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The ecological literature is rich with studies of competition in plant com-
munities. Most experimental studies are limited by necessity to the examination of
pairwise interactions within a small group of species (¢.g., Putwain and Harper
1970; Sharitz and McCormick 1973; Grace and Wetzel 1981; Fowler 1982; Sitan-
der and Antonovics 1982; Rabinowitz et al. 1984). In nature, however, an individ-
ual may compete with a constellation of species in various combinations and
densities; that is, an individual is often faced with diffuse competition (MacArthur
1972). In spite of its importance in natural communities, diffuse competition has
received almost no experimental attention (Davidson 1985).

Current ecological models describing life history strategies and species diver-
sity are based on the untested assumption that the intensity of diffuse competition
varies with the amount of standing crop (Grime 1979), disturbance (Connell 1978;
Huston 1979), or grazing (L.ubchenco and Gaines 1981). Measuring diffuse compe-
tition simultaneously at several locations along an environmental gradient would
allow explicit testing of this assumption and its associated models.

Our study had three objectives: to present a method for measuring diffuse
competition along an environmental gradient; to use this method to test whether
diffuse competition is correlated with the amount of standing crop in a natural
plant community; and to test whether diffuse competition is correlated with an
important environmental gradient underlying the community.

METHODS

Measuring Diffuse Competition along a Gradient

We present a gencral method for measuring diffuse competition along an en-
vironmental gradient. Several locations are chosen along the gradient. Each
location is divided in half, one half cleared of all aboveground biomass, and
ramets of several species planted in each half. The density of transplanted ramets
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should be so low that shoots do not shade each other and belowground parts do
not come into contact. Ramets are allowed to grow for one or more growing
scasons before the harvesting of aboveground and belowground biomass. The
biomass accumulated by transplanted ramets in cleared and uncleared plots is
compared in order to calculate diffuse competition at each location:

n
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where DC is a measure of diffuse competition, C; is the mean dry weight of species
i in the cleared treatment; {f;, the mean dry weight of the species in the uncleared
control; and », the number of transplanted species. The difference between the
dry weight of ramets in cleared and uncleared treatments is divided by the mean
dry weight of the species in cleared treatments to account for the relative size of
each species. The correlation between diffuse competition and some measure of
the environmental gradient is then calculated.

The Environmental Gradient

The gradient chosen for study was the gradient of exposure to wave action that
runs parallel to the waterline of small iakes. Horizontal variation in the abundance
of plant species along the exposure gradient has been described by Pearsall (1920),
Thunmark (1931), Aiken and Gillett (1974), Keddy (1983), and Wilson and Keddy
(19854). Exposure is a multivariate gradient inciuding both stress and disturbance
(in the sense of Grime 1979). Disturbance is produced by the direct effect of wave
action removing more biomass from exposed shores than from sheltered shores.
Stress is produced on exposed shores by wave action creating soils with low
organic-matter content, low nutrient concentrations, and coarse particle sizes.
These abiotic factors are significantly correlated with the exposure to wave action
(Keddy 1985). The exposure gradient is characterized at one end by wave-
washed, sparsely vegetated, nutrient-poor beaches and at the other by sheltered,
densely vegetated, nutrient-rich bays. In this study, the position along the expo-
sure gradient was quantified by measuring the organic-matter content of the soil
(Wilson and Keddy 1983a).

Diffuse Competition

Diffuse competition was measured at eight locations representing the range of
standing crop on the shore of Axe Lake, Ontario (Keddy 1983}, Each location
consisted of a cleared treatment plot and an adjacent uncleared control plot. Each
plot comprised 30 pots (cach 15 cm in diameter, 12 cm deep, with 8 I-cm” drainage
holes) in 6 rows of 3 pots each, installed by removing a sediment core the size of a
poi, putfing it into a pot, and returning the potted soil to the sediment. Pots
excluded invading rhizomes and allowed a controlled harvesting of belowground
biomass. All aboveground vegetation was then removed from the treatment plots
and from a 15-cm border surrounding the cluster of pots. Any emerging shoots
were removed over the course of the experiment.

In each plot, we planted 10 ramets each of three shoreline species, Juncus
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pelocarpus E. Meyer., Rhynchospora fusca (L..) Ait. f., and Lysimachia terrestris
(L.) BSP. (Gleason and Cronquist 1963). All species arc found over the entire
range of the exposure gradient (Wilson and Keddy 19854). Juncus, a small
graminid (5—15 cm tall) grows in dense mats and is most often found on exposed,
sandy shores; Rhynchospora is a rhizomatously spreading graminid (15-40 cm
tall} distributed evenly along the exposure gradient; and Lysimachia is a tall (40—
80-cm), leafy, rhizomatous herb most often found on sheltered shores with high
organic-matter content in the soil. Species were chosen for their different mor-
phologies. Ramets were collected on July 3, planted July 3-6, and harvested
September 6, 1984, The experiment was harvested after a single growing scason
because in the following vear it would not have been possible to distinguish
between shoots arising from transplanted rhizomes and shoots of the same species
that occurred naturally in the control plots.

The position of each experimental location on the exposure gradient was mea-
sured by determining the mean organic-matter content (Dean 1974) of six soil
samples (each 3.5 cm in diameter, 5 cm deep) from each location.

Standing crop was harvested from a 0.2-m X 0.2-m quadrat adjacent to each
plot on August 25, 1984. Standing-crop samples were dried to constant weight,
and the mean standing crop was determined for each location.

The correlation between DC (measure of diffuse competition) and standing ¢rop
for all locations was tested using Pearson’s r after arcsine transformation of DC.
Although DC calculated for three species together gives a general measure of
diffuse competition, DC can also be calculated for each species individually to test
for among-species differences in responses. This can be done by calculating DC as
in the equation for each species and then testing for a correlation between DC and

-standing crop.

Standing Crop and Exposure

We tested the hypothesis that standing crop is related to the exposure gradient
in order to interpret the experimental results with reference to abiotic factors. The
shoreline of Axe Lake was sampled at 20-m intervals along the watetline during
August 17-21, 1984 (N = 83}. At each interval, standing crop was harvested from
a quadrat 0.2 m by 0.2 m, and a soil sample was taken for analysis of the organic-
matter content. The correlation between standing crop and the organic-matter
content of the soil was tested using Pearson’s r.

RESULTS

Diffuse competition was significantly correlated with standing crop (r = 0.76, P
= 0.02) for all transplanted species considered together. Figure 1 shows that
diffuse competition increases with community standing crop.

The relationship between diffuse competition and standing crop varied when
the transplanted species were considered separately. Lysimachia terrestris
showed no correlation between DC and standing crop (v = 0.04, P = 0.46),
Juncus pelocarpus showed a weak correlation (r = 0.57, P = 0.07), and Rhyn-
chospora fusca showed a strong correlation (» = 0.80, P = 0.01).
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FiG. 1.-—The relationship between diffuse competition, calculated as in the equation, and
standing crop on the shoreline of Axe Lake, Ontario. The correlation is significant (r = 0.76,
P = 0.02).
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FiG. 2.—The relationship between diffuse competition and organic-matter content of the
soil on the shore of Axe Lake. Organic content is low on exposed shores (left) and high on
sheltered shores (right), The correlation is significant (r = 0.76, P = 0.02).

Diffuse competition is also correlated significantly with sediment organic matter
(r = 0.76, P = 0.02) for the three transplanted species considered together. Figure
2 shows that diffuse competition is most intense in relatively undisturbed habitats
with high nutrient concentrations in the soii. Sandy shorelines, exposed to wave
action and having nutrient-poor soils, had relatively low levels of diffuse competi-
tion. :

Standing crop is correlated significantly and positively with the levels of soil
organic matter (r = 0.79, P <0.01). Figure 3 shows that standing crop is highest
on sheltered shores with the most organic matter.

DISCUSSION

These results suggest that diffuse competition in a shoreline plant community is
most important where infrequent disturbance and nutrient-rich soils result in high
standing crop.
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FiG. 3,—The relationship between community standing crop and organic-matter content in
the soil on the shore of Axe Lake # = 0.79, P < 0.01). Standing crop is lowest on exposed,
sandy shores and highest on sheltered shores with organic sediments,

We have assumed that our experiment ran long enough to detect variation in
diffuse competition. Transplant shock resulting from desiccation was presumably
unimportant because the ramets were transplanted under water. The experiment
was conducted over 65 days during the season of warmest temperatures and
greatest productivity for southern Canadian wetlands (Auclair et al. 1976). Allow-
ing the experiment to run for a second summer would probably increase the
difference between plants grown in cleared and uncleared plots, producing a
stronger relationship between diffuse competition and standing crop than that
shown in figure 1. We also assumed that removing only aboveground biomass
from cleared plots actually decreases diffuse competition. Belowground biomass
remaining in the pots may continue to compete with transplanted ramets (New-
man 1973). Belowground competition, if present, would cause diffuse competition
to be underestimated. Although the length of the experiment and the belowground
competition may affect the measurement of competition, both of these factors
should have resulied in an underestimation of diffuse competition in this study.
Alternatively, belowground biomass in cleared plots might have died, releasing
nutrients and stimulating growth, resulting in an overestimation of diffuse compe-
tition. The production of new shoots from rhizomes and tubers in the cleared plots
over the course of the experiment, however, makes this unlikely.

The relationship shown in figure 1 varies with the species used to measure
diffuse competition. A species may be insensitive to variation in diffuse competi-
tion either if it is a strong competitor and seldom affected by competition or if it is
a weak competitor and uniformly suppressed by all intensities of competition. For
example, the large and leafy Lysimachia terrestris showed no correlation between
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diffuse competition and standing crop. The use of different species in the experi-
ment not only produces a general measure of diffuse competition, but also pro-
vides information on the different responses of several species to a gradient of
diffuse competition.

Mutualism ameng individuals is suggested where the values of DC in figures 1
and 2 are negative. In these cases, plants grown with neighbors accumulated more
biomass than those grown singly. On lakeshores, mutualism might be expected at
highly exposed sites, where neighbors could provide a shelter from wave action
and a stabilization of sediments. Mutualism may be tested for by determining
whether the y-intercept of a regression line describing the relationship between
diffuse competition and standing crop (fig. 1) is significantly less than 0. In this
case, it was not {t = 1.89, NS; Zar 1974). Using more experimental locations
might allow better tests of hypotheses concerning intercepts or curvilinearity.

A mechanism common to several current models of species diversity is the
variation in the intensity of competition within a community (Grime 1973, 1979;
Connell 1978; Huston 1979; Lubchenco and Gaines 1981). Connell (1983) has
discussed how the importance of competition may vary spatially, but no field
experiment has explicitly tested for a variation in diffuse competition along an
environmental gradient. Our results corroborate the assumption that diffuse com-
petition is inversely related to disturbance and environmental stress.

The role of exposure to wave action as an underlying control of diffuse competi-
tion is suggested by the correlation between standing crop and sediment organic
content (fig. 3). Shores exposed to high amounts of wave action have low organic-
matter content in the soil and low amounts of standing crop, which may result in
low intensities of diffuse competition.

These results agree with those of del Moral (1983), who related the differential
survival of transplants in natural vegetation to habitat productivity and competi-
tion intensity. In a greenhouse experiment, Bazzaz and Harper (1976) grew a
mixture of two species in soils of high and low fertility. They found that on fertile
soil, survival declined rapidly and one species was eliminated entirely, suggesting
that competition was more intense under productive conditions. Experimental
evidence shows that competition may be more intense in productive habitats than
in unproductive environments (cf. Newman 1973; Chapin and Shaver 1985).

Although controversy has surrounded the study of competition in ecological
communities {Salt 1983), our results indicate that diffuse competition may vary
predictably in nature. Moreover, figures 1 and 2 suggest that the success of any
particular experiment in measuring competition can depend on the environment
considered. For example, field experiments with lakeshore plants have found no
evidence that competition is at work in relatively disturbed or nutrient-poor
habitats (McCreary et al. 1983; Titus and Stephens 1983; Wilson and Keddy
1985b; Wilson et al, 1985). In contrast, experiments in undisturbed and nutrient-
rich field sites have suggested an important role for competition (Buttery and
Lambert 1965; Grace and Wetzel 1981). Testing for variation in diffuse competi-
tion along environmental gradients in other plant communities may provide a
more general understanding of the role of competition in nature.
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SUMMARY

We propose a method for measuring variation in diffuse competition along an
environmental gradient. This approach has two advantages over pairwise-
competition experiments conducted in homogeneous environments. First, it may
be more realistic, since individuals in nature are usunally confronted with a variety
of neighbors, that is, with diffuse competition.-Second, this approach allows us to
test whether the variation in diffuse competition is correlated with gradients in
environmental factors, We used a field experiment to test whether diffuse compe-
tition is correlated with standing crop and organic-matter content in the soil of a
lakeshore plant community. Diffuse competition was correlated significantly and
positively with both of these factors. Further, standing crop was correlated
positively with organic-matter content in the soil, suggesting that a general mea-
sure of habitat productivity may be indirectly related to the intensity of diffuse
competition. These results support models of species diversity and adaptive
strategies that assume a predictable variation in the importance of competition
within a community.
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