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Summary

0 Designs for greenhouse studies of interactions between plants are reviewed and
recommendations for their use are provided[
1 Papers published over a 09!year period showed the replacement series design to be
the most popular\ especially in studying cropÐweed interactions[ Fifty per cent of the
studies involved only two species\ although studies testing the interaction between
di}erent genotypes of only a few species were also popular[
2 Limitations imposed by the choice of design\ the variables measured\ and the
analysis used on the range of inferences that may be validly drawn from the experiment
are frequently not well understood or appropriate for the questions that appear to be
addressed[ One example is the failure to distinguish the outcome of competition "the
long!term outcome of interaction# and the e}ects of species on each other[
3 Studies in which only _nal yield is measured are severely limited as to the inferences
which may be drawn[ E}ects due to interspeci_c interaction during the course of the
experiment cannot then be separated from pre!existing di}erences\ and interpretation
may be biased towards species whose individuals were initially larger[ In addition\
measurements at several times are necessary to understand the changing dynamics of
species interaction[
4 Simple pair!wise mixtures can assess the e}ect of treatment factors on the outcome
of competition[ Replacement series and related diallel designs generally produce
results that may be size!biased even when initial interspeci_c di}erences are known[
Additive designs "including targetÐneighbour designs#\ despite confounding density
with species proportions\ o}er considerable scope for addressing mechanistic ques!
tions about interspeci_c interactions[ Designs that allow response surface analysis can
avoid many of the problems inherent in the other methods\ but all need to be adjusted
for initial interspeci_c di}erences[ Designs for multiple species experiments are still
largely untested\ although several designs have been used[ At the level of the individual
plant\ hexagonal fan designs permit study of the e}ects of varying the spatial pattern\
and the densities and the relative proportions of interacting species\ but su}er from
lack of independence and lack of randomization[

Keywords] additive\ competition\ competitive hierarchy\ diallel\ experimental design\
hexagonal fans\ interspeci_c interaction\ replacement series\ response surface\ size!
bias\ targetÐneighbour design
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Introduction

The importance of interactions between plants in
determining the structure and dynamics of plant com!

munities is widely recognized "e[g[ Grime 0868^
Aarssen 0872^ Tilman 0877^ Keddy 0878^ Grace +
Tilman 0889#[ However\ demonstrating the e}ects of
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these interactions in the _eld has often proved di.cult
"e[g[ Strong et al[ 0873^ Connell 0889# so attention has
tended to focus on studies of arti_cial communities
growing in the greenhouse and in the _eld[ While
studies of plant interactions in natural and semi!natu!
ral communities have been the subject of several com!
prehensive reviews "Connell 0872^ Schoener 0872^
Underwood 0875^ Aarssen + Epp 0889^ Goldberg +
Barton 0881^ Goldberg + Scheiner 0882#\ greenhouse
experiments have not been similarly reviewed\
although the di}erent approaches used have been
described both in general terms "Harper 0866^ Silver!
town + Lovett Doust 0882# and for particular appli!
cations "Dekker et al[ 0872^ Radosevich 0876^ Wei!
denhamer et al[ 0878^ Weidenhamer 0885#[ Statistical
issues and questions have also been raised about the
logical validity of some of the di}erent designs as they
are commonly used "e[g[ Inouye + Scha}er 0870^
Jolli}e et al[ 0873^ Connolly 0875\ 0886^ Rejma�nek
et al[ 0878^ Roush et al[ 0878^ Firbank + Watkinson
0889^ Snaydon 0880#[

Having surveyed appropriate journals published
over a 09!year period for such experiments\ we
assessed the methodology "in particular the main
experimental designs that have been used in studying
plantÐplant interactions under greenhouse con!
ditions# and have made some recommendations for
future practice[

Why study interactions of arti_cial communities

in the greenhouse<

The complexity of natural plant communities imposes
logistic and analytical constraints on studying plant
interactions[ For example\ large numbers of species
may be present\ both environmental factors and spec!
ies abundance show heterogeneity in time and space\
and the size and age of the plants present will vary[ By
contrast\ specially created arti_cial plant communities
consisting of a few species\ perhaps arranged in a
particular pattern\ with the plants of a speci_ed age or
ontogenetic stage\ and with environmental conditions
quite uniform and carefully controlled\ can be used
to examine inter! and intraspeci_c interactions more
precisely[ Further advantages of such controlled con!
ditions are that the e}ects of other factors "e[g[ soil
fertility\ pathogens and herbivory# can be more read!
ily evaluated "Keddy 0878#\ and that such studies
enable mechanistic interpretation rather than simple
phenomenological observation "Tilman 0876^ Stiling
0881#[

The high degree of experimental control\ repeat!
ability\ precision and amenability to rigorous stat!
istical design make the use of arti_cial communities
and greenhouse experiments appealing "de Wit 0859^
Harper 0872^ Hairston 0878#\ although others "e[g[
Diamond 0875# have stressed the undoubted limi!
tations[ In particular\ the lack of realism restricts the
ability to apply the results of such experiments to

complex natural communities] long!term greenhouse
experiments with perennial plants can be especially
unrealistic due to the in~exible restriction of rooting
volume[ However\ such studies do allow the sep!
aration of di}erent components of species interaction\
such as e}ect and response "sensu Goldberg 0889#\
and determination of relative e.ciency "Connolly
et al[ 0889#[ In addition\ the mechanisms of inter!
action "e[g[ through root and shoot capture of
resources# are more amenable to study under con!
trolled conditions[ Despite the limitations\ unless
plant interactions can be demonstrated under green!
house conditions they are unlikely to be of importance
in natural communities[

Framework for the review

We are conscious that several aspects of the method!
ology used in the study of plant interactions have
engendered heated debate[ Replacement series "RS#
or substitutive designs "de Wit 0859#\ in which one
species gradually replaces another in a mixture at
constant overall density\ have been much used but no
consensus has emerged since the breakdown in gen!
eral acceptance of this design[ In our opinion the
limitations of other approaches have been glossed
over and\ in general\ there has been an inadequate
appreciation of the limited nature of inferences that
can be drawn from several such techniques that have
been widely used[ We do not presume to o}er a res!
olution of all issues in this review[ Indeed\ we do not
believe that there is currently available in the literature
a full context for the resolution of the di.culties posed
by the study of plantÐplant interaction\ but we hope
that\ by adopting a critical review of some of the
issues\ we will help to clear a path towards such a
resolution[ While agreeing with Cousens "0885# that
{it is illogical to condemn a group of experimental
treatments for all purposes simply because of the ways
in which some experimenters choose to interpret the
results|\ we consider that a critical analysis of methods
is essential if such misuse is widespread and if the area
appears beset by deep confusion[

Strictly speaking\ an interaction between two
plants is any association between plants in a mixture
that a}ects the net reproductive rate "Ro# of the com!
ponent species "Silvertown + Lovett Doust 0882#[
However\ this de_nition may be too restrictive in
practice as in many studies Ro is not measured and
inferences are made on the basis of vegetative charac!
ters "Jolli}e et al[ 0873^ although see Benner + Bazzaz
0876^ Law + Watkinson 0876#[ We therefore use the
term in the broader sense of any e}ect one species has
on another[ There are many forms of interaction and
many terms are used to specify particular facets of
interaction "e[g[ competitive ability\ suppression\
enhancement\ intensity and importance of compe!
tition#\ and many analyses:indices have been pro!
posed to provide a quantitative measure of them[
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Rather than a detailed review of de_nitions and
methods\ we wish to provide a more narrowly focused
critique of current experimental practice with a view
to demonstrating some important limitations and
providing some pointers as to how they may be
avoided[ We regard this as a necessary starting point
in creating a framework for studies of plantÐplant
interactions within which the de_nitions of di}erent
forms of interaction and the methods used to measure
them will be free of the di.culties that are outlined
below[

Although there may not currently be general agree!
ment in the literature on the following key concepts\
we feel that they contribute substantially to the cre!
ation of a valid framework for studies on interspeci_c
interaction[ Some of these points cause fundamental
di.culties for particular approaches\ while others
merely limit the range of inferences that may be drawn
from certain studies[

Distinction between {outcome of competition| and
{effects of species on each other|

We deal with two main aspects of interspeci_c inter!
action[ {Outcome of competition| refers to the relative
long!term success of species\ i[e[ the end point for the
community in terms of its composition and we are
concerned with what indications short!term experi!
ments can give about this[ {E}ects of species on each
other| refers to the impact of each species on the other
"Goldberg + Werner 0872^ Goldberg 0889# and may
be an important part of the process that determines
the end point\ but is distinct from it[ So while these
two aspects of interaction may often be related\ they
are not equivalent\ and their study may require
di}erent techniques[ We believe that they are regu!
larly confounded in current practice[

Since competitive exclusion rarely occurs in short!
term experiments\ the primary indicator available\
however inadequate it may be\ of long!term prospects
is increased dominance of a species in a mixture\ i[e[
greater gain in terms of greater output per unit input[
Although an estimate of this may be made from a
single mixture\ assessment of the e}ects of species on
each other generally requires the inclusion of a range
of mixtures and:or monocultures in the design[

Many experiments use methods and indices "e[g[
relative crowding coe.cients\ coe.cients of aggress!
ivity\ relative yield total# that purport to re~ect the
outcome of competition "Keddy + Shipley 0878# but
actually address the questions of e}ects of species on
each other or an amalgam of both[ Furthermore\ the
indices and analytical methods used are generally sus!
ceptible to bias because they ignore initial di}erences
between components\ and therefore tend to favour
larger individuals "Connolly 0875^ Grace et al[
0882#[

The role of time\ initial conditions and plant size:life
history

Analysis on the basis of _nal yield alone may be
misleading\ as although _nal yield represents a sum!
mation of the e}ects of plant interaction over the
course of the experiment\ it may also partly re~ect
initial di}erences[ Initial size di}erences must be dis!
counted to assess plant interactions adequately over
the experimental period and make the comparison
fair to both species[ The _nal per unit size of a species
will depend on both initial size and interspeci_c inter!
actions "e[g[ by an asymmetric e}ect such as increas!
ing its shading impact more than pro rata to its size#[
These e}ects can be included as part of the expla!
nation of subsequent performance "e[g[ Connolly +
Wayne 0885#[ This double role and use of initial size
allows the experimenter to deal with situations where
species ontogeny\ other life!history traits\ or direct
experimental manipulation "e[g[ of sowing date# lead
to considerable di}erences in size between species at
the commencement of the experiment[ The sole use of
_nal yield will also miss dynamic changes in species
interaction "e[g[ Connolly et al[ 0889^ Turkington +
Jolli}e 0885# and is possibly the single most neglected
and important issue in current practice[

The dif_culty with density

Many experimental designs "e[g[ including most RS
designs or some additive designs# equate species on
the basis of their numbers[ However\ simple equiv!
alence on the basis of density can introduce size bias
"Connolly 0875\ 0886^ Silvertown + Dale 0880^ Grace
et al[ 0882# and thus distort an assessment of inter!
speci_c relations "e[g[ Connolly 0875^ Snaydon 0880#[
Snaydon "0880# gives the extreme example of the non!
sense of equating densities of oak trees and daisy
plants[ Size di}erences may of course re~ect life!his!
tory traits or natural conditions\ and\ where present\
must therefore be allowed for\ for example in the
double way suggested in the section above[

Competition and single mixtures

Most assessments of interspeci_c interactions have
used a single mixture "usually 49]49# in addition to
the relevant monoculture"s#[ Data from additional
mixtures or monocultures may be useful if they allow
generalizations "since interaction may depend on the
proportions and densities of the components# and
will increase the precision of estimation of what is
observable in the single mixture[ However\ a problem
arises when such extra data contradict the _ndings
obtained for a particular mixture "e[g[ Benner + Baz!
zaz 0876^ an example in Connolly 0886#[ In other
words\ because of the issues of size and density equiv!
alence raised in the second and third sections above\
a monoculture may not always be the appropriate
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reference point for assessing the interactions in a par!
ticular mixture[

Limitations on inferences "logical limitations vs[
misuse#

There are very few useless experiments "Cousens
0885#[ However\ the inferences that can be validly
drawn from a particular experiment depend on the
design used\ the measurements taken and the analysis
of the data[ If these logical limitations to inference
are not fully appreciated\ e[g[ the second and third
sections above\ then biased assessments will result[
We distinguish these logical limitations\ which lead to
pushing the inferences beyond what the design and
measurements would support\ from inappropriate
interpretation resulting from faults with the design
per se "i[e[ misuse# "Cousens 0885#[

Predictive power

Most studies of interspeci_c interactions are short!
term\ frequently lasting less than a year\ often mea!
suring only vegetative growth rather than repro!
ductive success\ and based on one phase of the life!
history of species\ whilst largely ignoring the rest[ We
must not expect too much predictive power from such
experiments\ unless we are convinced that the phase
being tested is critically important "e[g[ vegetative
biomass can be used as a measure of _tness in many
annual plants^ Goldberg + Fleetwood 0876#[ They
will usually supply no more than indicators to the
answers required by ecologists\ although they may be
of more direct use to the interests of agronomists "e[g[
Shre~er et al[ 0883#[

Our discussion develops analyses of the relation!
ships between "i# questions that appear to be asked in
studies of interspeci_c interaction\ "ii# variables that
are measured\ and "iii# the designs used\ with a view
to identifying the range and limits of questions that
can be validly addressed using particular com!
binations of design and variables measured "J[
Connolly\ P[ Wayne + F[ A[ Bazzaz\ unpublished
data#[ J[ Connolly et al[ concluded that the omission
of initial information severely limits the inferences
that can be drawn using several of the most common
designs[ In the case of RS\ even with the provision of
this initial information the range of inference is still
quite limited\ and in other designs the comparison of
species may remain problematic[ J[ Connolly et al[
also draw attention to the distinction between the
outcome of competition and the e}ects of species on
each other "see the _rst section above# as an issue that
has led to confusion in interpretation of studies on
species interaction[

Literature survey

We surveyed studies published during 0873Ð82\ in
00 journals "American Journal of Botany\ American

Midland Naturalist\ American Naturalist\ Canadian
Journal of Botany\ Ecolo`y\ Ecolo`ical Mono`raphs\
Oikos\ Journal of Applied Ecolo`y\ Journal of Ecolo`y\
Journal of Ve`etation Science and Weed Science#[
Although the last paper in our survey was from 0882\
we believe that the _ndings are still relevant at the
time of the _nal revision to this paper[ Ninety!nine
studies contained a total of 096 experiments on plantÐ
plant interactions conducted in a greenhouse "the
citations and designs used in these studies can be
found in The Journal of Ecolo`y|s archive on the
World Wide Web "WWW#] see recent issue for
address[ The studies selected were limited to those
with interspeci_c mixtures\ except that intraspeci_c
mixtures were also included when di}erent genotypes\
varieties or maternal lines were investigated[ For each
study\ the following information was noted] exper!
imental design\ number of species studied\ and ident!
ity and number of experimental treatments[

Most of the 096 experiments "24)# used RS
designs\ with two other designs "additive and simple
pair!wise\ see later# accounting for most of the rest
"15) and 11)\ respectively\ Table 0#[ Clearly\ RS
has been the most widely used design in agricultural
studies or investigations of cropÐweed interactions[
Weed Science "17)# and Journal of Ecolo`y "19)#
were the most commonly used journals\ with an
additional 12) of the studies reported in Journal of
Applied Ecolo`y or Ecolo`y[

Fifty per cent of the studies surveyed examined
interactions in mixtures involving only two species
"Table 1# and fewer studies were encountered as the
number of species tested increased[ Only two studies
in our survey examined seven species "Rabinowitz
et al[ 0873^ Goldberg + Landa 0880# and multi!species
designs "by de_nition# regularly studied three or more
species "six in two studies] Austin et al[ 0874^ Tho�r!
hallsdo�ttir 0889#[ One study used three species\ each
of 09 genotypes\ in all possible two!genotype pairs
according to a diallel design "Taylor + Aarssen 0889#[
Gaudet + Keddy "0877# used a modi_ed additive
design to measure the relative competitive ability of
33 herbaceous plant species\ but this ambitious study
was not included in our survey[ Twenty general topics
were addressed in the 096 experiments "Table 2#[
CropÐweed interaction was the most frequent "10
studies#\ with interactions between or among geno!
types\ and e}ects of soils and nutrients\ also common[

Types of design

The experimental designs that have been used in stud!
ies of plant interactions have been classi_ed in various
ways "e[g[ Harper 0866^ Dekker et al[ 0872^ Rado!
sevich 0876^ Austin et al[ 0877^ Rejma�nek et al[ 0878^
Firbank + Watkinson 0889^ Snaydon 0880^ Silver!
town + Lovett Doust 0882#[ Despite the use of di}er!
ent terms\ three main types of design are commonly
recognized] simple pair!wise "SP#\ additive "AD# and
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Table 0 Number of greenhouse experiments of plant interactions published in 88 studies in 00 leading journals from 0873 to
0882[ AMN\ American Midland Naturalist^ AN\ American Naturalist^ AJB\ American Journal of Botany^ CJB\ Canadian Journal
of Botany^ Ecol\ Ecolo`y^ EM\ Ecolo`ical Mono`raphs^ JAE\ Journal of Applied Ecolo`y^ JE\ Journal of Ecolo`y^ JVS\ Journal
of Ve`etation Science^ Wsci\ Weed Science

Design AMN AN AJB CJB Ecol EM JAE JE JVS Oikos Wsci Total

Simple pair!wise 0 2 2 4 0 3 0 5 13
Additive 1 1 0 5 3 4 1 5 17
Replacement 2 0 2 5 6 06 26
Diallel 0 0 2 4
Fan 1 1
Multi!species mixtures 1 0 1 0 0 0 7
Other 1 0 2
Total 2 3 6 8 04 0 09 11 0 3 20 096�

�096 experiments are listed from 88 studies because some studies involved a combination of experiments and designs[

Table 1 Designs used and number of species tested in 88 greenhouse interference studies from 0873 to 0882

Number of species

Design 0 1 2 3 4 5 6 Total

Simple pair!wise 4 09 4 2 0 13
Additive 4 01 3 4 0 0 17
Replacement series 15 7 0 0 0 26
Diallel 1 2 4
Fan 1 1
Multi!species 0$ 1 1 0 1 7
Other% 1 0 2
Total 00 42 11 00 2 3 1 096�

�096 experiments are listed from 88 studies because some studies involved a com!
bination of experiments and designs[
$A single test plant of Ailanthus atlissima was grown with germinating seedlings
from old!_eld seed bank samples[
%Not clearly classi_ed as one of the designs listed above[

RS "also called substitutive designs#[ The di}erences
are illustrated in Fig[ 0[ SP designs usually maintain
a 0]0 ratio of the two competitors\ whereas in the
simplest case of AD experiments the density of one
species is held constant while the density of the other
species is varied[ In RS\ species are grown in varying
proportions and compared to growth in monoculture\
with the total density held constant across all mix!
tures:monocultures[ A design for n species that con!
sists of RS for all possible pair!wise combinations
between the species is termed a mixture diallel design[
Designs for response surfaces may consist of additive
or substitutive designs at a range of densities\ or may
be constructed in other ways "e[g[ Connolly 0876^ Law
+ Watkinson 0876^ Rejma�nek et al[ 0878^ Roush et al[
0878^ Snaydon 0880^ Turkington + Jolli}e 0885#[ Less
often used are spatially explicit designs "hexagonal fan
designs# and those used to investigate multi!species
interactions[ Although not the focus of this review or
our survey of the literature\ our comments also have
relevance for _eld experiments using these designs[

SP DESIGNS

In SP experiments "also called additive\ equal pro!
portions^ Austin et al[ 0877#\ mixtures consisting of a
_xed\ usually 0]0\ ratio of the two species are main!
tained "Fig[ 0a#[ SP designs have been used to examine
the role of numerous factors in plant interactions\
frequently using a range of treatments applied to a
particular mixture of two species "see the WWW
archive for examples#[ Additions of monocultures at
appropriate densities can convert SP designs to AD
"e[g[ Gurevitch et al[ 0889# or RS "e[g[ Berendse et al[
0881# experiments[ Some studies are di.cult to class!
ify as strictly SP\ diallel or AD studies "e[g[ Allen +
Allen 0873\ where the design is a partial diallel\ with
pair!wise comparisons of Salsola kali with two other
species\ but not between the other two species#[

SP designs at a single relative frequency and density
can be used\ in a limited way\ to address questions
about the outcome of competition between two spec!
ies[ Measurements over time should be included to
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Table 2 Topics addressed in 096 greenhouse studies pub!
lished in 00 journals from 0873 to 0882[ Several studies tested
more than one factor

Topic Number of studies

Crops and weeds 10
Genotypes 04
Soils and nutrients 04
Fungi\ bacteria and diseases 8
Grazing 8
Moisture 8
Plant form and performance 7
Germination and seeds 6
Planting density 6
Spatial patterns 5
Abundance 4
Photosynthesis and light 4
Carbon dioxide 3
Modelling and data analysis 3
Roots 2
Herbicides 1
Leachates and allelopathy 1
Temperature 1
Breeding systems 0
Site of origin 0
Total 024

Fig[ 0 Five designs of competition experiments plotted on joint abundance diagrams denoting the density "N# of species i and
species j "designs a\ b\ c and d# and six component species in a diallel design "e# "after Rejma�nek et al[ 0878^ Silvertown +
Lovett Doust 0882#[ In "aÐd# lightly shaded symbols represent monocultures[ "a# Simple pair!wise "SP# design at multiple
densities and without the monocultures included by some investigators^ "b# replacement series "RS# at a single total density^
"c# targetÐneighbour or partial additive form of an additive "AD# design with a constant density of component i^ "d# additive
series^ "e# diallel design including redundant intraspeci_c mixtures "lightly shaded symbols#[

allow assessment of changes in relative abundance[
However\ SP designs do not allow assessment of the
e}ects of species on each other\ unless one or other
species completely disappears[ If _nal yield is the only
parameter available then all that one can safely say is
whether both species survived and which contributed
most to _nal biomass[ If an experiment includes pair!
wise mixtures between more than two species\ then
comparisons of interspeci_c interactions for di}erent
mixtures may be problematic "J[ Connolly et al[\
unpublished data#[

SP designs therefore provide a useful\ if limited\ tool
for screening the e}ects of a treatment gradient on the
outcome of competition^ they are e.cient in that no
resources are allocated to monocultures\ which may
not provide useful information on the question
addressed[ In addition\ they are amenable to fairly
straightforward statistical treatment\ and the di.culty
raised by the probable correlation between responses
in a mixture can often be avoided by combining the
responses to give a single per!pot measure[ Perhaps SP
designs are used less frequently than they should be[

RS DESIGNS

In an RS\ the planting density of the two constituent
species may vary but the total density is held constant
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"Fig[ 0b#[ The e}ect of other factors "e[g[ a soil nutri!
ent# on interaction between the components is tested
by using a replicate RS for each of several levels of
the factor[ Ratio and replacement diagrams "Harper
0866# o}er graphical presentation of results[ Of the
several indices that have been proposed to present the
results of RS experiments "Trenbath 0867^ Connolly
0875#\ relative yield total "RYT^ de Wit + van den
Bergh 0854# is generally the most popular[ The objec!
tive of some of these indices "e[g[ relative crowding
coe.cients\ de Wit 0859^ competitive ratio\ Willey +
Rao 0879^ coe.cient of aggressivity\ McGilchrist +
Trenbath 0860# generally appears "although this is
not often clearly stated# to be an attempt to assess the
outcome of competition\ whereas the RYT\ a single
value for the stand\ relates to the joint capture and
use of resources by the competing species "i[e[ it
describes a niche relationship#[ Although niche
relationships contribute to understanding why a par!
ticular outcome occurs\ they rarely predicate any par!
ticular outcome^ thus the value of an index like RYT
does not determine one way or another what impact
niche separation will have on the outcome of com!
petition[

Replacement designs have been widely used since
they were introduced by de Wit "0859#[ Applications
include aspects of inter! and intraspeci_c interactions
between wild plants "e[g[ Solbrig et al[ 0877^ Fone
0878#\ between wild plants "weeds# and crops "e[g[
Ogg et al[ 0882^ Wall 0882#\ and between commercial
cultivars of forage grasses "e[g[ Frankow!Lindberg
0874#[ In the majority of studies\ yield is the only
character assessed\ although other measures such as
shoot:root ratios may perhaps help to illustrate the
physiological basis of species| interactions "Bi + Tur!
vey 0883#[

We identi_ed _ve problems with the RS design that
seriously undermine its usefulness as an experimental
tool "see also Cousens 0885#[ "i# It is generally used
with _nal yields only\ which can lead to size bias in
interpretation if species di}er in initial size "Connolly
0875\ 0886^ Grace et al[ 0881^ but disputed by Shipley
+ Keddy 0883#[ "ii# The validity of the RS method
rests on the assumption that individuals of the com!
peting species are exactly equivalent at the start of the
experiment "Keddy 0878#[ If seedlings are of quite
di}erent sizes then it is both di.cult to see how they
can be regarded as equivalent "Connolly 0875^ Snay!
don 0880# and impossible to eliminate size bias "J[
Connolly et al[\ unpublished data#[ "iii# The outcome
of competition is frequently confused with the e}ects
of neighbours when interpreting results of RS[ Includ!
ing information from monocultures in the analysis
can introduce bias in the assessment of species| e}ects
both on each other in a mixture and on the long!term
outcome "Connolly 0875^ J[ Connolly et al[\ unpub!
lished data#[ "iv# RS are carried out at a _xed\ and
often arbitrarily chosen\ density "Inouye + Scha}er
0870^ Taylor + Aarssen 0878^ Snaydon 0880^ Silver!

town + Lovett Doust 0882# and results at that density
may not generalize[ Some of the density problem can
be overcome by using replicate RS at di}erent total
densities derived from an additive series over a range
of densities "Fig[ 0d# "Firbank + Watkinson 0874^
Cousens + O|Neill 0882#[ "v# Logistically\ RS experi!
ments necessitate tying up large numbers of exper!
imental units "55) if only a singe mixture is used# in
monocultures that may not contribute signi_cantly to
the analysis[

These problems lead to di.culty in correctly inter!
preting both RS diagrams and competition indices
"Connolly 0875\ 0877\ 0886^ Snaydon 0883#[ We are
led to agree with the critics of this method "e[g[ Inouye
+ Scha}er 0870^ Jolli}e et al[ 0873^ Connolly 0875\
0877\ 0886^ Law + Watkinson 0876^ Snaydon 0880\
0883#] while RS may yield some useful information
"Cousens 0885# it will be on a very limited range of
questions[ The tendency to misuse the method is so
pervasive that its continued use should be dis!
couraged[

AD AND TARGETÐNEIGHBOUR DESIGNS

In the simplest form of AD designs "i[e[ the partial
additive# the density of the focal species is maintained
across all mixtures and the density of the associate
species is varied\ usually with the goal of assessing the
response of the focal species to increasing levels of
the associate "Fig[ 0c#[ More complex designs involve
simultaneously varying the proportions of focal and
associate species "i[e[ addition series^ Fig[ 0d#[ This
approach has useful applications\ such as studying
the impact of varying densities and distributions of
weed populations on a crop sown at _xed density
"Zimdahl 0879^ Radosevich 0876^ see the WWW
archive#[ Additive designs have also been used to
assess the role of various factors "e[g[ relatedness\
genotype\ emergence time\ initial plant size\ maternal
e}ects\ herbivory# on a focal species| response to its
associate in situations where comparing intra! vs[
interspeci_c interactions and distinguishing e}ects of
species| proportions from those of total density were
less important objectives "see the WWW archive#[
They have been used for distinguishing allelopathic
e}ects from resource exploitation due to density!
dependent phytotoxic e}ects "Weidenhamer 0885^
Weidenhamer et al[ 0878#[

A problem with this design is that the overall den!
sity and the proportions of focal and associate species
can vary simultaneously and this confounding of vari!
ables makes the interpretation of results di.cult
"although not necessarily unrealistic compared with
_eld situations# "Harper 0866^ Silvertown + Lovett
Doust 0882#[ Some of the problems of confounding
the e}ects of species| proportion and density can be
overcome by independently manipulating densities of
both species and analysing performance of the focal
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species via response surface methods "Firbank + Wat!
kinson 0874^ Law + Watkinson 0876^ Fredshavn
0883#[

TargetÐneighbour designs involve growing an indi!
vidual of a {target| species with varying abundances
of {neighbours|\ which could be either an associate
species or itself[ This is essentially an AD design in
which the density of the focal or target species is
reduced to a single individual or to a density low
enough to preclude signi_cant intraspeci_c inter!
actions[ This design has been used to address a variety
of mechanistic questions about plant interactions "see
the WWW archive for examples#[ Goldberg + Landa
"0880# used it to determine which plant traits are
responsible for di}erences in the e}ects and responses
between species\ and whether these two measures of
interaction are related[

The per unit "per capita or per unit biomass# e}ect
of neighbours on individuals of a target species is
measured as the slope of a regression of target plant
performance against the number "or biomass# of
immediate neighbours[ The targetÐneighbour design
focuses on individual plant responses rather than the
mean population response and estimates the import!
ance of interspeci_c interactions relative to other fac!
tors in determining the fate and performance of indi!
viduals[ While these measures on the target do give
information at the individual plant level\ they do not
allow direct assessment of the outcome of competition
for the target since the factors a}ecting the target
may also a}ect the neighbours to the same or greater
degree[ For example\ increasing the density of an
associate may greatly reduce the performance of the
target but it may also reduce the performance of the
associate[ Comparison of the impact on both species
is essential in assessing the outcome of competition[

This approach claims numerous additional advan!
tages[ By measuring interference on a per unit basis it
incorporates asymmetries in individual plant size at
harvest among competing species[ The relationships
can be useful in interpreting features of interspeci_c
interactions[ Comparison of the slopes of the target
performanceÐneighbour abundance regressions can
be used as a quantitative measure of the e}ect "sensu
Goldberg + Fleetwood 0876# of di}erent neighbour
species "Goldberg + Landa 0880#[ Statistical com!
parison of these slopes under di}erent conditions may
be made using ANCOVA "e[g[ Hartnett et al[ 0882#[
However\ as in all ANCOVA\ care must be taken in
interpretation if the covariate is estimated after the
commencement of the experiment as it may also con!
tain e}ects of treatments that are discounted in the
comparison of slopes[ For example\ the method com!
pares the e}ects of two associate species on the target
as if they had the same _nal yield and\ if this is not
the case\ may lead to an unfair comparison[ The com!
petitive {response| can be estimated from the slopes
of regression coe.cients when di}erent target species
are grown with the same neighbour species "Goldberg

+ Landa 0880^ Hartnett et al[ 0882#[ This general
approach has been described in some detail by Gold!
berg + Werner "0872# for use in _eld!based studies[
Discussion of some statistical considerations for these
types of additive experiments is found in Goldberg +
Scheiner "0882#[

An advantage claimed for targetÐneighbour experi!
ments is their economy in terms of both space and
plants "Thijs et al[ 0883^ compare Hartnett et al[ 0882
with Hetrick et al[ 0883#[ However\ caution is necess!
ary in claiming greater e.ciency for one design over
another[ The statistical criterion used to compare the
e.ciency of di}erent designs should in each case be
the experimental resource required to achieve a par!
ticular precision in the estimation of a particular par!
ameter"s#[ However\ considerations other than statis!
tical e.ciency may in~uence the selection of design
and measurement] a design that is somewhat less
e.cient for one particular purpose may provide a far
wider basis for inference and may thus be usable to
address a wider range of questions[

A variation of the targetÐneighbour approach
incorporates measurements of the distance\ as well as
biomass or numbers\ of neighbours\ and so allows the
decreasing e}ects of {non!nearest neighbours| to be
incorporated[

In practice\ AD and targetÐneighbour designs
often consider only _nal yield "but see Gibson + Skeel
0885# and so su}er from ignoring the timeÐcourse of
interactions and initial di}erences in species| size[ As
well as confounding species density and relative fre!
quency\ they sometimes equate species simply on the
basis of density "e[g[ in comparing regression
coe.cients for di}erent neighbour species where den!
sity is the independent variable in the regression#[
Thus conclusions may well be a}ected by size bias in
a manner similar to RS\ leading to certain species
being judged more competitive simply because they
were initially larger[ Even if all information on initial
sizes is available\ a partial additive or additive series
will not allow the same range of questions to be
addressed as a response surface approach would "e[g[
Connolly + Wayne 0885#[

Despite the biases that can occur with these
methods\ comparisons among a range of treatments
applied to the same additive series and species will
give a basis for ranking treatments relative to each
other\ even if the absolute level of the e}ects may be
biased[ However\ comparisons of treatments across
species potentially su}er from di.culties unless initial
size di}erences are measured and accounted for[

RESPONSE SURFACE METHODS

An experimental design that includes a range of den!
sities and relative frequencies of the species under
study "not necessarily including any monocultures\
e[g[ Connolly + Wayne 0885^ Ramseier et al[ 0885#
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may be used to generate response models for each
species[ Such a design allows the _tting of regression!
style response models relating some measure of per
capita performance for each species to the density of
each species "e[g[ Suehiro + Ogawa 0879^ Spitters
0872^ Connolly 0876^ Law + Watkinson 0876#\ the
initial biomass of each species "Connolly + Wayne
0885# or some other initial measure of biological
potential\ such as early leaf area index of each species
"e[g[ Kropf + Spitters 0880#[ The response models and
their parameters are used to assess species interaction[
These methods avoid some of the problems inherent
in the analysis of replacement and additive designs\
and in diallel analysis "e[g[ Law + Watkinson 0876^
Bullock et al[ 0884^ Connolly + Wayne 0885#[ As with
additive designs\ the inclusion of initial and inter!
mediate measurements allows the study of species|
interactions over time[ Connolly et al[ "0889# and
Menchaca + Connolly "0889# report changes in spe!
cies| interactions over time that would have been tot!
ally overlooked in an analysis of _nal yield only[
Indeed\ the conclusions drawn from a response sur!
face analysis incorporating the timeÐcourse of plantÐ
plant interactions can be qualitatively di}erent from\
and more e}ectively predict the outcome of com!
petition than\ those derived from an RS "Connolly
et al[ 0889^ Grace et al[ 0882#[ The inclusion\ for exam!
ple non!destructive leaf demographic measurements\
can provide a tool for time series:growth dynamics to
be made[

Several ways of designing experiments for response
surface models have been described[ These include
establishing an RS at several total densities\ called
an addition series "e[g[ Spitters 0872^ Connolly 0876^
Radosevich 0876^ Rejma�nek et al[ 0878^ Rodriguez
0886# or establishing additive series "Fig[ 0d\ which
can be regarded as either an additive design or a
number of RS at di}erent densities#\ similar to the
bivariate factorial de_ned by Snaydon "0880#[ Any
set of mixtures that allows the _tting of bivariate
response models will su.ce[ In the absence of a sta!
tistical assessment the choice of optimal method is a
moot point and may vary with the question being
addressed[

Despite their de_nite superiority to RS and AD
designs and methods\ the response surface methods
may also su}er from similar size bias in the esti!
mations of species| e}ects and responses and the out!
come of competition\ unless initial di}erences are
allowed for and the appropriate response measure!
ments are analysed "J[ Connolly et al[\ unpublished
data#[ An example that corrects for initial di}erences
is given in Connolly + Wayne "0885#[ Furthermore\
there are several statistical issues in the _tting of some
of these models "and those for AD#\ e[g[ there is often
a decrease in variance with decreasing plant size "Con!
nolly et al[ 0889# that should be allowed for[ In esti!
mating hyperbolic yieldÐdensity relationships it is
preferable to use weighted regression\ non!linear

methods or the generalized linear model approach
"Nelder + Wedderburn 0861# available in many sta!
tistical packages[

DIALLEL DESIGNS

Diallel designs use {all possible combinations of n
species|\ i[e[ {n"n − 0#:1 separate RS of two species\
each represented by two pure stands and one equi!
proportioned mixture| "Harper 0866\ p[ 157^ Trenbath
0867^ but see also Gleeson + McGilchrist 0879 for
unequal proportion extensions#[ Interspeci_c inter!
actions are assessed using RS methods "Gurevitch
et al[ 0889# or by analysing a matrix of species| per!
formance using ANOVA and:or covariance analysis
"Trenbath 0867#[ A matrix of {competition
coe.cients| "sensu Firbank + Watkinson 0874# cal!
culated as slopes of regressions in a series of pair!wise
targetÐneighbour experiments can also be analysed
by diallel methods[ Data from diallel designs carried
out at more than one density may be analysed by
response surface methods "Connolly 0876#[

Diallel designs are derived from genetic analysis
"Durrant 0854# and have been used extensively in the
greenhouse and _eld by plant breeders and agron!
omists to assess interspeci_c interactions between
cereal varieties and among forage grasses "e[g[ Nor!
rington!Davies + Hutto 0861^ Rousvoal + Gallais
0862#[ Applications to better understand natural sys!
tems include Aarssen|s "0877# study of four pasture
species\ Taylor + Aarssen|s "0889# study of the inter!
actions among 09 genotypes of three perennial
grasses\ and Aplet + Laven|s "0882# study of the com!
petitive hierarchy of four Hawaiian shrubs[ The
debate on competitive hierarchies "see below# relies
heavily on results from experiments using diallel
designs[

The diallel design at a single density is subject to
the same di.culties in interpretation as RS[

HEXAGONAL FAN DESIGNS

Most experiments on interspeci_c interaction focus
on the mean population responses of species "e[g[
species yield# under varying densities and species| pro!
portions[ However\ an important feature of plants
and other sessile organisms is that they do not sense
or respond to overall population density or frequency\
but only interact with their immediate neighbours
"Harper 0866#[ This principle argues strongly for
designs\ such as the targetÐneighbour and fan designs\
that focus on the interaction between a plant and its
immediate neighbours[ Mead "0868# lists _ve spatial
factors that may a}ect interspeci_c interactions
between two species and hence can be included as
factors in design\ namely the density and the intra!
speci_c spatial arrangement of each species and the
intimacy of their interspeci_c arrangement[ There are
many approaches to the study of intraspeci_c inter!
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actions between individuals "Firbank + Watkinson
0876#\ and some of the statistical issues were reviewed
by Mead "0868#[ Fan designs were the only ones found
in our literature survey[

Hexagonal fan designs utilize a particular plant
spacing pattern involving a honeycomb of over!
lapping hexagons such that each individual is sur!
rounded by zero to six intraspeci_c neighbours and
six to zero interspeci_c neighbours[ This array of
hexagons is arranged in a plant spacing gradient "fan
design# with plants positioned in a particular pattern\
such as a polar coordinate grid or a parallel row design
"Nelder 0851^ Bleasdale 0856#[ Thus fan designs vary
density and frequency and select a particular form
for intraspeci_c spatial arrangement and interspeci_c
intimacy "see illustrations in the studies listed in the
WWW archive#[

Hexagonal fan experiments developed as a com!
bination of the fan designs used in agronomic trials to
examine the e}ects of plant density "Nelder 0851#\ and
hexagonal planting designs were developed by Bo}ey
+ Veevers "0866# to study the e}ects of neighbour
species| frequencies[ Thus they have the advantages
of incorporating variation in species| proportions and
densities and the local spatial distribution of neigh!
bours in assessing the response of individual plants to
neighbours[ In addition\ they can be signi_cantly more
e.cient in use of greenhouse space relative to other
designs "Antonovics +Fowler 0874#[ Schmid+ Harper
"0874# used a fan design to show that interspeci_c
interactions change in varying ways with changing den!
sity\ sometimes with complete reversals of competitive
outcomes between two species at di}erent total densit!
ies[ In addition\ hexagonal fan experiments help in the
assessment of optimal planting arrangements in mixed!
cropping systems and facilitate the analysis of fre!
quency and density!dependent selection in genotype
mixtures "Antonovics + Fowler 0874#[

The primary advantages of hexagonal fan designs
are their focus on neighbourhood interactions\ their
e.ciency in use of space and plants\ and their ability
to allow assessment of interspeci_c interactions across
a range of densities or plant spacing patterns[
However\ there are statistical problems associated
with the analyses of such designs "Mead 0868^
Antonovics + Fowler 0874#] they are unrandomized
and so may be biased due to underlying trends in fans\
the correlated responses in neighbouring plants may
require a more complex analysis\ and they may have
limitations in situations in which second or third near!
est neighbour e}ects and more di}use interactions are
signi_cant[ Often the analysis of these designs assumes
that {non!nearest neighbour| e}ects are insigni_cant[
In addition to these statistical di.culties\ size bias
may arise if initial size di}erences are not discounted[
Like all studies of individual rather than mean
response\ they require a greater input of time and
labour[ These designs can be extended to study multi!
species interactions "see below#[

DESIGNS TO ASSESS MULTI!SPECIES

INTERACTIONS

Despite attempts to provide the greatest degree of
realism to interaction experiments\ greenhouse experi!
ments involving interspeci_c interactions among mix!
tures of three or more species\ i[e[ di}use or multi!
species interactions "MacArthur 0861#\ have been
infrequent[ This is perhaps not surprising given the
logistical and statistical problems inherent in the
e}ective design and interpretation of just the multiple
pair!wise interaction experiments of the diallel design
"Mitchley 0876#[ The growth of multi!species mixtures
under various treatments can be used simply to assess
the outcome of competition "e[g[ Grime et al[ 0876#\
but we have identi_ed _ve further main approaches to
assessing multi!species interactions in the greenhouse[

"i# Fowler "0871# showed that\ in a three!species
RS design "de Wit 0859#\ predicted yield per plant was
statistically related to the observed yield per plant[
Interpretations agreed with results obtained from
pair!wise RS experiments[ This method is subject to
the same criticisms as the RS with two species[ "ii#
The performance of each species in a multi!species
mixture compared with its performance in mono!
culture is a form of multi!species AD "see the WWW
archive and Ellenberg 0843^ Mueller!Dombois + Sims
0855^ Pickett + Bazzaz 0867^ Austin 0871#[ "iii#
Rejma�nek et al[ "0878# applied reciprocal yield
regression models to a three!species complete additive
experiment but the results did not support the
interpretations drawn from previous two!species
investigations of the species[ "iv# Plants can be grown
in hexagonal arrays "see above# in which a species has
each of the di}erent species under investigation as a
neighbour\ but never itself[ Tho�rhallsdo�ttir "0889# and
Turkington "0883# used this approach to investigate
the role of interspeci_c interactions on the spatial
dynamics of grasses[ While elegant\ problems with
this design include those mentioned above for hex!
agonal designs and others discussed in Tho�r!
hallsdo�ttir "0889#[ "v# Ramseier et al[ "0885# proposed
a simplex design "Cornell 0889# for multi!species
experiments in which all species appear in each of a
number of mixtures "the minimum number of mix!
tures is the number of species ¦ 0# but in di}erent
relative frequencies\ each species in turn being the
largest component of a sown mixture with the other
species being equally represented\ with an additional
mixture having all species equally represented[
Repeated at a number of densities and with initial
sizes of species measured\ this design allows a response
surface analysis in which questions of outcome and
e}ects of species on each other may be assessed[
Additional design points may be added and the order
of interaction terms that can be assessed in the model
depends on the structure and number of design points[
Advantages claimed for the particular simplex design
used are that each mixture is an experimental com!
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munity with all species represented\ that the spread in
community type allows the examination of inter!
speci_c interaction over a wide range of systems\ that
resource use is e.cient in that there are no resources
devoted to monocultures\ and that it can be readily
extended to larger numbers of species in a coherent
manner without a major increase in experimental size[
Disadvantages are the possible complexity of a full
statistical treatment[ The problems raised earlier with
other designs must be borne in mind when using any
of these multi!species approaches[

Some other issues

BACKGROUND SPECIES

Interspeci_c interactions are sometimes examined by
establishing a spacing gradient grid of one species and
overseeding the entire grid with a second species[ This
attempts to assess the e}ects of varying intensities of
intraspeci_c interaction under the constant in~uence
of a {background| "Radosevich 0876#\ although the
idea of a constant in~uence on all species may be
illusory[ Such an approach ignores the reciprocal na!
ture of many interspeci_c interactions\ such that the
introduced individuals generally in~uence the back!
ground species as well as being in~uenced by it[ Over
time the background will tend to respond di}er!
entially to di}erent species and so what started as a
common in~uence may rapidly cease to be so[ This
will occur at a localized level in the vicinity of the
introduced individuals[ Further\ an individual or a
unit of initial biomass will tend to have less e}ect at
high compared with low density[ In addition\ a given
density of a background species will have a smaller
per unit e}ect on a _xed density of large rather than
small introduced individuals of other species\ since
the overall e}ective density with large introduced indi!
viduals is greater than with small introduced indi!
viduals and so like is not being compared with like[

COMPETITIVE HIERARCHIES

Results from using several types of design "i[e[ AD\
targetÐneighbour\ RS and diallel designs# have been
prominent in the search for competitive hierarchies
in which a species will out!compete "in the sense of
outcome of competition# all species ranked below it
in the hierarchy and be out!competed by those above
it "Keddy + Shipley 0878^ Shipley 0882#[ The occur!
rence of reversals of rank order\ indicating either a
network of competitive performance "intransitivity#
"Herben + Krahulec 0889^ Silvertown + Dale 0880^
Shipley 0882# or competitive combining ability\ is
controversial "Taylor + Aarssen 0889#[ However\
these designs as usually analysed are prone to the
misinterpretations and dangers of size bias "Silver!
town + Dale 0880^ Grace et al[ 0882^ Connolly 0886^
J[ Connolly et al[\ unpublished data#\ with factors

such as di}erences in seed size or initial seedling mass
providing a mechanism for that bias "although see
Shipley + Keddy 0883#[

Discussion:recommendations:conclusions] choos!

ing the appropriate design

Greenhouse studies of plant interactions o}er a num!
ber of practical advantages over _eld!based experi!
ments\ such as better control of treatments and extrin!
sic factors\ that persuade us that they will have
continued utility[ Ideally\ greenhouse studies should
be carried out in conjunction with a _eld!based pro!
gramme\ and prior knowledge of how interactions
take place in the _eld "e[g[ densities\ size di}erences\
phenology\ asymmetric e}ects# is necessary before
planning an experiment[

Consideration of the six points proposed as a
framework for this review lead us to the conclusion
that experiments on interspeci_c interaction demand
clarity in respect of the particular facet"s# of inter!
speci_c interaction that is the focus of the experiment
"unambiguous terminology with precise data!based
estimation of measures of those speci_c aspects of
interaction#\ appropriate experimental design\
measurement of appropriate variables and a correct
analysis[ Our survey indicated an insu.cient appreci!
ation of how these factors limit our ability to explore
particular questions[ While there is not yet available\
in our view\ a coherent approach to the di.culties
posed by the study of competition\ a better appreci!
ation of some of the strengths and limitations in these
areas is essential[

Inappropriate and inadequate experimental design
and procedure in many studies have probably
compromised our understanding of plant inter!
actions[ For example\ the conclusions drawn from
many RS experiments\ especially those conducted at
a single total density and:or based only on _nal yield\
are unlikely to provide many meaningful ecological
insights[ Experiments where inappropriately sized
individuals are matched against each other are simi!
larly compromised[ Although not a design issue per
se\ the confounding of terminology by investigators
"e[g[ de_nitions of competition vs[ interference\ out!
come vs[ e}ects\ intensity vs[ importance^ Weldon +
Slauson 0875# makes interpretation of experiments
di.cult[ As an example we cite the distinction between
the {outcome of competition|\ the ultimate success or
failure of species\ and {species| e}ects on each other|
"possibly part of the explanation of the observed out!
come# as one which rarely appears to be explicit but
which has a direct impact on the design\ analysis and
interpretation of experiments[ Additionally\ a clearer
realization of the limitations of short!term experi!
ments in providing anything but simple indicators in
respect of the outcome of long!term competition is
desirable[ Although not the focus of our review\ it is
also likely that inappropriate or incomplete analysis
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of experimental data has limited the interpretation
even of well!designed experiments "e[g[ Watkinson +
Freckleton 0886#[

The choice of design\ the variables measured and
the analysis determine what questions can and cannot
be answered\ and should re~ect the primary questions
of interest[ The major de_ciency in this respect
appeared to be the lack of recognition that many
questions of interest could not be addressed
adequately without introducing time as a factor[ At a
minimum there is the need to separate the e}ects of
initial di}erences from those of subsequent inter!
actions\ which cannot be adequately done where only
_nal harvest yield is available[ Analysis based on _nal
harvest yield alone can lead to size!bias in interpreting
the results from AD\ RS and response surface designs[
Even when appropriate data on initial conditions are
available\ it may not be possible to produce unbiased
information on some questions of interest for RS and
AD designs "e[g[ questions as to the outcome of com!
petition#[

We need to be very clear about the role of initial
size in an experiment[ Experiments can only measure
e}ects from the time of establishment of the experi!
ment to the _nal harvest time[ If size di}erences
between species exist at the start then it seems reason!
able that the initial di}erences should be discounted
in measures of performance over the experimental
period\ otherwise the measures are likely to re~ect
initial di}erences in addition to e}ects that arise dur!
ing the course of the experiment[ This is not to say
that species that are initially bigger do not do better
competitively on some per unit basis] they may\ but
the assessment of that should not be confounded with
e}ects that simply re~ect di}erent initial sizes per se[
Thus\ for example\ _nal yield per individual of a spec!
ies depends both on its initial size and on its average
Relative Growth Rate "RGR# through the course of
the experiment[ Greater initial size may lead to greater
RGR due to an increased ability to compete for light\
and so the _nal yield per individual is accordingly
enhanced for larger individuals[ This additional com!
ponent of _nal yield "due to di}erent initial size
di}erence# must not be confounded\ as it routinely
is\ with the mere scaling e}ect of initial size when
comparing individuals or species that di}er in initial
size[

The e}ects of initial size di}erences can be allowed
for by a double strategy of "i# using an initial bio!
logical measure such as total biomass of each species
"Connolly + Wayne 0885# or total leaf area index for
each species "e[g[ Kropf + Spitters 0880# rather than
density in response surface equations\ and "ii# by using
a per unit initial size measure of species| performance
"e[g[ RGR in Connolly + Wayne 0885#[ These
approaches attempt to avoid di.culties arising from
ignoring initial size di}erences and the use of density
to equate species[ They also focus attention explicitly
on the in~uence of initial conditions and on the lim!

ited nature of inferences from this type of interaction
experiment[ Conclusions are valid only for the time
during which the experiment was running\ since what
happened previously is built into the initial conditions
and what happens afterwards is speculative[

Experiments based on single mixtures have been
undervalued^ even without information on initial con!
ditions they can provide a simple\ e.cient method
of addressing questions as to the changing balance
between species along gradients of various kinds[
When appropriate initial information is available a
more powerful interpretation is possible[ Single mix!
ture experiments highlight the distinction between the
outcome of competition\ which can be approached
within a single mixture\ and interspeci_c e}ects\ on
which they generally provide no information[

While AD experiments\ particularly those with tar!
getÐneighbour designs\ may need to be treated with
caution if only _nal yield is available\ they may su.ce
for certain objectives\ e[g[ to examine yield loss in
cropÐweed systems[ However\ the mechanism of this
yield loss cannot be adequately addressed without
allowing for initial conditions and\ perhaps\ taking
intermediate measurements[ For these same reasons\
AD are inadequate and potentially misleading for
some of the more evolutionary orientated concerns of
ecologists[ Even when information is available for
several time!points comparisons of species as com!
petitors against a range of target species may be
compromised[ AD do allow comparison of the rank
order of treatment e}ects on some interspeci_c inter!
actions but the absolute estimation of many inter!
actions is beyond their scope if only _nal harvest data
are used[

Despite much criticism in literature preceding or
during the early years of the 09!year period surveyed
"Inouye + Scha}er 0870^ Jolli}e et al[ 0873^ Connolly
0875\ 0877^ Law + Watkinson 0876#\ we were sur!
prised to _nd that the RS was still the most popular
design[ The problems with substitutive designs lead
us to concur with Law + Watkinson "0876#\ Keddy
"0878#\ Connolly "0875\ 0877# and Snaydon "0880\
0883# that they should not be used for studies of plant
interactions\ except in very limited circumstances
where it is clear that species are comparable in size at
the start of the experiment[ Even when RS are run at
plant densities that closely match the range of natural
abundances observed in the _eld\ the fundamental
problem remains that the same density is used for both
species in monoculture "or an a priori and arbitrarily
chosen x]0 ratio#[ Even if initial size di}erences are
measured\ the method cannot in general be corrected
to produce valid results "J[ Connolly et al[\ unpub!
lished data#[ When several such potentially size!biased
studies are used to address an issue such as the exis!
tence and strength of competitive hierarchies\ the
scope for misleading inferences is clear[ In the large
number of studies on cropÐweed interactions\ it is
surprising that RS experiments have been so widely
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used compared to additive experiments "Sackville
Hamilton 0883#[ The latter seem highly appropriate
for crop loss studies since they take the form of a
constant focal species "crop# density and varying
associate species "weed# density "e[g[ Thompson et al[
0883#[

Response surface designs are widely seen as a gen!
eralization of AD and RS designs and as a remedy
for their de_ciencies[ Even there\ however\ if only _nal
harvest data are available the range of inferences is
limited and the competition coe.cients "Law + Wat!
kinson 0876# or substitution rates "Connolly 0876#
may include e}ects of initial di}erences between spec!
ies as well as re~ecting species| e}ects on each other[

There are many statistical issues beyond the scope
of this review that need to be addressed in competition
experiments\ e[g[ correlated responses\ optimal
design\ estimation of response models and indices\
but the _rst priority must be to ensure that the design\
measurements\ analyses and indices used lead to valid
inferences[ To make them more e.cient is a secondary
concern[ Simple procedures have their attraction but
more complex designs are necessary to address some
questions[ Such experimentation may have the advan!
tage of a much wider scope for inference across a
broader range of conditions[

We have taken care in this paper to focus rather
narrowly on what we perceive to be some major
di.culties with experimental procedures\ and have
not ventured into the deeper waters of deciding
between competing theories "e[g[ those of Grime 0868
and Tilman 0876# or the details of de_nition of subtle
aspects of interaction\ such as the distinction between
the importance and intensity of competition "Weldon
+ Slauson 0875#[ We believe that a fuller appreciation
of the way in which the design:variables:analysis com!
plex determines the range of valid inferences must
precede attempts to use experiments to support such
theoretical positions or make such distinctions[ We
are led to this position by considering the confusion
in the current literature\ exempli_ed by the way in
which possible size bias in RS and AD methods
"Keddy + Shipley 0878^ Herben + Krahulec 0889^
Silvertown + Dale 0880^ Grace et al[ 0882^ Shipley +
Keddy 0883^ Connolly 0886# has clouded the debate
on competitive hierarchies[

We feel that perceptions of controversy and
methodological turmoil have inhibited work on inter!
speci_c interactions\ which is why this paper has con!
centrated on methodological di.culties rather than
general prescriptions[ The state of agreement is still
not so advanced that we can move beyond the partial
prescriptions of the previous few paragraphs\ but at
least some of the pitfalls are signposted[ Once the
issues are clari_ed the potential of these experiments
on plantÐplant interactions to provide reliable infor!
mation will be released[

More sophisticated designs that incorporate time
and allow response surface analyses with various

biotic and abiotic explanatory variables and\ perhaps\
deal with several species in multi!species mixtures at
individual and stand level\ are going to be the most
informative[ Inclusion of root and shoot variables in
models of species| performance should help elucidate
their joint role in interspeci_c interaction and deter!
mine which facets of species\ their growth\ archi!
tecture\ ontogenetic stage\ limiting factors\ etc[\ are
most important in interspeci_c relations[

Multiple species investigations can be carried out
through multiple pair!wise experiments "Goldberg +
Scheiner 0882# or using multi!species designs "e[g[
Ramseier et al[ 0885#[ While the latter can be very
rich in interspeci_c information they also carry more
analytical and interpretative complexity and it may
be too early to determine in what circumstances each
is to be preferred[

Of course\ increasing the complexity\ both tem!
porally and spatially\ of experimental designs
increases the logistical problems of carrying out the
experiment[ Simple experimental designs are prefer!
able when they can validly address the questions of
interest without an unacceptable sacri_ce of realism[
The caveat is that the results of such an investigation
should be followed up by more sophisticated work\
ideally including _eld experiments "e[g[ Gibson +
Skeel 0885^ Skeel + Gibson 0887#\ before conclusions
regarding the performance of plants in natural set!
tings can be made with con_dence[
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