION OF COMPETITORS:

ALTERNATIVE EVOLUTIONARY SOLUTIONS FOR SPECIES COEXISTENCE

Selection for competitive combining ability represents a
mechanism by which competitors can be considered to co-evolve.
Unlike the mechanism of niche differentiation where natural
selection (operating largely on the weaker competitor) results
in anbescape from - or elimination of - the interaction between
the species and thus allows coexistence, a process of
coevolution must satisfy two «criteria: a) The interaction is
preserved by natural selection (and coexistence 1is therefore
implied). This follows tradition 1in all classic contexts of
coevolution, e.qg. as in predator/prey, host/parasite,
pollinatof/host plant, etc.. b) The genetic constitution of
both interacting populations must be adjusted 1in response to
reciprocal selection pressure on each other (Janzen 1980). Leon’
(1974) and Levin & Udovic (1977) use coevolution.in this context

with reference to frequency-dependent models of competitive

- balance based on Piméntel‘s‘(1968)'m9del‘df’fgéhétié"3feedbackff“5‘7”

Contrary ‘to this context, others have regarded the coevolution
of competitors as niche (or character) displacement (e.g.
Lawlor & Maynard Smith 1976, Roughgarden 1976, Case 19789,
Connell 1980).

According to Slobodkin (1961, p.122), "if two species
persist in a particular region it can be taken as axiomatic that
some ecological distinction must exist between them". The

‘differences between species has become a wuniversal touchstone

for studies of species coexistence. Investigations repeatedly
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and almost automatically entail a search for, or an
interpretation involving, some ‘important' difference in niche
between coexisting competitors as though it were some how
remarkable to have found that one entire population has not
competitively excluded the other (e.g. as 1in the classic
"paradox of the plankton" (Hutchinson 1961)). This 1is
reflective of the inadequate typological view of the species in
which ecologic ideology 1is embedded. Traditional thinking
treats the species as more of a taxonomically distinctive unit
than as a wide ranging collection of ecologically different
individuals and there is much current interest by some to change
this view (Antonovics 1976a, Raven 1976, Harper 1982). Although
taxonomically distinct, two species with competitive combining
ability vrepresent a dynamic continuum of genetic variation in
respect to their competitive relationship. The crucial contest
in selection for competitive combining ability is not 'species
pitted against species', but rather 'genotype against genotype'

and any genotype may be confronted at different times with both
. ‘Jnferlor and superlor genotypes from e1ther taxonomlc type. .The
"present data show1ng rec1procal 1nteract1ons between dlfferent 1'

natural genotype pairs of Lollum perenne and Trifolium repens

(Figs. 18 and 19, Chapter 6) is the first demonstration of this
phenomenon of 'genotype versus genotype' specialization. The
relative competitive abilities of individuals for contested
resources (regardless of. species) appears to converge by
selection into a common pool of alternative strategies defined
by dynamic 'attribute complexes' which cannot be categorized on

a taxonomic basis. To the taxonomist or biogeographer concerned
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with community composition, the species is the relevant unit of
diversity here. To the evolutionary ecologist however concerned
with community processes and dynamics, the operational unit
becomes the genotype and the population and community are welded
into a single evolutionary arena (i.e. Fig. 9, Chapter 3).

The question of coexistence between competitors is
certainly valid, but the insistence that some difference in
niche or otherwise is the cause is not only a priori, but it
contradicts the fact that their coexistence requires that they
have features”in common that render them both adapted to the
same habitat (c.f. Harper 1982). 1In selection for competitive
combining ability, the presence of (or the potential to
continuously generate) relevant genetic variants with
challenging relative competitive ability in each species permits
a stable coexistence 1in a preserved interaction that is
maintained by persistent reciprocal selection (coevolution).
This process of competitors 'tracking each other' involving
mutual shifts in gene frequencies, 1is not wunlike that in
theories for the evolution of coexistence in predator/prey (e.g..
: bimén;éi 1§§1; §6sénzwei§ ﬂ§73); élanf/pefbivér of- pollinatof
.(Ehrlich '& 'Raven‘ 1§64,‘ éilber£ -& Raveﬁ 1975); host/paraéité
(Pimentel et al . 1963), and model/mimic (Sheppard 1975)
systems. Because a competitive interaction is preserved, any
overlap in niche requirements may also be preserved; there is no
need to assume any ambiguous conjecture that some difference 1in
niche requirements between species (however subtle) must explain
their coexistence. The 'paradox' of coincident species with

little apparent niche differentiation need not be a paradox at
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all. Moreover, selection for competitive combining ability
provides reconciliation of the apparent paradox between
"convergent adapatation" to a common environment and "divergent
adaptation™ to other members of the community. If selection for
competitivé combining ability were important in a community of
plants, one might expect there to be fewer temporary significant
deviations from random association of species with time, 1i.e.
in older communities (step 3A in the model of Figure 9). This
is substantiated by the present data from contact sampling
(Table 12, Chapter 3).

It is commonly believed that, "...it is always advantageous
for either party in a competitive interaction to avoid the other
whenever possible" (Pianka 1976). Traditional theory assumes
that .niche divergence is to be expected between interspecific
competitors whenever there is relevant genetic and environmental
variation permitting them to do so. This seems intuitively
reasonable in contexts of competition involving interspecific
interference since it is possible for interference effects to be
. felt by  interspecific . competitors and not intraspecific.
éohﬁetifofs; 'itJis algéiréééoﬂablé_t§_eipécfltﬁ§£ :ap"ihfefiof_
compefitor; &heﬁ‘faced with a»highly supéridf competitorikéf any
type) would evolve a niche shift if 'another' niche is available
and 1if the consequence is a reduced interaction. There are two
important qualifications however to consider, especially with
plants: 1) ‘'another' niche may not be as readily available as
with animals, since resources for plants do not appear as
readily partitionable; and 2) competition is often predominantly

of the ‘'exploitation' type and, 1in contrast to interference
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effects, exploitation effects will always be felt by both inter-
and intra-specific competitors. The consequence of 1) is that,
if competitive exclusion 1is threatening, selection may favour
competitive combining ability instead of niche differentiation.

The consequence of 2) 1is that if exploitation competitive
abilities are very similar (either <coincidentally or after
selection), there is no reason that subsequent selection should
unequivocally lead to niche divergence between the two
populations, even if such opportunities for divergence were (or
became) abundant. The reason for this follows from
consideration of the selective forces operating on individuals
in such inétances. If niche divergence were to take place, both
plant populations would still have to contend with intraspecific
exploitation competition which in this case is no different in
its effect on individual fitness than interspecific competition.
Individuals of one species, say A which happen to 'find' a niche
that is not exploited by species B would not be expected to

leave any more descendents than those 1individuals of A

. explqit;ng the same niche as B. The,cohsequencg;wquld be niche,.._

' eXpaHéion fér;-A, not. aiQe;genCea ﬁ;om ‘B;  556 dégéAnéf évén'

:necegsariiy rééuire thé preseﬁce ‘of B. iAny. advantage for
species A here then has nothing to do with avoidance of species
B.

A gquestion which presents itself from the above
considerations is the following: How do intraspecific
competitors coexist? The answer is almost trivial and it is
precisely this fact that presents far-reaching implications.

Intraspecific competitors coexist by and large because relative
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competitive abilifies are maintained roughly balanced amongst
the members of the population through natural selection. The
members of a population do not 'decide' to diverge from another
population, and in contrast, maintain a 'balance' within their
own. An individual will 1leave more descendents, 1if those
descendents are better at ' avoiding competitive interaction' or

are ' more successful in competitive interaction' regardless of

the taxonomy of their potential contestants. The former
mechanism however is restrictive as it 1is only relevant 1in
explanations of the coexistence of different taxonomic units; an
individual can rarely avoid competition with members of its own
species in a resource limited environment. Selection for
competitive combining ability however has broader application as

it explains the <coexistence of individuals , irrespective of

taxonomy. Accordingly, if we suppose that two species have
broadly overlapping niches and compete largely by 'exploitation'
mechanisms, we should not expect strong selection for niche
divergence if these species have competitive combining ability.

,‘Nighe_‘diyergenceuuaﬁfords liF;le advantage . because the two
.bébUlétiéﬁéj behéVé éompé£i£ivé}yUéS.éw;Sihgié“speciés‘»té begiﬁ-
Qith. Sinée, in botﬁ popﬁlationé; bveréll 'intér-. énd intra-
specific competitive abilities are virtually equivalent in their
effects, niche divergence would do nothing to change the
severity of competitive pressures on individuals in either
population. One would no more expect divergence between two
such populations in response to interspecific competition than
one would expect divergence within either population in response

to intraspecific competition.
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Theoretical considerations using the substitutive
replacement series model of competition (de Wit 1960, 1961, 1970
van den Berghe & Braakhekke 1978) have shown that a stable

equilibrium of two species is possible only under frequency

dependent regulation, wusually thought to reflect niche
differences. In contrast, there need be no difference between
the overall hardships experienced from intra- or inter- specific
competitors in coexisting species with competitive combining
ability. It is a commonly held notion that in species with
little niche differentiation and roughly balanced competitive
abilities, the frequencies of the two populations will exhibit
large unpredictable fluctuations in a stochastic environment,
which strongly increases the risk of extinction of one of the
two species (Berendse 1981b). A qualifying point however must
be noted. Extinction from competition occurs when an inferior
competitor is faced with a much superior competitor. Extinction
due to competitive exclusion may occur if <changes in the
environment produces changes in the relative competitive
abllltles of the spec1es; but not 1f the weaker competltor can
respond by selectlon for competltlve comblnlng eblllty “ Plgott 
(1982) dlscusses examples of competltlve exclusion in vegetation
in response to environmental changes, ‘but most involve
artificial treatments of fertilizer application and do not
reflect all of the ways that species respond to their biotic
environment against the variable background of stochastic events
in nature.

A fully adequate understanding of species eoexistence

requires a greater emphasis on the variability within species
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with respect to both fundamental niche requirements and relative
competitive abilities, concurrent with an awareness of the
differences between species. Selection for ecological combining
ability and competitive combining ability are likely to operate
in concert 1in nature and together describe the contribution of
natural selection in the model for community evolution proposed
in Chapter 3 (Fig. 9). Efforts are needed to reveal how and
under what circumstanees natural selection affects each of these
two components and when it is likely to affect one more than the
other. Whether selection for ecological combining ability (Fig.
21-B) or selection for competitive combining ability (Fig. 21-
C) or both depicts the evolutionary route leading to coexistence
of two species (or whether competitive exclusion is the outcome
as per Gause's principle - Fig. 21-A) will depend on at least
four factors:

1) The initial magnitude of difference (or extent of similarity)

in both fundamental niche requirements and competitive ability

upon first encounter . For example, if the niches of two

spec1es overlap exten51vely and one 1s a far super1or competltor L

than the other then 1t is reasonable to expect that competltlve
exclu51on will be v1rtua11y immediate. Selectlon for
competitive combining ability is wunlikely in <cases 1in which

differences in competitive abilities are large.
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2) The availability of (or potential to generate) different

'relevant' genetic variants pertaining to fundamental niche

requirements versus relative competitive ability. Some species

" may have more genetic variation related to relative competitive
ability than to fundamental niche requirements, and vice versa.
This will be largely determined by the nature and magnitude of
the available gene pool and the means of propagation in the two
species (i.e. autogamy, allogamy, apomixis, clonal spread).
OQutcrossing species will generally have greater potential for
generating adaptive genetic variants and tracking changes in the
biotic environment than 'will incrossing 'or asexual species
(Solbrig 1976, Glesener & Tilman 1978).

3) The range of resource space available in the prevailing

environment . for niche expansion or displacement . Novel niche

space may be unavailable in a certain habitat or species may be

constrained by a matrix of nearby potential competitors so that

the option of "evolving-to-avoid-competition" 1is not feasible
(Krebs 1979). Selection may instead favour competitive
combining ability in- .such circumstances.” = This  applies

) barticﬁiarly ‘to" bl;nts.Aﬁﬁidh,Abéiﬁg~mdstly séés?le; réqhire.a.
sufficiency bf resources virfualiy in(their'immediate vicinity,
resources which are not largely packaged in discrete
partitionable units (Harper 1965, 1968), and the same resources

that neighbours are also forced to make demands on.
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4) The presence (or absence) of positive relationships occurring

concomitantly with competition between two species . It is not

difficult to imagine (but often overlooked) that individuals may
compete in one sense and yet interact beneficially 1in another
sense (e.g. Agnew & Haines 1960, Mather 1961, Harper 1964,
Story 1967, Putwain & Harper 1970, Walker et al . 1972). A
superior competitor may stand to 'loose out' in the long run if
it eliminates a species which has something positive to offer.

Commensalistic or mutualistic associations in which competitive
abilities are roughly balanced may therefore be favoured (and
maintained) by natural selection and stable coexistence may
result. Moreover niche convergence may occur if beneficence is
a strong enough selective force. This 1is relevant to the

explanation of competitive interactions between Lolium perenne

and Trifolium repens demonstrated in the present study (Fig.

16, Chapter 5; Chapter 6).
Cooperation within a single outbreeding population will be

necessary for successful mating. For example, in dioecious

species, or heterostylic species (e.g. primrose) the 'male' and =~

}femalé':(dr?{pin' and ‘thfﬁm}.in‘p;imroée) will éomééte wfﬁh A
eacﬁ other féf resourceé. But in fegards to reprbduction they
will require a <cooperative relation 1in order to leave any
descendents at all. Mather (1961) points out that in such
instances selection will favour more equivalent competitive
power and this may involve not only én improvement 1in
competitive ability of the inferior form, but also a relative
reduction in the aggressiveness of the superior form. This is

selection for competitive combining ability and could occur not
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only within a singie species as above but also between two
different species which interact in some other beneficial manner
and yet also compete for resources (e;g. Chapter 6).

A plant species may exert a positive (enhancing) effect on
another plant species in a number of possible ways.
Furthermore, in a mutualism, the benefit gained by one species
may not be the same kind of benefit gained by its associate.
‘Possible beneficial interactions in plants include:

a) Providing materials in limited supply (e.qg. a legume may
provide nitrogen tb a non-legume).

b) Providing physical protection from climate (Marshall 1967),
predators (Harper & Sagar 1953), pests and diseases (Atsatt &
O'Dowd 1976).

c) Providing physical support for growth (e.g. epiphytes) or
against lodging (Trenbath 1976).

d) Providing special environmental conditions (e.g. shade or
high humidity) favourable for germination and establishment
(Harper 1964).

.e) AEncpuragemenp gf lfayogrgblg ‘;hizqsphere. ‘cémpopents:_ or
::diseoufageﬁ;nt.of detriﬁéntéi-énes'(Chfisf{é gﬁ al ;  1974);.“
£) Liberation.of stimulating‘chemicals kRéy 1960, Tﬁkey'19§0).
g) Dispersal with commercial seeds and protection from

destruction by man by mimicing the crop plant (Wickler 1968).
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CONCLUSIONS

Difference in niche requirements will certainly explain why
some species are able to coexist. Much evidence, mostly from
studies on animals (e.g. see Cody 1974, Schoener 1974, Diamond
1978), tend to "... support a derivative hypothesis  of
Darwinism that, in a population of a species, mechanisms which
reduce competition between it and populations of other species
tend to persist" (Gilbert et al . 1952, p. 310). To insist
that this is some sort of law or axiom however is 'Gaussian' 1in
origin and tradition and patently contradicts the enormous
amount of species diversity found especially in many types of
plant communities,. Plants, 1in contrast to animals, have
virtually nothing comparable to the 'food niche'. Plant
ecologists are therefore 1largely wunable to adopt most of the
models and theories which are apparently adequate in explaining
animal coexistence. In spite of this, some plant ecologists

have attempted to account for plant species coexistence in

" nature.- 1érgely “on-. the’ basis of-niche differentiation (e.g. -~ -

Grubb 1977, vanxden7Bergh'& Braakhekke r97é, Newman 1982). -
Coevolution by selection for competitive combining ability
provides an evolutionary mechanism for coexistence which does
not unequivocally require that every species occupy a different
niche 1in a community, nor does it depend on frequency-dependent
selection mediated by behavioural interference phenomena. It is
a coevolutionary theory of competitive coexistence in which the
consequence of reciprocal selection means that different species

are persistently making demands for the same limiting resources.
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Moreover, given sufficient genetic variation, there is good
reason to suspect that opportunities for natural selection to
improve the relative competitive ability in a population of
inferior plant competitors ( e.g. Table 1, Chapter 1) may be
far more numerous than the opportunities for niche
differentiation in vegetation. This idea has been overlooked
(or dismissed) as a viable theory for species coexistence
because the meaning and distinction of ‘'competitive ability'
have been misrepresented and the role of natural selection in
adjusting it has been underestimated & priori .

Slobodkin (1968) reasoned that if two species which appear
to have the same ecology persist together in a wuniform
experimental environment, this finding does not disprove Gause's
hypothesis; rather it proves that the organisms do not have the
same ecology or that the environment was not uniform. This
finding in fact does not even prove Slobodkin's claim; rather it
suggests that the two species may exert relatively -equal
competitive pressures -against each other and that this is
maintainéd by pe;iprocalvselectiqnh i.e. they have cgmpetipiye:A
ééﬁbiﬁiné'agilify; ﬁFﬁrfhermdfé(-eQen”if}tﬁézsbédieé ﬂa?é héchés;"
which. do nbt'completely bverlaé;'thé ability to coexist may be
as much a consequence of selection for competitive combining
ability in the region of niche overlap as it is a conseguence of
selection for ecological combining ability where competition can
be avoided. 'Winning it/losing it' or 'avoiding it' do not
completely describe thé only alternatives for competitive
outcome; evolution by natural selection may also proceed in such

a way as to permit a 'continuation of the match'.



231

LITERATURE CITED

Aarssen, L.W., R. Turkington, and P.B. Cavers. 1979. Neighbour
relationships 1in grass-legume communities. II. Temporal
stability and community evolution. Can. J. Bot. 57 : 2695-
2703.

Abul-Fatih, H.A. and F.A. Bazzaz. 1979. The biology of Ambrosia
trifida L. I. Influence of species removals on the
organization of the plant community. New Phytol. 83 : 813-
816.

Agnew, A.D.Q. and R.W. Haines. 1960. Studies on the plant
ecology of the Jazira of Central Iraqg. I. Bull. Col. Sci.
Baghdad 5 : 41-60.

Agren, G.I. and T. Fagerstrom. 1980. Increased or decreased

separation of flowering time? The Jjoint effect of
competition for space and pollination in plants. Oikos 35 :
161-164.

Ahlgren, H.L., D.C. Smith and F.L. Nielsen. 1945. Behaviour of
various selections of Kentucky bluegrass, Poa pratensis L.
when grown as spaced plants and in mass seedings. J. Amer.
Soc. Agron. 37 : 268-281.

Allen, E.B., and R.T.T. Forman. 1976. Plant species removals and
old-field community structure and stability. Ecology 57 :
1233-1243.

Allard, R.W. and J. Adams. 1969. Population studies in
predominantly self-pollinating species. XIII.
Intergenotypic competition and population structure in
barley and wheat. Amer. Natur. 103 : 621-645. o

Andrew, C.S. and Johansen. - 1978. Differences between pasture
species in their requirements for nitrogen and ‘phosphorus.

In, Wilson, J.R. (ed.). Plant relations in pastures. CSIRO,
East Melbourne, Australia. pp. 111-127,

Andrewartha, H.G. and L.C. Birch. 1954, The distribution and
abundance of animals. University of Chicago Press, Chicago.

Antonovics, J. 1976a. The input from population genetics: 'The
new ecological genetics'. Syst. Bot. 1 : 233-245,

Antonovics, J. 1976b. The nature of limits to natural selection.
Ann. Missouri Bot. Gard. 63 : 224-247.

Antonovics, "J. 1978. The population genetics of mixtures. In
Wilson, J.R. (ed.). Plant relations in pastures. CSIRO,
East Melbourne, Australia. pp. 233-252.



232

Antonovics, J., A.D. Bradshaw, and R.G. Turner. 1971, Heavy
metal tolerance in plants. Adv. Ecol. Res. 7 :.1-85.

Armstrong, R.A. and R. McGehee. 1976. Coexistence of species
competing for shared resources. Theor. Pop. Biol. 9 : 317-
328.

Armstrong, R.A. and R. McGehee. 1980. Competitive exclusion.
Amer. Natur. 115 : 151-170.

Aston, J.L. and A.D. Bradshaw. 1966. Evolution 1in closely
adjacent plant populations. 1II. Agrostis stolonifera in
maritime habitats. Heredity 21 : 649-664.

Atsatt, P.R. and D.J. O'Dowd. 1976. Plant defense guilds.
Science 193 : 24-29,

Axelrod, R. and W.D, ' Hamilton. 1981. The evolution of
cooperation. Science 211 : 1390-1396.

Ayala, F.J. 1966. Reversal of dominance in competing species of
Drosophila. Amer. Natur. 100 : 81-83.

Ayala, F.J. 1970. Competition, coexistence and evolution. 'In,
Hecht, M.K. and W.C. Steere. Essays 1in evolution and
genetics. Merdith corporation, N.Y.

Ayala, F.J. 1971. Competition between species: Frequency
dependence. Science 171 : 820-824

Ayala, F.J. 1972. Competition between species. Amer. Sci. 60 :
348-357.,

Barker, J.S.F. 1973. Egypt. J. Genet. Cytol. 2 : 288.

Berendse, F. 1979. Competition between plant populations with
- different rooting depths. 1I. Theoretical considerations.

Befendse, F. 1981a;'Competition'between plant  populations - with
different rooting depths. II. Pot experiments. Oecologia
48 : 334-341.

Berendse, F. 1981b. Competition and equilibrium in grassland
communities . Ph.D. Thesis. University of Utrecht, The
Netherlands. Grassland Research Group Publication No. 44.

Bergh, J.P. wvan den. 1968. An analysis of yields of grasses in
mixed and pure stands. Versl. Landbouwk. Onderz. 714 : 1-
71.

Bergh, J.P. wvan den and C.T. de Wit. 1960. Concurrentie tussen
timothee ( Phleum pratense L.) en reukgras ( Anthoxanthum
odoratum L.). Inst. voor Biol. en Scheikundig Onderz.
Landbouw. Wageningen. Mededeling 121 : 155-165.




233

Bergh, J.B. van den, and W.G. Braakhekke. 1978. Coexistence of
plant species by niche differentiation. In, Freysen, A.H.J.
and J.W. Woldendorp (eds.). Structure and functioning of
plant populations. North-Holland, Amsterdam . pp 125-138.

Birch, L.C. 1957. The meaning of competition. Amer. Natur. 41 :
5-18. :

Black, J.N. 1958, Competition between plants of different
initial seed sizes in swards of subterranean clover (
Trifolium subteraneum L.) with particular reference to leaf
area. and the light microclimate. Aust. J. Agric. Res. 9 :
299-318.

Black, J.N. 1960. The significance of petiole length, leaf area,
and light interception in competition between strains of
subterranean clover ( Trifolium subterraneum L.) grown in
swards. Aust. J. Agric. Res. 11 : 277-291.

Blaser, R.E. and N.C. Brady. 1950. Nutrient competition in plant
' associations. Agron., J. 42 : 128-135.

Bock, W.J. 1972. Species interactions and macroevolution. Evol.
Biol. 5 : 1-24.

Braakhekke, W.G. 1980. On coexistence: a causal approach to
diversity and stability in grassland vegetation. Publ. No.
160, Centre for Agrobiological Research (CABO), Wageningen.

Bradshaw, A.D. 1972. Some of the evolutionary consequences of
being a plant. Evol. Biol. 5 : 25-47.

Bratton, S.P. 1976. Resource division 1in an understory herb
community: responses to temporal and microtopographic
gradients. Amer. Natur. 110 : 679-693.

‘Buss, L.W., 1981. Group living, competition, and the evolution of
" cooperation:in a.sessile invertebrate. Science 213 ¢ 1012~

1014. - :
Canada Soil Survey Committee, Subcommittee on soil
classification. 1978. The Canadian system of soil

classification. Can. Dept. Agric. Publ. 1646. Supply &
Services, Ottawa. 164 pp.

Cantlon, J.E. 1968. The continuum concept of vegetation:
responses. Bot. Rev. 34 : 255-258.

Case, T.J. 1979, Character displacement and coevolution in some
Chemidophorus lizards. Fortshr. Zool. 25 : 235-282.

Case, T.J. and M.E. Gilpin. 1974. Interference competition and
niche theory. Proc. Nat. Acad. Sci. 71 : 3073-3077.

Caswell, H. 1978. Predator-mediated coexistence: a
nonequilibrium model. Amer., Natur. 112-: 127-154.



234

Chapman, H.D., J.H. Axley and D.S. Curtis. 1940. The
determination of pH at soil moisture contents approximating
field conditions. Soil Sci. Soc. Amer. Proc. 5 : 191-200.

Charles, A.H. 1964. Differential survival of plant types in
swards. J. Br. Grassl. Soc. 19 : 198-204.

Charles, A.H. 1968. ‘Some selective effects operating upon white
and red clover swards. J. Br. Grassl. Soc. 23 : 20-25.

Christie, P., E.I. Newman, and R. Campbell. 1974. Grassland
species can influence the abundance of microbes on each
other's roots. Nature 250 : 570-571.

Clausen, J., D.D. Keck, and W.M. Hiesey. 1948. Experimental
studies on the nature of species. 1III. Environmental
responses of «climatic races of Achillea . Carnegie Inst.
Washington. Pub. No. 581. 129 pp.

Cody, M.L. 1974. Competition and the structure  of bird
communities. Princeton Univ. Press. Princeton, N.J.

Cody, M.L. and J.M. Diamond. (eds.). 1975. Ecology and evolution
of communities. Harvard Univ. Press., Cambridge.

Cole, L.C. 1960. Competitive exclusion. Science 132 : 348-349.
Colwell, R.K; and E.R. Fuentes. 1975. Experimental studies of
the niche. Ann. Rev. Ecol. Syst. 6 : 281-310.

Colwell, R.K. and D.J. Futuyma. 1971, On the measurement of
niche breadth and overlap. Ecology 52 : 567-576.

Connell, J.H. 1975. Some mechanisms producing structure in
natural communities: a model and evidence from field
experiments. In, Cody, M.L. & J.M. Diamond (eds.). Ecology

~and evolution of communities. Harvard Univ. - Press,
“Cambridge. 'pp. "460=490.," ;. . 7 o DL s T e

‘Connell,- J.H.  1980. fDiversity -and © the coevolution.  of

competitors, or the ghost of competition past. Oikos 35 :
131-138.

Darwin, C. 1859. The origin of species. Harvard Facsimile t1st
ed. 1964.

Daubenmire, R. 1968. Plant communities: A textbook of plant
synecology. Harper & Row, N.Y. 300 pp.

Davidson, D.W. and S.R. Morton. 1981, Competition for dispersal
in ant-dispersed plants. Science 213 : 1259-1261.

Davies, M.S. and R.W. Snaydon. 1973. Physiological differences
among populations of Anthoxanthum odoratum L. collected
from the Park Grass Experiment, Rothamstead. I. Response to
calcium, and II. Response to aluminium. J. Appl. Ecol. 10 :




235

33-55.
Deldon, W. van 1970. Drosoph. Inf. Serv. 45 : 169.

Diamond, J.M. 1978. Niche shifts and the rediscovery of
interspecific competition. Am. Sci. 66 : 322-331.

Donald, C.M. 1963. Competition among crop and pasture plants.
Adv. Agron. 15 : 1-118.

Ehrlich, P.R. and P.H. Raven. 1964, Butterflies and plants: a
study in coevolution. Evolution 18 : 586-608.

Elton, C. 1927. Animal ecology. Sedgewick & Jackson, London. 204
pp.

Ennik, G.C. 1960. De concurrentie tussen witte klaver en engels
raaigras bij verschillen in lichtintensiteit en
vochtvoorziening. Inst. voor Biol. en Scheikundig. Onderz.
Landbouw. Wageningen. Mededeling 109 : 37-50.

Fagerstrom, T. and G.I. Agren. 1979. Theory for coexistence of
species differing in regeneration properties. Oikos 33 : 1-
10.

Fenchel, T.M. & F.B. Christiansen. 1977. Selection and
interspecific competition. In, Christiansen, F.B. and T.M.
Fenchel. (eds.). Measuring selection in natural
populations. Lecture notes in biomathematics. Vol. 19 :
477-498. Springer Verlag, Berlin.

Fitter, A.H. 1982, 1Influence of soil heterogeneity on the
coexistence of grassland species. J. Ecol. 70 : 139-148.

Ford, H.A. 1972. Ph.D. Thesis, University of Stirling, Scotland.

Fowler, N. 1981 Competltlon and coexistence in a Norttharolina
‘ grassland ‘the-effects.of the experlmental -removal -of -
species. J Ecol 69 : 843- 854 o

Fowler, N, 1982, Competltlon and coex1stence in a North Carollna
grassland. 1III. mixtures of component species. J. Ecol. 70
s 77-92.

Fowler, N, and J. Antonovics 1981. Competition and coexistence
in a North Carolina grassland. I. Patterns in undisturbed
vegetation. J. Ecol. 69 : 825-841.

Fox, D.J. and K.E. Guire. 1976. Documentation for MIDAS. 3rd ed.
Statistical Research Laboratory, The University of
Michigan. 203 pp.

Futuyma, D.J. 1970. Variation in genetic response to
interspecific competition in laboratory populations of
Drosophila. Amer. Natur. 104 : 239-252.




236

Gale, J.S. 1964. Competition between three lines of Drosophila
melanogaster . Heredity 19 : 681-699.

Gause, G.F. 1934. The struggle for existence. Waverly Press,
Baltimore.

Gilbert, L.E. and P.H. Raven. 1975. General introduction. Pages
ix - xiii 1in. Gilbert, L.E. and P.H. Raven. (eds.).
Coevolution of animals and plants. Symposium 5. First
International Congress of Systematic and Evolutionary
Biology, 1973. University of Texas Press, Austin. 246 pp.

Gilbert, ©O., T.B. Reynoldson, and J. Hobart. 1952. Gause's
hypothesis: an examination. J. Animal Ecol. 21 : 310-312,

Gill, D.E. 1974. Intrinsic rate of increase, saturation density
and competitive ability. II. The evolution of competitive
ability. Amer. Natur. 108 : 103-116.

Glesener, R.R. and D. Tilman. 1978. Sexuality and the components

of environmental uncertainty: clues from geographic
parthenogenesis in terrestrial animals. Amer. Natur. 112
659-673.

Gray, J., A.J. Boucot and W.B.N. Berry. (eds.). 1981,
Communities of the past. Academic Press, N.Y. 640 pp.

Grime, J.P. 1973. Competitive exclusion in herbaceous
vegetation. Nature 242 : 344-347.

Grime, J.P. 1979. Plant strategies and vegetation processes.
John Wiley & Sons, N.Y. 222 pp.

Grinnell, J. 1904. The origin and distribution of the chestnut-
backed chickadee. Auk. 21 : 364-382

Grinnell, J. 1924. Geography and evolution. EcqlogyGE.:{QZS?ZZS._

Gfinneilf.d. 1928. Presence and‘ébsenée of animéls; Univ. Calif.
Chron. 30 '+ 429-450. ‘ - T = : S

Grubb, P.J. 1977. The maintenance of species richness in plant
communities: the 1importance of the regeneration niche.
Biol. Rev. 52 : 107-145.

Gulmon, S.L. 1979. Competition and Coexistence: Three annual
grass species. Amer. Midl. Nat. 101 : 403-416.

Hairston, N.G., F.E. Smith and L.B. Slobodkin. 1960. Community
structure , population control, and competition. Amer.
Natur. 94 : 421-425,

Hall, R.L. 1974a. Analysis of the nature of interference between
plants of different species. I. concepts and extension of
the de Wit analysis to examine effects. Aust. J. Agric.
Res. 25 : 739-747.



237

Hall, R.L. 1974b. Analysis of the nature of interference between
plants of different species. II. nutrient relations in a
Nandi Setaria and Greenleaf Desmodium association with
particular reference to potassium. Aust. J. Agric. Res.
25 : 749-756.

Hancock, J.F. Jr. and R.E. Wilson. 1976. BiotYpe selection 1in
Erigeron annuus during old field succession. Bull. Torr.
Bot. Club. 103 : 122-125,

Harper, J.L. 1961. Approaches to the study of plant competition.
In, Milthorpe, F.L. (ed.), Mechanisms in Biological
competition. Symp. Soc. Exp. Biol. 15 : 1-39.

Harper, J.L. 1964. The nature and consequence of interferénce
amongst plants. In, Genetics today. Proc. XI. Int., Cong.
Genetics. 2 : 465-482,

Harper, 1967. A Darwinian approach to plant ecology. J. Ecol.
55 1 247-270.

Harper, 1968. The regulation of numbers and mass in plant
populations. In, Lewontin, R.C. (ed.), Population biology
and evolution. Syracuse, N.Y. pp. 139-158.

Harper, J.L. 1969. The role of predation 1in vegetational
diversity. 1In, Diversity and stability in ecological
systems. Brookhaven Symp. Biol. 22 : 48-62.

Harper, J.L. 1977a. The contributions of terrestrial plant
studies to the development of the theory of ecology. Acad.
Nat. Sci. Phil., Spec. Publ. Vol. 12 : 139-157,

Harper, J.L. 1977b. Population biology of plants. Academic
Press, London. 892 pp.

Harper, J.L. 1978. The demography of plants with clonal growth.

-+ In Freysen, A H.J. and J.W. ‘Woldendorp. {(eds.). Structure.

" and functioning of plant populations. North  Holland,
" Amsterdam. pp. 27-48. S S S T

Harper, J.L. 1982. After description. In, Newman, E.I. (ed.).
The plant community as a working mechanism. Spec. Publ. No.
1, Brit. BEcol. Soc., Blackwell Scientific Publ. Oxford. pp.
11-25.

Harper, J.L. and G.R. Sagar. 1953, Some aspects of the ecology
of buttercups 1in permanent grassland. Proc. British Weed
Control Conf. pp. 256-264.

Harper, J.L., J.N. Clatworthy, I.H. McNaughton, and G.R. Sagar.
1961. The evolution and ecology of closely related species
living in the same area. Evolution 15 : 209-227.

Hedrick, P.W. 1972. Factors responsible for a change in
interspecific competitive ability in Drosophila. Evolution




238

26 : 513-522.

Hill, J. 1977. Plasticity of white clover grown in competition
with perennial ryegrass. Report of the Welsh plant breeding
station for 1976, Aberystwyth. pp. 24-25.

Hubbard, C.E. 1968. Grasses. Pelican.

Hurlbert, S.H. 1981. A gentle depilation of the niche: Dicean
resource sets in resource hyperspace. Evol. Theor. 5 : 177~
184.

Huston, M. 1979. A general hypothesis of species diversity.
Amer. Natur. 113 : 81-101.

Hutchinson, G.E. 1948. Circular causal systems in ecology. Ann.
N.Y. Acad. Sci. 50 : 221-246.

Hutchinson, G.E. 1957. Concluding remards. Cold Spring Harbor
Symp. Quant. Biol. 22 : 415-427.

Hutchinson, G.E. 1959. Homage to Santa Rosalia, or why are there
so many kinds of animals? Amer. Natur. 93 : 145-159.

Hutchinson, G.E. 1961. The paradox o¢of the plankton. Amer. Natur.
95 : 137-145.

Hutchinson, G.E. 1978. An introduction to population ecology.
Yale University Press, New Haven. 260 pp.

Jacquard, P. and J. Caputa. 1970. Comparaison de trois modeles
d'analyse des relations sociales entre especes vegetales.
Ann Amelior. Plantes 20 : 115-158.

Jain, S.K. and A.D. Bradshaw. 1966. Evolutionary divergence
among adjacent plant populations: I. The evidence and its
theoretical analysis. Heredity 21 : 407-441.

Jéﬁzeh, D.H. 1§66. Coevolution of mutualism between ants and.‘

. 7 ‘acacias-.in Central America. Evolution 20 : 249-275.-

Janzen, D.,H. 1980. When is it coevolution? Evolution 34 : 611-
612.

de Jong, P., L.W. Aarssen and R. Turkington. 1980. The analysis
of contact sampling data. Oecologia 45 : 322-324.

de Jong, P., L.W. Aarssen, and R. Turkington. The use of
contact sampling in studies of association in vegetation.
J. Ecol. (in press).

Joy, P. and A. Laitinen. 1980. Breeding for coadaptation between
red clover and timothy. Hankkija's Seed Publ. No. 13.
Hankkija Plant Breeding Institute, Finland.

Kanchan, S. and Jayachandra. 1980. Pollen allelopathy - a new



239

phenomenon. New Phytol. 84 : 735-746.

Kays, s, and J.L. Harper. 1974. The regulation of plant and
tiller density in a grass sward. J. Ecol. 62 : 97-105.

'Kemp, W.B. 1937. Natural selection within plant species. J.
Heredity 28 : 329-333.

Krajina, V.J. 1965 . Biogeoclimatic zones and classification of
British Columbia. Ecol. Western N. America. 1 : 1-17,

Krebs, C.J. 1979. Ecology: the experimental analysis of
distribution and abundance, 2nd ed. Harper & Row, N.Y, 678

pp.

Kruckeberg, L.W. 1951, Intraspecific variability in the response
of certain native species to serpentine soil. Amer. J. Bot.
38 : 408-419,

Langford, A.N. and M.F. Buell. 1969. Integration, -identity and
stability in the plant association. Adv. Ecol. Res. 6 : 84-
135.

Lavkulich, L.M. 1978. Methods Manual - Pedology Laboratory, 2nd
printing. Dept. of Soil Science, University of British
Columbia, Vancouver, B.C. 224 pp.

Lawlor, L.R. and J. Maynard Smith. 1976. The coevolution and
stability of competing species. Amer. Natur. 110 : 79-99,

Leon, J.A. 1974, Selection 1in contexts of interspecific
competition. Amer. Natur. 108 : 739-757.

Lerner, I.M. and F.K. Ho. 1961. Genotype and competitive abiltiy
in Tribolium species. Amer. Natur. 95 : 329-343,

Levin, B.R. 1969. A model for selectioh in systems of species
. ~competition. In, Heinmets, F. -(ed.). Concepts and models of
biomathematics. Dekker, N.Y. pp. 237-275. ‘

Levin, B.R. 1971. The operation of selection 1in situations of
interspecific competition. Evolution 25 : 249-264.

Levin, D.A. and W.A. Anderson. 1970. Competition for pollinators
between simultaneously flowering species. Amer., Natur. 104
: 455-467.

Levin, S.A. and J.D. Udovic. 1977. A mathematical model of
coevolving populations. Amer. Natur. 111 : 657-675.

Levins, R. 1968. Evolution in changing environments. Princeton
Univ. Press, Princeton, N.J. 120 pp.

Linhart, Y.B. 1974, Intra-population differentiation in annual
plants: I. Veronica peregrina L. raised under non-
competitive conditions. Evolution 28 : 232-243.




240

Lovett Doust, L. 1981. Intraclonal variation and competition 1in
Ranunculus repens. New Phytol. 89 : 495-502.

MacArthur, R. 1968. The theory of the niche. In, Lewontin, R.C.
(ed.), Population biology and evolution. Syracuse Univ.
Press. Syracuse, N.J. pp. 195-276.

MacArthur, R.H. 1972. Geographical ecology: patterns in the
distribution of species. Harper & Row, N.Y,.

MacArthur, R.H. and R. Levins. 1967. The limiting similarity,
convergence and divergence of coexisting species. Amer.
Natur. 101 : 377-385.

MacArthur, R.H. and E.O. Wilson. 1967. The theory of island
biogeography. Princeton, Univ, Press. Princeton, N.J.

- Mack, R.N. and J.L. Harper. 1977. Interference in dune annuals:
spatial pattern and neighbourhood effects. J. Ecol. 65 :
345-363.

MacMahon, J.A., D.L. Phillips, J.V. Robinson, and D.J. Schimpf.
1978. Levels of biological organization: an organism-
centered approach. Bioscience 28 : 700-704.

MacMahon, J.A., D.J. Schimpf, D.C. Anderson, K.G. Smith, and
R.L. Bayn, Jr.. 1981. An organism-centered approach to some
community and ecosystem concepts. J. Theor. Biol. 88 : 287-
307.

Marshall, J.K. 1967. The effect of shelter on the productivity
of grasslands and field crops. Field Crop Abstr. 20 : 1-16.

Martin, M.M. and J. Harding. 1981. Evidence for the evolution of
competition between two species of annual plants. Evolution
35 : 975-987.

: Mather;?3K:‘“19é1; CdmpetitiOn‘ahd co-opérétioh}AIn, Milthorpe; °
F.L. (ed.), Mechanisms in biological competition. Symp.
.Soc... Exp. Biol. 15 :..264-281.-. S R St

Mather, K. and P, Cooke. 1962. Differences in competitive
ability between genotypes of Drosophila . Heredity 17 :
381-407.

McNaughton, §.J. and L.L. Wolf. 1979. General ecology, 2nd ed.
Holt, Rinehart & Winston, N.Y. 702 pp.

Menge, B.A. 1979. Coexistence between the seastars Asterias
vulgaris and A. forbesi in a heterogeneous environment: a
non-equilibrium explanation. Oecologia 41 : 245-272.

Miller, R.S. 1967. Pattern and process 1in competition., Adv.
Ecol. Res. 4 : 1-81.

Miller, R.S. 1969. Competiton and species diversity. 1In,



241

Diversity and stabilty in ecological systems. Brookhaven
Symp. Biol. 22 : 63-70.

Milne, A. 1961, Definition of competition among animals. In,
Milthorpe, F.L. (ed.). Mechanisms of biological
competition. Symp. Soc. Exp. Biol. XV. University Press,
Cambridge. pp. 40-61.

Monsi, M., Z. Uchijima and T. Oikawa. 1973. Structure of foliage
and photosynthesis. Ann. Rev. Ecol. Syst. 4 : 301-328.

Moore, J.A. 1952, Competition between Drosophila melanogaster
and Drosophila simulans . II. The improvement of
competitive ability through selection. Proc. Nat. Acad.
Sci. U.S.A. 38 : 381-407.

Murdoch, W.W. 1966. "Community structure, population control,
and competition" - a critique. Amer. Natur. 100 : 219-226.

Myers, W.M. and R.J. Garber. 1942, The evaluation of individual
plants of pasture grasses in association with white clover.
J. Amer. Soc. Agron. 34 : 7-15.

Newman, E.I. 1982. Niche separation and species diversity in
terrestrial vegetation. In Newman, E.I. (ed.). The plant
community as a working mechanism. Spec. Publ., No. 1, Brit.
Ecol. Soc., Blackwell Scientific Publ., Oxford. pp. 61-77.

Norrington-Davies, J. 1967. Application of-diallel analysis to
experiments in plant competition. Euphytica 16 : 391-406.

Norrington-Davies, J. 1968. Diallel analysis of competition
between grass species. J. Agric. Sci. Camb. 71 : 223-231.

Odum, E.P. 1971. Fundamentals of ecology, 3rd ed. W.B. Saunders,
Phil. 524 pp.

" orians, ‘G.H. 1975. Diversity, stability ahd'matﬁfity”in;'natura1~"“
: ecosystems. In, van Dobben, W.H. and R.H. Lowe-McConnell.
(eds:). Unifying concepts. in “ecology. Junk, The Hague. . .

Orloci, L. 1978. Multivariate analysis in vegetation research,
2nd ed. Junk, The Hague.

Park, T. 1948. Experimental studies of interspecies competition.
I. Competition between populations of the flour beetles
Tribolium confusum Duval and Tribolium castaneum Herbst.
Ecol. Monographs 18 :265-308.

Park, T. 1954. Experimental studies of interspecies competition.
I1. Temperature, humidity and competition in two species of
Tribolium. Physiol. Zool. 27 : 177-238.

Parrish, J.A.D. and F.A, Bazzaz. 1976. Underground niche
separation in successional plants. Ecology 57 : 1281-1288.



242

Parrish, J.A.D. and F.A. Bazzaz. 1978. Pollination niche

separation in a winter annual community. Oecologia 35 :
133-140.

Parrish, J.A.D. and F.A. Bazzaz. 1979. Difference in pollination
niche relationships in early and 1late successional plant
communities. Ecology 60 : 587-610.

Parrish, J.A.D. and F.A. Bazzaz 1982a. Competitive interactions
in plant communities of different successional ages.
Ecology 63 : 314-320.

Parrish, J.A.D. and F.A. Bazzaz. 1982b. Responses of plants from
three successional communities to a nutrient gradient. J.
Ecol. 70 : 233-248.

Peet, R.K. 1974. The measurement of species diversity. Ann. Rev.
Ecol. Syst. 5 : 285-307.

Philips, J.D. and R.K. Pfeiffer. 1958. Proc. 4th Br. Weed
Control Conf. p.15.

Pianka, E.R. 1974. Niche overlap and diffuse competition. Proc.
Natl. Acad. Sci. 71 : 2141-2145.

Pianka, E.R. 1976. Competition and niche theory. In, May, R.M.
(ed.). Theoretical ecology: principles and applications.
Blackwell Scientific Publ. Oxford. pp. 114-141,

Pianka, E.R. 1979. Evolutionary ecology, 2nd ed. Harper & Row,
N.Y. 397 pp.

Pickett, S.T.A. 1980. Non-equilibrium coexistence of plants.
Bull. Torr. Bot. Club 107 : 238-248.

Pickett, S.T.A. and F.A. Bazzaz. 1976. Divergence of two co-

~occurring succe551onal annuals on a 5011 m01sture gradlent o

Ecology 57 : 169-176.

‘Pickett, - S.T:A. and F.A. -  Bazzaz. 1978. Organization of an
assemblage of early succe551onal species on a soil moisture
gradient. Ecology 59 : 1248-1255,

Pigott, C.D.

8982. The experimental study of vegetation. New
Phytol. 90

1

90 : 389-404.

Pimentel, D. 1961. Species diversity and insect population
outbreaks. Ann., Entomol. Soc. Amer. 54 : 76-86.

Pimentel, D. 1968. Population regulation and genetic feedback.
Science 159 :1432-1437.

Pimentel, D., W.P. Nagel, and J.L. Madden. 1963. Space-time
structure of the environment and the survival of parasite-
host systems. Amer. Natur. 97 :141-167.



243

Pimentel, D., E.H. Feinburg, P.W. Wood, and J.T. Hayes. 1965.
Selection, spatial distribution and the coexistence of
competing fly species. Amer. Natur. 99 : 97-109.

Pinder, J.E. 1975. Effects of species removal on an old-field
plant community. Ecology 56 : 747-751,

Platt, W.J. and I.M. Weis. 1977. Resource partitioning and
competition within a gquild of fugitive prairie plants.
Amer. Natur. 111 : 479-513.

Putwain, P.D. and J.L. Harper. 1970. Studies in the dynamics of

' plant populations. III. The influence of associated species
on populations of Rumex acetosa L. and R. acetosella L. in
grassland. J. Ecol. 58 : 251-264.

Raven, P.H. 1976. Systematics and plant population biology.
Syst. Bot. 1 : 284-317.

Reader, R.J. 1975. Competitive relationships of some bog ericads
for major insect pollinators. Can. J. Bot. 53 : 1300-1305.

Rice, E.L. 1974. Allelopathy. Academic Press, N.Y,.
Ricklefs, R.E. 1979. Ecology, 2nd ed. Chiron Press. N.Y. 966 pp.

Risser, P.G. 1969. Competitive relationships among herbaceous
grassland plants. Bot. Rev. 35 : 251-284.

Robson, A.D. and J.F. Loneragan. 1978. Response of pasture
plants to soil chemical factors other than nitrogen and
phosphorus, with particular emphasis on the legume
symbiosis. In, Wilson, J.R. Plant relations in pastures.
CSIRO, East Melbourne, Australia. pp. 128-142,

Rosenzweig, M.L. 1973. Evolution of the predator 1isocline.
Evolutlon 27 :_84f94. ' '

Roughgarden "1976. Resource: partltlonlng amoﬁg competing

' -species: a coevolutlonary approach. Theor. Pop. Biol. 9. :
388-424,

Roughgarden, J. 1979. Theory of population genetics and
evolutionary ecology: An introduction. MacMillan, N.Y. 634
pPpP.

Rousvoal, D. and A. Gallais. 1973. Comportement en association
b1na1re de cing especes d'une prairie permanente. Oecol,
Plant. 8 : 279 300.

Roy, S.K. 1960. Interaction between rice varieties., J. Genet.
57 ¢ 137-152.

Sagar, G.R. and J.L. Harper. 1961. Controlled interference with
natural populations of Plantago lanceolata, P. major and P.
media. Weed Res. 1 : 163-176.




244

Sagar, G.R. 1959, The biology of some sympatric species of
grassland. Ph.D. Thesis, University of Oxford.

Sakai, K-I. 1961. Competitive ability in plants: its inheritance
and some related problems. Symp. Soc. Exp. Biol. 15 : 245-
263.

Sakai, K-I. and K. Gotoh. 1955. Studies on competiton in plants.
IV. Competitive ability of F1 hybrids in barley. J. Hered.
46 : 139-143.

Sanders, H.L. 1968. Marine benthic diversity: a comparative
study. Amer. Natur. 102 : 243-282,

Sandfaer, J. 1968. 1Induced sterility as a factor in the
competition between barley varieties. Nature 218 : 241-243,

Sandfaer, J. 1970a. Barley stripe mosaic virus as the cause of
the sterility interaction between barley varieties.
Hereditas 64 : 150-152.

Séndfaer, J. 1970b. An analysis of the competition between some
barley varieties. Danish Atomic Energy Commission, Riso
Report 230 , Rosskilde.

Saulei, S.M. 1981, Neighbour relations among species and their
effects on vegetation dynamics and gap exploitation 1in
three abandoned fields of different seral stages. M.Sc.
Thesis. Dept. of Biology, University of Waterloo, Waterloo,
Ontario.

Schoener, T.W. 1974. Resource partitioning in ecological
communities. Science 185 : 27-39.

Seaton, A.J.P. and J. Antonovics, 1967. Population
interrelationships. 1. Evolution in mixtures of Drosophila
~mutants. Heredity 22 : 19-33.

Sheikh, - K.H. and A.J.  Rutter. 1969. The responses of Molinia
caerulea and Erica tetralix 'to soil aeration and  related
factors. I. Root distribution in relation to soil porosity.
J. Ecol. 56 : 713-726.

Sheppard, P.M, 1975. Natural selection and heredity, 4th ed.
Hutchinson & Co. London. 239 pp.

Silvertown, J.W. 1981, Micro-spatial heterogeneity and seedling
demography in species-rich grassland. New Phytol. 88 : 117~
1280

Slobodkin, L.B. 1961. Growth and regulation of animal
populations. Holt, Rinehart & Winston, N.Y. 120 pp.

Sloboldkin, L.B. 1968. Toward a predictive theory of evolution.
In, Lewontin, R.C. (ed.), Population biology and evolution.
Syracuse Univ. Press, N.Y. pp. 187-205.



245

Snaydon, R.W. 1970. Rapid population differentiation in a mosaic
environment. I. The response of Anthoxanthum odoratum
populations to soils. Evolution 24 : 257-269.

Snaydon, R.W. 1971, An analysis of competition between. plants of
Trifolium repens L. populations collected from contrasting
soils. J. Appl. Ecol. 8 : 687-697.

Snaydon, R.W. 1978. Genetic changes in pasture populations. In,
Wilson, J.R. (ed.). Plant relations in pastures. CSIRO,
East Melbourne, Australia. pp. 253-269.

Snaydon, R.W. and M.S. Davies. 1972. Rapid population
differentiation in a mosaic environment. II. Morphological
variation in Anthoxanthum odoratum. Evolution 26 : 390-405.

Snaydon, R.W. and T.M. Davies. 1982. Rapid divergence of plant
populations 1in response to recent changes in soil
conditions. Evolution 36 : 289-297,.

Sokal, R.R., E.H. Bryant and D. Wool. 1970. Selection for
changes in genetic facilitation: negative results in
Tribolium and Musca. Heredity 25 : 299-306.

" Solbrig, O.T. 1976. On the relative advantages of cross- and
self- fertilization. Ann. Miss. Bot. Gdn. 63 : 262-276.

Solbrig, 0.T. 1980. The genetic structure of plant populations.
In, Solbrig, 0.T. (ed.), Demography and evolution in plant
populations. Univ. Calif. Press. Berkeley. pp. 49-65.

Solbrig, O.T. and B.B. Simpson. 1974. Components of regulation
of a population of dandelions in Michigan. J. Ecol. 62 :
473-486.

Story, R. 1967. Pasture patterns and associated soil water in
partlally cleared woodland _Aust. J Bot 15 ¢ 175—187

A Stowe,- L. G. and M J Wade. 1979 The detectlon of small scale~d.
- patterns in wvegetation. J. Ecol.-67.: 1047-1064. -

Sulzbach, D.S. 1980. Selection for competitive ability: negative
results in Drosophila. Evolution 34 : 431-436.

Teramura, A.H. and B.R. Strain. 1979. Localized populational
differences 1in the photosynthetic response to temperature
and irradiance in Plantago lanceolata . Can. J. Bot. 57 :
2559-2563.

Thomson, J.D. 1978. Effects of stand composition on insect
visitation in two-species mixtures of Hieracium. Am. Midl.
Nat. 100 : 431-440.

Thomson, J.D. 1980. Implications of different sorts of evidence
for competition. Amer. Natur. 116 : 719-726.



246

Thurston, J.M. 1969. The effect of liming and fertilizers on the
botanical composition of permanent grassland, and on the
yield of hay. In, Rorison, I.H (ed.), Ecological aspects of
the mineral nutrition of plants. Symp. British Ecol. Soc. 9
¢ 3-10.

Tilman, D. 1977. Resource competition between planktonic algae:
an experimental and theoretical approach. Ecology 58 : 338-
348.

Tinnin, R.0. 1972. Interference or competition? Amer. Natur.
106 : 672-675,

Trenbath, B.R. 1975. Neighbour effects in the genus Avena. III.
A diallel approach. J. Appl. Ecol. 12 : 189-200.

Trenbath, B.R. 1976. Plant interactions in mixed crop
communities. In, Multiple cropping. A.S.A. special
publication, No. 27. pp. 129-169.

Trenbath, B.R. 1978. Models and the interpretation of mixture
experiments. In, Wilson, J.R. (ed.). Plant relations in
pastures. CSIRO. E. Melbourne, Australia. pp. 145-162.

Trenbath, B.R. and J.L. Harper. 1973. Neighbour effects 1in the

genus Avena. 1. Comparison of crop species. J. Appl. Ecol.
10 : 379-400. »

Tukey, H.B. Jr. 1970. The leaching of substances from plants.
Ann. Rev. Plant Physiol., 21 : 305-324.

Turesson, G. 1922. The genotypic response of the plant species
to the habitat. Hereditas 3 : 211-350.

Turkington, R. 1975, Relationships between neighbours among
' species of permanent grassland (especially Trifolium repens
L ) Ph D The51s, Un1v. Coll North Wales,_Bangor

Turklngton R., and Jd. L Harper 1979a. The growth dlstrlbutlon
' " -~.and neighbour relationships - of Trifolium: repens ~in . a
permanent pasture. I. Ordination, pattern and contact. J.
Ecol. 67 : 201-218.

Turkington, R., and J.L. Harper. 1979b. The growth, distribution
and neighbour relationships of Trifolium repens 1in a
permanent pasture., II. Inter- and intras-specific contact.
J. BEcol. 67 : 219-230.

Turkington, R., and J.L. Harper. 1979c. The growth, distribution
and neighbour relationships of Trifolium repens 1in a
permanent pasture. IV, Fine-scale biotic differentiation.
J. Ecol. 67 : 245-254,

Turkington, R., P.B. Cavers, and L.W. Aarssen. 1977. Neighbour
relationships in grass-legume communities. I. Interspecific
contacts in four grassland communities near London,



247

Ontario. Can. J. Bot. 55 : 2701-2711.,

Turkington, R., M.A. Cahn, A. Vardy and J.L. Harper. 1979. The
growth, distribution and neighbour relationships  of
Trifolium repens in a permanent pasture. J. Ecol. 67 : 231-
243,

Vallis, I. 1978. Nitrogen relationships in grass/legume
mixtures. In, Wilson, J.R.  (ed.). Plant relations in
pastures. CSIRO, East Melbourne, Australia. pp. 190-201.

Vandermeer, J.H. 1972, Niche theory. Ann. Rev. Ecol. Syst. 3 :
107-132. '

Walker, J., R.M. Moore, and J.A. Robertson. 1872. Herbage
response to tree and shrub thinning in Eucalyptus populnea
shrub woodlands. Aust. J. Agric. Res. 23 : 405-410.

Warwick, S.I. 1980. The genecology of lawn weeds. VII. the
response of different growth forms of Plantago major L. and
Poa annua L. to simulated trampling. New Phytol. 85 : 461-
469,

Waser, N.M. 1978. Competition for pollination and sequential
flowering of two Colorado wildflowers. Ecology 59 : 934-
944,

Watkin, B.R. and R.J. Clements. 1978. The effects of grazing
animals on pastures. In, Wilson, J.R. (ed.). Plant
relations in pastures. CSIRO, East Melbourne, Australia,
pp. 273-289.

Watson, P.J. 1969. Evolution in <closely adjacent plant
populations. VI. An entomophilous species, Potentilla
erecta, in two contrasting habitats. Heredity 24 : 407-422.

Watt, A.S. 1955. Bracken versus heather: é‘:study in plant

 sociology. J. Ecol. 43 : 490-506.

‘Webb, L:J., J.G. Tracey,. and K.P. Haydock. 1967. A factor toxic
to seedlings of the 'same species associated with living
roots of the non-gregarious subtropical rain forest tree
Grevillea robusta . J. Appl. Ecol. 4 : 13-25.

Werner, P.A. 1979. Competition and coexistence of similar
species. In, Solbrig, O0.T., S. Jain, G.B. Johnson, and P.H.
Raven. (eds.). Topics in plant population biology. Columbia
Univ. Press, N.Y. pp. 287-310.

Werner, P.A. and W.J. Platt. 1976. Ecological relationships of
co-occurring goldenrods ( Solidago : Compositae). Amer.
Natur. 110 : 959-971,

Whittaker, R.H. 1975. Communities and ecosystems, 2nd ed.
MacMillan, N.Y. 385 pp.



248

Whittaker, R.H. and S.A. Levin. (eds.). 1975. Niche: theory and
application. Benchmark papers in ecology, vol. 3. Dowden,
Hutchinson & Ross Stroudsburg, Penn.

Whittaker, R.H. and G.M. Woodwell. 1971, Evolution of natural
communities. In, J.A. Wiens (ed.). Ecosystem structure and
Function. Proc. 31st Ann. Biol. Coll., Oregon State Univ,.
Press. pp. 137-159,

Whittaker, R.H., S.A. Levin, and R.B. Root. 1973. Niche, habitat
and ecotope. Amer. Natur. 107 : 321-338.

Wickler, W. 1968. Mimicry in plants and animals. Weidenfeld and
Nicolson, London. 153 pp.

Wieland, N.K. and F.A. Bazzaz. 1975. Physiological ecology of
three codominant successional annuals. Ecology 56 : 681-
688.

. 1977. On competition and variable environments. Am.
5 : 590-597.

Wiens, J.A
Sci. 6

Willis, A.J. 1963. Braunton Burrows: the effects on the
vegetation of the addition of mineral nutrients to the dune
soils. J. Ecol. 51 : 353-374.

Willson, M.F. 1973. Evolutionary ecology of plants. A review.
Part IV. Niches and competition. The Biologist 55 : 74-82.

Wilson, D.S. 1976. Evolution on the level of communties. Science
192 : 1358-1360.

Wilson, D.S. 1980. The . natural selection of populations and
communities. Benjamin/Cummings, Menlo Park, Calif. 186 pp.

Wilson, J.K. 1942, The loss of nodules from legume roots and 1ts
51gn1f1cance. J Amer. Soc. Agrom. 34(; 460 471

de Wit, C.T. 1960 On competlton. - Versl. Landbouwk Oddéf;, ‘

66 : 1-82.

de Wit, C.T. 1961. Space relationships within populations of one
or more species. Symp. Soc. Exp. Biol. 15 : 314-329,

de Wit, C.T. 1970. On the modelling of competitive phenomena.
Proc. Adv. Study Inst., Dynamics Numbers Popul. (Oosterbeek,
1970). pp. 269-281.

de Wit, ¢€.T., P.G. Tow, and G.C. Ennik. 1966. Competition
between legumes and grasses. Agric. Res. Rep. Wageningen
687 : 1-30.

Yarranton, G.A. 1966. A plotless method of sampling vegetation.
J. Ecol. 54 : 229-237.

- Yeaton, R.I., J. Travis and E. Gilinsky. 1977. Competition and



249

spacing in plant communities: the Arizona upland
association. J. Ecol. 65 : 587-595,



