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COMPETITION AMONG GRASSES ALONG A NITROGEN
GRADIENT: INITIAL CONDITIONS AND
MECHANISMS OF COMPETITION!
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Abstract. We grew four perennial grass species (Poa pratensis, Agropyron repens, Agros-
tis scabra, and Schizachyrium scoparium) for 5 yr in monocultures and in pairwise com- -
petition plots on an experimental nitrogen gradient. The gradient contained plots ranging
from 100% sand to 100% black soil, plus plots that received additional N fertilizer. To
examine the impact of initial conditions on the long-term outcome of interspecific com-
petition, three competitive situations were created: seed v, seed competition (both species
planted simultaneously), seed invasions (each species added as seed to year-old monocul-
tures of the other), and vegetative invasions (dividers separating adjacent monocultures of
two species removed after 1 yr). Extractable soil NO;~ and NH,* were measured to test if
species differences in the concentration of available soil N in monoculture (i.e., R* for N,
Tilman 1982) could predict the long-term outcome of competition. )

By year 5, Schizachyrium displaced or greatly reduced the biomass of both Pog and
Agropyron on the soil mixture gradient (the mixed soils but not the added-N plots) inde-
pendent of the wide range of starting conditions. On these soils, Schizachyrium monocul-
tures had significantly lower soil concentrations of both NO,;~ and NH,* than either Poa
or Agropyron monocultures. Similarly, Agropyron displaced or greatly reduced the biomass
of Agrostis by year 5. Agropyron monocultures had significantly lower concentrations of
NO;~ and NO;~ + NH,*, but not NH,*, than Agrostis monocultures. In contrast, no
competitive displacement occurred in competition between Poa and Agropyron, and initial
differences persisted over 5 yr. Monocultures of these two species did not differ.in NO;-
concentration, but did differ for NH,* and NO;~ + NH,*. Thus, species differences in
ability to deplete soil NO,- successfully predicted the outcome of competition for all four
species pairs on the soil mixture gradient. If resource preemption or asymmetric compe-
tition had been the mechanism of competition, initial conditions would have affected the
long-term outcome of competition. Rather, these results support the R* (i.e., resource
reduction) model for competition for soil N. '

In the added-N fertilizer plots, Schizachyrium had decreased biomass in competition
with both Poa and Agropyron. However, neither Agropyron nor Poa appeared to have an
advantage when they competed with each other in the added-N plots. For these three

species pairs, the 5-yr results of competition in

the added-N plots, which had greatly reduced

light availability because of increased production and litter accumulation, depended on
initial conditions: In the fourth pair, Agrostis was displaced by Agropyron in all competition
treatments in the added-N plots. ‘Thus, we cannot reject the hypothesis that resource
preemption (i.e., asymmetric competition) is important in light competition.

Key words:  grasses; initial conditions; light; nitrogen; plant competition; resource preemption.

INTRODUCTION

The initial densities and timing of establishment of
competing species are thought to have large effects on
the dynamics of plant competition because they lead
to asymmetries in plant size and in resource capture
(Harper 1977, Grace 1987, Miller 1987, Weiner 1990).
It has been hypothesized that differences among com-
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* Present address: Department of Botany, University of To-
ronto, 25 Willcocks Street, Toronto, Ontario, Canada M5S
3B2.

peting species in resource acquisition rates, once es-
tablished, are maintained and magnified during com-
petition because of a positive feedback between growth
and resource capture (Harper 1977, Grime 1979, Ked-
dy 1990). This proposed mechanism of resource com-
petition has been called resource preemption (Grace
1990), or asymmetric competition (Weiner 1986, 1990,
Wilson 1988a). .
Alternatively, the competitive dominant may be the
species that can reduce the concentration ofthe limiting
resource to the lowest level and still maintain its pop-
ulation (i.e., the one with the lowest resource require-
ment or “R*,” Tilman 1982), rather than the largest
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species, the fastest growing, or the first to colonize. This
mechanism of competition, which can be called the
resource reduction or R* model, predicts that the equi-
librium outcome of competition for a limiting resource
should be predicted by the R* values of the species and
should be independent of the timing of establishment
of competing species, their starting proportions, and
the initial sizes of individual plants (Tilman 1982,
1988).

Although both proposed mechanisms of’ competition
acknowledge that one species may have greater re-
source acquisition initially (i.e., preemption), they dif-
fer in whether or not these initial asymmetries deter-
mine the long-term outcome of competition. Much of
the recent debate regarding plant competition is rooted
in these contrasting assumptions about the mecha-
nisms of resource competition (see recent reviews by
Goldberg 1990, Grace 1990, Weiner 1990). For ex-
ample, Grime (1979) proposed that the abilities to
compete for light and nutrients are positively corre-
lated because the greater size or growth rate of a su-
perior competitor allows it to preempt both above- and
belowground resources. In contrast, Tilman (1982,
1988) proposed that the level to which a species reduces
light and nutrients depends on its allocation pattern,
and that there is an inherent trade-off between com-
petitive ability for above- and belowground resources.
Consequently, Grime (1979) predicts that the com-
petitive rankings of species should remain constant
along productivity gradients, whereas Tilman (1988)
predicts they should change.

- We grew four perennial grass species in monoculture
and in four different pairwise competition combina-
tions for 5 yr on an experimental nitrogen (N) gradient.
Monocultures of these four species differed in their
observed R* values for soil nitrate (NO,™) and am-
monium (NH,*), and in their patterns of allocation to
root, leaf, rhizome, and seed (Tilman and Wedin
1991a). We created three different competitive situa-
tions to determine if there were major, qualitative ef-
fects of initial densities and of the timing of establish-
ment on the long-term outcome of interspecific
competition. For each pair of species, we created: (1)
seed vs. seed competition plots in which the two species
were planted simultaneously, but with several different

" initial seeding densities; (2) seed invasions, in which

each species was added as seed to established (year-*

old) monocultures of the other; and (3) vegetative in-
vasions, in which dividers separating two species in
adjacent monocultures were removed after a year, al-
lowing vegetative invasions between established pop-
ulations. These experiments, as we formulated them,
required over 400 plots. Clearly, there are many other
aspects of initial conditions and the timing of estab-
lishment that we were not able to study, as well as
many ways of analyzing the short-term dynamics of
interspecific competition that we chose not to present.
We chose the aspects above because they represent
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three qualitatively different ways that two species might
compete in nature, with both species starting simul-
taneously as seed, with seed invading established pop-
ulations, or with two established populations interact-
ing along the boundary between them.

Although some competition studies hate separated
the effects of above- and belowground competition
(Wilson 1988b, Wilson and Tilman 1991), few have
addressed the mechanism of competition between spe-
cies (Tilman 19905). If competition involves plants
seeking the same limiting resources, such as nitrogen,
phosphorus, water, or light, a mechanistic understand-
ing of competition requires the study of the dynamics
of the limiting resources, including their supply rates,
consumption rates by plants, and the resulting efiects
of plants on resource concentrations. These experi-
ments are part of a larger study that also addresses the
relationship of various plant traits to these species’
abilities to reduce soil NO,~ and NH,* concentrations
and light availability (Tilman and Wedin 19914), spe-
cies effects on soil N cycling (Wedin and Tilman 1990)
and mycorrhizae (Johnson et al. 1992), species differ-
ences in productivity and N use (Wedin 1990), and
competition in other pairs of grass species (Tilman and
Wedin 1991d).

Specifically, this study was designed to answer these
questions: (1) Do differences in initial conditions affect
the long-term outcome of interspecific competition? (2)
Does the outcome of competition change across an
experimental N gradient? (3) Can differences among
species in their ability to reduce the concentration of
available soil N in monoculture successfully predict
the outcome of competition on low-N soils?

METHODS AND ANALYSES

Study site and species.—The four perennial grass spe-
cies used in this study are all abundant in the succes-
sional grasslands, native prairie, and oak savannah at
the Cedar Creek Natural History Area (CCNHA) in
east-central Minnesota, USA. CCNHA is located on a
glacial outwash sandplain and had uplands dominated
by tallgrass prairie, savannah, and oak forest prior to
European settlement in the late 1800s (Tilman 1988).
Agrostis scabra Willd. (synonym Agrostis hyemalis var.
tenuis) is a native bunchgrass with the C; photosyn-
thetic pathway, and is common in early-successional
grasslands at CCNHA (Tilman 1988). Agropyron re-
pens (L.) Beauv. and Poa pratensis L., both non-native
C, rhizomatous grasses, are common in early- and mid-
successional grasslands, respectively. Schizachyrium
scoparium (Michx.) Nash-Gould (synonym Andropo-
gon scoparius) is a native C, bunchgrass dominant in
late-successional grasslands and undisturbed tallgrass
prairie and oak savanna at CCNHA. Nomenclature
follows Ownbey and Morley (1991).

The competition experiments used four out of the
six possible species pairs: Agropyron vs. Schizachyri-
um, Poa vs. Schizachyrium, Agropyron vs. Poa, and
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Agropyron vs. Agrostis. Tilman and Wedin (19915)
present the 3-yr results for seed vs. seed competition
between Agrostis and Schizachyrium, Agrostis and
Agropyron, and Agrostis and Andropogon gerardi, a
fifth species not discussed here. Here we present the
5-yr results for Agropyron vs. Agrostis seed vs. seed
competition to allow comparison with the vegetative
invasion and seed invasion experiments.

Construction of garden plots.—The 492 monocul-
tures and competition plots discussed here are part of
an experimental garden at CCNHA (Wedin and Til-
man 1990, Tilman and Wedin 19914). To construct
the garden we removed the upper 0.6-0.8 m of soil
from an abandoned agricultural field with a bulldozer.
The remaining subsurface sand was rototilled with
varying amounts of black soil to create 10 soil mixture
blocks, each 3 X 12 m and 22 cm deep. The subsurface
sand averaged 93% sand, 3% clay, and 4% silt, with 90
mg/kg total N, 0.3% organic matter, and-pH of 6.6.
The black soil (a Duelm sandy loam from the nearby
M1ssszJpp1 River outwash plain) averaged 72% sand,

% clay, and 24% silt, with 1100 mg/kg total N, 3%
organic matter, and pH of 7.2. Although this black soil
had 10-fold greater total N than our sand, it was still
relatively infertile compared to fine-textured tallgrass
prairie soils, which may have over twice the total C
and N of our black soil (Parton et al. 1989). The re-
sulting soil blocks ranged from 100% sand to 100%
black soil. Each soil block was divided into 64 exper-
imental plots, each 0.75 x 0.75 m and surrounded by
0.48 mm thick (26 gauge) galvanized sheet metal sunk
to a depth of 23 cm. The garden was fenced above-
and belowground to exclude vertebrate herbivores. No
attempt was made to exclude aboveground inverte-
brate herbivores, but few were found in periodic cen-
suses. .

Prior to planting in May 1986, four soil cores (each
20 cm deep) were taken from each plot, pooled, and
analyzed in duplicate for soil total N (persulfate di-
gestion method, see Tilman 1984). Soil total N, which
tends to change slowly, was not measured in subse-
quent years and all references to total N refer to these
initial values. Almost all N in natural soils is tied up
in organic matter, and, at any point in time, very little
occurs as dissolved mineral N (NO,~ and NH,*) avail-
able to plants (Keeney and Nelson 1982). In a related
‘study (Wedin and Tilman 1990), net N mineralization
(the rate at which organically bound N is converted to
available mineral forms) was measured in a subset of
the plots. Estimated annual N mineralization in the
Ist yr of the study ranged from 1.5 g-m~2-yr~! for the
sand end of the gradient to 7.2 g-m~2-yr™! for the black
soil end of the gradient. However, because the species
diverged in their effects on N mineralization rates dur-
ing the experiment (Wedin and Tilman 1990), there
was no simple function relating soil total N to actual
supply rates of available soil N afier the 1st yr. There-
fore, all analyses treat the soil mixture gradient as a
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gradient in soil total N (i.e., 2 gradient in soil organic
matter content) rather than a gradient in actual N sup-
ply rates. .

To insure that N was the only soil resource limiting
growth, all plots were fertilized annually with all nu-

trients except N (P, K, Mg, S, Ca, Zn, Cu, B, Mn) and

watered. The nutrient addition rates were based on soil
tests of both the sand and the black soil (Tilman and
Wedin 19914). The pH was adjusted as needed, to 7.2
with finely ground lime.

Experimental water additions to CCNHA grasslands
have shown that moisture significantly limited above-

_ground productivity only during the severe drought of
1988 (Tilman 19904). We chose irrigation rates com-

parable to.average precipitation at CCNHA, thus
avoiding high irrigation rates that would have dra-
matically increased nutrient leaching from the plots.’
Average precipitation from April to Octoberat CCNHA

is 60 cm (Greenland 1987). All plots received at least’

1.5 cm/wk of water (rainfall plus irrigation) in April,
May, and October, and at least 2.5 cm/wk from June
through September. The garden was watered either once
or twice a week, except in the 1st mo of the experiment
(June 1986) when plots were watered daily to prevent
the new grass seedlings from drying out. Thus, the plots
received at least 65 cm of water during the Apnl—Oc-

tober growing season during each of the 5 yr of the

study.
Although the soil mixtures were created to form-a
gradient in total soil N, they also formed a gradient in

soil texture, which can affect soil moisture availability. .-,
To minimize the confounding effect of soil texture on *:

our soil N gradient we chose a sandy loam black soil
(72% sand) for the soil mixtures. Field capacities for
100% sand and 100% black soil plots were 8.5% (gravi-
metric moisture content, g/100 g soil) and 18.8%, re-
spectively. Thus, the addition of 2.5 cm H,0 would
bring sand plots from a dry state to 185% of field ca-
pacity to a depth of 9 cm and black soil plots to 100%

of field capacity. Estimated wilting points for these soils- »

(i.e., moisture content at 1.5 MPa pressure) are 2%
H,O (24% of field capacity) for the sand and 3.5% H,O
(19% of field capacity) for the black soil (Grigal et al.
1974). In soil moisture samples taken monthly from
April to October 1988, the driest year during the ex-
periment, moisture content in the sand plots averaged
689% of field capacity and in black soil plots averaged

64% of field capacity. Minimum moisture contents from
the 1988 samples, which were taken between 2 and 6
d after irrigation or measurable rainfall, were 47% of
field capacity for the sand plots, and 45% of field ca-
pacity for the black soil plots, levels well above wilting
point. Thus, it seems likely that established plants were
rarely under significant moisture stress.

To increase the range of our experimental N grad1-
ent, one of the two soil mixtures with 10096 black soil
received monthly additions of NH,NO, fertilizer, with
N totaling 6.55 g-m~2-yr~}, the estimated annual net
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N mineralization rate for savannah at CCNHA (Pastor
et al. 1987). Monthly N addition rates corresponded
to measured mineralization rates at CCNHA: 9% in
April, 33% in May, 28% in June, 15% in July, 17% in
August, 0% in September and October (J. Pastor, un-
published data). We originally intended to include these
added-N fertilizer plots with the plots from the soil
mixture gradient in a single regression analysis. Based
on net N mineralization rates measured in situ in year
1 (Wedin and Tilman 1990), the N supply rate of the
added N plots (mineralization plus 6.55 g-m=2-yr~')
would be equivalent to unfertilized plots with =2300
mg/kg total N, approximately double the total N of
our 100% black soil plots, and comparable to the total
N of more fertile tallgrass prairie soils (Parton et al.
1989). However, because N mineralization rates di-
verged significantly among the species, the N fertilizer
additions after year 1 were not equivalent to increasing
soil total N a given amount for all species (Wedin and
Tilman 1990). Therefore, the added N fertilizer plots
were analyzed separately from the soil mixture gradi-
ent.

Thus, we treat the entire experimental N gradient as
consisting of two portions: the gradient of nine soil
mixtures with total N ranging from 90 mg/kg (100%
sand) to 1200 mg/kg (100% black soil), and a 100%
black soil block with added NH, NO,. Although we
refer to the plots as forming a gradient, the plots were
independently randomized in each soil block, and soil
blocks were randomly located within the garden.

Treatments.—Each of the 10 soil blocks contained
the same set of 30 treatments (Table 1). Because mono-
culture treatments (treatments 1-6, Table 1) and seed
vs. seed competition treatments for Agropyron vs.
Agrostis (treatments 16-18) were replicated within each
soil block, each block contained 48 plots used in this
study, as well as 16 other plots (see Tilman and Wedin
1991b). As well as these 480 plots, an 11th smaller
block contained 12 plots that served as controls for the
seed invasion experiments.

Monocultures.—Monocultures of the four species
were seeded on 26~29 May 1986 at rates intended to
give =3000 live seedlings/m2, Seedling densities fol-
lowing germination were estimated by counting seed-
lings in a 0.025-m? quadrat in each plot in early July
1986. Seedling density was independent of soil total N
for each species (tested with regression). Mean densities
ranged from 1091 seedlings/m? for Poa to 3442 seed-
lings/m? for Agrostis (treatments 1-4, Table 1). For
Agropyron and Agrostis, monocultures were also seed-
ed at one-fifth the density of the regular monocultures
(treatments 5 and 6, Table 1).

Seed vs. seed competition. —For each of the four pairs
of species, seed vs. seed competition plots were started
with three different initial densities of seedlings to de-
termine if initial seedling density influenced the out-
come of competition. The seed vs, seed treatmentis
were seeded along with the monocultures in late May
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1986 at rates intended to give =~3000 total seedlings/
m?2. In one treatment, seeds of each species were plant-
ed at 50% of the rate for their monocultures. In the
second treatment, seeds of one species were added at
20% of its monoculture rate and the seed of the other
at 80%. In the third treatment, seed of the first species
was added at 80% and the second at 20% of their mono-
culture planting rates (Table 1). In each plot, both spe-
cies were seeded simultaneously and evenly across the
plot. Because germination rates for the four species
varied from the intended rates, the initial total seedling
densities differed among treatments and species pairs
(Table 1). However, such differences should not di-
minish the abjlities of these treatments to determine
if differences in initial seedling densities influence the
outcome of competition.

Seed invasions.—The initial species in each seed in-
vasion plot (treatments 19-26, Table 1) was planted at
the same time (May 1986) and with the same seeding
rates as the monocultures (treatments 1-4), Seed of the
invading species was added to these established mono-
cultures in October 1986. Germination occurred the
following spring. Seed addition rates were intended to
give 3000 seedlings/m?, although, as discussed below,
actval germination varied.

For each species there were also three seed invasion
control plots to test for seed viability. These 0.75 x
0.75 m plots had no competing species and were ini-
tially bare in the spring and summer of 1986. They
received seed at the same time and at the same seeding
rate as the seed invasion competition treatments (treat-
ments 19-26). These 12 plots were in a separate soil
mixture block containing =~50% sand and 50% black
soil, and were thus not replicated across the entire soil
mixture gradient.

Because sampling vegetation via clipping might in-
crease the chance of successful seed invasion, there was
no destructive sampling in seed invasion competition
or control plots in 1986 or 1987. Visual censuses of
densities of invading seedlings were made in 0.1-m?
quadrats in the seed invasion plots on 28 May 1987,
Averaging across both the soil mixture gradient and
treatments receiving a particular species’ seed, Schi-
zachyrium had 749 new seedlings/m?, Agropyron 227
seedlings/m?2, Poa 21 seedlings/m?, and Agrostis 128
seedlings/m2. The lower than expected germination,
especially for Poa and Agrostis, may have been caused
by the lack of snow cover over the previous winter and
unusually dry conditions in April-June of 1987. Al-
though all plots were irrigated at least once a week, this
did not prevent the soil surface from occasionally dry-
ing. This would have disproportionately affected seed-
lings compared to established, mature plants. Germi-
nation in spring 1987 in the seed invasion control plots
was comparable to that of the seed invasion compe-
tition plots: Schizachyrium had 517 new seedlings/m?,
Agropyron 263 seedlings/m?, Poa 37 seedlings/m?, and
Agrostis 66 seedlings/m?2.
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No. rep- )
Treatment licates* Seeding date} Initial densityt (ind./m?)
. Monocultures ‘
1. Schizachyrium scoparium (S.s.) 3° S.s.: May 1986 2074
2. Poa pratensis (P.p.) 3 P.p.: May 1986 T 1091 .
3. Agropyron repens (A.r.) 4 A.r.: May 1986 1859
4. Agrostis scabra (4.s.) 4 A.s.: May 1986 3442 "
5. Agropyron low density 2 A.r.: May 1986 442
6. Agrostis low density . 2 A.s.: May 1986 1498
Seed vs. seed competition
7. 80% S.s., 20% A.r. 1 S.s.: May 1986 © 1328
: A.r.: May 1986 312
8. 50% S.s., 50% A.r. 1 S.s.: May 1986 852
A.r.. May 1986 1028
9. 20% S.s., 80% A.r. 1 S.5.: May 1986 448
A.r.: May 1986 1284
10. 80% S.s., 20% P.p. 1 S.s.: May 1986 1644
. P.p.: May 1986 232 -
11. 50% S.s., 50% P.p. 1 S.s.: May 1986 1025
P.p.: May 1986 637 )
12, 20% S.s., 80% P.p. 1 S.s.: May 1986 620
P.p.: May 1986 836
13. 80% A.r.,, 20% P.p. 1 A.r.: May 1986 1440
: . P.p.: May 1986 208
14. 50% A.r., 50% P.p. 1 A.r.: May 1986 972
P.p.: May 1986 326
15. 20% A.r., 80% P.p. 1 . Ar:May 1986 440
i P.p.: May 1986 644
16. 80% A.r., 20% A.s. 3 A.r.: May 1986 1294
A.s.: May 1986 " 1048
17. 50% A.r., 50% A.s. 3 A.r.: May 1986 ) 858
. . A.s.: May 1986 2039
18. 20% A.r., 80% A.s. 3 A.r.: May 1986 392
A.s.: May 1986 2614
Seed invasions :
19. S.s. into A.r. i A.r.: May 1986 2008 :
S.5.: Oct 1986 749 (May 1987)*
20. A.r. into S.s. 1 S.s.; May 1986 2292 . '
A.r: Oct 1986, Apr 1988 227 (May 1987):
21. S.s.into P.p. 1 P.p.: May 1986 . 1084 )
S.5.: Oct 1986 749 (May 1987)
22. P.p.into S.s. 1 S.s.: May 1986 2056 . . .
P.p.: Oct 1986, Sep 1987 21 (May 1987), 3336 (Nov 1987)
23. A.r.into P.p. 1 P.p.: May 1986 888 ’
A.r.: Oct 1986, Apr 1988 227 (May 1987)
24, P.p.into A.r. 1 A.r.: May 1986 1728 -
. P.p.: Oct 1986, Sep 1987 21 (May 1987), 3336 (Nov 1987)
25. A.r.into 4.s. 1 A.s.: May 1986 3304 . .
A.r.: Oct 1986, Apr 1988 227 (May 1987)
26. 'A.s. into A.r. 1 A.r.: May 1986 1800
A.s.: Oct 1986, Sep 1987 . 128 (May 1987),2400 (Sep 1987)
Vegetative invasions -
27. S.s. vs. A.r. i S.s.: May 1986 1037
A.r.: May 1986 930
28. S.s. vs. P.p. 1 S.s.: May 1986 - 1037 :
P.p.: May 1986 546 : ."
- 29. A.r.vs. Pp. I A.r.: May 1986 930 '
P.p.: May 1986 546
30. A.r. vs. A.s. 1 A.r.: May 1986 930
A.s.: May 1986 1721

* Number of plots containing each treatment per soil mixture block (48 plots x 10 blocks = 480 total

control plots not listed in Table 1 are described in Methods and analyses).
T The month when each species in each treatment was seeded is given under Seeding date (note multiple dates for invading
species in seed invasions).
% Initial densities for monoculiures, seed vs. seed plots, and the initial species in seed invasions are treatment means from

censuses of-all plots in June 1986. Initial densities for invading species in Seed invasions are averages across treatments.
receiving a particular species’ seed, censuses on dates noted in

estimates based on Treatments 1 through 4.
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Because of low germination rates in early 1987 and
high seedling mortality during that summer for Poa
and Agrostis (100% mortality in seed invasion controls
by 3 July 1987), Poa and Agrostis seed invasion plots
and seed invasion controls were reseeded on 2 Septem-
ber 1987, again at a seed addition rate intended to give
3000 seedlings/m2. On 20 October 1987, the density
of new Poa seedlings (mean across the soil mixture
gradient and treatments receiving Poa seed including
the seed invasion controls) was 3336 plants/m? and the
mean density of Agrostis seedlings was 2400 plants/
m2, Because of high mortality for Agropyron seedlings
during 1987 (60% mortality when censused in the seed
invasion competition plots on 20 October 1987), Agro-
pyron was reseeded in April 1988. Agropyron seedlings
were not recensused prior to sampling of the plots in
August 1988. Throughout the experiment, very few
seedlings were observed for any invading species in
seed invasion treatments in the added-N fertilizer plots.
However, censuses were difficult and unreliable in these
plots because of the dense vegetation and litter.

Vegetative invasions.—Each vegetative invasion plot
(treatments 27-30, Table 1) was created by subdividing
2 0.75 x 0.75 m plot with buried (16 cm deep) plastic
barriers into four 0,37 x 0.37 m sections prior to plant-
ing. Two diagonal sections were planted as monocul-
tures of one species in late May 1986. The other two
sections were simultaneously planted as monocultures
of the competing species. The seeding rates (seeds per
square metre) were identical to those of the monocul-
tures (treatments {—4, Table 1). The barriers between
the four sections were removed after 1 yr (2 June 1987).

To avoid any disturbance that might have influenced
vegetative invasion, the plots were not destructively
sampled in 1986 or 1987. Rather, plant biomass in the
monoculture plots was used to estimate the initial
abundances of species in the vegetative invasion plots.
Most of our analyses use the plot-average biomass of
each species. Because each species was initially planted
in only half (2 out of 4 sections) of each plot, its plot-
average density and biomass per unit area prior to
removal of the barriers were estimated to be half that
of comparable monocultures (Table 1).

Aboveground biomass sampling.—Monocultures and
seed vs. seed plots were sampled in 1986 (28 Aug-12
Sep), 1987 (25 Jul-5 Aug), 1988 (13 Jul-27 Jul), and

1990 (17 Jul-24 Jul). A different strip of vegetation
(7.8 x 55 cm in 1986 and 1987, 10 X 40 cm in 1988
and 1990) was clipped in each plot at ground level each
year. This was sorted to either aboveground living bio-
mass by species, or litter. The sorted samples. were
dried at 40°C for 1 wk and weighed. Seed invasion
plots were sampled in 1988 and 1990 by harvesting
aboveground biomass in 10 % 55 cm strips. The veg-
etative invasion plots were sampled in 1988 by har-
vesting aboveground biomass in a 30 x 60 cm strip
that equally spanned two out of the four original sec-
tions in each plot, one section for each species. The
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other half of each vegetative invasion plot was har-
vested in 1990, For all treatments, areas that were
sampled had not been previously sampled and were
separated from the previous year’s sampling area by
at least 20 cm. Sampling rarely killed the grasses, how-
ever, and appeared to have little if any long-term effect
on vegetative cover. Regardless of the size of sample
taken, all biomass results are presented per square me-
tre. Unless otherwise noted, biomass refers to’ living
aboveground biomass only.

Analysis of year 5 biomass results.—Given the di-
verse types of competition experiments and the length
of this study (5 yr), numerous approaches could have
been used to analyze both the outcome and dynamics
of competition in each type of experiment. The main
analysis we have chosen is the simplest way to address
the basic question stated in the introduction: “Do dif-
ferences in initial conditions affect the long-term out-
come of competition?” This analysis compares a spe-
cies’ aboveground biomass in monoculture to its
biomass in each of four types of interspecific compe-
tition after 5 yr. For each of the four pairs of competing
species, there were therefore two such analyses, one per
species. For brevity, comparable analyses of the com-
plete results for earlier years are not presented. We do,
however, present figures of biomass over time for each
species in the various treatments. For brevity and ease
of comparison in these figures, the soil mixture gradient
is divided into three groups, each with three soil
mixtures. Means for these three groups and for the
added N plots are presented for each year.

Although many plant competition studies have used
density-based (biomass per individual) analyses, we
present only population-level (biomass per square me-
tre) analyses. This approach allows straightforward
comparisons of treatments that had large initial dif-
ferences in seedling densities or timing of establish-
ment. Also, all species studied were perennial grasses,
which in the long term often have tiller densities and
productivities (per unit area) independent of initial
densities. This assumption was tested directly for the
two species that had both low and high density mono-
cultures: Agrostis (a bunch grass) and Agropyron (a rhi-
zomatous grass). Although there are undoubtedly fur-
ther insights, especially into the short-term dynamics
of competition, that could be gained by density-based
analyses, we feel ours is a robust approach for com-
paring diverse treatments.

Because of the large range in biomass across the soil
mixture gradient (0-500 g/m?) and the numerous zero
values for plots in which species were displaced by year
5, biomass data were not normally distributed and the
assumption of constant variance across treatments was
not satisfied. Prior to analysis, we used a variance-
stabilizing transformation: the natural log of biomass
plus 1, i.e., In(biomass + 1). The addition of 1 g/m?
to the data allowed the natural log of zero values to be
calculated, while having little or no impact on the in-
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terpretation of results. Thus, 1 g/m? equaled 0.04 g in
our sample quadrats of 0.04 m?, a value near the level
of detection given the sampling procedure.

Although there were no obvious differences other
than soil total N among plots within soil mixture blocks,
we averaged the results and soil total N values for
replicates within blocks. Thus, the final data set for
analyses and figures used block means for treatments
1-6 and 16-18 (Table 1).

To compare a species’ monoculture biomass with its
biomass in competition across the soil mixture gra-
dient, we used a General Linear Model (GLM) analysis,
which combines elements of both regression (testing
the effect of the continuous variable soil total N), and
ANOVA (testing the effect of the categorical variable
treatment). With the GLM routine of SAS (SAS 1988),
a curve was simultaneously fit for year 5 (1990) bio-
mass vs. TN (soil total N) for each treatment (e.g., Figs.
1 and 2). In each such analysis, the five treatments
were monoculture, seed vs. seed competition, vegeta-
tive invasion, invader by seed, and invaded by seed.
We used second-order polynomials (intercepts, linear
and quadratic terms for each curve) because of the
generally nonlinear response of biomass to TN (Figs.
1 and 2).

In contrast to analysis of covariance, which allows
the response curves for separate treatments to differ
only in intercept, GLM allows for interaction between
the Treatment and TN effects. Use of an upper case T
for Treatment and TN for soil total N denote main
effects in statistical analyses. A significant difference in
biomass among at least two treatments along some
portion of the TN gradient is indicated. by either a
significant Treatment, TN X Treatment, or (TN)? X
Treatment effect in the ANOVA table from the GLM
analysis. The TN and (TN)? main effects test whether,
averaging over the treatments, biomass had a signifi-
cant linear or quadratic dependence on TN. If the
Treatment main effect is significant while the TN x
Treatment and (TN)? x Treatment effects are not, then
all treatments share the same linear and quadratic terms
(i.e., parallel curves), but at least two treatments differ

in their mean response (indicated by different intercept

. terms). On the other hand, if either the TN X Treat-
ment or the (TN)? X Treatment terms are significant,
then at least two treatments have different responses
to TN (i.e., different linear or quadratic terms) and
significantly different biomass over a portion of the
gradient. If the (TN)?, TN X Treatment, or (TN)* x
Treatment effects were not significant, they were
dropped from the final models (Tables 1-4).

Comparisons of a species’ year 5 biomass in indi-
vidual competition treatments and monocultures were
made in two ways. First, the intercepts, lmear, and
quadratic terms from the fitted ‘curves of each com-
petition treatment were compared to the monoculture
values using error estimates generated by SAS-GLM.
This tested if the curves for individual treatments dif-
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fered and if that difference was constant across the TN
gradient. Second, treatment differences were tested us-
ing least squares means and pairwise comparisons from
SAS-GLM. Least squares means are the estimated mean
biomass for each treatment with TN at its mean value
(=500 mg/kg). In all cases, the least squares means
were very similar to actual means across the soil mix-
ture gradient. If treatments differed in their linear or
quadratic terms, however, significant differences among
least squares means do not necessarily reflect differ-
ences across the entire soil mixture gradient. For both
types of treatment comparisons, only comparisons of
competition treatments with monocultures were made
to minimize the increased probability of Type I errors-
associated with making all pairwise or unp]anned com--
parisons.

Year 5 biomass results from the added-N fertilizer ¢
plots were analyzed separately frqm the soil mixture:
gradient plots using ANOVA (see Construction of gar-"'
den plots section above). Unfortunately, this approach
gave analyses of the added N-plots reduced power be-
cause of their limited replication. Because the added-N
plots were randomly located in a single soil mixture
block, each plot was considered an independent ex-
perimental unit. Data were In(1 '+ biomass) trans-
formed prior to analyses. For each species in each of
the four species pairs, biomass in the four types of
competition was compared to monoculture blomass
using Dunnett’s ¢ test.

Analysis of seed vs. seed competztzon -—-Seed vs. seed
competition plots and monocultures were the only-
treatments sampled throughout the 5-yr study. For the
GLM analyses of the soil mixture gradient (see pre-
vious subsection), the three seed vs. seed planting ratios
from each species pair (see Table 1) were treated as
replicates of a single treatment to allow comparison
with the invasion treatments. A separate analysis of
the seed vs. seed results for years 1, 2, 3, and 5 (not

sampled in year 4) addressed two further questions: (1) ...

Did the effect of interspecific competition change over ..

the course of the experiment? (2);Did differences in.
initial seedling densities (plantmg rano) affect the out-
come of competition? :
We addressed the first question by comparing a spe-
cies® biomass in seed vs. seed competition (averaging
across the three planting ratios) with its monoculture
biomass across the soil mixture gradient. This was
done for each species in each of the four species pairs
in each of the four sample years (32 separate GLM
models). An F statistic was calculated that tested if a
significantly greater amount of the data’s variance was
explained by two curves (i.e., separate seed vs. seed

competition and monoculture responses) compared to | -

a model with only a single curve for the biomass re-
sponse to soil total N (Weisberg 1985). A significant F
value reflects a significant difference in biomass be-
tween competition plots and monocultures over some
portion of the soil mixture gradient. Although n = 36

080
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for all of these GLM models, the actual degrees of
freedom associated with the Ftests varied slightly (from
1,33 10 2,31) depending on which terms were significant
in the final model [e.g., Treatment, TN, (TN)?, Treat-
ment X TN].

The effect of planting ratio, the second question, was
addressed by comparing the GLM models with just
two treatments (seed vs. seed competition and mono-
. culture), against larger models that considered each of
the three initial planting ratios as separate treatments
(a total of four treatments counting the monoculture).
The F statistic for the ratio effect tests if the GLM
model treating the seed vs. seed plots as three separate
treatments was a significant improvement over the
simpler model, which ignored ratio effects (Weisberg
1985). The degrees of freedom for the F tests ranged
from 2,31 to 4,28 depending on whether or not the
Treatment X TN interaction term was significant and
what other terms were in the final model {Treatment
x (TN)? terms were not significant in any case].

As discussed above, these analyses are not based on
plant density (i.e., biomass per individual), the usual
approach to replacement series data. Rather, we are
asking a simpler question. When one looks at these
plots over time, did interspecific competition have any
effect on a species’ biomass per unit area compared to
a population with no interspecific competition? If so,
do the different planting ratios (ranging from 20 to 80%
of monoculture density) matter when considering a
species’ biomass in seed vs. seed competition? If the
answer to this latter question is yes, then a density-
based analysis would be appropriate. Such analyses are
beyond the scope of this paper.

Analysis of seed invasion experiments.— An assump-
tion of the GLM analyses that compared the four types
of interspecific competition to the monocultures is that
any reduced biomass for invading species in seed in-
vasion treatments was due to interspecific competition.
However, this could also reflect the inability of the
invading species to germinate and/or establish at the
time of the seed addition independent of any interspe-
cific competition. The seed invasion control plots,
monocultures that were initially bare but received seed
whenever it was added to seed invasion plots, allowed
us to test this assumption. Because the seed invasion
controls were only constructed on one soil type (=50%
sand: 50% black soil), they were compared to the three
soil blocks most similar in composition. For each spe-
cies, we used ANOVA to compare year 5 biomass in
monocultures (n = 3), seed invasion controls (n = 3),
and seed invasion competition treatments (n = 3 per
treatment). The number of invasion treatments re-
ceiving a particular species’ seed was three for Agro-
pyron, two for Schizachyrium and Poa, and one for
Agrostis (see Table 1).

Soil NO;~ and NH ;* sampling and analyses.—Con-
centrations of extractable soil NO,~ and NH,* were
measured in all monocultures and competition plots
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in year 3 (1988) of the study. Plant biomass and soil
nutrient concentrations had reached relatively stable
levels by year 3 for all species on the soil mixture
gradient (Tilman and Wedin 19914a). Monoculture re-
sults from the two sampling dates analyzed here plus
a third midseason sampling date are summarized in
Tilman and Wedin (1991a). Monoculture results are
presented here to allow comparison with the compe-
tition plot results. On 26-29 July 1988 two 16 cm deep
by 2 cm diameter soil cores were collected from each
monoculture and seed vs. seed plot, pooled, and a por-
tion of the soil placed in 50 mL of 0.01 mol/L KCI.
The remainder was used to determine soil moisture
content. Monoculture plots were resampled, along with
the vegetative and seed invasion plots on 2-3 August
1988. Samples were weighed, shaken for 0.5 h, and
analyzed for NH,* and NO;~ concentration using a
Technicon II Autoanalyzer after settling overnight at
4°C. Concentrations of N in extractable soil NO;~ and
NH.,* are presented as milligrams per kilogram dry soil.

In order to simultaneously compare concentrations
of extractable soil NO;~ and NH,* in monocultures
and competition treatments, separate GLM models
were constructed for each of the four species pairs for
NO,;-, NH,* and their sum. The analyses were done
for the soil mixture gradient only. The results from the
two sampling periods (26-29 July 1988 and 2-3 August
1988) were averaged for each monoculture plot. Av-
erages were then taken of results for replicate plots
within each soil mixture prior to analyses. Although
separate measurements were made in each species’ half
of the vegetative invasion plots (see Wedin 1990), plot-
average values are used here. In all four species pairs,
NO,- and NH,* concentrations did not differ signifi-
cantly among the three seed vs. seed planting ratios,
and the three ratios were considered a single treatment.
Least squares means from GLM were used to perform
pairwise comparisons among the six treatments in each
analysis.

RESULTS
Effects of interspecific compelition after 5 yr

Monocultures.—1In year 5 (1990), all four species had
viable populations (i.e., aboveground biomass greater
than zero) in all monoculture plots across the soil mix-
ture gradients (Fig. 1). Biomass for all species increased
with increasing soil total N, although the nature of the
response varied somewhat among species (see Tilman
and Wedin 19914 for statistical comparisons among
species of various monoculture measurements includ-
ing aboveground biomass). Averaging across the soil
mixture gradient, year 5 monoculture biomass was
highest for Agrostis (109 g/m?), followed by Schiza-
chyrium (84 g/m?), Poa (70 g/m?3), and Agropyron (55
g/m?) (see Tables 2-5),

Agropyronvs. Schizachyrium.—1. Soil mixture gra-
dient.—By year 5, Agropyron had been almost com-
pletely excluded in all four types of competition with
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Fic. 1. Aboveground biomass in 5-yr-old monocultures of four grass species, with polynomial (quadratic) regressions of

In(1 + biomass) vs. soil total N.

TABLE 2. Agropyron vs. Schizachyrium competition.
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A) GLM models for Agropyron vs. Schizachyrium on the soil mixture gradient. ANOVA tables from GLM analyses that’
compared 1990 aboveground biomass [transformed data: In(l + biomass)] for each species in monoculture and four types of
interspecific competition on the soil mixture gradient established in May 1986 (GLM models in part A correspond to

Fig. 2).
Agropyron Schizachyrium
Effect F df P F df P
Treat. 14.86 4,48 <.001 8.66 4,52 <.001
TN 1.05 1,48 311 92.10 1,56 <,001
N)2 11.97 1,48 <.001 30.31 1,56 <.001

TN x Treat. 5.78 4,48 <.001 4,10 - 4,56 <.006
(TN)? x Treat. 7.76 4,48 <.001 NS

R2=0.973 R?=0.882

B) Least squares means from soil mixture gradient (GLM), comparing biomass in each type of competition to monoculture
biomass on the soil mixture gradient (untransformed means presented). Agrop. into Schiz., and Schiz. into Agrop. refer

to the seed invasion treatments, while Vegetative Inv. refers to vegetative invasions.

Agropyron Schizachyrium

biomass (g/m?) biomass (g/m?)
Treatment X . P X P

Monoculture 55.19 84.01

Seed vs. seed 0.06 <.001 78.04 464
Agrop. into Schiz. 0.00 <.001 99.10 .060
Schiz. into Agrop. 0.72 <.001 106.27 183
Vegetative Inv. . 051 <.001 124.60 .002

C) Mean biomass in added-N plots (ANOVA). Aboveground biomass [In(1 + biomass) transformed] was analyzed with one-
way ANOVA, and competition treatments were compared to monocultures, using Dunnett’s ¢ test (untransformed means

presented). * indicates P < .05.

Treatment effect on Agropyron:
F,,=12333 P=.002

Treatment effect on Schizachyrium:
F. =319 P=.144

Agropyron Schizachyrium

Treatment biomass (g/m?) biomass (g/m?)
Monoculture 347.00 116.92
Seed vs. seed 170.53* 19.29
Agrop. into Schiz. 19.33* 54.82
Schiz. into Agrop. 253.27 0.00
Vegetative Inv. 87.17* 79.94

087
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A. Seed Versus Seed Competition
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B. Seed Invasion:Schizachyrium into Agropyron
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C. Seed Invasion: Agropyron into Schizachyrium
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D. Vegetative Invasion
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FiG. 2. Aboveground biomass of Schizachyrium and Agropyron in four competition treatments in 1990 (year 5). Note log
scale for biomass axes. —— polynomial (quadratic) rcgrcssxons of In(1 + blomass) vs. soil total N (TN); +«--- monoculture
regressions for each species (as in Fig. 1). Symbols in parentheses behind species names indicate if competition regressions
differed significantly from monocultures regressions in GLM analyses. I, L, and Q indicate significantly different intercept
and linear and quadratic terms for competition treatments when comparcd to ‘monocultures: * P < .05, ** P < .01, and

** P < .001.

Schizachyrium on the soil mixture gradient (Fig. 2).
The year 5 biomass of Agropyron was <1 g/m? in all
four competition treatments (Table 2B). In the GLM
comparison of Agropyron’s biomass in the competition
treatments with its monoculture biomass, the highly
significant Treatment, TN X Treatment, and (TN)? X
Treatment effects indicate that there were significant

differences among the treatments in their responses
across the soil gradient (Table 2A). When curves for
the-four competition treatments were compared to
Agropyron’s monoculture response, all competition
treatments differed significantly from the monoculture
in intercept, linear, and quadratic terms except the
Agropyron into Schizachyrium seed invasion, which
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