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COMPONENTS OF PLANT COMPETITION ALONG AN EXPERIMENTAL

GRADIENT OF NITROGEN AVAILABILITY!

Scott D. WiLsoN? AND DAVID TILMAN
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Abstract. We tested for variation in the intensity of above- and belowground com-
petition along a 5-yr-old experimental gradient of nitrogen availability in a Minnesota old
field. Standing crop increased, species richness decreased, and species composition varied
significantly as nitrogen availability increased. Transplants of the three grasses that were
dominants at the three levels of the nitrogen gradient (low: Schizachyrium scoparium,
intermediate: Poa pratensis, high: Agropyron repens) were grown along the gradient with
no neighbors present, with only the roots of neighbors present, or with both the roots and
shoots of neighbors present. Resource measurements indicated that the treatment with
only neighbor roots present provided a light regime similar to that in which all neighbors
had been removed but a nitrogen regime similar to that in which all neighbors were present.
At low nitrogen availability, transplants grown with only neighbor roots generally did not
differ significantly in biomass or growth rate from those grown with both neighbor roots
and shoots, suggesting that the bulk of neighbor effects at low nitrogen were belowground.
At high nitrogen availability, plants grown with only neighbor roots generally grew signif-
icantly larger than those grown with both roots and shoots of neighbors, but not as large
as plants grown with no neighbors, suggesting that both above- and belowground com-
petition occurred.

At Jow nitrogen availability, plants grown with neighbors weighed 3-12% as much as
those grown without; at the highest rate of nitrogen addition, plants grown with neighbors
weighed 12-58% as much as those grown without, indicating that competition occurred
on both poor and rich soils. The intensity of competition, measured as the suppression of
transplants by neighbors, did not vary significantly with nitrogen availability. Further, the
per-gram effect of neighbors, measured as the slope of the relationship between transplant
performance and neighbor biomass, did not vary significantly with nitrogen supply rate.
In total, competition was an important force at all points along the experimental produc-
tivity gradient, but competition shifted from being mainly belowground in the least pro-

ductive vegetation to both above- and belowground in fertilized plots.
Key words:  Cedar Creek, Minnesota; competition; competitive hierarchies; grasses; light; nitrogen;

old fields.

INTRODUCTION

Because the species composition, diversity, and
growth form of plant communities change in a general
and predictable manner along productivity gradients
(Whittaker 1975, Mooney 1977, Grime 1979, Austin
1986, Tilman 1988), there has been an increasing in-
terest in the factors causing such patterns. Predictable
patterns are thought to arise because factors such as
plant competition, physical stress, and herbivory vary
in a predictable manner in either their intensity or
quality along productivity gradients (Grime 1973, 1979,
Lubchenco 1978, Oksanen et al. 1981, Coley 1987,
Tilman 1988). Although agreement exists at this gen-
eral level, there is considerable disagreement concern-
ing both the direction and magnitude of these factors
(Keddy 1989). In this paper we report experimental

! Manuscript received 6 October 1989; revised 23 July 1990;
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2 Present address: Department of Biology, University of
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results that address one of these controversies, the
question of the role of plant competition along pro-
ductivity gradients.

Grime (1973, 1979), Huston (1979), and Keddy
(1989) have suggested that the intensity of interspecific
competition increases along productivity gradients.
Competition may be most intense in productive hab-
itats because such habitats support high growth rates
and large amounts of biomass that result in preemption
of space and light. Unproductive habitats support low-
er growth rates and less aboveground biomass, have
less shading, and may have lower intensities of com-
petition. Species with high competitive ability might
dominate productive habitats, while species with low
competitive ability may be displaced to less productive
habitats where competition is less intense. This per-
spective suggests that a quantitative change exists in
the intensity of competition along productivity gradi-
ents. In contrast, Newman (1973, 1983), Grubb (1985),
and Tilman (1988) suggest that unproductive habitats
should be characterized by intense competition for soil
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resources. Tilman’s (19874, 1988) theory of resource
competition predicts that there may be no quantitative
change in the intensity of competition along a produc-
tivity gradient, but that there may be an important
qualitative change, with plants mainly competing for
soil resources in unproductive habitats and mainly
competing for light in more productive areas. This the-
ory suggests that each species is specialized for a par-
ticular ratio of soil resources and light, and that the
species that characterize a particular habitat are also
the superior competitors for the particular resource
ratio of that habitat. Therefore, competition may be
important at all points along a productivity gradient,
but its quality may vary (Grubb 1985, Tilman 1988).

These views have generated controversy for 15 yr
(Grime 1973, Newman 1973, Grubb 1985, Thompson
1987, Tilman 19874, Keddy 1989), but testing their
contrasting predictions has been hampered by an ab-
sence of experiments separating above- and be-
lowground competition in the field (but sece the review
of greenhouse experiments by Wilson 1988). One ob-
ject of this research was to measure the intensity of
above- and belowground competition along a gradient
of soil resource availability. Neighbor effects were
quantified by measuring the biomass, growth, mor-
phology, and survivorship of three species transplanted
into different competition freatments in vegetation
along a gradient of soil nitrogen availability.

A second objective was to test for variation in the
total intensity of competition at different levels of nu-
trient availability. This was done using two methods:
(1) calculating the extent to which transplant growth
was suppressed by the presence of neighbors at their
natural abundances and testing whether this varied
along the gradient (Wilson and Keddy 1986, Wilson
and Shay 1990), and (2) determining whether a nega-
tive relationship existed between transplant responsc
and neighbor biomass (Goldberg 1987, Gaudet and
Keddy 1988), and if it did, testing whether the slope
of the relationship varied with soil nutrient availability
(Welden et al. 1988). The first measure tests the hy-
pothesis that the total effect of competition varies with
productivity. The second tests whether the per-gram
effect of neighbors also varies with productivity. Per-
gram effects might increase with soil nutrient avail-
ability if growth rates and resource consumption rates
per unit of biomass also increase. Alternatively, since
nutrient-poor soils are typified by species adept at con-
serving nutrients (Chapin 1980), it could be argued that
nutrient turnover will be less and per-gram effects should
be greater on nutrient-poor soils. This research aimed
to examine these possibilities experimentally.

METHODS
The nitrogen gradient

An experimental gradient of nitrogen availability was
established in 1983 in a 49-yr-old field on a nitrogen-
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poor sand plain (Field C at Cedar Creek Natural His-
tory Area, 45°24' N, 93°12' W, 50 km north of Min-
neapolis, Minnesota; see Tilman 19875). The field has
fine sand soil (Grigal et al. 1974) and was last farmed,
for corn, in 1934. Dominant plant species include Schi-
zachyrium scoparium, Poa pratensis, Panicum oligo-
santhes, Lespedeza capitata, Rosa arkansana, Solidago
rigida, and S. nemoralis. Experiments have shown that
nitrogen is the limiting soil nutrient in the field. Of all
the nutrients (N, P, K, Ca, Mg, water) added singly or
in combination, only N significantly increased com-
munity biomass and altered species composition (Til-
man 19875). Three levels of nitrogen, applied as com-
mercial NH,NO, at 0, 5.4, and 17 g-:m~2-yr-!, have
becn applied in early May and late June each year
starting in 1983. The following nutrients and trace el-
ements have also been added to ensure that only ni-
trogen was limiting: P,Os, 20 g-m=2-yr~! as commercial
0-46-0 fertilizer; K,O, 20 g-m~2-yr-! as commercial O-
0-61; CaCO;,40g-m-2-yr-! as fine-ground commercial
lime; MgSO,, 30 g-m-2.yr-! as United States Pure Ep-
som salts; CuSQ,, 18 ug-m=2-yr-!; CoCO,, 15.3 ug:
m-2-yr~}; MnCl,, 322 ug-m-2-yr-!; NaMoQO,, 15.1 ug-
m-~2-yr-!. Sixteen replicates of each nitrogen Icvel were
applied to 4 X 4 m plots, separated by 1 m corridors,
in a completely randomized design. Species compo-
sition varied significantly along a similar gradient near-
by (Tilman 19875).

Eight plots of each nitrogen treatment were random-
ly selected and used for the competition experiment.
Species composition of the remaining plots was mea-
sured on 28 August 1988 by centeringa 0.5 X 1 m
quadrat in each plot and recording the cover of each
species using the six classes of Daubenmire’s scale
(Mueller-Dombois and Ellenberg 1974). Each cover
value was converted to the midpoint of the class, ex-
pressed as per cent cover, and the mean cover of each
species in each treatment was determined. Species with
mean cover >5% in at least one nitrogen treatment
were examined with ANOVA to test whether cover
varied significantly with nitrogen supply rate. Cover
data were arcsine square root transformed. Species
richness, determined as the number of species per
quadrat, was also examined.

Competition treatments

Three competition treatments were used 1o measure
the above- and belowground effects of neighbors on
transplanted seedlings at each rate of nitrogen supply.
Transplants were grown in subplots with no neighbors,
or in subplots with the roots but not shoots of neigh-
bors, or in subplots with all above- and belowground
parts of neighbors present. One transplant was grown
in the center of each subplot.

The no-neighbors treatment was imposed by driving
a ring of galvanized sheet steel (50 cm diameter, 15
cm tall) into the ground until its top was at the soil
surface, and killing all plants in the enclosed area with
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a systemic, rapidly decomposing herbicide (Roundup).
The rings were installed during 11-13 May 1988 and
herbicide applied on 13 May. It is unlikely that the
steel had any chemical effect on transplant growth be-
cause of the distance from the steel to the plant, 25
cm, and because of the dry, sandy soil of the study site.
Any resprouting neighbor biomass was severed at the
soil surface and removed by hand.

Transplants were grown with only the roots of neigh-
bors using methods similar to Gibson (1988) and Car-
son and Pickett (1990). A net tied back the shoots and
leaves of neighbors so that a transplant in the center
of the net was not shaded by neighbors but was sur-
rounded by neighbor roots. White plastic garden net
(50 x 50 cm; mesh: 1 X 2 ¢m) was fastened to the soil
surface at the center of the subplot using four steel pins
each 8 cm long. The center portion (5 X 5 cm) of the
net was cut out to allow transplanting. The outer cor-
ners of the net were held 10 cm above the soil using
pins 20 cm long. Nets were installed on 16 May.

The all-neighbors treatment consisted of a transplant
grown in the center of a 50 X 50 cm subplot of un-
disturbed vegetation. .

Treatments were replicated five times for each of
three transplanted species in each of the eight replicate
plots for each of the three levels of the experimental
nitrogen gradient. Thus, the 24 plots of the nitrogen
gradient (3 nitrogen levels X 8 replicates used in the
competition experiment) each contained 45 subplots
(3 competition treatments X 3 transplanted species X
5 replicates), each subplot consisting of one transplant
of a single species in one competition treatment. A total
of 1080 seedlings were transplanted. Competition
treatments and species were assigned randomly to sub-
plots within each plot. One transplant was planted in
the center of each subplot.

Above- and belowground resources

Our methodology for separating above- and be-
lowground competition assumed that tying back the
shoots of neighbors increased light availability for
transplants but did not increase soil nutrient avail-
ability. Tie-backs might be expected to elevate nitrogen
availability because they would increase self-shading
in neighboring vegetation, which would slow growth
and, possibly, nutrient uptake. If soil nutrients, as well
as light, increased in the tie-back treatments, then an
increase in transplant performance in this treatment
would be caused by both increased light and nitrogen
availability and it would be difficult to distinguish be-
tween above- and belowground competition. To de-
termine whether this occurred, we measured light and
available soil nitrogen in the competition treatments.
Light penetration through the vegetation to the base
of transplants was measured using a LI-COR PAR co-
sine collector in nine subplots in each plot. The first
nine subplots in each plot containing all combinations
of species and competition treatments were measured.
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This was done on the south edge of transplants within
2 h of solar noon on 29 and 30 August 1988, both
cloudless days. Thus, light measurements sampled the
environment experienced by transplants but were not
affected by the transplants. Light penetration was de-
termined as the ratio of light intensity 2.5 cm above
the soil surface (the height of the light collector) to that
10 cm above the vegetation. One soil core (3 cm di-
ameter, 10 cm deep) was taken from each of the same
subplots on 20 July. The area sampled by soil cores,
7 cm? in each subplot, did not produce important dis-
turbance to subplots, each with an area of 1963 cm?2.
Available soil nitrogen, in the form of nitrate and am-
monium extractable with 2 mol/L KCl, was measured
using colorimetric analysis with an autoanalyzer.

Transplants

Three grass species, Schizachyrium scoparium, Poa
pratensis, and Agropyron repens, were selected for their
different distributions along the experimental nitrogen
gradient. We refer to the species by their generic names.
Schizachyrium was abundant in low nitrogen plots,
Poa dominated the intermediate nitrogen plots, and
Agropyron was the most abundant species in high ni-
trogen plots (Tilman 19875). Seeds of Agropyron were
obtained by cleaning commercial grass seed from Min-
nesota, Schizachyrium seeds were obtained from a sand
plain population in Minnesota, and Poa seeds were
provided by a commercial supplier. Seeds were sown
in plastic pots (““‘cone-tainers,” 4 cm diameter, 14 cm
deep) filled with a 3:1 mixture of Cedar Creek subsur-
face sand and locally obtained soil high in organic mat-
ter. This mixture made a limited amount of soil nu-
trients available for seedling establishment. Seeds of
each species were sown in separate pots. Agropyron
was sown on 2 March, Schizachyrium on 3 March, and
Poa on 7 March. Upon germination, seedlings were
thinned to a single plant per pot. Seedlings were grown
under natural light in a greenhouse and watered daily
to field capacity. Three times as many seedlings were
established as were required for the experiment.

During 18-19 May we measured the length of each
tiller of Agropyron and Poa from its base to the tip of
the longest leaf. This information was used to calculate
total tiller length (in centimetres), tiller number, and
mean tiller length for each individual. Because of dif-
ficulty in distinguishing individual tillers of Schiza-
chyrium seedlings, leaf number was recorded for this
species. The above- and belowground biomass of 50
seedlings of each species was measured and tested for
correlation with size measurements. The size measure
most strongly correlated with aboveground biomass
was used in regression analysis to estimate the above-
ground biomass of each transplant, in grams (Agro-
pyron: BIOMASS = 0.000776 + 0.00392(TOTAL
TILLER LENGTH), r? = 0.78, P < .01; Poa: BIO-
MASS = 0.0188 -+ 0.00222(TOTAL TILLER
LENGTH), r2 = 0.42, P < .01; Schizachyrium: BIO-
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MASS = —0.0212 + 0.00853(LEAF NUMBER), r2 =
0.75, P < .01). For each species, the third of the seed-
lings most similar in biomass were selected and trans-
planted into the field experiment.

Seedlings were transplanted into the field during 23—
27 May by planting the soil core containing the seedling
in a hole the size of the core in the center of each subplot
of the competition experiment. Holes for transplanting
were formed by pressing a round metal bar into the
soil. No soil or root material was removed in forming
the hole. Transplanting was performed between 1800
and dusk to avoid maximum daily solar radiation.
Transplants were supplied with 100 % 20 mL of water
when planted and thereafter each nforning for which
no rain fell during the previous 24-h period. This helped
ensure that any belowground competition was for the
manipulated variable, nitrogen. Water did not appcar
to have any effect on the vegetation compared to ad-
jacent unwatered plots. Transplants were dusted with
an insecticide (Sevin) weekly during June to prevent
insect grazing; insect grazing was not observed in other
months. During May and June 1400 trap nights failed
to capture any small mammals; the entire experiment
was surrounded by electric fence to discourage entry
by white-tailed deer (Odocoileus virginianus).

Tiller number, total tiller length, and flowering stem
number of transplants were recorded during 5-9 Sep-
tember 1988. The aboveground parts of transplants
were harvested during 12-16 September, dried to con-
stant mass, and weighed. The growth rate of above-
ground biomass of each transplant was calculated as:

= [In(Af/M))/d,

where M, is initial biomass, M, is final biomass, and
d is the length of the growth period in days. The initial
aboveground biomass of each transplant was estimated
using the regression equations relating aboveground
biomass to total leaf length or tiller number.

Survivorship was determined as the proportion of
each species in each competition treatment in each plot
that survived from planting to harvest. The proportion
of flowering individuals of Schizachyrium was also cal-
culated.

Analysis

Size variables were log,o(x -+ 1) transformed and
proportion variables (e.g., growth rate, survivorship)
were arcsine square root transformed to reduce het-
eroscedasticity (Sokal and Rohlif 1981). All means re-
ported are untransformed values. Species responses
were examined separately using split-plot ANOVAs
with nitrogen treatments as main effects and compe-
tition treatments as subplot effects. Plot effects were
frequently significant, but results are reported only for
nitrogen and competition effects. The error term for
the competition effect was the competition x plot in-
teraction, for the nitrogen effect the nitrogen X plot
interaction, and for the competition X nitrogen inter-
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action the competition X nitrogen X plot interaction
{Snedecor and Cochran 1967). In cases where there
was a significant interaction between competition and
nitrogen effects, contrasts among competition levels at
cach nutrient level were performed using planned com-
parisons (Sokal and Rohlf 1981:234). In cases without
significant interactions between competition and ni-
trogen but with significant competition effects, com-
parisons were performed among competition levels
across all nutrient levels. Dead individuals were not
included in analyses of size or growth but were used
to calculate survivorship. Light data (arcsine square
root transformed) and nitrogen data (log,,-trans-
formed) were examined separately in similar split-plot
ANOVAs.

Competition intensity

To determine whether competition intensity varied
with nitrogen availability, we calculated:

CI= (rnw — FandTres

where CI is competition intensity, ryy is growth rate
with no neighbors present, and r,y is growth rate in
the presence of all neighbors. CI was calculated sepa-
rately for each species in each plot using the mean
growth rate of the speciesin the plot. One-way ANOVA
tested whether CI varied among nutrient levels using
arcsine square root transformed data. This was done
separately for each species with each of the eight rep-
licate plots of the three nitrogen levels acting as a rep-
licate measure of CI.

Transplant performance and neighbor biomass

Neighbor biomass (all aboveground plant material,
live and dead) within 15 cm of each transplant was
harvested immediately after the transplant had been
harvested. This radius was selected because the closest
neighbors were likely to have the greatest effect on
individual growth (Harper 1977). It included some live
biomass hanging over the edges of the subplots from
which all neighbors had been removed. Neighbor bio-
mass was harvested during 12-23 September 1988,
dried to constant mass and weighed. One sample from
each competition treatment in each plot was separated
into live standing crop and litter before weighing. The
mean proportion oflive neighbor biomass in each com-
petition treatment at each nitrogen level was used to
estimate live neighbor biomass in each subplot. Neigh-
bor root biomass was measured in soil cores (2.5 cm
diameter, 10 cm deep) taken 10 cm from the center of
each transplant during 12-23 September. Cores were
sieved through a 2-mm mesh to remove sand and then
washed, dried, and weighed. Dead and live roots could
not be distinguished, and results are presented for total
root biomass. Data for neighbor aboveground biomass,
root biomass, and proportion of live neighbor biomass
were analyzed separately in split-plot ANOVAs. The
proportion of live neighbor biomass was analyzed in
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TasiE I. Species composition along the experimental nitrogen gradient. Only species with mean covers >5% in at least one

nitrogen level are shown.

Nitrogen supply rate (g-m2-yr~')

Dependent variables 0 5.4 17 F

Species mean covers (%)

Schizachyrium scopariumt 61.82 210 3.8 70.74**

Solidago rigida 14.0¢ 7.8 0.20 3.60*

Ambrosia artemisiifolia 8.2 1.9= 1.9+ 2.99

Poa pratensist 0.22 58.8° 1142 9.24**

Carex sp. 5.52 11.6 6.12 0.52

Agropyron repenst 02 1.9 35.9* 5.60%
Species richness 9.1= 5.1® 3.0¢ 34.03%*

* P < .05; ** P < .01; »®< values with the same superscripts are not significantly different (P > .05).
T Species used for transplanting in the competition experiment.

order to describe the proportion of neighbor biomass
living and presumably competing with transplants.

The per-gram effect of neighbors on transplant per-
formance was examined by regressing transplant bio-
mass and growth rate on live aboveground neighbor
biomass. The slope of this relationship is a measure of
the per-gram effect of neighbors on the growth rate of
a transplant (the intensity of competition), while the
r? value is the proportion of variation in growth rate
that can be accounted for by neighbor biomass (the
importance of competition; Welden et al. 1988). Re-
gressions used data from subplots from which all neigh-
bors had been removed and from those with all neigh-
bors intact. Separate regressions were calculated for
each species and each nitrogen level. Preliminary data
inspection suggested that transplant biomass varied
nonlinearly with neighbor biomass, and both variables
were therefore log,,-transformed. Growth rate data were
arcsine square root transformed. We determined
whether the intensity of competition on a per-gram
basis varied among nitrogen supply rates by testing
whether the regression slopes for each species varied
among levels of nitrogen availability (Tukey-Kramer
test; Sokal and Rohlif 1981:507). This was done only
for significant regression relationships.

RESULTS
Vegetation on the nitrogen gradient

Cover of the four most commeon species varied sig-
nificantly (P < .05) along the nitrogen gradient (Table
1). The three transplanted species dominated different
portions of the gradient: Schizachyrium was the most
abundant species in plots with low rates of nitrogen
supply, Poa dominated plots with intermediate rates,
and Agropyron was most common in plots with the
highest rates. Species richness decreased significantly
with nitrogen.

Aboveground biomass of neighbors varied signifi-
cantly among competition treatments and increased
with nitrogen supply rate (Fig. 1). Biomass was con-
sistently lower in subplots from which all neighbors
had been removed, regardless of nitrogen availability.

Biomass in subplots in which neighbor shoots were
tied back was not significantly different from control
subplots, although it tended to be less than controls at
high rates of nitrogen supply. The lack of a significant
interaction between nitrogen and competition effects
prevented comparison of cell means.

The proportion of aboveground biomass alive (Fig.
1) varied significantly among competition treatments
but was unaffected by nitrogen availability. The pro-
portion of live biomass did not differ between subplots
with all neighbors present and those in which neighbor
shoots were held back by nets, but was significantly
reduced in subplots from which all neighbors were ex-
cluded.

Root biomass showed a response similar to that of
aboveground biomass (Fig. 1). It was significantly low-
er in subplots with no neighbors than in the other two
competition treatments. Subplots with neighbors’ roots
and all neighbors were not significantly different in root
biomass. Root biomass increased significantly with ni-
trogen supply.

Above- and belowground resources

Light penetration varied significantly with both com-
petition and nitrogen supply rate, and there was a sig-
nificant interaction between these effects (Fig. 2). At
all three nitrogen levels, light penetration in subplots
with only the roots of neighbors was significantly higher
than in subplots with all neighbors present but was not
significantly different from that in subplots from which
all neighbors had been removed. Light decreased with
increasing nitrogen supply rates in subplots with un-
disturbed vegetation more than in the other competi-
tion treatments.

Total available nitrogen (the sum of nitrate and am-
monium) also varied with both competition and nu-

- trients, and there was a significant interaction between

these effects. At all three nitrogen levels, nitrogen in
subplots with only the roots of neighbors present was
not significantly different from subplots with all neigh-
bors present, but was significantly lower than in sub-
plots from which all neighbors had been removed (Fig.
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Fic. 1. Aboveground ncighbor biomass (top), proportion
of live biomass (center), and root biomass (bottom) in three
competition treatments along a gradient of nitrogen avail-
ability. Competition treatments comprised no neighbors pres-
ent (O), roots of neighbors present (O), and all neighbors pres-
cnt (@). C: competition effect; N: nitrogen effect; CN:
competition X nitrogen interaction; **P < .01, ***P < ,001.
Means of competition treatments with the same upper case
letters at right of figure were not significantly different (P >
.05) with all nitrogen levels combined.

2). Total available nitrogen increased significantly with
nitrogen supply rate.

At all points along the nitrogen gradient, subplots
with only the roots of neighbors present provided a
light regime similar to subplots from which all neigh-
bors had been removed, but maintained a nitrogen
regime similar to subplots in which neighbors were
intact. Resource measures indicate that transplants in
subplots with only the roots of neighbors grew in an
environment in which the effect of neighbors on light
had been removed without significantly altering the
effect of neighbors on the limijting belowground re-
source.
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Effect of competition on transplants

Transplant biomass varied significantly with com-
petition for all species, and with the interaction be-
tween competition and nitrogen in the cases of Schi-
zachyrium and Agropyron (Fig. 3). At the lower rates
of nitrogen supply, biomass of Schizachyrium and
Agropyron in subplots with all neighbors present was
not significantly different from that in subplots with
only the roots of neighbors present. Transplant bio-
mass was significantly higher, however, in subplots from
which all neighbors had been removed. This indicates
that biomass limitation caused by neighbors at low
nitrogen availability was attributable to belowground
competition.

At the highest nitrogen supply rate, mean biomass
of Schizachyrium transplants grown with neighbor roots
was significantly greater than those grown with all
neighbors but significantly less than those grown with
no neighbors, indicating that its performance was in-
fluenced by both root and shoot effects. In the case of
Agropyron, plants grown with neighbor roots weighed
significantly more than those grown with all neighbors.
Biomass was not significantly different in plants grown
with all neighbors and no neighbors due to the rela-
tively high variability in biomass of plants grown with
no neighbors. The results suggest that both root and
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Fi1G.2. Light penetration (top)and total available nitrogen
(bottom) in three competition treatments along a gradicent of
nitrogen availability, Competition treatments comprised no
neighbors present (O), roots of neighbors present (0), and all
neighbors present (@). C: competition effect; N: nitrogen effect;
CN: competition x nitrogen interaction; *P < .05, P <
.001, Mecans with the same lower case letters adjacent were

not significantly different among competition trecatments at
each nitrogen level.
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F1G. 3. Biomass (left) and growth rate (right) of three species grown in three competition treatments along a gradient of
nitrogen availability. Growth rate was calculated as r = [In(M,/M)l/d, where M, = final biomass, M, = initial biomass, and
d = length of growing period in days. Competition treatments comprised no neighbors present (O), roots of neighbors present
(0), and all neighbors present (@). C: competition effect; N: nitrogen effect; CN: competition X nitrogen interaction; *P <
.05, **P < .01, ***P < .001. Means with the same upper case letters at right of figure were not significantly different among
competition treatments with all nitrogen levels combined; means with the same lower case letters adjacent were not significantly
different among competition treatments at each nitrogen level; contrasts were calculated at each nitrogen level only where a
significant interaction between competition and nitrogen was found.

shoot competition limited transplant biomass at high
rates of nitrogen supply.

Poa biomass varied significantly with competition
but showed no significant interaction between com-
petition and nitrogen (P = .10), so comparisons among
competition levels could not be performed separately
for each nitrogen level. The trends for Poa, however,
were similar to those for the other two species: data in
Fig. 3 suggest that Poa biomass was limited primarily
_ by root competition at low nitrogen and by shoot com-
petition at high nitrogen.

Growth rate varied significantly with competition
for all species (Fig. 3). The interaction between com-

petition and nitrogen for growth was very similar to
that for biomass, with the exception that Agropyron
growth rate was unaffected by competition at high rates
of nitrogen supply.

Tiller number in all species was significantly affected
by both the competition treatments and the interaction
between competition and nitrogen supply rate (Fig. 4).
Schizachyrium showed a shift from limitation due to
root competition at low levels of nitrogen to limitation
caused by both above-~ and belowground effects at high
nitrogen. For Poa at low nitrogen, mean tiller number
of plants grown with neighbor roots was intermediate
to those grown with no neighbors and all neighbors,

=
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Fi1G. 4. Tiller number (left) and length (right) of three species grown in three competition treatments along a gradient of
nitrogen availability. Competition treatments comprised no neighbors present (O), roots of neighbors present (OJ), and all
neighbors present (@). C: competition effect; N: nitrogen effect; CN: competition X nitrogen interaction; *P < .05, **P < .01,
*xp < 001. Mecans with the same lower case letters adjacent were not significantly different among competition treatments

at cach nitrogen level.

indicating that tiller number responded to both above-
and belowground competition. At high nitrogen, tiller
number of Poa was apparently limited by aboveground
competition. Agropyron showed a complete shift from
belowground competition to aboveground compctition
as nitrogen availability increased.

Competition, nitrogen, and the interaction between
competition and nitrogen supply were all significant
effects for mean tiller length in all three species, but
the pattern of results was very different from those for
other morphological characters (Fig. 4). Mean tiller
length tended to be higher in the presence of neighbors,
particularly at high nitrogen availability.

Neither Agropyron nor Poa flowered, but the number
of flowering stems per transplant of Schizachyrium was

230

significantly reduced by neighbors at all levels of ni-
trogen availability (Fig. 5). The number of flowering
stems per individual was significantly higher in sub-
plots from which neighbors had been removed than in
subplots in which either all neighbors or the roots of
neighbors were present. At low nitrogen, plants grown
with neighbor roots or all neighbors did not flower.
Belowground competition continued to suppress flow-
ering at high rates of nitrogen supply. Similar results
were found for the proportion of Schizachyrium trans-
plants flowering (Fig. 5).

In contrast to the results for biomass, size, and growth
rate, survivorship was higher in the presence of neigh-
bors in the cases of Poa and Agropyron (Fig. 6). Sur-
vivorship of Schizachyrium varied with competition
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Fi1G. 5. Flowering stems per plant (top) and proportion of
plants flowering (bottom) of Schizachyrium scoparium grown
in three competition treatments along a gradient of nitrogen
availability. Competition treatments comprised no neighbors
present (O), roots of neighbors present (0), and all neighbors
present (@). C: competition effect; N: nitrogen effect; CN:
competition X nitrogen interaction; ***P < ,001. Means of
competition treatments with the same upper case letters at

right of figure were not significantly different with all nitrogen
levels combined.

only at low rates of nitrogen supply, and its response
differed from the other species in that survivorship at
low nitrogen was significantly less in the presence of
neighbors. Survivorship of Poa varied significantly
among all levels of competition. Survivorship of Agro-
pyron was significantly lower in subplots with neigh-
bors removed than in the other treatments, but did not
differ between subplots with all neighbors and those of
neighbor roots.

Effect of nitrogen supply rate on transplants

Nitrogen supply rate had no direct effect on biomass,
growth, tiller number, or flowering of Schizachyrium,
although mean tiller length increased with nitrogen
(Figs. 3-5). For Agropyron and Poa, all facets of growth
and morphology increased significantly with nitrogen
(Figs. 3 and 4). Survivorship was not affected directly
by nitrogen supply rate in the case of any species (Fig.
6).

Competition intensity

. Competition intensity did not vary significantly with
nitrogen availability for any species (Schizachyrium: F
= 0.40; Poa: F = 3.20; Agropyron: F = 1.82; P > .05;
Fig. 7).

SCOTT D. WILSON AND DAVID TILMAN

Ecology, Vol. 72, No. 3

Transplant performance and neighbor biomass

Log,,-transformed neighbor biomass generally pro-
duced better linear predictions of transplant perfor-
mance than did untransformed biomass. Transplant
biomass (Fig. 8) and growth (Fig. 9) decreased signif-
icantly with live neighbor biomass in plots receiving
no or intermediate levels of nitrogen for all species.
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FiG. 6. Survivorship of three species grown in three com-
petition treatments along a gradient of nitrogen availability.
Competition treatments comprised no neighbors present (O),
roots of neighbors present (), and all neighbors present (®).
C: competition effect; N: nitrogen effect; CN: competition x

. nitrogen interaction; *P < .05, ¥**P < ,001. Means with the

same upper case letters at right of figure were not significantly
different among competition treatments with all nitrogen lev-
els combined; means with the same lower case letters adjacent
were not significantly different among competition treatments
at each nitrogen level; contrasts were calculated at each ni-
trogen level only where a significant interaction between com-
petition and nitrogen was found.
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TABLE 2, Comparison of slopes of regression equations describing the relationship between transplant performance (biomass
and growth rate) and biomass of live neighbors (Figs. 8 and 9). Comparisons are among nitrogen supply rates. Slopes are
not significantly different unless minimum significant differences (Msp, P = .05) arc exceeded by actual differences (AD).

Biomass Growth
. AGRY POA SCH AGR POA SCH
Nutrient level
comparison MSD AD MSD AD MSD AD MSD AD MSD AD MSD AD
Low vs. medium  1.21  0.06 0.77 0.05 1.68 0.09 .0099 .0007 .0071 .0015 .0092 .0003
Low vs. high 1.86 0.32 o .0094 .0019 0092 .0018
Medium vs, high 1.85 0.23 .0089 .0004 .0102 .0014

1 Abbreviations of species names: AGR: .dgropyron repens, POA: Poa pratensis, SCH: Schizachyrium scoparium.
% No comparison was made in cases where no significant relationship was found between transplant performance and

neighbor biomass.

Based on linear regressions of log,,-transformed data,
neighbor biomass accounted for 19-54% of the vari-
ance in transplant biomass in these cases. At high rates
of nitrogen supply, biomass and growth of Agropyron
and biomass of Poa did not vary with neighbor bio-
mass. For each species, the slopes of significant re-
gression equations did not vary significantly among
nitrogen levels (Table 2), showing that the effect of
neighbors in determining transplant performance did
not vary with nitrogen availability, The trend, how-
ever, was for regression slopes to be greatest in the low
nitrogen treatments and least in the high nitrogen treat-
ments (with the exception of Poa biomass; Figs. 8 and
9). The slopes for the high nitrogen treatments are clearly
less than all others because they are nonsignificant. The
effect of neighbor biomass (per gram of neighbor) on
transplant performance tended to decrease with in-
creasing nitrogen supply.

! DiscussioN
Vegetation and resources

The vegetation ofthe old field in which we performed
this experiment was dominated by native prairie spe-
cies. In unfertilized vegetation, nonnative species com-
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FiG.7. Competitionintensity (mean % | sp) at three levels
of nitrogen availability measured by transplants of three spe-
cies. Open bars: Schizachyrium scoparium; stippled bars; Poa
pratensis; hatched bars: Agropyron repens. Competition in-
tensity did not vary with nitrogen supply rate for any specics,

posed =1% of the plant cover (Inouye et al. 1987),
Maximum live aboveground biomass in unfertilized
plots was about a third of the average for tall-grass
prairie reported by Risser et al. (1981), putting this
field at the low end of the productivity gradient for
prairie vegetation. Specics composition and diversity,
standing crop and root biomass varied significantly
with nitrogen, the limiting soil resource in the field
(Tilman 1987b). The three transplanted species dom-
inated different levels of nitrogen supply (Table 1).

Our manipulations of neighbors produced significant
effects on standing crop and root biomass. Both were
significantly reduced in subplots from which all neigh-
bors had been removed. Only 4-14% of the standing
crop in this treatment was alive (Fig. 1). This live pro-
portion comprised vegetation leaning into the cleared
subplots from outside. The sheet metal barriers around
the soil of these subplots and the absence of living
vegetation rooted in them suggests that the proportion
of live root biomass in these treatments was also very
low.

Light and available nitrogen measurements indicat-
ed that transplants grown with neighbors’ roots re-
ceived a light regime not significantly different from
one in which all neighbors were absent and a nitrogen
regime not significantly different from one in which all
neighbors were present (Fig. 2). The measures provide
evidence that the response of transplants to this treat-
ment was produced by removal of aboveground neigh-
bor effects without significant alteration of the limiting
belowground resource. The distribution of light and
available nitrogen along the experimental gradient in
undisturbed vegetation (Fig. 2) suggests that nitrogen
was more likely to be limiting at low rates of nitrogen
supply, but that light was more likely to be limiting at
high rates of nitrogen supply.

There are two mechanisms by which nitrogen avail-
ability may have increased in subplots from which

" neighbors had been removed: (1) there was no vege-

tation present, apart from the single transplant, to take
up mineralized nitrogen, and (2) decomposing litter
released more nitrogen than would be available in an
undisturbed system. These mechanisms of nitrogen in-
crease operate on different time scales, but both are
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