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The examination of a competition matrix for transitivity and 
intransitive loops 

James B. Grace, Glenn R. Guntenspergen and Janet Keough 

Grace, J. B., Guntenspergen, G .  R. and Keough, J. 1993. The examination of a 
competition matrix for transitivity and intransitive loops. - Oikos 68: 91-98. 

Recent examinations of competition matrices for transitivity (species A > species B 
=. species C) have used techniques that can be subject to certain biases. First, recent 
theoretical and empirical analyses have shown that traditional measures of com-
petitive performance are biased in favor of the larger species. It is argued that this 
size bias has the potential to bias analyses of transitivity. Second, analytical tech- 
niques used to test matrices for transitivity can be shown to be insensitive to the 
presence of intransitive loops. Techniques are presented for exploring both these 
types of errors and these techniques are illustrated using the results from a six-species 
study of marsh plants. In addition, two published studies are partially reanalyzed 
using a technique designed to detect intransitivities. Results for both the new data set 
as well as for the published data sets fail to reveal intransitivities. For the marsh plant 
study, the size bias associated with traditional measures of competitive success did 
not bias in favor of transitivity. We conclude (1) that the studies examined do not 
possess intransitive loops and (2) care must be taken in order to avoid biased analyses 
if intransitive loops are to be detected. 

J .  B. Grace, Dept of Botany, Louisiana State Univ., Baton Rouge. L A  70803. USA 
(present address: National Wetlands Research Center, CT.S. Fish and Wildlfe Service, 
700 Cajundome Blvd, Lafayette, L A  70506, USA). - G. R. Glmtenspergen and J .  
Keough, National Wetlands Research Center, U.S. Fish and Wiltilfe Service, 700 
Cajundome Blvd, Lafayette, L A  70506, USA. 

The role of competition in controlling community struc- 
ture has long been viewed as both important and poten- 
tially complex (Begon et al. 1986). Among the many 
controversies about competition has been the issue of 
whether there exist intransitive networks amongst com- 
petitors (Buss and Jackson 1979, Buss 1980, Aarssen 
1989, Keddy and Shipley 1989, Herben and Krahulec 
1990, Silvertown and Dale 1991). Intransitivity refers to 
the situation where competitive interactions are com- 
plex and it is not possible to establish a consistent rank- 
ing of competitive performance (e.g. species A > spe-
cies B, species B > species C, but species C > species 
A). In this case there is said to exist a network of 
competitive performance that can inhibit competitive 
exclusion. In contrast, transitivity refers to  the situation 
where, if A > B and B > C, then A > C. For a matrix of 
competitors, transitivity will mean that the rankings of 
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competitive performance will be independent of the 
reference species used to generate that ranking and a 
consistent competitive hierarchy will exist. 

Despite earlier examples of intransitive networks 
from marine systems (Buss and Jackson 1979), analyses 
of plant communities have indicated that groups of com- 
peting species can typically be ranked into transitive 
hierarchies (Goldsmith 1978, Mitchley and Grubb 1986, 
Wilson and Keddy 1986, Goldberg and Fleetwood 1987, 
Miller and Werner 1987, but see Taylor and Aarssen 
1990). In their treatment of the subject, Keddy and 
Shipley (1989) analyzed data from eight published com- 
petition experiments with diallel designs (all possible 
pairs of species). Based on their analyses. they con-
cluded that competitive relations are generally transi- 
tive and hypothesized that the primary reason for transi- 
tivity was the importance of plant size in competitive 



performance (i.e. rankings of plant competitive per- 
formance followed rankings of plant size, particularly 
height). 

Herben and Krahulec (1990) have since pointed out 
that intransitivities may involve interactions amongst 
different life stages and have criticized Keddy and 
Shipley's reliance on experiments that examine only a 
limited range of possible interactions. In their paper 
they raise the y e s t i o n  of, "How sufficient are the exist- 
ing experiments for detecting intransitivities?" In a re- 
lated paper, Silvertown and Dale (1991) have argued 
that methodological problems with the analyses pre- 
sented in previous studies invalidate support for transi- 
tive hierarchies. In this paper we consider the potential 
impact of these methodological problems on the evalua- 
tion of competition matrices. 

Possible sources of error 
One possible bias that could affect analyses of competi- 
tion matrices has to do with basic limitations of tradi- 
tional indicators of competitive performance. In their 
examination of published studies, Keddy and Shipley 
noted that the experiments examined were of the sub- 
stitutive type (based on the 'replacement series' of de 
Wit 1960) and that the traditional analyses of data from 
this design have been subject to some criticism (Firbank 
and Watkinson 1985, Connolly 1986). However, what 
Keddy and Shipley did not note was that one of the less 
publicized criticisms of the technique they used for 
analysis is the possibility of bias in favor of larger plants 
(Connolly 1986, unpubl., Silvertown and Dale 1991). 
Thus, there exists the possibility that their analyses were 
actually biased in favor of their conclusions (that larger 
plants are better competitors). 

In a recent evaluation of size bias in the analysis 
of substitutive experiments (Grace et  al. 1992), we 
examined the potential for traditional indices such as 
Relative Yields (as used by Keddy and Shipley, and 
many others) to be biased in favor of larger plants. 
In this study we utilized a recently proposed, size-
independent indicator of performance in mixture (the 
Relative Efficiency Index - Connolly 1987) and found 
that in this situation, the index appeared to be useful in 
eliminating size bias. Using data from both a three-year, 
diallel experiment of six competing marsh species and 
results from model simulations, we were able to show 
( I )  that Relative Yields (and other traditional measures 
of competitive success) are inherently biased in favor of 
the initially larger plants and (2) that this bias is most 
severe in the early phases of an experiment and de- 
creases over time. 

The essential basis for a size bias in substitutive ex- 
periments comes from the fact that when a larger spe- 
cies is placed in 5&50 mixture with a smaller species, 
the larger species experiences an initial reduction in 

competitive pressure simply due to the smaller size 
(and, therefore lower space requirements) of the other 
species. This phenomenon will generate results that sug- 
gest the larger species to be the better competitor re-
gardless of the per gram competitive ability. As shown by 
Grace et al. (1992), if a smaller but more aggressive 
perennial species is mixed with a larger less aggressive 
species, traditional analysis will initially show the larger 
species to be the better competitor despite the fact that 
the smaller species is slowing driving the larger species 
to extinction. However, over a sufficiently long period 
of time (several generations), even traditional analyses 
will correctly indicate competitive superiority. What the 
relative efficiency index (Connolly 1987) does is to in- 
dicate the direction the mixture is heading from the very 
beginning. 

It can be shown that size bias can not only incorrectly 
assess competitive performance but can also bias in 
favor of transitivity using a simple example. Imagine 
that there exists an intransitive loop in the true com-
petitive performances such that 

If a diallel experiment is conducted with all possible 
combinations of species, it is possible to generate rank- 
i n g ~  of competitive performance relative to each spe- 
cies. For the above relationship, the following results 
would be expected: 

test species true competitive ranking 

As this example illustrates, intransitive loops generate a 
particular pattern of rankings for the species in the loop. 
This pattern is one in which the three species are com- 
pletely inconsistent in their rankings. 

Now, for this example, let the initial plant sizes of the 
species be 

and let there exist a bias in the index of competitive 
performance (such as reported for 'Relative Yields', 
'Crowding Coefficients' and 'Aggressivities' by Con- 
nolly 1986 and Grace et al. 1992). If the size bias is 
sufficiently strong relative to the magnitude of differ- 
ences in true competitive abilities, then we might obtain 
one of the following sets of ranking: 

test observed ranking with observed ranking 
species partial size bias with full size bias 



As can be seen from this example, size bias can have 
two effects, (1) to  make observed patterns of rankings 
deviate from those expected for intransitive loops and 
(2) to increase the consistency among rankings. Both 
effects act to bias in favor of transitivity. 

A second possible bias that could affect analyses of 
competitive networks is essentially the type I1 error of 
hypothesis testing, namely, failing to  detect an intransi- 
tive loop that exists. For the sake of the following dis- 
cussion, we will assume that we are dealing with size- 
independent measures of competitive performance. 

Several possible statistical techniques can be used to 
examine a matrix of competition coefficients for transi- 
tivity, randomness, o r  intransitivity. Keddy and Shipley 
(1989) used a technique that counted the observed num- 
ber of transitive paths of various lengths in a matrix and 
compared these numbers to those expected by chance in 
a matrix generated by a null model of random inter- 
actions. For 7 of 8 matrices examined, they found sig- 
nificant transitivity. In our analyses, we utilize a some-
what different technique by generating rankings of com- 
petitive performance against each species in the matrix 
(as shown above) and then testing the hypothesis that 
the rankings are in agreement using Kendall's Test of 
Concordance Among Rankings (Kendall and Babing- 
ton-Smith 1939. Daniel 1990). Our choice of Kendall's 
test in this analysis is based on its simplicity, ready 
availability. and ease of interpretation. Kendall's test 
yields a coefficient of concordance that goes from 0 (no 
similarity among rankings) to 1.0 (complete agreement 
among rankings). At  the time of this writing. the more 
sophisticated technique of Keddy and Shipley (1989) is 
not available for general distribution (Shipley pers. 
comm.). 

The above tests are quite adequate if one only wishes 
to determine if a matrix is generally transitive and non- 
random. However. it can be shown that under certain 
circumstances, intransitive loops can be hidden by such 
analyses. As illustrated above, for a simple three-spe- 
cies matrix. an intransitive ~ O O Dresults in rankings that 
are entirely inconsistent and wiuld be easily detecied by 
any relevant statistical test. However, for matrices of 
greater size, intransitive loops may be hidden. Take as 
an example the case of a 6-species matrix where 

The observed matrix of competitive rankings would be 
as follows: 

test species competitive ranking 

A A > B > C > D > E > F  
B A > B > C > D > E > F  
C A > B > C > D > E > F  
D A > B > C >  
E 

In this example the submatrix contained within the box 
contains the signature pattern of a loop but the overall 
matrix is quite ordered. The ranking of the total matrix 
would likely test as transitive by any of the techniques 
that have been used. For example, Kendall's index of 
Concordance gives a value of W = 0.91 and the accom- 
panying chi-square value is highly significant. To appre- 
ciate how thoroughly hidden this intransitive loop is we 
should note that a Kendell's W as low as 0.20 would 
indicate significant concordance (p = 0.05). 

It is also important to note that techniques such as 
those used by Keddy and Shipley (1989) o r  above d o  not 
specifically test for intransitivity. This is not a criticism 
of their analysis of general transitivity but does repre- 
sent a lost opportunity to explore intransitivities. Thus, 
even if a matrix is found to not possess transitivity, 
that still does not de~nonstrate intransitivity, but may 
only result from a weak and inconsistent competitive 
hierarchy or variable data set. 

One final point about sources of error in analyses of 
matrices can be illustrated by the work of Aarssen 
(1989). The examinations of competitive matrices by 
Keddy and Shipley (1989) and in this paper simply ask 
the non-parametric question about patterns of rankings. 
Such analyses do not necessarily test for the statistical 
significance of each inequality in the matrix. Thus. it 
is quite possible for 'equivalent' competitive perform- 
ances to be contained within the matrix. Whether such 
non-significant differences represent true equivalencies 
o r  whether they simply represent insufficient statistical 
power to  detect existing differences is a point of poten- 
tial debate. The unanswered question of competitive 
equivalence, however, does not invalidate an-assess-
ment of overall matrix order. Therefore, in this paper 
we will follow Keddy and Shipley in examining matrices 
for the simple rankings of competitive performance. 

Techniques to reduce bias 
In order toreduce the biases discussed above we need 
to (1) employ a technique for measuring competitive 
performance that is independent of size bias and 
supplement the existing tests for transitivity with tech- 
niques that can detect intransitivity. 

Size bias 
Connolly (1987) has recommended a technique for ana- 
lyzing the behavior of mixtures that is largely independ- 
ent of bias due to relative plant sizes. What he has 
proposed is the calculation of a 'Relative Efficiency 
Index' (REI) for each species in a mixture. The form of 
this index used here is the difference between relative 
growth rates of the two species in a mixture, o r  

RE1 = In (w,, 1 w,,) - In (w,, I w,,,) 



Table 1. List of 20 possible 3-species intransitive loops in a 
6 x 6 matrix of competitors. 

where w,, refers to the biomass (or indicator of biomass) 
of species 'a' at time i and w,,, refers to the biomass of 
species 'a' at time zero. It  is important to note that this 
index can be viewed as a refinement of the traditional 
'ratio diagram' technique (de Wit 1960) and that these 
analyses are independent of monoculture performance. 

In a previous analysis of measures of competitive 
performance we have been able to confirm using mech- 
anistic simulation models of competition that the RE1 
index is unbiased by initial plant sizes (Grace et al. 
1992). Most importantly, in our analyses this index was 
consistently accurate in indicating competitive superior- 
ity while traditional indicators such as Relative Yields 
were not. The calculation of RE1 requires knowledge of 
the initial size of individuals, a parameter rarely re-
ported in published studies of competition. Thus, in this 
paper we will be able to use this index to analyze the 
effect of size bias for our own data but will not be able 
to examine published competition matrices using this 
technique. 

Detection of intransitive loops 

As discussed above, current techniques for examining 
matrices do not actually test for intransitive loops. It has 
also been shown that such loops d o  not generate ran- 
dom patterns but create a predictable pattern. Thus, 
what is needed is a specific examination of the matrix 
for intransitivities. These tests should not be used as a 
replacement for tests such as the Concordance Test 
(Kendall) but should accompany such tests. 

Consideration of an n-species matrix of competitors 
can be shown to potentially contain n!/(n-3)!3! individ- 
ual. 3-species intransitive loops (Shipley pers. comm.). 
In the case of six species, the number of loops would be 
20 (Table 1). If we consider the possibility that a net- 
work of competitors could possess more than one loop, 
there could exist a great many more loops in a single 
network. However. only one pattern (absolute agree- 
ment among rankings) would unambiguously indicate 
complete transitivity. Consideration of all possible 

multi-loop patterns would generate a complex problem 
for analysis. However, by noting that all multi-loop 
intransitivities are made up of individual loops, we need 
only determine if a matrix contains any of the single 
loops. For matrices of 6 species this involves the in- 
spection of 20 three-species combinations. 

Table 1presents an example of 20 possible single-loop 
intransitivities for a Bspecies matrix. To test for in- 
transitivities it is necessary to examine the matrix for the 
presence of these 20 loop 'signatures'. We propose that 
the evaluation of a matrix for intransitivities should be a 
two-stage process. First, average competitive perform- 
ances must be calculated to generate an overall ranking 
of competitors. This overall ranking is then used to 
generate 20 three-way rankings. It is. of course, possible 
that these patterns will be seen by chance alone. How- 
ever, given the fact that finding a single intransitive loop 
would be a major discovery, we d o  not wish to  deal in 
such loose probabilities. Rather, we propose that if 
a match is found between observed 3-way ranking 
patterns and those patterns predicted for intransi-
tivities, then the data for those three species should be 
examined independently from the rest of the data ma- 
trix for significance. In other words, it would be essen- 
tial to test the specific hypothesis that those three spe- 
cies constitute an intransitive loop. Only then would the 
existence of a particular intransitive loop be confirmed. 

We feel that this procedure would facilitate our ability 
to detect intransitive loops in competition matrices. 
However, we do not believe that our proposed tech- 
nique is perfect. The probability of finding a biologically 
meaningful intransitive loop by surveying matrices is 
likely to be low since such interactions are expected to 
involve particular biological circumstances not usually 
found in a controlled standardized experiment (see Her- 
ben and Krahulec 1990). Nonetheless, unexpected re- 
sults encountered in a matrix of competitors might lead 
to a hypothesis about a particular intransitivity that 
could be subject to further experimental tests. Thus, we 
believe that competitive matrices should not just be 
tested for general transitivity but should also be 
examined specifically for intransitive loops. 

In the current paper, we examine a six-species diallel 
experiment for transitivity and intransitive loops. Fur- 
ther, we examine the effects of the size bias in tradi- 
tional measures of competitive success on the detection 
of transitivity. Finally, we reexamine two published ma- 
trices for intransitive loops. 

Methods 
Diallel experiment of marsh species 

To assess relative competitive performance, plants were 
allowed to compete in a diallel experiment (all possible 
species combinations) by using a substitutive ('replace- 



Table 2. Competitive rankings and tests of transitivity based on 
Relative Yields. Transitivity was tested by using Kendall's 
Coefficient of Concordance (W) which tests for the correlation 
among rankings (Daniel 1990). All years were found to have 
highly significant correlations among rankings based on the 
different species. Numerical codes for each species are 
1 = Sagittaria, 2 = Eleocharis, 3 = Solidago, 4 = Scirpus 
validus, 5 = Sc~rpus robustus, 6 = Spartina. 

Year Species Rankings W Chi-square P < 

ment-series') design (de Wit 1960). Containers of plants 
were arranged in a random block design with one repli- 
cate of each treatment per block and 12 replicate 
blocks. Containers were 1-1 solid plastic pots without 
drain holes and transplanted ramets were at a total 
density of 2 per pot (see Grace et  al. 1992 for further 
details on our protocol). The soil used in the experiment 
was collected from a marsh adjacent to the Tchefuncte 
River in St. Tammany Parish, Louisiana, USA. Soil was 
collected from beneath the upper 20 cm of the root mat. 
Before planting, roots and rhizomes were removed by 
passing the sediment through a 1-cm mesh screen. In 
addition, the soil was allowed to aerate until hydrogen 
sulfide could no longer be detected. Soil characteristics 
were determined by the Soil Testing Laboratory at 
Louisiana State Univ. using standard methods (Moore 
and Chapman 1986). The soil was a histosol with an 
average organic content of 44%, a mineral fraction 
dominated by clays, and a pH of 6.1-6.3. 

Transplants of the six species were also collected from 
the marsh adjacent to the Tchefuncte River during Feb- 
ruary 1988. To minimize historical differences between 
species, transplants were allowed to grow for about 1 
month in small (150-cm3) containers of homogenized 
wetland sediment prior to use in the experiment. Fur- 
ther, at the initiation of the experiment, transplants 
were removed from the preconditioning containers, 
washed, blotted dry, and measured for fresh weight. 
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Ten additional transplants were used to determine the 
freshldry mass ratio. This information was used to esti- 
mate dry mass values for initial propagules. In addition, 
initial shoot lengths of all shoots in a pot were deter- 
mined for each species for use in non-destructive 
evaluation of performance over time. 

Planting took place in April 1988 and the experiment 
was allowed to proceed for three growing seasons. Pots 
were maintained in a flooded condition throughout the 
experiment. As a non-destructive estimate ofbiomass, 
the total length of all shoots in a pot were measured 
near the end of the growing season for southern Loui- 
siana (10188, 11/89) and at the time of final harvest 
(7190). Before the final harvest, examination of the 
non-destructive data showed a strong consistency with 
similar measurements from the previous year; thereby 
justifying the early harvesting in 1990. Dry biomass data 
from the final harvest were examined and found to 
confirm the reliability of total shoot length as an 
indicator of mass. Perhaps because of the simple, 
graminoid morphology of the species studied, regres- 
sion analysis showed that total shoot length was linearly 
correlated with shoot biomass (in contrast to the more 
complex relationships that occur for some species, 
Grace 1985). In this study, we found the correlation 
between total shoot height and shoot biomass to be as 
follows: Spartina patens - R2 = 0.84, Scirpus robustus -
R2 = 0.83, Scirpus validus - R2 = 0.75. Solidago sem- 
pervirens - R2 = 0.67, Eleocharis macrostachyo - R' = 
0.88, and Sagittaria lancifolia - R' = 0.69. 

Data analyses 

For analysis as a substitutive experiment, relative yields 
(RYs) were calculated for each species by dividing mix- 
ture performance by monoculture performance. For a 
size-independent comparison, the data were also ana- 
lyzed using the 'Relative Efficiency Index' (REI) for 
each species pair (Connolly 1987 - defined above). 
Since the design consisted of 1 replicate of each 
treatment per block, RYs and REIs were calculated 
independently for each block yielding an unbiased esti- 
mate of the variance of these derived variables. So as to 
focus on the potential to bias conclusions about com- 
petitive performance, the data (either RYs or REIs) 
were used to determine the rankings of competitors. 
Statistical analyses of the rankings were performed 
using Kendall's Test of Concordance (Daniel 1990) 
which provides a measure of the degree to which a set of 
rankings are in agreement. This procedure was used to 
test the hypothesis that the hierarchical ranking of spe- 
cies was consistent throughout the matrix and, there- 
fore, that a transitive hierarchy existed. Values of W 
range from 0 (no relationship between rankings) to 1.0 
(complete agreement among rankings). Matrices were 
also examined for intransitive loops using the method 
described in the previous section. 
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Table 3. Competitive rankings and tests of transitivity based 
on Relative Efficiency Index values. Tests are described in 
Table 2. 

Year Specles Rankings W Chi-square P < 

Two published matrices are analyzed for intransitive 
loops using the technique proposed in this paper. The 
studies reexamined are a diallel study of seven grassland 
species by Mitchley and Grubb (1986) and diallel study 
of six lakeshore species by Wilson and Keddy (1986). 
Both studies provide sufficient data to generate a matrix 
of rankings that can be examined for intransitive loops. 
At the same time, both matrices are sufficiently large 
for such loops to be hidden from conventional analysis. 

Results 
Effects of size bias on transitivity of marsh 
species experiment 

When Relative Yields (RYs) were used to generate 
rankings. it was found that the rankings generated rela- 
tive to each test species were very similar (Table 2). 
Concordance values ranged from 0.78 to 0.81 where a 
value of 1.0 equals perfect agreement. In this data set 
a W value as low as 0.20 would indicate a significant 
concordance among rankings at p = 0.05. Thus, these 
analyses indicate a high degree of consistency. 

Analysis of the results in terms of RE1 values (Table 
3) also showed strong concordance. In this case, W 
values varied from 0.93 to 0.79 indicating a concordance 
among rankings at least as strong as found for R Y  
values. Again, values were high indicating an extremely 
high degree of concordance. 

Comparison between rankings based on  RYs and 
REIs show5 that the rankings are not in complete agree- 

ment. In fact, previous analyses found that the two 
indices were in disagreement for years 1and 2, and were 
only correlated in year 3. This lack of agreement be- 
tween indices results from size bias in the R Y  analysis. 
Despite this effect, both indices showed rankings to be 
highly transitive. 

Examination of matrices for intransitive loops 

Examination of the matrices for the six marsh species, 
as well as the matrices published by Mitchley and Grubb 
(1986) and Wilson and Keddy (1986), failed to  reveal 
any matches with the rankings expected for intransitive 
loops (Table 4). As shown by the values of Kendall's W 
(Table 4), concordance among rankings was lower for 
the study by Wilson and Keddy (1986) than for the 
other studies. This greater variability was reflected in a 
considerable inconsistency amongst rankings. However, 
none of the 3 x 3 matrices matched those predicted for 
intransitive loops. 

Discussion 
Grace et al. (1992) have previously shown that tradi- 
tional analyses of substitutive experiments (such as Rel- 
ative Yields or Relative Crowding Coefficients) are in- 
herently biased in favor of initially larger plants and that 
this bias is eventually lost (in our case, after two years). 
In these analyses it was found that initial plant size was 
partially correlated with RYs. It was also found that 
RE1 values were not correlated with plant size, either 
initial or final. Thus, true competitive performance was 
not size-dependent. 

We believe that it is hypothetically possible for size- 
effects on indices of competitive performance to bias in 
favor of hierarchies if the bias effect is sufficiently 
strong. In our study of six marsh species, however, 
there was no evidence of bias towards transitivity in 
rankings based on traditional indicators. Rankings 
based on RYs were highly consistent. but rankings 

Table 4. Tests for transitivity and intransitive loops. Kendall's 
test was for the complete matrix while possible loops were 
checked using 3 x 3 matrices as shown in Table 1. Kendall's 
values for each year of our study are repeated from Table 3 to 
facilitate comparisons among studies. 

Data considered Kendall's W Number of 
(P <) loops 

Our  study - year 1 0.93 (0.01) 0 
Our study - year 2 0.79 (0.01) 0 
Our study - year 3 0.90 (0.01) 0 

Mitchley and Grubb (1986) 0.88 (0.01) 0 

Wilson and Keddy i1986j 0.54 (0 01) 0 



Table 5. Hypothetical example of how size-bias in traditional 
measures of competitive performance could affect the con- 
sistency amongst rankings. In this example, there exists an 
intransitive network where A > B > C > A. In addition, 
species A has the largest individuals and species C has the 
smallest. 

Test True competitive Size-biased competitive 
species performance performance 

based on REIs  were even more consistent suggesting 
that in this case, if there was any effect the size bias in 
traditional analyses acted to obscure rather than exag- 
gerate transitivity. It  should be noted that in this data 
set true competitive performance (as indicated by RE1 
values) did not correlate with size. Based on these find- 
ings, we conclude that size-bias in traditional indices 
such as RYs did not bias evaluations of transitivity in 
our study. 

Of course, the absence of bias in our study is no 
guarantee that the analyses performed by Keddy and 
Shipley were unbiased. As shown by the hypothetical 
example presented in Table 5,  it is possible for tradi- 
tional indices (such as used by Keddy and Shipley) to 
inaccurately indicate transitivity (see also arguments by 
Silvertown and Dale 1991). In their paper they found 
that plant size was well correlated with competitive 
success, suggesting the potential for an exaggeration of 
transitivity. There are at least three ways in which plant 
size can influence traditional measures of competitive 
performance. First, measures of competitive perform- 
ance such as RYs are very sensitive to initial differences 
in plant size. Second, plants with more rapid initial 
growth rates during the density-independent phase of 
growth are likely to be favored by the analysis. Finally. 
final plant size may have an effect under certain condi- 
tions of density and mortality. Due to the complex 
manner in which plant size might affect competitive 
performance, the only way in which bias effects can be 
evaluated is to reanalyze the data using size-insensitive 
indices such as the Relative Efficiency Index. To per- 
form such an analysis it is necessary to have estimates of 
initial plant mass. 

The tests for transitivity presented here, and the path 
analyses presented by Keddy and Shipley, do not elim- 
inate the possibility of intransitive interactions. While 
the intransitive case of A > B > C > A will be clearly 
indicated by any analysis technique (Table S) ,  for a 
more subtle case such as shown earlier in this paper, 
general tests for transitivity will fail t o  determine if 
intransitive loops are present. Rather, what these tests 
indicate are that the interactions are predominantly 
transitive. In a subtle case of intransitivity such as 

tests of concordance for a 6-species matrix would yield a 
value of 0.91 for Kendall's W ( p <  0.001). For a more 
blatant loop in a 7-species matrix such as 

we obtain a concordance of W = 0.65 which is higher 
than that found for the 7-species study of Wilson and 
Keddy (1986). For the Wilson and Keddy study, how- 
ever, the weak concordance appears to result from vari- 
ability in the data rather than from intransitivity. Thus, 
as shown by these examples, tests for general transitiv- 
ity are quite insensitive to  intransitive loops. 

While tests for transitivity may not be good tests for 
intransitive loops, inspection of the matrices for such 
loops revealed none. This result greatly increases our 
confidence that intransitive loops are not present in 
these studies. Of course it is still possible for a type I1 
error to occur even if matrices are inspected for in- 
transitive loops. Nonetheless, use of the technique pre- 
sented in this paper should substantially improve our 
ability to detect loops. 

In addition to statistical issues, there are other pos- 
sible concerns about the conclusions drawn by Keddy 
and Shipley. As Herben and Krahulec (1990) have 
pointed out, competitive networks may depend on par- 
ticular interactions between different life stages of com- 
peting species. For example, even if species A is a better 
competitor in adult-adult interactions it may still be 
possible for species B adults to  outcompete species A 
juveniles. Further, relative competitive abilities may 
shift with life stage (Grace 1985). While it is uncertain if 
such interactions lead to stable coexistence, they can 
definitely contribute to non-equilibrium coexistence 
(e.g. Platt and Weis 1985, Aarssen 1989). Many, if not 
most competition experiments, fail to examine the com- 
plete range of interactions possible and Herben and 
Krahulec (1990) have argued that data from such ex- 
periments are not complete tests of transitivity. While 
Herben and Krahulec single out de Wit's (1960) 're- 
placement-series' experiments as inadequate for testing 
transitivity, their criticisms are equally applicable to the 
majority of experimental approaches, substitutive or 
additive, greenhouse or field, unless such approaches 
include a full range of possible interactions. Although 
we do not agree with their conclusions that data from 
substitutive experiments are completely unsuitable for 
examining transitivity, we do agree that such tests (in- 
cluding our own) are less than complete. As always in 
science, the absence of evidence for a phenomenon 
does not necessarily mean it doesn't exist. 

To our knowledge, there are no conclusive examples 
of intransitive competitive loops between species in 
plant communities and the only example of any sort of 
intransitivity is presented for competing genotypes by 
Taylor and Aarssen (1990). In light of this, the conclu- 
sion that matrices are generally transitive is not surpris- 
ing. While examination of diallel experiments for in- 



transitive loops is useful, the discovery of such relation- 
ships will require the testing of specific hypotheses 
based on our knowledge of the complex interactions 
amongst species. In any such tests, it will be imperative 
to avoid analytical techniques that are size-biased or 
insensitive to intransitive loops. 
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