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Abstract. There is growing evidence that plant and animal
species are arranged in hierarchies of relative competitive
performance. More work is needed to determine which plant
traitsbest predict relative competitive performance. Wethere-
fore measured relative competitive performance of 63 terres-
trial herbaceous plant species using Trichostema brachiatum
as a reference species (that is, phytometer or target species).
The neighbour species came from a wide array of terrestrial
vegetation types (e.g. rock barrens, alvars, old fields), and
represented a wide array of growth forms (e.g. small rosette
species such as Saxifraga virginiensis and large clonal
graminoids such as Agropyron repens). The experiment was
repeated with two pot sizes: large (control) and small (stress
treatment). Relative competitive performance in large pots
(controls) was highly correlated with that in small pots (stress
treatment) (r = 0.90, p < 0.001). The hierarchy of relative
competitive performance in the large pots was also highly
correlated with the hierarchy in the small (stressed) pots (r =
0.91, p < 0.001). Principal components analysis and multiple
linear regression showed that plant size (measured by total
biomass, above-ground biomass, below-ground biomass,
canopy area, height and leaf areaindex) and leaf shape (mea-
sured as length to width ratio, length, width) were the two
characteristics that best predicted relative competitive perfor-
mance (large pots, r2= 0.55; small pots, r2=0.48).

Keywords: Alvar; Barren; Competition; Competitive hier-
archy; Old field; Phytometer; Rock barren;Trait.

Nomenclature: Gleason & Cronquist (1963); Morton & Venn
(1990).

Introduction

Competition has been shown to be a mgjor force
organizing the assembly of plant communities (e.g.
Weaver & Clements 1929; Harper 1977; Grime 1979;
Keddy 1989; Grace & Tilman 1990), but the actual way
in which the effects of competition create structure in
these communities is still imperfectly understood. At
least five current research paths in competition can be

identified, each associated with a different set of ques-
tions: (1) the issue of how competition influences the
coexistence of similar species has long been of interest
(e.g. Harper & Chancellor 1959; Fowler 1982; Aarssen
1983, 1989; Turkington & Mehrhoff 1989), as has (2)
therole of competition in controlling plant distributions
along gradients (e.g. Mueller-Dombois & Ellenberg
1974; Austin & Austin 1980; Austin et al. 1985;
Gurevitch 1986; Keddy 1990; Burger & Louda 1995;
Gaudet & Keddy 1995); (3) the relative importance of
competitive response and effect isarelatively new area
of activity (e.g. Goldberg & Fleetwood 1987; Goldberg
1990; Goldberg & Landa 1991) asis (4) testing for the
existence of competitive hierarchies and exploring pat-
terns in them (e.g. Mitchley & Grubb 1986; Keddy &
Shipley 1989; Shipley 1993; Shipley & Keddy 1994;
Goldberg 1996; Keddy et a. 1994, 2001). Both of the
latter mesh with (5) the study of plant traits and their
possible roles in determining competitive performance
(e.g. Weaver & Clements 1929; Botkin 1977; Givnish
1982; Tilman 1982; Gaudet & Keddy 1988; Rosch et al.
1997; Weiher et a. 1999). The objective of this paper is
to ask some basic questions within the domain of ques-
tions 4 and 5 using a comparative approach.

One important generalization about competition is
thetendency of speciesmixturesto be sorted into hierar-
chies of relative competitive performance. In order to
detect such hierarchies, species must be grown in al
possible pairs and their performance tested against the
null model devised by Shipley (1993). Such hierarchies
seemto betypical of mixturesof plant species(Keddy &
Shipley 1989; Shipley & Keddy 1994). The principal
limitation of the experimental procedure is its require-
ment for growing speciesin al pairs, as the number of
treatments increases as n (n — 1)/2. Few experiments
have therefore examined combinations of more than 10
species. A simplified procedure uses only a few col-
umns of the entire matrix, in which case all speciesare
compared against afew indicator or phytometer species.
The mean competitive performance is then used as an
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approximation of the hierarchy likely to have been
found in the entire matrix of species pairs. While this
simplification lacks the merit of first demonstrating a
hierarchy in a full species matrix, and against a null
model, it does allow examination of large numbers of
species simultaneously. The use of the same word,
hierarchy, in both cases, might be misleading, but in
practice, all multispecies matrices which have been
tested against null models show that hierarchies occur,
so it seems reasonable to use the same word *hierar-
chy’ in both cases rather than invent a new term.
Further, there is also evidence for similar hierarchies
in corals, fungi, birds, mammals and insects (Keddy
2001), although none of the latter has been rigorously
tested against the null model.

Gaudet & Keddy (1988) used this comparative
approach to estimate the relative competitive perfor-
mance of 44 herbaceous marsh plant speciesand to test
whether competitive performance (that is, position in
the competitive hierarchy) was correlated with plant
traits. They found a strong relationship between the
relative competitive performance and above-ground
biomass, later showing that these same experimental
estimates of competitive performance could predict
thedistribution of these speciesalong natural gradients
(Gaudet & Keddy 1995). Such comparative approaches
have certain limitations. Thetwo principal onesare (1)
only one or afew reference speciesis used to rank the
other species (as mentioned above with respect to the
use of the term hierarchies) and (2) only one or afew
standardized environments is examined. These limi-
tations have to be balanced against the strengths: (1)
the provision of quantitative estimates of relative com-
petitive performance on large numbers of species si-
multaneously and (2) the fact that comparison is pos-
sible precisely because all speciesare measured against
a common phytometer in a common environment.

How far can one generalize from studies of compe-
tition and plant traitsin marshes? The only way to find
out is to use the same approach in different habitats.
We specifically chose old fields because there are
many important published studiesof competition among
small groups of old-field species (e.g. Goldberg 1987;
Gurevitch & Unnasch 1989; Aarssen 1989; Turkington
& Mehroff 1989; Carson & Pickett 1990; Tilman &
Wedin 19914, b; Wilson & Tilman 1991; Campbell &
Grime 1992; Turkington et al. 1993; Raaniemi &
Goldberg 2000), but a comparative approach has not
yet been used in this vegetation type.

Recognizing the possibility that different rankings
of relative competitive performance might arise in
different environments, we also created two experi-
mental treatments (large well-watered pots and small
potswith frequent drought). Having first tested for any

effects of environment, we then explored the relation-
ship between plant traits and relative competitive per-
formance. Finadly, we compare the traits that best
predicted competitive performancein terrestrial plants
to those in marsh plants.

M ethods

Set up and maintenance of experiment

63 terrestrial herbaceous plant species (Table 1) were
collected from a range of vegetation types in eastern
Ontario. These were then grown with a target species
(sensu Goldberg 1990) or phytometer (sensu Weaver &
Clements 1929; Clements 1935), to provide an estimate
of the relative competitive performance of each of these
plant species. The vegetation from which the plantswere
collected included old fields with either deep clay or
shallow sandy soilsover Precambrian gneiss, oldfields
with shallow soils over limestone, rock barrens over
Precambrian gneiss, and alvars (Nielsen 1993). The
term alvar refersto vegetation growing in athin layer
of soil over flat limestone (Catling et al. 1975). The
flora and vegetation of these sites is described further
elsewhere: alvars (Belcher et al. 1992, 1995; Catling &
Brownell 1999a), rock barrens (Catling & Brownell
1999b) and old fields (Keogh 2000). This array of
habitats was included in the study principally to maxi-
mize variation in growth form and other ecological
traits, but also because alvars and rock barrens support
regionally rare plant species.

All species used in this experiment, except the
phytometers, were collected as ramets between 25
April and 10 May 1990. A ramet isthe functional unit
of a plant; in this experiment, because all 63 species
used were perennials, the functional unit was classified
as the over-wintering portion of the plant usually con-
sisting of a section of rhizome several cm long with one
apical meristem (e.g. Aster spp. and Solidago spp.).
Grass and sedge ramets usually consisted of a section of
rhizome several cm long with several attached |leaf
blades. Since the plants were collected in early spring
when leaveswere barely emerged, it was not possibleto
identify them to species at the beginning of the experi-
ment. Thus, some species were included a number of
times, bringing the sample sizeto 77.

Trichostema brachiatum (Lamiaceae), the phyto-
meter or target species chosen for inclusion in this
experiment, isasmall annual species that grows com-
monly in avars. It was previously used in a study of
competition (Belcher et al. 1995). Seedlings were col-
lected at the four-leaf stage from the Burnt Lands alvar
in Almonte, Ontario (45° 15' N, 76° 05' E) on 10 May
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1990 (the site described in Belcher et al. 1992). Seed-
lings of approximately equal size were removed from
the ground with theroots still surrounded by alayer of
soil, to minimize transplant shock.

The experimental design required planting one
phytometer in the middle of each pot (the target spe-
cies sensu Goldberg 1990, phytometer sensu Clements
1935, or more generally, the reference species) with
three ramets of a neighbour species. Hence, in this
design, the phytometer is being used to measure the
relative competitive performance of the neighbour spe-
cies. The neighbour species were also grown alone in
other potsto provide standard individuals upon which
the plant traits could be measured. Both ramets (of
nei ghbour species) and seedlings (of phytometers) were
transported while moist to an outdoor compound at
Carleton University (Ottawa, Ontario) in acooler, and
weretransplanted within 24 h of their collection. Three
ramets of each of the specieswere planted in asystem-
atic design around the Trichostema brachiatum phyto-
meter (five replicates pots for both pot sizes). Aswell,
to assess growth in the two pot sizes, and to allow the
measurement of traitsonindividual sthat were crowded
neither by neighbours nor phytometers, all species
were planted singly in 1-I and 500-ml pots (10 repli-
cates of the phytometers and five replicates of each
neighbour species for both pot sizes)

Two different pot sizes (11, 500 ml) were used to
createtwo treatment effects. The 1-1 pots (control pots)
were designed to alow the plants ample moisture,
nutrients and space for maximal growth. The 500-ml
pots (stress treatment), on the other hand, were de-
signed to provide the plants with less than ample
moisture, nutrients and space. To minimize other dif-
ferences (beyond those of soil moisture, nutrients and
space) each 500-ml container was placed inside a 1-
container. Thiscontrolled for any shading or microcli-
mate effectsthat might differentially affect small pots.
Similarly, each 1-| pot contained a 500-ml pot with its
base removed to provide root access to the rest of the
pot. Thus both treatments had two pots with two rims
and two layers of plastic.

Once transplanting was completed, all the pots
were randomly assigned to positionsin ablock so that
shading by neighbouring plants was randomized. A
30-cmhigh cylindrical cage (window screening mesh),
was placed over each pot to (1) simulate shading ex-
pected in summer grasslands and (2) to ensure that
ramets did not fall over and unduly influence the
growth of plantsin other pots.

All plants were allowed ample water during the
first two weeks after transplant. This gave them an
opportunity to adjust after their initial transplant shock,
reducing mortality. Then the plants in the stressed

treatment pots were alowed to dry to the point at
which they began to wilt.

Post transplant seedling mortality wasfurther reduced
with a shade cloth (65% shade). The shade cloth was
draped over a2-m high frame, which surrounded the area
where the plants were growing, and was | eft in place for
two weeks. When removed, the shade cloth wasreplaced
with bird netting which kept rodents, birds, and other
potential herbivores from the experimental pots.

All pots were provided with two hydroponic fertiliz-
ers when leaf discoloration indicated the pots were not
large enough to provide enough nutrients to sustain the
plants over an entire growing season. On 20 June 1990 a
syringe was used to inject each pot with a complete
hydroponicfertilizer solution at the commercially recom-
mended strength (B & B Hydroponics, Ottawa, Canada).
The control pots received 10-ml of the hydroponic solu-
tion whereas the stressed treatment pots received 5ml.
Thetwo hydroponicfertilizerswereused in equal propor-
tions. The first mixture (7-11-27) contained, by weight,
Nitrogen (7.0%), Magnesium (3.75%), Phosphorus
(11.0%), Potash (27.0%), Sulphur (4.8%), Iron (0.1%),
Magnesium (0.085%), Zinc (0.03%), Boron (0.027%),
Copper (0.0041%), and M olybdenum (0.009%). The sec-
ond mixture (15-0-0) contained Calcium (19%), Nitro-
gen (15.0%) and Magnesium (3.98%).

Harvesting neighbour species and phytometers

Harvesting of the neighbour plants began on 1 Au-
gust 1990 when severa of the neighbour species began
to senesce (indicated by yellowing of their photosyn-
thetic tissue), and it continued for six weeksin order of
the senescing sequence. Only those neighbour species
that had been grown singly were harvested and used in
the analysis—that is, all the traits were measured upon
neighbour species that had been grown without inter-
specific competition, and without exposureto the phyto-
meter. Hence the word ‘ neighbour’ indicates only that
these harvested plantsrepresented one of thetest species
used as neighbours in the main experiment, not that the
individuals themselves had served as neighbours. Har-
vesting consisted of removing the plant from its pot,
washing all soil from the roots with water, and separat-
ing the shoots from the roots. Roots and shoots were
dried to a constant weight at 60 °C and weighed to an
accuracy of £ 0.005 g.

The Trichostema brachiatum phytometers began to
senesce 14 August 1990; harvesting started on this date
and continued over atwo week period. All phytometers
were collected, including those surrounded by the three
neighbour species. Harvesting of the phytometers was
donein the same manner as with the neighbour species.
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Tablel. Relative competitive performance (Rcp) expressed as percent reduction in phytometer biomassfor 63 terrestrial herbaceous
plant speciesgrown in control and stress treatment pots ( 95 % confidenceinterval; n= 5).

Species Rcp Rcp Species Rcp Rcp
(control pots)  (stress treatment) (control pots)  (stress treatment)

Lechea intermedia 452+ 16.0 64.2+ 152 Viola papilionacea 96.7 + 2.8 96.2 + 2.0
Sporobolus heterolepis 51.2+ 26.1 649+ 7.8 Muhlenbergia mexicana 969 + 2.1 91.1 + 33
Carex gracillima 52.8+ 29.9 744+ 187 Elymus trachycaulus? 97.0 = 16 944 + 25
Carex rugosperma 544 + 16.7 69.2+ 175 Penstemon hirsutus 970 £ 11 96.2 + 1.6
Danthonia spicata 61.4+ 284 755+ 12.7 Prunella vulgaris? 97.2 + 26 98.6 + 0.2
Carex eburnea 64.1+ 381 792+ 3.7 Helianthus divaricatus 97.2 £ 09 98.6 + 0.2
Danthonia spicata® 64.8 + 32.7 68.4+ 10.8 Plantago rugelii 97.3 + 44 983 + 0.8
Panicum depauperatum 67.0+ 16.1 771+ 142 Elymus repens? 974 + 1.2 954 + 3.8
Carex crawei 70.1+ 19.0 56.1+ 36.1 Solidago hispida 974 + 14 976 £ 05
Trichostema brachiatum 718+ 84 79.2+ 152 Hieracium piloselloides? 979 = 11 952 + 3.7
Saxifraga virginiensis 729+ 16.2 756+ 88 Linaria vulgaris? 979 + 1.2 949 + 26
Carex pallescens 749+ 6.4 70.0+ 258 Aster ciliolatus 98.0 + 0.8 983 + 06
Carex pensylvanica 789+ 88 784+ 174 Prunella vulgaris? 981 + 32 98.6 = 0.2
Antennaria neglecta 799+ 7.7 937+ 48 Solidago gigantea 98.1 + 2.7 986 + 1.9
Minaurtia michauxii 80.7 £ 16.0 754+ 225 Aster ciliolatus 981 + 1.3 962 + 2.1
Panicum acuminatum 816+ 5.0 888+ 53 Poa pratensis 982 = 11 96.6 + 1.3
Anemone canadensis 81.7+ 12.2 85.0+ 12.8 Solidago ptarmicoides 983 + 14 96.8 + 24
Corydalis sempervirens 83.1+ 159 78.8 £ 18.6 Potentilla recta? 985 + 0.7 983 + 1.1
Equisetum arvense 833+ 137 82.6+ 10.9 Potentilla argentea? 986 = 25 96.3 + 3.3
Carex richardsonii 87.1+ 16 80.5+ 32.0 Cirsium arvense? 98.7 + 05 984 + 04
Solidago ptarmicoides 88.1+ 17.3 90.0 + 16.7 Ranunculus acris? 98.7 + 0.7 98.1 + 05
Panicum acuminatum 88.7+ 9.3 826+ 11.6 Solidago rugosa 98.8 + 0.6 974 £+ 21
Agrostis gigantea? 90.0+ 7.4 905+ 3.9 Phleum pratense? 989 + 0.8 92.1 +10.6
Ssyrinchium montanum 90.1+ 12.6 935+ 33 Senecio pauperculus 989 + 0.7 96.2 + 1.7
Antennaria howellii 90.4 + 153 923+ 7.0 Fragaria virginiana 989 + 0.7 982 + 1.0
Anaphalis margaritacea 908+ 32 841+ 124 Rumex acetosella? 989 + 04 978 + 14
Bromus tectorum? 915+ 59 799+ 26.8 Aster ciliolatus 99.0 =+ 04 980 + 1.3
Campanula rotundifolia 91.8+ 57 84.1+ 17.6 Echium vulgare? 99.0 = 05 97.8 + 1.1
Bromus inermis? 923+ 97 928+ 34 Solidago altissima 99.0 £ 05 983 + 05
Solidago hispida 931+ 108 89.1+ 16.9 Solidago rugosa 99.0 + 05 98.6 = 0.3
Urtica dioica? 933+ 4.0 927+ 53 Achillea millefoliun? 99.0 = 0.6 984 + 14
Glechoma hederacea? 938+ 36 898+ 74 Chrysanthemum leucanthemun¥?  99.1 + 0.3 983 + 06
Rumex acetosella? 944+ 29 936+ 51 Taraxacum officinale? 99.1 + 04 980 + 1.8
Berteroa incana? 945+ 41 880+ 55 Plantago rugelii 99.2 + 0.6 989 + 0.9
Viola septentrionalis 954+ 29 923+ 7.3 Hieracium piloselloides? 993 + 14 98.1 + 1.0
Scutellaria parvula 955+ 31 95.6 + 2.16 Trifolium pratense? 993 + 0.2 98.6 + 05
Hypericum perforatun? 9.0+ 3.3 936+ 1.0 Achillea millefoliun? 994 + 03 98.7 £ 0.5
Hieracium pilosella? 962+ 22 9027+ 28 Plantago rugelii 99.0 £ 0.3 985 + 19
Aster ciliolatus 9.4+ 34 924+ 9.0

1Some species were collected from several different collection sites therefore there are replicates of the same species within the data set; in total there are 77

cases; 2Non-native species.

Measurement of plant traits

We measured various plant traits on the plants that
were grown singly in order to determine whether they
could be used to predict relative competitive perfor-
mance. Just prior to harvesting, plant height, longest and
shortest canopy diameter, leaf length, leaf width, leaf
number and leaf area were measured. Canopy area and
leaf shape, were derived from these. Plant height was
measured from the base of the plant to the maximum
height reached by the canopy. Canopy area was cal cu-
lated using the standard equation for the area of an
ellipse (Area= xy/4p, where x = the longest diameter of
the ellipse and y = the shortest diameter of the ellipse).
Averageleaf length and width were assessed by measur-
ing a representative sample of the various leaf sizes on

the plant and then cal culating an average on the basis of
the number of leavesin each of these representative size
categories. Leaf areafor each species was measured by
tracing a representative selection of leaves on paper;
area was measured using the image analyser computer
package Optimas (Anon. 1990). Leaf areaindex (LAI)
was calculated on the basis of the number of leavesin
each of the representative size categories.

Soil measurements

During the growing season we measured soil depth
at thefield site of each plant species. We pushed a4-mm
diameter survey pin into the ground near the base of
each plant and then took an average of 50 of these
measurements. During the harvest, a soil sample was
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taken from each of the pots containing asingle neighbour
species and analysed at the Agri-food laboratory in
Guelph, Ontario for nitrate using KCl extraction.

Relative competitive performance

The relative competitive performance of each of the
neighbour species was assessed in both the control and
stresstreatment pots. Relative competitive performance
was estimated as the relative ability of each of the
neighbour species to suppress the growth of the
phytometer; we use the term relative competitive per-
formance because we believe the term competition in-
tensity is best reserved for multispecies associations
(see Keddy 1989). It is probable that this design mea-
sures competitive effect (sensu Goldberg 1987, 1990,
that is separate from competitive response), but we will
use the less specific term ‘relative competitive perfor-
mance’. Due to the difficulty in removing phytometer
roots from neighbour species roots, only above-ground
biomass of phytometerswasused. Therelative competi-
tive performance of each ‘ neighbour species’ wascal cu-
lated as: RCP = (P, — P;)/P, where P, was above-
ground biomass of the phytometer when grown aone,
and P was above ground biomass of the phytometer
when grown with neighbour species (Wilson & Keddy
1986a; Keddy 1989). P, (n = 10) and P; (n = 5) were
expressed as the mean of the experimental replicates.

Satistical analysis

It wasfirst necessary to determine whether the rela
tive competitive performancediffered among neighbour
species. Becausethe distribution of phytometer biomass
when grown with the neighbour species was non-nor-
mal in both control and treatment (Wilks Shapiro, p <
0.0001) (Zar 1984), a non-parametric test was used
(Siegal 1956).

The relationship between relative competitive per-
formancein the control and relative competitive perfor-
mance in the stress treatment was examined next. The
distribution of the data was markedly skewed (Wilks
Shapiro p < 0.0001), so Spearman rank ordered corre-
lation was used.

Principal Component Analysis (PCA) was used to
reduce the many trait variables to amanageable number
for a multiple regression of competitive performance
upon plant traits. PCA extracts a linear combination of
the original variables, producing a few composite axes
or principal components that are orthogonal to one
another (Manly 1986). Thisprocedureisespecialy use-
ful when the original variables measure a related trait,
such as size or shape.

Results

Relative competitive performance

It wasfirst necessary to assesswhether the neighbour
species caused a competitive effect on the phytometers.
The biomass of phytometers when grown alone was
significantly greater than the biomass of phytometers
when grown with neighbour species in both the control
(Mann-Whitney U Test, n, =20, n,=380 1, z=-7.39,
p < 0.00001) and the stresstreatment (Mann-Whitney U
Test, n =20, 370 A, z=— 7.43, p < 0.00001). Thus a
competitive effect exists to be further explored.

It was next necessary to explore differences between
control and experimental treatments. First, we exam-
ined the phytometersin each treatment. The biomass of
phytometersgrown alonein the control potswassignifi-
cantly greater than the biomass of phytometers when
grown aoneinthestresstreatment pots (Mann-Whitney
U Test, n; =20, n, = 20, z= - 3.80, p < 0.001). Further,
the biomass of phytometerswhen grown with neighbour
speciesin the control potswassignificantly greater than
the biomass of phytometerswhen grown with neighbour
speciesin the treatment pots (Mann-Whitney U Test; n
=380 1, 370, z=— 2.54, p < 0.05). Next we examined
the neighbour species. The biomass of neighbour spe-
cies when grown singly in the control pots was signifi-
cantly greater thanin thetreatment pots (Mann-Whitney
U tests: (1) total biomass; n= 386, 388, z=—-7.42, p<
0.0001, (2) above-ground biomass; n = 386, 388, z=—
7.95, p < 0.0001, and (3) below-ground biomass; n =
385, 388,z=—-15.81, p< 0.0001). Thereforethe neighbour
species were significantly affected by the two sets of
conditions in the experiment.

The mean relative competitive performance of
neighbour species in the control pots was not signifi-
cantly different from the mean relative competitive per-
formance of neighbour species in the treatment pots
(Mann-Whitney U, n = 77, z = 1.51, p = 0.13). This
indicates that competitive intensity did not vary be-
tween the two treatments.

Mean relative competitive performance (measured
as percent reduction in phytometer biomass) of each
species is shown in Table 1. The neighbour species
caused dramatic reduction in growth of the phytometer.
In 55/77 casesin the control pots and 51/77 casesin the
stress treatment pots, the neighbour plants reduced
growth of the phytometer by at least 90%. There were
significant differences in relative competitive perfor-
mance among species in the control pots (Kruskal-
WallisK=307.7, p < 0.0001) and stress treatment pots
(Kruskal-Wallis, K=286.2, p < 0.0001) (Siegel 1956).
Species can be ordered by relative competitive perfor-
mance value, from the weakest competitor (Lechea
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intermedia in the control pots and Carex crawei in the
treatment pots) to the strongest competitor (Plantago
rugdlii in both pot sizes) (Table 1). Fig. 1 shows that
relative competitive performancein the control potswas
strongly correlated with relative competitive perfor-
mance in the treatment pots.

Traits and relative competitive performance

Table 2 shows that relative competitive performance
was correlated with many traits. Because of the compli-
cated correlation structureinthisdata, wefirst analysed the
plant traitsto find uncorrelated principal components, and
then asked which component (set of traits) best-predicted
relative competitive performance. Soil data were omitted

Table 2. The correlation (r) between plant traits and their
relative competitive performance (n = 63 species).

Plant traits Control pots (r) Stress treatment
pots (r)
Biomass, total (g) 0.58 "1 0.55 "1
Biomass, below-ground (g) 0.55 "1 0.59 "1
Biomass, above-ground (g) 0.53 "1 0.49 ™
Shoot to root ratio (g/g) -0151 -0.38 """
Height (cm) 031" 0.20
Leaf length (cm) -029" -0.32
Leaf width (cm) 0.52 ****1 0.54 ****1
Leaf shape (length:width) —-051 "1 —057 "1
Leaf number —-0.05 -0.12
Leaf areaindex (cm?) 0.45 "1 0.33 "1
Canopy area (cm?) 0.26 "1 0.10
Average soil depth (cm)? 0.34 "1 0.36 **1
Soil nitrate nitrogen (ppm)2 -0.39 "1 -028"1

“p<0.05 "p<0.01; *"p<0.001; "**p << 0.00001.

Correlations are simple linear correlation with percent reduction in
phytometer biomass; data for these traits were log transformed and
percent reduction in phytometer biomass was arcsine square root trans-
formed; 2soil depth where plants occurred in the field; 3these are indirect
measures of below-ground traits in that al pots received the same soil
mixture and among species differences at the end of the experiment can be
attributed to differences in below-ground activities.
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from this procedure to concentrate on plant traits.

The remaining 11 variables yielded four principal
components (PC) that could explain 89.6% of the varia-
tioninthevariablesfor control potsand 89.1% for stress
treatment pots (Table 3). Those variables, which carried
the most weight for each principal component, were
considered to be the most important. Using variables
with component loadings of 0.5 or higher, PC1 may be
interpreted as size (total biomass, above-ground biom-
ass, below-ground biomass, canopy area, height, LAI),
PC2 as the leaf shape measures (length:width, length,
width), PC3 as the number of leaves and PC4 as the
shoot:root ratio. The size measures, number of leaves
and shoot:root ratio have positive coefficients for both
control and treatment (Table 3). For control pots, length
and length:width ratio have negative coefficients, while
in stress treatment pots, length and length:width ratiois
positive and width is negative.

Fig. 2 showsaforward stepwise multiple regression
(o to enter = 0.05) of arcsine (relative competitive
performance) against the four principal components for
both treatments. For control pots, PC1 (size measures)
and PC2 (leaf shape measures) were significant and
explained 55.2% of the variation in relative competitive
performance (n = 71, p < 0.001, Table 4). For stress
treatment pots, PC1 and PC2 explained 48.4% of the
variation (n = 72, p < 0.001, Table 5). For both regres-
sions, the residual s were normal and homoscedastic.

To address the original question, regarding measur-
abletraitsthat best predict rel ative competitive performan-
ce, itisnecessary to consider theloadingsof each variable
of the principal components. For both control and treat-
ment, total biomass explained the most variation for PC1
(component loading: control pots = 0.966, stress treat-
ment pots = 0.953). Length to width ratio explained the
most variation for PC2 (component loading; control pots
= 0.980, stress treatment pots = 0.939).
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Table 3. Theresultsof aprincipal components analysisupon the correlation matrix of 11 plant traits. The coefficientsin the columns
indicate theimportance of that plant trait in defining the principal component in that column. The columns are ordered by the percent
of variance they explain (bottom row). Note that the coefficient for the length:width ratio on PC2 is negative for control pots (top),
but positive for stress treatment pots (bottom). All variables have been log transformed.

Control PC1 PC2 PC3 PC4

Total biomass 0.218 0.035 —-0.045 —-0.064
Above-ground biomass 0.208 0.032 0.088 0.185
Below-ground biomass 0.195 0.041 -0.176 -0.297
Canopy area 0.189 -0.137 0.047 0.149
Height 0.171 -0.136 —-0.003 0.012
Leaf areaindex 0.160 0.106 0.090 0.182
Length:width —0.009 —-0.405 0.013 —0.050
Leaf width 0.031 0.321 -0.262 0.306
Leaf length 0.021 -0.303 -0.284 0.273
Leaf number 0.062 0.030 0.446 -0.376
Shoot:root -0.028 -0.020 0.358 0.646
% variance explained 40.36 22.02 17.25 9.97
Stress treatment PC1 PC2 PC3 PC4
Total biomass 0.221 -0.043 -0.016 —-0.040
Above-ground biomass 0.205 0.013 0.130 0.250
Below-ground biomass 0.200 —-0.094 -0.152 -0.293
Leaf areaindex 0.181 -0.072 0.039 0.295
Canopy area 0.172 0.188 0.043 0.052
Height 0.157 0.169 0.009 —-0.098
Length:width -0.016 0.357 -0.123 -0.083
Leaf width 0.058 -0.315 -0.157 0.343
Leaf length 0.039 0.232 -0.381 0.251
Leaf number 0.071 0.031 0.461 -0.351
Shoot:root —-0.058 0.136 0.331 0.636
% variance explained 39.24 2391 16.50 9.42

Discussion

On the invariance of competitive hierarchies

Thedegreetowhichrelative competitive performance
changes with environment has been disputed for years.
Some work suggests that a plant’s competitive perform-
anceishighly dependent on the environment inwhich the
plants are competing (Austin et al. 1985; Grubb 1985;
Tilman 1988, 1990). Grubb (1985, p. 612) says “It is
essentia to appreciate that plants cannot be ordered in
respect of their potential for interferencewithout stipul at-
ing the conditionsfor growth; there are many experimen-
tal results published, showing that the outcome of inter-
ference between two species or two biotypes depends on
temperature, water supply, pH and nutrient-regime” . Other
work, however, shows competitive ranking of speciesto
be relatively independent from the environment (Fowler
1982; Grime 1979; Keddy 1989; Keddy et a. 2000). Our

Table4. Multipleregression between arcsine (rel ative competi-
tive performance) and four principal components for control
pots (n =71, r2=0.55, F = 44.0, p < 0.001).

Variable Coefficient t p

Constant 1.204 63.19 0.000
PC1 0.146 7.648 0.000
PC2 0.100 5.191 0.000

experiment was explicitly designed to test between these
views. Wefound that relative competitive performance
under stressed conditions was strongly correlated with
relative competitive performance under control condi-
tions (Fig. 1). Other pot studies have found similar
results (e.g. Gaudet 1994; Keddy et al. 1994, 2001).
Moreover, although it is not mentioned in the conclu-
sionsof their published study, similar resultswere also
found in a field experiment (Tilman & Wedin 1993;
Keddy 2001).

In both the control and stress treatment, the weaker
competitorstended to be small grasses and sedges (i.e.
Danthonia spicata, Carex rugosperma) or small rosette
species (Saxifraga virginiensis, Antennaria neglecta).
Spoorobolus heter ol episwas one of theweakest competi-
tors in both treatments. Sporobolus heterolepis is a
provincially rare species (Argus et a. 1987), and its
regional distributionislargely limitedtoalvars(Catling
etal. 1975). Thisfinding is consistent with the view that

Table 5. Multiple regression between arcsine (relative com-
petitive performance) and four principal componentsfor stress
treatment pots (n = 72, r2=0.48, F = 34.3, p < 0.001).

Variable Coefficient t p

Constant 1.177 63.398 < 0.001
PC1 0.099 5.282 < 0.001
PC2 -0.117 -6.079 < 0.001
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somerare and endangered speciesarerestricted to infer-
tile or stressful habitats where they escape from com-
petitors (e.g., Grime 1979; Moore et a. 1989). Many of
the species near the high end of the competitive hierar-
chy were large or leafy species (i.e. Plantago rugelii,
Solidago spp.). Furthermore, the majority of alien spe-
cies tended to the strong end of the competitive hierar-
chy. Thisfinding may be important for the control and
management of alien plant species.

On one hand, these results refute the proposal that
competitive hierarchies vary with environment and that
all competitiveinteractionsare contingent. However, itis
important to remember that this is not a smple dicho-
tomy. The presence of clear competitive hierarchies, and
their constancy between treatments, does not exclude
smaller scale contingencies. For example, in stress treat-
ment pots, the narrow-leaved species fared relatively
better, whereasin control pots broad-leaved plantsdid so.
Thisrelative advantage of narrow versus broad leavesis
superimposed upon the positive effects of plant size and
may explain some of the variance in Fig. 1. Individual
responses of selected species also varied between treat-
ments; for example, Phleum pratense showed adramatic
shiftinrelative competitive performancefrom the control
to the stress treatment pots. In the control pots it was
ranked 62/77 speciesinthecompetitivehierarchy, whereas
its rank plummeted to 30/77 in the stress treatment pots.
Antennaria neglecta also showed a dramatic shift in
competitive ranking between treatments. In the control
pots Antennaria neglecta was ranked 14/77 in the com-
petitive hierarchy and in the stress treatment potsitsrank
escaated to 40/77. Such effects may in part be attribut-
able to differences between relative competitive perfor-
mance measured on aper gram basisand aper plant basis
although a series of studies by Goldberg suggests that
competitive effects measured on a per gram basis are the
same for old field plants (e.g. Goldberg 1987; Goldberg
& Landa 1991). They may direct us to peculiaritiesin
the autecology or physiology of the species concerned.
Similarly, our experiment measured only relative com-

.0
1.5 2.0 0.0 0.5 1.0
Predicted

L5 20

petitive effect, and it may be that some of this variance
can be accounted for by differences among species in
competitiveresponse (although it seems doubtful that the
phytometer had much effect upon the surrounding
neighbour species). Thus, while there was a significant
correlation in relative competitive performance at the
coarse scale, there remain autecological patterns to ex-
plore at the fine scale.

Such autecological patterns can be asignificant pro-
blem when only afew species are used in astudy. Note
that the quotation from Grubb (1985) that opened the
discussion refers to experiments using only two species
or biotypes. The majority of studies concerning plant
competition useonly afew speciesinteractingin pairwise
situations(Williams 1962; Harper 1963; Goldsmith 1978;
Mitchley & Grubb 1986; Wilson & Keddy 1986a; Tilman
& Wedin 1993). When only afew species are used, one
cannot distinguish between autecological peculiarities
of the species concerned, and genera scientific prin-
ciples(Keddy 1993). Moreover, as Grubb’ sreferenceto
biotypes suggest, very similar species are often used in
competition experiments (e.g. Fowler 1982; Austin et
al. 1985; Schoen et al. 1986). Changesin relative com-
petitive performance may be much more pronounced
when species of different competitive performance in-
teract (Keddy & Shipley 1989; Keddy 1990; Shipley &
Keddy 1994). Similar speciesalso tend to have symmet-
ric rather than asymmetric interactions (Wilson 1988;
Johansson & Keddy 1991; Keddy 2001). In situations
with similar species, hierarchies may beleast important
in determining the outcome of competitive interactions,
and minor fluctuations in environment may then have a
major influence on competitive rankings. The apparent
importance of hierarchies of relative competitive ability
may therefore depend upon the kind of experiment that is
designed. The question istherefore not whether thereisa
right design or awrong design, but rather which kind of
design is most appropriate for which kinds of questions.
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Traits and relative competitive performance

Size measures were the best predictor of relative
competitive performance. Of those, total biomass ex-
plained the most variation. This finding is consistent
with several past studies that have taken relative com-
petitive performance and plant traits into consideration
and have found size-related traits to be most important.
As early as 1933, Clements summarized the results of
many transplant and removal experiments in prairie
vegetation and concluded that in general taller grasses
have a competitive advantage over the shorter. Other
more recent examples of these results have included
Grime(1974), Goldsmith (1978), Goldberg & Fleetwood
(1987), Wilson & Keddy (1986b), and Mitchley &
Grubb (1986). Gaudet & Keddy (1988a) have used a
similar design to measure relative competitive perfor-
mance of 44 herbaceous marsh plant species, regression
analysisreveaed that average dry weight of the neighbour
species when grown singly could explain 64% of the
variation in relative competitive performance. When
other size related variables were included in amultiple
regression (height, canopy diameter, canopy area) they
were ableto explain 74% of the variation. These studies
suggest that plant size may be a good predictor of
relative competitive performance across arange of veg-
etation types.

The best leaf shape predictor, length to width ratio,
has a different relationship with relative competitive
performance for control and stress treatment pots. For
control pots a plant with rounded leaves (forb species)
werebetter competitors (aslength:width decreased, rela
tive competitive performanceincreased). For stresstreat-
ment pots, the opposite was true: plants with narrow
leaves (a high length:width, such as grasses or sedges),
were stronger competitors.

While this shift in relative competitive performance
with changing leaf shape isinteresting, the significance
is unclear because so little is known about the factors
affecting leaf form (Givnish 1987). Indeed, Givnish's
comprehensive review makes no mention of competi-
tive performance as aconstraint on leaf shape, although
he too notes the importance of plant size in controlling
the height of leaves relative to neighbours (Givnish
1982). Leaf areais generally positively correlated with
rapid growth (e.g. Reich et al. 1992; Reich 1993) which
is thought to be one component of competitive ability
(Grime 1973) but may also to be related to factors such
as resistance to herbivore damage (Southwood et al.
1986). The degree of dissection of leaves can vary with
altitude, but the role in competition is apparently un-
known (Gurevitch & Schuepp 1990; Gurevitch 1992).
Experimental work has shown that both monocots and
dicots, and linear leaved and broad-leaved plants, have

similar competitive effectsonaper gram basis(Goldberg
1987; Goldberg & Landa1991). Rosette plantsmay bea
special case, where prostrate growth form makes the
plant particularly sensitive to competition (e.g. Wilson
& Keddy 1986; Reader & Best 1989) — but this is a
function again of plant size rather than leaf shape.

On mechanistic interpretations

While our results show that measures of plant size
and leaf shape are predominant traits associated with
relative competitive performance (Fig. 2), they do not
provide amechanistic interpretati on of resource compe-
tition, nor were they intended to. Large plants may
simply have other traits which confer strong competi-
tive performance, such as physiological activity rates
(i.e. high rates of resource capture above- and below-
ground, Chapin 1980). Screening for such traits, and
testing for correlations between them and estimates of
relative competitive performance, would be an obvious
way to test this proposition. Biomassis associated with
the ability to capture resources since it provides alarge
surface areafor capturing resources (Grime 1979). This
could s multaneously enhance growth and deny resources
to neighbours (Keddy 1989; Goldberg 1990). It is also
true that heavier plants also tend to be taller plants, at
least in this vegetation type. We know that light avail-
ability and quality decrease exponentially with distance
below the top of the canopy (Fitter & Hay 1983). Simi-
larly, light penetration to the soil surface was a negative
exponential function of above-ground biomass of five
prairie grass monocultures (Tilman & Wedin 1991). As
thelarger plant getstaller, its shorter counterpart ismore
shaded. Thus the competitive interaction subsequently
becomesmoreand moreasymmetric (Wiener 1986; Keddy
& Shipley 1989; Keddy 1989; Johanssen & Keddy 1991).

Since bel ow-ground resources (soil nutrientsand wa-
ter) are aso important for plant growth, an obvious ques-
tion iswhether biomass or height is lessimportant in the
stresstreatment potswhere bel ow-ground resourceswere
deliberately maintained at low levels. Height was no
longer correlated with relative competitive performance
(Table 2). This suggests that in the stress treatment pots,
water or nutrients became a limiting resource. Shiftsin
allocation to roots versus shoots in response to light and
soil resourceavailability areknownto influence per-plant
uptakeratesof all resources(Chapin et al. 1987). Perhaps
those plants that were able to allocate more energy to
building alargeand extensiveroot systemwerebetter able
to monopolizethelimiting resourcesin the stresstreatment
pots. Silvertown (1980) suggests that botanical equilib-
riuminthePark Grassexperimentscan bein part attributed
tothelimitation of grassesby soil nitrogen, and legumesby
minerals, whereas the individua species representing
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grasses and legumes may be determined by other factors.

To experimentally explore resources limiting per-
formance of different species, Carson & Pickett (1990)
applied four different trestments on old fields in New
Jersey: (1) added macronutrients, (2) added water, (3)
added light (achieved by tying back tall plantsto remove
their shadefromaplot and (4) added disturbance (achieved
by digging with a hand trowel early in the growing
season). Thesefields are normally dominated by golden-
rods and asters, with Solidago canadensis and Aster
pilosus most common, and S. graminifolia, S juncea, S
rugosa and S nemoralis aso found. Added nutrients
increased the cover of these dominants, and added water
alsoincreased cover in the second year when rainfall was
below normal. Disturbance significantly reduced canopy
cover, but only for thefirst year. Subcanopy species (e.g.
Fragaria virginiana, Hieracium pratense and Rumex
acetosella) had the reverse response. Theseresults make
intuitive sense: since canopy-forming species are un-
likely to be limited by the availability of light, soil re-
sources remain the likely limiting factor. Further, since
canopy plants remove light for subordinates, any factor
that increases the growth of the canopy should further
restrict the subordinate or subcanopy plants; hence the
deleterious effects of added nutrients upon subcanopy
species. Since canopy species are taller than subcanopy
species, there is likely to be size dependence in relative
ability totolerate shortages of soil resourcesasopposed to
shading.

Some caveats

Although the results of this experiment suggest in-
variant competitive rankings at the broad scale and
contingent rankings at afiner scale, the experiment does
not tell us how these resultswould have changed had the
experiment been run over alonger period of time. Per-
hapsif this experiment had lasted several years, or even
several plant generations, relative competitive perfor-
mance would have changed. Current constraints in sci-
entific funding seem to allow either the examination of
afew species over many years or many speciesover one
year. Neither isright or wrong, and each offers different
windows into the same unknown region.

Theremay beamultitude of other factorsthat interact
with positions in a competitive hierarchy. This experi-
ment used only one treatment. Other environmenta vari-
ables may aso affect the hierarchy. Various forms of
grazing have been found to control the composition of
plant communities (e.g. Southwood et al. 1986; Louda et
al. 1990; Campbell & Grime 1992; Turkington 1993;
Burger & Louda 1995) and resistance to grazing may
override competition asafactor controlling species com-
position in old fields. These questions, however, cannot

be answered until further studies using many species and
multiple environmental trestments are carried out.

Phylogeny may also complicate interpretations
(Hodgson 1986; Hodgson & Mackey 1986). Some
closely related species such as Carex had similar com-
petitive abilities (Table 1). Hodgson & Mackey (1986)
report, not surprisingly, that plant families share similar
life history traits. This, of course, does not obviate the
merit of seeking broad correlations among plant traits,
community properties, and environmental factors. It
simply reminds us to consider evolutionary as well as
proximate causes in interpreting such patterns.

Comparative approaches using reference species
(phytometers) have certain advantages and disadvan-
tages for studying competition. If this method is se-
lected, the choice of a phytometer is still often subjec-
tive. Trichostema brachiata was chosen because it was
abundant inthefield, easy to collect, and had been found
in past studies to be easily established as a seedling
(Belcher et a. 1995). The results of this experiment,
however, suggest that choosing a phytometer of greater
competitive performance would have been preferable.
Trichostema brachiatum was a fairly weak competitor
and therefore most species at the high end of the com-
petitive hierarchy were ableto highly suppressit (Table
1). This obscured the range of competitive abilities of
species at the upper end of the hierarchy. Using a
phytometer with a more moderate competitive perfor-
mance would probably have clarified the hierarchy of
competitive abilities at the strong end of the continuum.
A further limitation might have been our use of an
annual reference species to assess the competitive per-
formance of perennial species.

Acknowledgements. We thank Joyce Belcher, Catherine
Dhavernas, Kim Lemky, LisaTwolan-Strutt, and Irene Wisheu
for assistance in the field. We aso thank Dan Brunton for
confirming the speciesidentifications, and Deborah Goldberg,
Jim Grace, Bastow Wilson and Roy Turkington for helpful
comments on drafts of the manuscript. The project wasfunded
by the Canadian Wildlife Serviceand the Natural Sciencesand
Engineering Research Council of Canada. Michaelyn Broussard
kindly assisted with manuscript preparation.

References

Anon. (Optimas) 1990. Biosoft Version 3.0. Bioscan Inc., Wash-
ington, DC.

Aarssen, L.W. 1983. Ecological combining ability and competi-
tive combining ability in plants: towards a genera evolu-
tionary theory of coexistencein systemsof competition. Am.
Nat. 122: 707-731.

Aarssen, L.W. 1989. Competitive ability and species coexist-
ence: a‘plant’seye’ view. Oikos 56: 386-401.

Argus, G.M., Pryer, K.M., White, D.J. & Keddy, C.J. 1987.



- Relative competitive performance of terrestrial herbaceous plants - 15

Atlas of rare vascular plants of Ontario. National Museum
of Natural Sciences, Ottawa.

Austin, M.P & Austin, B.O. 1980. Behaviour of experimental
plant communities along a nutrient gradient. J. Ecol. 68:
891-918.

Austin, M.P., Groves, R.H., Fresco, L.M.F. & Kaye, P.E. 1985.
Relative growth of six thistle species along a nutrient gradi-
ent with multispecies competition. J. Ecol. 73: 667-684.

Belcher, JW., Keddy, P.A. & Catling, P.M. 1992. Alvar vegeta-
tionin Canada: amultivariate description at two scales. Can.
J. Bot. 70: 1279-1291.

Belcher, JW., Keddy, P.A. & Twolan-Strutt, L. 1995. Root and
shoot competition intensity along a soil depth gradient. J.
Ecol. 83: 673-682.

Botkin, D.B. 1977. Lifeand death in aforest: the computer asan
aid to understanding. In: Hall, C.A.S. & Day, JW. (eds.)
Ecosystem modelling in theory and practice, pp. 213-233.
Wiley & Sons, New York, NY.

Burger, J.C. & Louda, S.V. 1995. Interaction of diffuse compe-
tition and insect herbivory in limiting brittle prickly pear
cactus, Opuntia fragilis (Cactaceae). Am. J. Bot. 82: 1558-
1566.

Campbell, B.D. & Grime, J.P. 1992. An experimental test of
plant strategy theory. Ecology 73: 15-29.

Carson, W.P. & Pickett, ST.A. 1990. Role of resources and
disturbancein the organization of an old-field plant commu-
nity. Ecology 71: 226-238.

Catling, P.M & Brownell, V.R. 1999a. Alvarsof the Gresat L akes
region. In: Anderson, R.C., Fralish, JS. & Baskin, JM.
(eds.) 1999 Savannas, barrensand rock outcrop plant com-
munities of North America, pp. 375-391. Cambridge Uni-
versity Press, Cambridge.

Catling, P.M & Brownéll, V.R. 1999b. The floraand ecology of
southern Ontariogranitebarrens. In: Anderson, R.C., Fralish,
JS. & Baskin, JM. (eds.) 1999 Savannas, barrensand rock
outcrop plant communities of North America, pp. Cam-
bridge University Press, Cambridge.

Catling, P.M., Cruise, JE., Mclntosh, K.C. & McKay, SM.
1975. Alvar vegetation in southern Ontario. Ont. Field Biol.
29: 1-25.

Chapin, F.S. I1l. 1980. The minera nutrition of wild plants.
Annu. Rev. Ecol. Syst. 11: 233-260.

Chapin, F.S,, Bloom, A.J, Field, C.G. & Waring, R.H. 1987.
Plant responseto multipleenvironmental factors. Bioscience
37: 49-57.

Clements, F.E. 1933. Competition in plant societies. News Ser-
vice Bulletin, Carnegie Institution of Washington, April 2,
1933.

Clements, F.E. 1935. Experimental ecology in the public ser-
vice. Ecology 16: 342-363.

Fitter, A.H. & Hay, R.K.M. 1983. Environmental physiology of
plants. Academic Press, London.

Fowler, N. 1982. Competition and coexistence in aNorth Caro-
linagrassland. I11. Mixtures of component species. J. Ecal.
70: 77-92.

Gaudet, C.L. & Keddy, P.A. 1988. A comparative approach to
predicting competitive ability from plant traits. Nature 334:
242-243.

Gaudet, C.L. & Keddy, P.A. 1995. Competitive performance
and species distribution in shoreline plant communities: a
comparative approach. Ecology 76: 280-291.

Givnish, T.J. 1982. On the adaptive significance of leaf heightin
forest herbs. Am. Nat. 120: 353-381.

Givnish, T.J. 1987. Comparative studies of leaf form: assessing
the relative roles of selective pressures and phylogenetic
constraints. New Phytol. 106 (Suppl.): 131-160.

Gleason, H.A. & Cronquist, A. 1963. Manual of the vascular
plants of northeastern United States and adjacent Canada.
Van Nostrand, Princeton, NJ.

Goldberg, D.E. 1987. Neighbourhood competition in an old
field plant community. Ecology 68: 1211-1223.

Goldberg, D.E. 1990. Components of resource competition in
plant communities. In: Grace, JB. & Tilman, D. (eds.)
Perspectives on plant competition, pp. 27-49. Academic
Press, San Diego, CA.

Goldberg, D.E. 1996. Competitive ability: definitions, contin-
gency and correlated traits. Phil. Trans. R. Soc. Lond. Ser. B.
351: 1377-1385.

Goldberg, D.E. & Fleetwood, L. 1987. Competitive effect and
response in four annual plants. J. Ecol. 75: 1131-1143.
Goldberg, D.E. & Landa, K. 1991. Competitive effect and
response: hierarchiesand correlated traitsin the early stages

of competition. J. Ecol. 79: 1013-1030.

Goldsmith, F.B. 1978. Interaction (competition) studiesasastep
towardsthe synthesis of seacliff vegetation. J. Ecol. 66: 921-
931.

Grace, JB. & Tilman, D. (eds.). 1990. Perspectives on plant
competition. Academic Press, New York, NY.

Grime, J.P. 1973. Competitive exclusion in herbaceous vegeta:
tion. Nature 242: 344-347.

Grime, J.P. 1974. V egetation classification by referenceto strat-
egies. Nature 250: 26-31.

Grime, JP. 1979. Plant strategies and vegetation processes.
Wiley, London.

Grubb, P.J. 1985. Plant populations and vegetation in relation to
habitat disturbance and competition: problems of generali-
zation. In: White, J. (ed.) The popul ation structure of vegeta-
tion, pp. Dr. W. Junk Publishers, Dordrecht.

Gurevitch, J. 1986. Competition and thelocal distribution of the
grass Sipa neomexicana. Ecology 67: 46-57.

Gurevitch, J. 1992. Sourcesof variationin leaf shapeamong two
populations of Achillea lanulosa. Genetics 130: 385-394.

Gurevitch, J. & Schuepp, P.H. 1990. Boundary layer properties
of highly dissected |eaves: aninvestigation using an electro-
chemicd fluid tunnel. Plant Cell Environ. 13: 783-792.

Gurevitch, J. & Unnasch, R.S. 1989. Experimental removal of a
dominant species at two levels of soil fertility. Can. J. Bot.
67: 3470-3477.

Harper, JL. & Chancellor, A.P. 1959. The comparative biology
of closely related specieslivinginthesamearea. V. Rumex:
interference between individuals in populations of one and
two species. J. Ecal. 47: 679-695.

Harper, JL. 1977. Population biology of plants. Academic
Press, London.

Hodgson, J.G. 1986. Commonness and rarity in plants with
specia reference to the Sheffield flora Part 111: taxonomic
and evolutionary aspects. Biol. Conserv. 36: 275-296.

Hodgson, J.G. & Mackey, JM.L. 1986. The ecological specia-
lization of dicotyledonous families within alocal flora: some
factors constraining optimization of seed size and their pos-
sible evolutionary significance. New Phytol. 104: 497-515.

Johansson, M.E. & Keddy, P.A. 1991. Intensity and asymmetry



16 Keddy, P. et al.

of competition between plant pairs of different degrees of
similarity: an experimental study on two guilds of marsh
plants. Oikos 60: 27-34.

Keddy, P.A. 1989. Competition. Chapman and Hall, London.

Keddy, P.A. 1990. Competitivehierarchiesand centrifugal orga-
nization in plant communities. In: Grace, J.B. & Tilman, D.
(eds.) Perspectives on plant competition, pp. 266-290. Aca-
demic Press, San Diego, CA.

Keddy, P.A. 1993. A pragmatic approach to functional ecology.
Funct. Ecol. 6: 621-626.

Keddy, P.A. 2001. Competition. 2nd. ed. Kluwer, Dordrecht.

Keddy, P.A. & Shipley, B. 1989. Competitive hierarchies in
herbaceous plant communities. Oikos 54: 234-241.

Keddy, P.A., Twolan-Strutt, L. & Wisheu, 1.C. 1994. Competi-
tive effect and response rankings in 20 plants. are they
consistent across 3 environments? J. Ecol. 82: 635-643.

Keddy, P.A, Gaudet, C. & Fraser, L.H. 2000. Effects of low and
high nutrients on the competitive hierarchy of 26 shoreline
plants. J. Ecol. 88: 413-423.

Keogh, T. M. 2000. Changesin competition intensity, herbivory
and stress along a soil depth gradient in an old field. M.Sc.
Thesis, University of Ottawa.

Louda, SM., Kedler, K.H. & Holt, R.D. 1990. Herbivore influ-
enceson plant performance and competitiveinteractions. In:
Grace, JB. & Tilman, D. (eds.) Perspectives on plant
competition, pp. 414-444. Academic Press, San Diego, CA.

Manly, B.F.J. 1986. Multivariate statistical methods. Chapman
& Hall, Suffolk.

Mitchley, J. & Grubb, P.J. 1986. Thecontrol of relativeabundance
of perenniads in chalk grasdands in southern England. I.
Congtancy of rank order and results of pot and field experi-
ments on the role of inference. J. Ecol. 74: 1139-1166.

Moore, D.R.J., Keddy, P.A., Gaudet, C.L. & Wisheu, |.C. 1989.
Conservation of marshes: Do infertile marshes deserve a
higher priority? Biol. Conserv. 47: 203-217.

Morton, JK. & Venn, JM. 1990. A checklist of the flora of
Ontario vascular plants. University of Waterloo Biology
Series, No. 34. Waterloo, Ont.

Mueller-Dombois, D. & Ellenberg, H. 1974. Aims and methods
of vegetation ecology. Wiley, New York, NY.

Nielsen, K. 1993. Predicting competitve ability fromplant traits:
a comparitive study of 63 terrestrial herbaceous plant spe-
cies. M.Sc. Thesis, University of Ottawa, Ottawa.

Rajaniemi, T.K. & Goldberg, D.E. 2000. Quantifying indi-
vidual- and community-level effects of competition using
experimentally-determined null speciespools. J. Veg. ci.
11: 433-442.

Reader, R.J. & Best, B.J. 1989. Variation in competition along
an environmenta gradient: Hieracium floribundum in an
abandoned pasture. J. Ecol. 77: 673-684.

Reich, P.B. 1993. Reconciling apparent discrepancies among
studies relating life span, structure and function of leavesin
contrasting plant lifeformsand climates: ‘ the blind men and
the elephant’ retold. Funct. Ecol. 7: 721-725.

Reich, P.B., Walters, M.B. & Ellsworth, D.S. 1992. Ledf life-
span in relation to leaf, plant, and stand characteristics
among diverse ecosystems. Ecol. Monogr. 62: 365-392.

Rosch, H., Van Rooyen, M.W. & Theron, G.K. 1997. Predicting
competitive interactions between plant species by using
plant traits. J. Veg. Sci. 8: 489-494.

Schoen, D.J,, Stewart, S.C., Lechowiez, M.J. & Bell, G. 1986.
Partitioning the transplant site effect in reciprocal transplant

experimentswith Impatiens capensisand Impatiens pallida.
Oecologia 70: 149-154.

Shipley, B. 1993. A null model for competitive hierarchies in
competition matrices. Ecology 74: 1693-1699.

Shipley, B. & Keddy, P.A. 1994. Evaluating the evidence for
competitive hierarchies in plant communities. Oikos 69:
340-345.

Siegel, S. 1956. Nonparametric statistics for behavioral sci-
ences. McGraw-Hill, New York, NY.

Silvertown, J. 1980. The dynamics of a grasdand ecosystem:
botanical equilibrium inthe Park Grass experiment. J. Appl.
Ecol. 17: 491-504.

Southwood, T.R.E., Brown, V.K. & Reader, P.M. 1986. Leaf
palatahility, lifeexpectancy and herbivoredamage. Oecologia
70: 544-548.

Tilman, D. 1982. Resource competition and community struc-
ture. Princeton University Press, Princeton, NJ.

Tilman, D. 1988. Plant strategies and the structure and dynam-
ics of plant communities. Princeton University Press,
Princeton, NJ.

Tilman, D. 1990. Mechanismsof plant competitionfor nutrients:
theelementsof apredictivetheory of competition. In: Grace,
J.B. & Tilman, D. (eds.) Perspectives on plant competition,
pp. 117-141. Academic Press, San Diego, CA.

Tilman, D. & Wedin, D. 1991a. Dynamics of nitrogen competi-
tion between successional grasses. Ecology 72: 1038-1049.

Tilman, D. & Wedin, D. 1991b. Plant traits and resource reduc-
tionfor fivegrassesgrowing on anitrogen gradient. Ecology
72: 685-700.

Turkington, R. & Mehrhoff, L.A. 1989. Therole of competition
instructuring pasturecommunities. In: Grace, J.B. & Tilman,
D. (eds.) Perspectives on plant competition, pp. 308-340.
Academic Press, San Diego, CA.

Turkington, R., Klein, E. & Chanway, C.P. 1993. Interactive
effects of nutrients and disturbance: an experimental test of
plant strategy theory. Ecology 74: 863-878.

Weaver, JE. & Clements, F.E. 1929. Plant ecology. McGraw-
Hill, New York, NY.

Weiher, E., van der Werf, A., Thompson, K., Roderick, M.,
Garnier, E. & Eriksson, O. 1999. A common core list of
plant traitsfor functional ecology. J. Veg. ci. 10: 609-620.

Weiner, J. 1986. How competition for light and nutrients affects
sizevariahility inlpomoeatricolor populations. Ecology 67:
1425-1427.

Williams, E.J. 1962. The analysis of competition experiments.
Aust. J. Biol. Sci. 15: 509-525.

Wilson, J.B. 1988. Shoot competition and root competition. J.
Appl. Sci. 25: 279-296.

Wilson, S.D. & Keddy, P.A. 1986a. Measuring diffuse competi-
tion along an environmental gradient: results from a shore-
line plant community. Am. Nat. 127: 862-869.

Wilson, SD. & Keddy, P.A. 1986h. Species competitive ability
and position along a natura stress/disturbance gradient.
Ecology 67: 1236-1242.

Wilson, S.D. & Tilman, D. 1991. Components of plant competi-
tion along an experimental gradient of nitrogen availability.
Ecology 72: 1050-1065.

Received 3 April 2000;

Revision received 20 January 2001;
Accepted 12 September 2001.
Coordinating Editor: J.B. Wilson.



