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Abstract

Spatial heterogeneity of resources can influence plant
community composition and diversity in natural commu-
nities. We manipulated soil depth (two levels) and nutri-
ent availability (three levels) to create four heterogeneity
treatments (no heterogeneity, depth heterogeneity, nutri-
ent heterogeneity, and depth 1 nutrient heterogeneity)
replicated in an agricultural field seeded to native prairie
species. Our objective was to determine whether resource
heterogeneity influences species diversity and the trajec-
tory of community development during grassland restora-
tion. The treatments significantly increased heterogeneity
of available inorganic nitrogen (N), soil water content, and
light penetration. Plant diversity was indirectly related to
resource heterogeneity through positive relationships with
variability in productivity and cover established by the
belowground manipulations. Diversity was inversely cor-
related with the average cover of the dominant grass,

Switchgrass (Panicum virgatum), which increased over
time in all heterogeneity treatments and resulted in com-
munity convergence among the heterogeneity treatments
over time. The success of this cultivar across the wide
range of resource availability was attributed to net photo-
synthesis rates equivalent to or higher than those of the
native prairie plants in the presence of lower foliar N con-
tent. Our results suggest that resource heterogeneity alone
may not increase diversity in restorations where a domi-
nant species can successfully establish across the range of
resource availability. This is consistent with theory regard-
ing the role of ecological filters on community assembly in
that the establishment of one species best adapted for the
physical and biological conditions can play an inordinately
important role in determining community structure.
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Introduction

Tallgrass prairie is a floristically diverse and formerly
extensive ecosystem in North America. Since the 1830s
the extent of the tallgrass prairie has declined 82–99%,
representing the greatest post-European settlement loss of
any terrestrial ecosystem in North America (Samson &
Knopf 1994). Reintroduction of tallgrass prairie species
into former cropland is a common restoration practice.
However, plant diversity is generally slow to recover in
these restorations, even in the presence of nearby native
prairie as a seed source (Kindscher & Tieszen 1998) or
with extensive efforts to introduce native forbs (Warkins &
Howell 1983; Thompson 1992; Sperry 1994).

Both the availability and heterogeneity of resources
influence plant community composition and species distri-

butions in natural systems (Grime 1979; Huston 1979;
Tilman 1984, 1987; Robertson et al. 1988). Several studies
have demonstrated a positive relationship between soil re-
source heterogeneity and plant species diversity in native
grasslands (Fitter 1982; Silvertown et al. 1994; Inouye &
Tilman 1995; Rusch & Fernandez-Palacios 1995; Steinauer
& Collins 1995). Spatial variability of soil resources results
from the presence and composition of plants (Gibson
1988; Hook et al. 1991; Milchunas & Lauenroth 1995;
Vinton & Burke 1995), topography (Burke et al. 1999),
and disturbances such as grazing, fire, and small mammal
activity (Robertson et al. 1993; Collins et al. 1998; Knapp
et al. 1999). Conversion of prairie to row-crop agriculture
homogenizes the soil environment through repeated mix-
ing, leveling, monospecific crop production, and uniform
application of nutrients (Rover & Kaiser 1997). Thus,
reduced heterogeneity of the soil environment at the onset
of prairie restorations in former long-term cultivated soils
may act to slow recovery of species diversity.

We established replicated experimental plots to exam-
ine the effects of soil heterogeneity on plant diversity in a
prairie restoration. Previously, we documented that nitro-
gen (N) availability was inversely related to plant diver-
sity and the similarity of the restored community to native
tallgrass prairie (Baer et al. 2003, 2004). Here we exam-
ine temporal changes in the restored plant community to
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altered resource heterogeneity. We altered soil N avail-
ability and soil depth to create four levels of resource het-
erogeneity within a long-term cultivated field. N was
chosen because it is a limiting nutrient in grasslands
(Owensby et al. 1970; Seastedt et al. 1991) that modulates
plant community structure and diversity in both native
prairie and successional systems (Carson & Barrett 1988;
Gibson et al. 1993; Steinauer & Collins 1995; Collins &
Wein 1998; Foster & Gross 1998). Soil depth was altered
because soil depth varies with topographic position in
nearby native prairie, which influences soil N availability
(Turner et al. 1997), plant productivity (Briggs & Knapp
1995), and plant diversity (Gibson & Hulbert 1987). We
varied these two resources at the onset of a restoration to
test the following hypotheses: (1) increasing resource het-
erogeneity will promote divergence in plant community
structure among the heterogeneity treatments as a result
of differences among communities established under dif-
ferent soil depth and nutrient conditions and (2) increasing
heterogeneity of soil resources will increase species diver-
sity by providing a greater variety of suitable microsites
for different species with varying resource requirements or
by mediating competition and providing competitive
release of subordinate species (i.e., forbs) from dominant
species (i.e., grasses). In the third year of restoration, we
examined ecophysiological characteristics of the dominant
species to determine if leaf-level responses to altered
resource availability could explain community patterns in
response to varied heterogeneity of soil resources.

Methods

Study Site

The restoration was conducted in a recently abandoned
agricultural field (cultivated for >50 years) at the Konza
Prairie Biological Station (KPBS), located near Manhattan,
Kansas (lat 39�059N, long 96�359W). The field contained
a 0–1% slope and silt loam soil (mesic Typic Arguidoll)
formed by colluvial and alluvial deposits. The elevation at
the site was approximately 340 m. In the 3 years of study
(1998, 1999, and 2000), total precipitation was 944, 825, and
628 mm, of which 593, 693, and 390 mm fell from April
through September, respectively. The 30-year mean
annual and growing season precipitation were 835 and
622 mm/year, respectively.

Historically, the vegetation at the site would likely have
been representative of lowland areas at KPBS, dominated
by the native warm-season grasses of Big bluestem (Andro-
pogon gerardii Vitman), Little bluestem (Schizachyrium
scoparium Michx. (Nash)), Indiangrass (Sorghastrum nu-
tans (L.)), and Switchgrass (Panicum virgatum L.). Low-
land prairie at KPBS is also interspersed with a variety
of forbs and less common grasses (Freeman 1998). Knapp
et al. (1998) provide a complete description of physical
and biological characteristics of KPBS.

Experimental Design and Restoration Approach

In the summer of 1997, we established sixteen 6 3 8–m
plots (with 6-m buffer strips between plots) delineated in
four blocks (4 plots/block). Plots within each block were
randomly assigned to heterogeneity treatments of control,
soil depth heterogeneity, soil nutrient heterogeneity, or
maximum heterogeneity containing both the depth and
nutrient heterogeneity treatments (Fig. 1). The soil depth
and nutrient manipulations were assigned to strips within
each plot. The soil depth heterogeneity plots contained
alternating 2 3 6–m strips of buried native limestone. The
nutrient heterogeneity plots contained three 2 3 8–m
strips with low, ambient, and high N availability. The max-
imum heterogeneity plots contained both the soil depth
and soil nutrient heterogeneity treatments. All plots were
subdivided into twelve 23 2–m subplots for sampling.

Following the assignment of the heterogeneity treat-
ments, plots were excavated to a depth of 25 cm. Lime-
stone slabs (3–6 cm thick and 40–70 cm in width and
length) were pieced together to fill the 6 3 8–m strips, and
the soil was replaced and leveled across the site. In
autumn, the field was lightly disked (2–3 cm deep) to
reduce weeds.

Figure 1. Experimental design of control, depth heterogeneity,

nutrient heterogeneity, and maximum heterogeneity whole-plot

treatments. Each whole-plot treatment was randomly assigned to

a location within each of the four blocks (n ¼ 4 per treatment,

16 plots total). Soil depth (deep and shallow) and nutrient availability

(reduced, ambient, and added N) were assigned to widthwise

23 6–m and lengthwise 2 3 8–m strips, respectively. Maximum

heterogeneity plots contained all levels of soil depth and nutrient

treatments. Each plot was divided into twelve 2 3 2–m subplots for

sampling.
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In February of 1998, sawdust (49% carbon) was added
to the strips assigned to the reduced N availability treat-
ment. Sawdust was applied at a rate of 5.5 kg/m2 (dry
weight) to increase existing soil carbon (C) to a level repre-
sentative of prairie soil (’3% C, or two times the existing
C content) based on total soil C (0–15 cm) content of 1.5%
and bulk density of 1.2 g/cm3. All plots were tilled follow-
ing the C addition to promote similar conditions prior to
planting. Strips with increased N availability were fertilized
with ammonium nitrate at a rate of 5 g N/m2. Fertilizer
was applied following germination of plants in July 1998
and in early to mid-June of years 2 (1999) and 3 (2000).

Native prairie vegetation was reintroduced to the site in
spring of 1998 by seeding grasses with a grass drill and
hand broadcasting forbs over each plot. All plots were
seeded with 42 native prairie species at rates selected to
achieve a lognormal species distribution representative of
prairie habitats at KPBS. Each species was assigned to one
of four seeding categories: dominant grass (160 seeds/m2),
common (16 seeds/m2), frequent (10 seeds/m2), or uncom-
mon (5 seeds/m2) species. The dominant grasses were also
planted at the same density in buffer strips between the
experimental plots to minimize potential edge effects.
Grass seed was obtained from a local commercial pro-
ducer (Star Seed, Inc., Beloit, KS, U.S.A.) and forbs were
either locally collected or purchased from Midwestern
nurseries. Seed treatments and preparation for planting
were followed according to Rock (1981), Packard & Mutel
(1997), and Shirley (1994). Baer et al. (1999) provide
a complete description of species, seeding rates, and
sources of seed used.

Following seeding, each plot was covered with native
prairie hay to promote soil–seed contact, maintain soil
moisture, reduce loss of seeds by wind, and further pro-
mote a lognormal distribution of species from any seed
sources within the hay. Deer were excluded from the plots
with an electrical fence. Management of the site included
burning in the spring prior to the second growing season
to reduce standing dead biomass of early successional
native and non-native species that accumulated during
the first growing season. The site was not burned prior to
the third growing season so as not to further promote the
dominance of the seeded warm-season grasses.

Resource Heterogeneity Measures

A relative index of inorganic N availability was obtained
using buried ion exchange resins (Binkley & Matson 1983).
Bags constructed from nylon material were filled with 20 g
of a 1:1 mixture of strongly acidic cation (Dowex 50 WXZ,
Sigma Chemical, St. Louis, MO, U.S.A.) and strongly basic
anion (Dowex 13 8-50) resins preloaded with H1 and Cl2,
respectively. One resin bag was placed in the surface 10 cm
of soil in each subplot in July and harvested in Novem-
ber each year. Following collection, resin bags were rinsed
with deionized water to remove excess soil, extracted with
75 mL of 2 M KCl by shaking for 1 hour at 200 rpm, and

then filtered through 0.4-lm polycarbonate membranes.
Inorganic N was analyzed colorimetrically on an Alpkem
Flow Solution autoanalyzer (Clackamas, OR, U.S.A).
Ammonium (NH4–N) was measured using the phenol blue
method, and nitrate (NO3–N) was determined by diazotiza-
tion with sulfanilamide after reduction through a cadmium
coil (Keeney & Nelson 1982). Due to high H1 ion concen-
tration in resin bag extracts, all samples were neutralized
prior to analysis.

Soil water content was measured one time in mid–
growing season each year from the surface 10 cm of soil.
Two soil cores (2-cm diameter) were removed from each
subplot, one from directly under plants and the other from
the area between plants. In the laboratory, soil samples
were homogenized through a 4-mm sieve and stored at
4�C. Following sieving, gravimetric soil water content was
determined from approximately 50 g field moist soil that
was weighed, dried for 2 days at 105�C, and reweighed. In
1998, soil moisture was only measured in the control and
maximum heterogeneity plots, whereas all treatments were
sampled for soil moisture in 1999 and 2000. Soil moisture
was only sampled 7–9 days after the last precipitation
event (>3 cm).

Photosynthetically active radiation (PAR) was mea-
sured in every subplot during mid–growing season of the
third restoration year. Percentage of maximum PAR at
the soil surface was determined on a sunny day between
1030 hr and 1530 hr. Five integrated measurements of
photosynthetic photon flux density (PPFD) were taken
with a 0.5-m ceptometer (Decagon Devices, Inc., Pullman,
WA, U.S.A.) and averaged from each position (soil sur-
face and above the canopy).

Plant Community Responses to Heterogeneity

At the end of each growing season, a 20 3 50–cm frame
was randomly placed outside of the permanent species
composition monitoring quadrats in each subplot. All veg-
etation rooted within the 0.1-m2 area was clipped at the
soil surface and sorted into planted and volunteer classes
of grasses and forbs. In the third growing season, when the
site was not burned in the spring, live and dead biomass
produced in that year was separated from the previous
year’s dead biomass. Biomass was dried for 10 days at
60�C and weighed to estimate aboveground net primary
production (ANPP) (Briggs & Knapp 1991).

Species identity and maximum percent cover were re-
corded in spring (June) and summer (August) of each year
from two permanently located, 50 3 50–cm quadrats in
the center of each subplot. The maximum seasonal cover
value for each species was retained, and the replicate
0.25-m2 quadrats in each subplot were then averaged prior
to further analyses. Species richness was determined from
the total number of species recorded from each whole-
plot. Whole-plot diversity was calculated from the average
percent cover of each species over all 12 subplots using
Shannon’s diversity index (H9 ¼ �

P
piln pi, where pi
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represented the relative contribution of each species to
total percent cover). Richness and diversity were also
determined from four plots (of the same dimensions) that
were randomly delineated in nearby lowland native
prairie on the same soil type in the third year of this
study. Plant community similarity was compared among
the heterogeneity treatments each year. Proportional simi-
larity was calculated according to Whittaker (1975):
PS ¼ 1� 0:5

P
jpa � pbj, where pa represented the propor-

tional cover of species p in treatment a, and pb was the
proportional cover of the same species in treatment b.

We used nonmetric multidimensional scaling (NMDS;
Kruskal 1964) to determine how community composition
changed among the heterogeneity treatments over time.
NMDS is a flexible, iterative ordination technique that
uses ranked distances to maximize the similarity between
representation in species space and representation in a
reduced, ordination space. NMDS has been shown to per-
form well on complex nonlinear datasets (Clarke 1993).
Each plot in each year was considered a sample unit. Spe-
cies with fewer than three occurrences were deleted from
this analysis. We used Sorenson’s index as a measure of
dissimilarity. The final ordination was constrained to
two axes. Ordinations were performed with PC-ORD
(McCune & Mefford 1999).

Ecophysiological Characteristics of the Dominant Species

By the end of the second year, P. virgatum was the most
abundant species in the restoration. In year 3, we mea-
sured leaf-level gas exchange and foliar N concentration
of P. virgatum from one randomly selected subplot of each
soil depth and nutrient treatment from the nutrient and
depth heterogeneity plots in each block, and one ran-
domly selected subplot of the shallow soil, reduced-N
treatment from the maximum heterogeneity plots in two
of the blocks. We also sampled two randomly selected
subplots from each of the four native prairie plots.

Leaf-level gas exchange in P. virgatum was measured
every 2 weeks (five times) from June to September in
2000. Net photosynthesis and stomatal conductance were
quantified using a Li-Cor 6200 portable closed-flow gas
exchange system (Lincoln, NE, U.S.A.). Gas exchange
was measured from three sets of two leaves from different
tillers in each subplot under full sunlight (PPFD > 1,800
lmol m22 s21). Foliar N concentrations were determined
1 month after fertilization from the midsections of three
leaf samples from different tillers within a treatment.
Leaves from each subplot were composited, dried at 60�C,
finely ground, and analyzed for percent N through dry
combustion on a CN analyzer (Carlo Erba, Milan, Italy).

Statistical Analyses

Coefficients of variation, or CVs (%, [SD O mean] 3

100), were calculated for all variables measured from
the 12 subplots within each heterogeneity treatment (i.e.,

inorganic N, soil moisture, light, cover, and productivity).
Resource heterogeneity (CVs of soil moisture, N and
light), vegetation heterogeneity (CVs of plant cover and
productivity), community structure (cover, diversity,
and richness), and ecophysiological measurements (net
photosynthesis and foliar N) were analyzed according to
a randomized complete block design. Plant community
responses to the heterogeneity treatments were measured
for 3 years, and statistical analyses included repeated mea-
sures. The five biweekly measurements of net photosyn-
thesis rates and foliar N content in year 3 were averaged
prior to statistical analyses. N and soil moisture were not
analyzed as repeated measures because resin-collected N
varies with the timing and amount of rainfall over the
growing season and soil water content also varies with
recent precipitation. All analyses were performed using
the mixed model procedure in SAS (1999) in order to spec-
ify error terms for random effects (blocks) and specify
a covariance structure for repeated measurements that
minimized Akaike’s Information Criterion and Schwartz’s
Bayesian Criterion (Littell et al. 1996). Tests of fixed ef-
fects (treatment, time, and treatment 3 time interaction)
were conducted with denominator degrees of freedom esti-
mated according to Satterthwaite’s method (Littell et al.
1996). All means were compared using the differences in
least squares means comparison procedure (SAS 1999),
with alpha value ’ 0.05 (p values <0.10 also reported). All
CVs were log transformed to normalize the data prior to
statistical analyses (Zar 1984). Relationships between
plant diversity and resource heterogeneity, biomass het-
erogeneity, and average vegetative biomass and cover
were examined using correlation analyses (r ¼ Pearson’s
correlation coefficients) in SAS, alpha value ¼ 0.05.

Results

Resource and Vegetation Heterogeneity

The soil treatments were effective at increasing resource
heterogeneity (Table 1). The addition of limestone limited
plant rooting depth to an average of 25 6 3 cm (Baer
et al. 1999). The pulse amendment of sawdust to the soil
reduced the availability of NO3–N for 3 years by increas-
ing the microbial biomass and immobilization of N in the
soil (Baer et al. 2003). Annual fertilization increased the
availability of NO3–N throughout the 3 years of study
(Baer et al. 2003). The N treatments increased the hetero-
geneity of inorganic N availability relative to plots without
N manipulations in the first 2 years of study. In year 3,
only the maximum heterogeneity plots exhibited greater
variability in N. This variability was largely a result of het-
erogeneity in soil nitrate, which may be a more sensitive
indicator of N available to plants over the growing season
because resin-collected NO3–N reflects soil N availability
better than resin-collected NH4–N due to the greater
mobility of nitrate in the soil (Binkley 1984).
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Variability in soil water content and light were affected
more by the nutrient treatments than by soil depth
(Table 1). Although a single sampling for soil water con-
tent does not reflect seasonal patterns of soil water avail-
ability, the results did provide some insight into the
availability of this resource during periods of soil drying
(i.e., when the site received <3 cm of precipitation 7–9
days prior to sampling). Variability of soil water content
was highest in the nutrient and maximum heterogeneity
plots in the first two growing seasons. This pattern was not
maintained into the third year of restoration due to the
presence of a thick layer of detritus that accumulated in
the absence of burning. Variability in PAR (measured
only in year 3) was greatest in the nutrient and maximum
heterogeneity plots.

Aboveground heterogeneity was related to variability
of resources (Fig. 2). During the first 2 years, heterogene-
ity in ANPP was not related to variability in N or soil
water content. In the third year, the CV of ANPP was cor-
related with the variability in NO3–N (r ¼ 0.58, p ¼
0.018). Variability in total plant cover was correlated with
CVs in soil moisture in the first (r ¼ 0.93, p ¼ 0.001) and
second (r ¼ 0.74, p ¼ 0.001) year but not in year 3 (when
variability in soil water content was similar among the
whole-plot treatments). As with ANPP, variability in total
cover was most highly correlated with variability in NO3–
N (r ¼ 0.50, p ¼ 0.057) in year 3. When all years were

combined, variability in ANPP and cover were signifi-
cantly correlated with heterogeneity in total inorganic N
(Fig. 2).

Plant Community Response to Heterogeneity

Total plant species richness and native species richness
were similar among the heterogeneity treatments over all
years (Table 2). Moderate differences in total Shannon
diversity occurred over all years, with the highest diver-
sity generally occurring in control and maximum hetero-
geneity plots (Table 2). A similar pattern was observed
for diversity of native species (p ¼ 0.095). In general,
Shannon diversity tended to decrease with time in all het-
erogeneity treatments (Table 2).

There were no direct relationships between Shannon
diversity (or richness) and resource heterogeneity (N, soil
moisture, or light availability). Diversity was, however,
correlated with CV of ANPP (r ¼ 0.43, p ¼ 0.002) and CV
of plant cover (r ¼ 0.54, p < 0.001), particularly that of the
dominant species P. virgatum (r ¼ 0.63, p < 0.001) (Fig. 3).
Diversity was strongly negatively correlated with the aver-
age cover of this species (r ¼ 20.91, p < 0.001) (Fig. 3).
Variability of ANPP and plant cover decreased over time
as a result of increasing cover of P. virgatum over time
across all heterogeneity treatments (Table 3) and contrib-
uted to declining diversity in the all the treatments.

Table 1. Average CV (CV6 SE) in resin-collected inorganic N, soil water content, and PAR in the heterogeneity treatments (n ¼ 4 per treatment).

Treatment Year 1 (1998) Year 2 (1999) Year 3 (2000)

Total inorganic N control 60.0 (8.7) a 37.1 (13.0) a 43.4 (8.7)
depth 65.3 (7.0) a 47.0 (5.0) a 38.9 (5.7)
nutrient 107.7 (10.5) b 118.7 (32.0) b 50.4 (12.4)
maximum 125.6 (17.2) b 114.8 (19.8) b 80.9 (11.3)

p ¼ 0.002 p ¼ 0.008 p ¼ 0.078

Resin NH4–N control 63.3 (6.2) a 58.0 (28.7) 47.8 (12.6)
depth 72.6 (9.5) ab 34.9 (2.0) 34.7 (3.8)
nutrient 96.4 (13.3) b 40.3 (2.8) 42.8 (5.3)
maximum 117.6 (22.6) b 42.1 (3.1) 72.2 (13.9)

p ¼ 0.057 p > 0.10 p ¼ 0.072

Resin NO3–N control 74.2 (11.6) a 44.2 (5.1) a 41.9 (4.6) a
depth 76.1 (3.9) a 67.2 (5.2) a 61.3 (11.9) ab
nutrient 121.2 (13.2) b 152.8 (32.0) b 79.3 (19.6) b
maximum 129.9 (15.5) b 143.5 (24.4) b 126.1 (15.3) c

p ¼ 0.004 p ¼ 0.001 p ¼ 0.009

Soil water content control 5.5 (0.8) a 5.6 (1.2) a 8.3 (1.2)
depth — 6.9 (1.4) a 9.5 (1.3)
nutrient — 12.5 (1.5) b 13.5 (3.2)
maximum 12.0 (1.9) b 14.6 (1.7) b 10.7 (1.5)

p ¼ 0.016 p ¼ 0.007 p > 0.10

Light (PAR) control — — 82.3 (10.3) ab
depth — — 64.7 (6.3) a
nutrient — — 109.9 (8.1) b
maximum — — 100.2 (12.3) b

p ¼ 0.028

Means within a year with the same letter were not significantly different (a ’ 0.05); all p values <0.10 reported.
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There were also no differences in community similar-
ity (or dissimilarity) among the heterogeneity treatments.
All heterogeneity treatments increased in similarity over
time (p < 0.001). Average proportional similarity among
all heterogeneity treatments increased from 0.68 6 0.021
in year 1 to 0.776 0.020 in year 2 to 0.82 6 0.015 in year 3.
The NMDS ordination showed that all treatment plots
had a relatively similar suite of species and followed
the same general pattern of change in species composi-
tion over time (Fig. 4). Initially, plots were strongly domi-
nated by early successional volunteer species such as
Velvetleaf (Abutilon theophrasti Medic, non-native),
Redroot pigweed (Amaranthus retroflexus L., native),
Large crabgrass (Digitaria sanguinalis, non-native), and
Foxtail (Setaria spp., non-native), with a minor contribu-
tion by native grasses and forbs. By year 2, abundance of
non-native and volunteer forbs declined dramatically and
representation of native forbs and grasses increased. By
year 3, composition among plots converged as dominance
by the native C4 grass P. virgatum increased.

Leaf-Level Characteristics of P. Virgatum

In year 3, leaf-level gas exchange rates of P. virgatum
varied among the soil nutrient treatments but were
not affected by soil depth (Table 4). Both net photosyn-
thesis (p < 0.001) and stomatal conductance (p < 0.001,
data not shown) increased significantly from the reduced-N
to the enriched-N treatments. Foliar N concentrations
reflected the same pattern as gas exchange. Gas exchange
rates of P. virgatum plants in the reduced-N treatment of
the restoration were most similar to those of the plants
of this species growing in native prairie, despite lower
tissue N concentration than the native prairie plants
(Table 4).

Figure 2. Relationship between heterogeneity (CV) in total ANPP

and total plant cover with CV of inorganic N collected on ion

exchange resins over the growing season. All plots and years included

in analyses, r ¼ Pearson’s correlation coefficient (a ¼ 0.05). Labels

represent the treatment (C ¼ control; D ¼ soil depth heterogeneity;

N ¼ nutrient heterogeneity; and M ¼ maximum heterogeneity) and

year (1 ¼ 1998; 2 ¼ 1999; 3 ¼ 2000).

Table 2. Total plant species richness and diversity (mean 6 SE) in the heterogeneity treatments (n ¼ 4 per treatment) and native prairie plots

(n ¼ 4).

Year 1 (1998) Year 2 (1999) Year 3 (2000) Overall Years

Richness
Control 24.8 (0.9) 23.5 (1.9) 23.8 (1.2)
Depth heterogeneity 24.3 (1.0) 25.3 (0.6) 24.8 (1.9)
Nutrient heterogeneity 21.0 (1.4) 23.8 (1.8) 21.0 (1.1)
Maximum heterogeneity 22.3 (1.0) 22.5 (1.3) 26.0 (0.4)
Native prairie 19.5 (1.2)

Diversity ( p < 0.001)
Control 2.25 (0.09) 2.02 (0.07) 1.57 (0.13) 1.94 (0.05) b
Depth heterogeneity 2.15 (0.06) 1.80 (0.06) 1.33 (0.09) 1.76 (0.06) ab
Nutrient heterogeneity 2.12 (0.06) 1.67 (0.11) 1.30 (0.10) 1.70 (0.05) a
Maximum heterogeneity 2.15 (0.06) 1.82 (0.11) 1.51 (0.14) 1.82 (0.09) ab
Overall treatments (p ¼ 0.086) 2.17 (0.03) 1.83 (0.05) 1.43 (0.06)
Native prairie 1.83 (0.12)

No significant effects occurred in richness; significant main effects of treatment and time occurred in diversity. Means with the same letter were not significantly
different (a’ 0.05); all p values <0.10 reported.
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Discussion

Environmental heterogeneity has been invoked as a poten-
tial mechanism for the maintenance of diversity by facili-
tating coexistence of species (Grime 1979; Huston 1979;
Tilman & Pacala 1993; Caldwell & Pearcy 1994), and this
mechanism has received convincing support from studies

where the structural heterogeneity of plant communities
promoted diversity of associated animal communities
(MacArthur & MacArthur 1961; Pianka 1967). Our study
tested a potential application of the ‘‘environmental
heterogeneity hypothesis’’ to increasing plant diversity in
a grassland restoration.

The soil treatments increased heterogeneity of N avail-
ability, soil moisture, and light penetration. Despite this
increase in variability of resources, plant diversity only dif-
fered between the control and nutrient heterogeneity
treatments, and this difference was counter to expecta-
tions. Collins & Wein (1998) also tested whether hetero-
geneity in soil nutrient enrichment affected vegetation
composition by varying the patch size of nutrient enrich-
ment and found no evidence that diversity increased with
nutrient heterogeneity. As in our study, Collins & Wein
(1998) observed that plots with the most coarse-grained
heterogeneity in enrichment were the least similar to
unenriched plots due to greater dominance of a peren-
nial species and lower richness within fertilized subplots
(Collins & Wein 1998). Relative to the ambient N sub-
plots within the nutrient heterogeneity treatments, the
N-addition treatment reduced plant diversity to a much
greater extent than the carbon addition increased plant
diversity (Baer et al. 2003, 2004), suggesting asymmetric

Figure 3. Correlations between average plot diversity and CV of

total ANPP, CV of P. virgatum cover, and the average cover of

P. virgatum. All plots and years included in analyses, r ¼ Pearson’s

correlation coefficient (a ¼ 0.05). Labels represent the treatment

(C ¼ control; D ¼ soil depth heterogeneity; N ¼ nutrient

heterogeneity; and M ¼maximum heterogeneity) and year

(1 ¼ 1998; 2 ¼ 1999; 3 ¼ 2000).

Table 3. Average variability in aboveground vegetation (CV 6 SE)

and average cover of the dominant species in the heterogeneity treat-

ments (n ¼ 4 per treatment).

Year 1 Year 2 Year 3 Overall Years

CV of ANPP (p ¼ 0.069)
Control 51.5 (3.0) 46.4 (4.0) 42.1 (5.1) 46.7 (2.7)
Depth 62.2 (2.8) 53.1 (7.3) 38.3 (5.4) 51.2 (2.4)
Nutrient 53.3 (4.0) 45.2 (4.7) 42.6 (3.1) 47.0 (3.2)
Maximum 67.4 (5.6) 54.7 (1.0) 51.6 (4.6) 57.9 (2.0)
Overall
(p < 0.001)

58.6 (2.5) x 49.8 (2.4) y 43.6 (2.4) z

CV of total plant cover (p < 0.001)
Control 22.1 (3.4) 17.6 (2.2) 10.0 (1.9) 16.5 (2.3) a
Depth 18.2 (3.1) 12.5 (2.0) 8.3 (0.7) 13.0 (1.7) a
Nutrient 30.1 (3.6) 22.8 (4.0) 14.7 (3.3) 22.5 (1.6) c
Maximum 35.5 (5.7) 27.8 (1.9) 15.4 (3.0) 26.2 (3.1) c
Overall
(p < 0.001)

26.5 (2.5) x 20.2 (1.9) y 12.1 (1.3) z

CV of Panicum virgatum cover (p > 0.10)
Control 67.8 (5.9) 65.3 (12.7) 44.6 (12.3) 59.2 (9.8)
Depth 60.1 (7.1) 47.0 (9.4) 32.2 (6.5) 46.4 (6.4)
Nutrient 79.3 (19.5) 62.9 (5.5) 47.3 (9.2) 63.1 (2.4)
Maximum 75.4 (7.7) 68.0 (5.8) 37.4 (7.4) 60.2 (6.5)
Overall
(p < 0.001)

70.6 (5.5) x 60.8 (4.5) x 40.4 (4.4) y

Average % cover of P. virgatum (p ¼ 0.017)
Control 13.0 (1.3) 26.2 (3.1) 50.4 (11.4) 29.8 (11.0) a
Depth 28.1 (4.1) 42.9 (2.4) 63.7 (5.3) 44.9 (10.3) c
Nutrient 20.7 (2.5) 40.7 (5.0) 59.9 (6.5) 40.4 (11.3) bc
Maximum 13.0 (2.6) 33.7 (4.5) 57.1 (8.2) 34.6 (12.7) ab
Overall
(p < 0.001)

18.7 (2.0) x 35.9 (2.4) y 57.8 (3.9) z

Differences among years (over all treatments) and among treatments (over all
years) indicated by a letters x–z and a–c, respectively. Means with the same
letter were not significantly different (a’ 0.05); all p values <0.10 reported.
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competition for N by Panicum virgatum and that N is an
important ecological ‘‘filter’’ in community assembly
(Pimm 1991) through its effect on one species that was
a strong determinant of community structure. N addition
to individual P. virgatum plants at KPBS has been shown
to increase the number of tillers that flowered and pro-
duced seed but not to affect the rate of increase in clonal
growth of this species (Hartnett 1993). Increased seed pro-
duction from supplemental N addition may have also
contributed to the higher cover of this species in our resto-
ration. Demographic consequences of N availability on
species used in restorations and among different seed
stock (e.g., cultivars and native sources) deserve further
investigation.

We hypothesized that increased heterogeneity in plant
rooting depth would promote species diversity through

competitive release of forbs from the dominant grasses in
shallow soils. van Auken et al. (1994) demonstrated that
the growth of C4 grasses increased with soil depth and
functional niche differences promoted the coexistence of
grassland species. Fitter (1982) also showed that heteroge-
neity in plant rooting depth increased diversity, supported
by a decrease in the number of species per unit area
with increased root density ratio in shallow soil depths
(0–10 cm). Despite higher cover of P. virgatum in the
depth heterogeneity treatment relative to the control
plots, there was no difference in diversity between these
two treatments. The limestone was likely buried too deep
to impose an effect of this treatment on diversity within
the first 3 years of restoration, when root systems were
developing. Unlike the N treatments, the reduced plant
rooting depth treatment represented a continuous manip-
ulation expected to indirectly affect community composi-
tion (through soil moisture limitation) over a longer time
frame than labile resources required for growth (i.e., N
availability) and for which there is direct and immediate
competition for by plants.

Although diversity did not track resource heterogeneity
in the experimental treatments, our results demonstrated
that resource heterogeneity influenced aboveground het-
erogeneity in vegetation structure and was indirectly
related to diversity. Variability in inorganic N was posi-
tively related to variability in total plant cover and cover of
P. virgatum. Plant diversity was positively correlated with
variability in ANPP and plant percent cover. Silvertown
et al. (1994) found a similar result when testing whether
variability in rainfall affected heterogeneity of plant com-
munity composition. In their study, plant community com-
position responded more to the heterogeneity in biomass
(rather than directly to heterogeneity in precipitation)
because high precipitation favored grasses and resulted in
asymmetric competition for light (Silvertown et al. 1994).
In our restoration, native grass biomass increased in
response to N enrichment (Baer et al. 2003), which
reduced light levels below the canopy. Thus, diversity in
our experiment depended more on heterogeneity of the
biomass in response to the soil N treatments, rather than
the direct effects of heterogeneity on N availability.

A strong inverse relationship existed between diversity
and the average cover of P. virgatum, which increased over
time across all treatments. Panicum virgatum is a common
warm-season perennial grass with broad niche require-
ments (inhabiting open woods, prairies, dunes, shores, and
marshes from Canada to Texas). This species is commonly
used in restorations due to its ability to successfully estab-
lish in highly disturbed environments such as roadsides,
eroded croplands, and mine tailings (Choi & Wali 1995;
Corbett et al. 1996; Skeel & Gibson 1996). Demand for
native grass seed has promoted the commercial production
of P. virgatum (as well as other prairie grasses), and culti-
var development commonly selects for vigorous plants
with high viable seed production (Knapp & Dyer 1998;
Kolliker et al. 1998). We used the recommended ‘‘Blackwell’’

Figure 4. NMDS ordination showing change in species composition

among the heterogeneity treatments over time (98, 99, 00). Labels

represent the treatment (C ¼ control; D ¼ soil depth heterogeneity;

N ¼ nutrient heterogeneity; and M ¼ maximum heterogeneity) and

year (98 ¼ 1998; 99 ¼ 1999; and 00 ¼ 2000).

Table 4. Average net photosynthesis rate and foliar N content of

Panicum virgatum in the soil N and depth treatments in the third year

of restoration.

N Treatment Soil Depth
Net Photosynthesis

(lmol m22 second21)
Foliar N
(% N)

Reduced N
(1carbon)

deep 15.1 (0.88) a 0.92 (0.04)

shallowa 14.0 (0.97) a 0.96 (0.14)
Ambient N deep 17.3 (0.49) b 1.05 (0.04)

shallow 17.3 (0.69) b 1.04 (0.05)
Enriched N
(1fertilizer)

deep 20.0 (0.28) c 1.36 (0.23)

Native prairie b 15.5 (0.92) 1.24 (0.03)

Photosynthesis was measured biweekly from June to September in 2000. Foliar
N was measured in mid–growing season, after fertilization. Means accompa-
nied by the same letter were not significantly different ( p > 0.05).
aNet photosynthesis was measured four times over the growing season.
bNot included in statistical analyses.
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cultivar of P. virgatum in our restoration, which was devel-
oped by the United States Department of Agriculture
Plant Materials Center (Manhattan, KS, U.S.A.) from
a single plant collected in 1934. Although the seeds of all
native grasses used in our restoration were obtained com-
mercially, P. virgatum was the most dominant species in
all treatment combinations (Baer et al. 2004). Several fac-
tors may have contributed to the success of this species
across all heterogeneity treatments. First, P. virgatum pro-
duces a heavy seed that would be more likely to disperse
and establish near a parent plant, whereas other C4 grasses
(Sorghastrum nutans, Andropogon gerardii, and Schiza-
chyrium scoparium) produce hairy to villous inflorescences
that are more susceptible to wind dispersal. Although na-
tive grasses primarily reproduce vegetatively in native prai-
rie, seed production may be more important in the early
stages of restoration, where open sites for colonization
exist, especially if there is a higher proportion of viable
seed from cultivars than from native source populations.
Second, P. virgatum is strongly rhizomatous, often forming
large, dense stands. The combination of high seed produc-
tion and viability in cultivars, seed rain into open sites, and
clonal capabilities of this species may have promoted its
rapid spread and the decline in species diversity under the
dense shading of tall plants.

Community divergence under varying levels of nutrient
enrichment has been demonstrated in successional ecosys-
tems (Inouye & Tilman 1995). In our study, plant commu-
nity composition among the heterogeneity treatments
converged over time because the soil depth and nutrient
treatments did not limit the establishment of P. virgatum.
This likely resulted from the ecophysiological and mor-
phological plasticity of this species, especially the culti-
vars of P. virgatum used in our restoration. Physiologically,
P. virgatum has characteristics considered typical of the
native prairie C4 grasses, such as high photosynthetic effi-
ciency under water stress and low nutrient availability
(Byrd & May 2000; Sanderson & Reed 2000). Our results
demonstrated that the cultivar of P. virgatum we used
had higher photosynthetic rates and lower tissue N con-
tent than plants of this species growing in native prairie,
which may explain the tendency for this species to domi-
nate newly restored grasslands (e.g., the ‘‘monocultu-
ral Switchgrass syndrome’’ [Schramm 1992]). Furthermore,
P. virgatum can yield similar biomass at a variety of seed-
ing densities due to compensatory responses of tiller num-
ber and size (Sanderson & Reed 2000). Last, community
convergence may also result under different resource avail-
ability regimes if the dominant species is present in high
frequency among all treatments at the onset of a manipula-
tion because this species will tend to increase in propor-
tional abundance with less establishment of new individuals
(Inouye & Tilman 1995).

We seeded the experimental plots using a lognormal
distribution of native prairie species. Although the germi-
nation rates of each species were not measured, seeding
rates were based on pure live seed. Our seeding approach

reflected what we considered to be similar to seed rain
composition in lowland native prairie based on long-term
plant community monitoring at KPBS. The seed composi-
tion was advantageous for the dominant grasses, with
application rates of these species of at least an order of
magnitude greater than forbs and less common prairie
grass species. Despite equivalent seeding rates among the
four dominant native prairie grasses, one species was
clearly capable of preempting resources and establishing
dominance. This is consistent with theory regarding the
role of ecological filters on community assembly in that
environmental (e.g., cultivated soil conditions) and biolog-
ical (e.g., seeding rates and use of cultivars) filters resulted
in the successful establishment of one species (P. virga-
tum) best adapted for the present physical and biological
conditions, and this species played an inordinately impor-
tant role in determining community structure (Pimm 1991;
Lockwood & Pimm 1999; Hobbs & Norton 2004). Com-
munity assembly models predict highest richness and con-
tinuous community change with greater frequency of
colonization from the species pool (Lockwood et al. 1997;
Lockwood & Samuels 2004). We introduced species only
once and not equivocally, which resulted in a continuous
loss of species over time in our restoration.

Conclusion

Native tallgrass prairie communities are generally domi-
nated by a few species of perennial grasses but also
contain a large number of satellite species with low abun-
dance (Gotelli & Simberloff 1987). Disturbance and envi-
ronmental heterogeneity affect the temporal and spatial
variability of satellite species that contribute to the over-
all diversity of tallgrass prairie communities (Collins &
Barber 1985; Collins & Glenn 1990). Increasing domi-
nance in tallgrass prairie restoration results when a few
aggressive species monopolize abundant resources. The
absence of any relationship between resource heterogene-
ity and diversity in our study resulted from the treatments
not limiting resource availability below the requirements
of a dominant species. The dominant species, Panicum
virgatum, in the restored prairie had higher photosynthetic
rates and lower foliar N content than P. virgatum plants
growing in native prairie, which suggests that the cultivar
of this species has greater nutrient-use efficiency than its
native conspecifics and likely contributed to its successful
establishment in all the soil treatments. Consequently,
plant communities within the different soil treatments and
heterogeneity treatments converged over time. Thus, spa-
tial variability of resources was not a sufficient mecha-
nism to promote diversity in a community constrained by
a pulse introduction of species in conditions where one
species was a successful competitor across the range of
resource availability.

Preventing the dominance of native grasses will be re-
quired to achieve, maintain, and/or increase diversity in
tallgrass prairie restorations. Variable fire regimes, grazing,
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and/or mowing can reduce or prevent the dominance of
grasses in restored prairie (Howe 1994, 1999). Seed selec-
tion (i.e., cultivars vs. noncultivar population sources) may
also have important consequences for restoration success
(Lesica & Allendorf 1999), but there have been few empir-
ical tests of genetic, physiological, phenological, and eco-
logical differences between cultivar and noncultivar seed
sources used in restoration (but see Gustafson et al. 2004a,
2004b for genetic and competitive variation among popula-
tion sources of prairie species). This information is clearly
needed to better guide the restoration of diverse prairie
community assemblages.
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