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IMPORTANCE OF SPATIAL AND TEMPORAL DYNAMICS IN
SPECIES REGIONAL ABUNDANCE AND DISTRIBUTION!

ScotT L. COLLINS AND SUSAN M. GLENN?
Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma 73019 USA

Abstract. Several recent models have been proposed to explain the pattern of species
distribution within a region. Brown’s niche-based model, Levins’ stochastic immigration—
extinction model, and Hanski’s core—satellite hypothesis (a modification of Levins’ model)
differ in relative spatial scales, and degree of stochastic variation in species distribution
over time. To test the predictions of these models, we analyzed the regional distribution
and temporal dynamics of plant species across 19 sites in tallgrass prairie over an §-yr
period. Spatial patterns of species regional distribution were bimodal each year, a pattern
in accord with the core-satellite hypothesis. In addition, temporal patterns of species
distribution within a site were also bimodal. The dynamics of the core—satellite hypothesis
are driven by patterns of immigration and extinction. Extinction was positively related to
richness, however, in contrast to the theory of island biogeography, immigration was not
related to species richness. In addition, the variances in the differences in species frequencies
from one year to the next were greater than three times the mean, a condition necessary
for bimodality in the core-satellite model, for 88 of 135 (65.1%) species. These results
provide strong support in favor of the core-satellite hypothesis and imply that stochastic
factors may be the primary determinant of plant species dynamics and plant community
structure in grasslands at the scale of several kilometres. Evidence from prairie communities
at much larger spatial scales supported the patterns predicted by Brown’s niche-based
model. Thus, these apparently competing models are, in fact, compatible when viewed at
the appropriate spatial scale.

Keywords: community structure; core-satellite hypothesis; extinction; immigration; Kansas; Konza
Prairie; Long-Term Ecological Research site; species richness; stochastic factors; temporal distribution

pattern.

INTRODUCTION

Historically, ecologists have dealt primarily with in-
tracommunity patterns whereas regional factors were
the realm of the biogeographer. It is becoming increas-
ingly evident, however, that regional phenomena gov-
ern, to some extent, local community structure (Hanski
19824, Brown 1984, Bock 1987, Ricklefs 1987). Such
results can be expected from hierarchy theory, which
predicts that phenomena at a given focal level are a
function of processes and constraints operating at high-
er and lower organizational levels (Allen et al. 1984,
O’Neill 1989). For example, community richness is a
function of dispersal from large-scale regional source
pools of species countered by the small-scale compet-
itive interactions among neighboring species within a
community (Clements 1916, Gleason 1926).

Several models have been developed to describe and
predict the distribution and abundance of species among
similar communities in a region (Levins 1969, Hanski
1982a, Brown 1984). In this paper, richness will refer
to the number of species in a community (=site), abun-
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dance is defined as the importance of a species in a
community, and distribution is a measure of the num-
ber of sites in a region in which a species occurs. These
large-scale models of distribution and abundance rep-
resent a logical extension of intracommunity analyses,
such as the log-series model (Williams 1950), to the
regional scale. One common and well-documented as-
sumption of the regional models is that a positive cor-
relation exists between the average abundance of a spe-
cies in a community and the distribution of that species
within the region (McNaughton and Wolf 1970, Han-
ski 1982a, Bock and Ricklefs 1983, Brown 1984, Bock
1987). That is, regionally common species have higher
average abundances in a community than regionally
rare species. Brown’s (1984) niche-based model builds
on this theme. This model assumes that the abundance
of a species along a gradient, such as elevation (e.g.,
Whittaker 1956, 1960), is Gaussian. Essentially, the
niche-based model is a regional extension of the Gauss-
ian theme in that abundance generally decreases from
the center to the edge of a species range (Hengeveld
and Haeck 1982). This is predicted on the logical no-
tion that species are adapted to a certain range of hab-

[itat, that habitat factors vary independently, and there-

fore habitat suitability decreases from the center to the
edge of a range. Thus, a normal distribution of species
abundance should occur along a transect across the
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and Hanski (1982a).

range of a species (Burgman 1989). From this model
Brown (1984) predicts that species will be abundant
only in communities near the center of the range and
will decrease in importance in communities located
near the edge of the range. That is, few species will be
found in all samples across a region (Fig. 1A) because
as more communities are sampled, more habitat vari-
ation will be incorporated in the samples. Because spe-
cies are adapted to only a certain combination of en-
vironmental variables, they can only occur in a subset
of the samples. Species with broad niches will occur in
a larger subset of samples than species with narrow
niches. Because Brown’s model deals with variation
across the range of a species, his model addresses pat-
terns of species abundance over potentially very large
geographic areas (> 10° km) and predicts unimodal re-
gional distributions of species (Fig. 1A).

Levins (1969) was one of the first to develop a dy-
namic, regional model of distribution and abundance
based on patterns of immigration and extinction ac-
cording to the theory of island biogeography (Mac-
Arthur and Wilson 1967). In a version of Levins’ model
in which immigration and extinction rates varied sto-
chastically over time, the model produced a unimodal
distribution of species with the mode at 0 < p, < 1,
where p, is the proportion of sites occupied by species
y (Fig. 1B). Hanski (1982a) demonstrated, however,
that extinction was negatively correlated with the num-
ber of sites occupied, so Hanski modified Levins’ mod-
el by including a term that made extinction a function
of the number of sites occupied. In the stochastic ver-
sion of Hanski’s (1982a) model, the combined distri-
bution of all species among sites in a region is bimodal
(Fig. 1C). From this model Hanski derived the “core—
satellite hypothesis,” which states that within a region
there are two primary groups of species: core species,
which are abundant within sites and occur at >90%
of all sites, and satellite species, which are sparse within
sites and occur at <10% of all sites (Hanski 1982a).
This model predicts that species will fluctuate random-
ly between the core and satellite modes, and the most
rapid dynamics are shown by those species with in-
termediate regional distributions (e.g., occupy 50% of
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Schematic representation of the predictions of the regional distribution models of Brown (1984), Levins (1969),

the sites). Year-to-year fluctuations occur in response
to variation in local environmental conditions. In any
one year, bimodal distributions occur because some
species are regionally abundant whereas others are re-
gionally rare. This would differ from Brown’s (1984)
model in which temporal fluctuations in species abun-
dance are dampened, at least for species with broad
niches because the response to environmental varia-
tion is incorporated within the species niche. Because
Levins’ and Hanski’s models are based on the dynam-
ics of colonization and extinction, these models are
scaled to dispersal distances that may be relatively small
for many plant species (0.10-10 km).

The models of Levins (1969) and Brown (1984) pro-
duce patterns over large spatial scales that mimic those
of intracommunity patterns. That is, most species are
locally distributed (regionally rare), and only a few spe-
cies will be found at all sites. The model of Hanski
(1982a, b, ¢) is clearly distinct from the others in that
the stochastic version of the model predicts a bimodal
distribution of species frequencies within a region, spe-
cies tend to be either very rare or very common. Like
the model of Levins, Hanski’s is a dynamic regional
model that assumes species populations fluctuate sto-
chastically over time in response to stochastic envi-
ronmental fluctuation and interspecific interactions.
Thus far, however, the only tests of these models have
been to determine if data from spatially distinct sites
are uni- or bimodal (Hanski 1982a, b, ¢, Gotelli and
Simberloff 1987, Collins and Glenn 1990).

The Long-Term Ecological Research (LTER) site at
Konza Prairie Research Natural Area (KPRNA) pro-
vides an excellent opportunity to test these regional
distribution—abundance models. Abundance data have
been collected in permanent plots at KPRNA since
1981 for =250 plant species scattered across 19 sites
in 12 watersheds. All sites are close together to allow
species potentially to colonize adjacent sites (Fig. 2).
The advantage of this database is the small scale and

. rapid community dynamics in grasslands (Collins 1987,

1989, Glenn and Collins 1990). Thus, the general goal
of this study was to determine if both spatial and tem-
poral data from plant communities at KPRNA are
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FiG. 2. Map of the study area showing watershed bound-

aries and burning treatments at Konza Prairie Research Nat-
ural Area. Watershed codes: N=native grazer (not yet on site;
treatments will be separated by electric fencing); A, B, C, D,
F=watershed replicate; U=unburned; 1, 2, 4=fire frequency
(no. years between burns). Only the watersheds used in this
analysis are labeled.

consistent with assumptions and predictions of the
models of Hanski (1982a), Levins (1969), or Brown
(1984). To do so, we measured the dynamics and vari-
ability of plant species’ immigration and extinction
rates among the 19 sample sites at Konza Prairie over
an 8-yr time period.

METHODS

Konza Prairie Research Natural Area is located in
Riley and Geary counties, northeastern Kansas, USA.
KPRNA contains 3487 ha of tallgrass prairie subjected
to a research management plan established in 1978,
which includes maintaining different watersheds under
burning treatments at 1-, 2-, 4-, 10-, and 20-yr intervals
(Hulbert 1985; Fig. 2). For a number of watersheds the
experimental burning treatments have been in effect
since 1972. The annual, 2-yr, and unburned (20-yr)
treatments, at least, should by now be in a steady-state
relative to fire frequency (Gibson and Hulbert 1987).
Vegetation on these grasslands is dominated by An-
dropogon gerardii, Sorghastrum nutans, Sporobolus
asper, Carex heliophylla, Poa pratensis, Artemisia lu-
doviciana, Dicanthelium oligosanthes, Solidago
missouriensis, Ambrosia psilostachya, and Aster spp.
(Gibson and Hulbert 1987).

As part of the LTER protocol, species composition
is recorded at 19 sites on 12 experimental watersheds.
In 1981, permanent vegetation plots were established
in upland Florence (FL) and lowland Tully (TU) soils
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in four watersheds, UB (unburned), 1D (annually
burned), and N4D and 4B (both burned once every 4
yr). Six more sample sites were initiated in 1983
(NUBFL, NUBTU, NIBFL, NIBTU, 1CFL, and
1CTU), and five more sites were added in 1984 (2CFL,
2DFL, 4AFL, 4DFL, and 4FFL). Vegetation on each
soil type in each watershed is sampled in 20 perma-
nently marked 10-m? circular quadrats located along
four 50 m long transects. Vegetation samples were col-
lected in May, July, and September. Cover was esti-
mated by eye using the Daubenmire cover scale: 1 =
<1% cover (e.g., present), 2 = 1-5%, 3 = 5-25%, 4 =
25-50%, 5 = 50-75%, 6 = 75-95%, and 7 = >95%.
Average cover was determined for each species by con-
verting the Daubenmire scale value to the midpoint of
the cover range and averaging across the 20 quadrats
at a site. In this study, summary data for a sample site
were based on the maximum frequency or cover for
each species observed during the growing season. Thus,
each of the 19 sites represents a ‘“‘community” in the
KPRNA “‘region.”

For some reason, the original eight plots were not
sampled throughout the year in 1982, but they were
sampled in 1981 and all sites have been continuously
sampled since 1984. To measure the pattern of regional
distribution, we plotted the number of species occur-
ringin 1, 2, 3 ..., nsample sites for each year (1981,
n = 8; 1983, n = 14; 1984-1988, n = 19). Temporal
patterns in distribution were determined by plotting
the number of species that occurredin 1,2,3 ..., n
years (n ranges among sample sites from 5 to 7 yr)
within a site. Data from site NUBFL were not used in
this temporal analysis of distribution because one of
the four transects of permanent plots was moved in
1986.

Immigration rates were determined by counting the
number of new species at a sample site compared to
the previous year. Extinction rates were measured by
counting the number of species that disappeared from
one year to the next in each site. Because data were
not collected in 1982, only data from years of contin-
uous sampling (1983-1988) were used to estimate rates
of immigration and extinction. Because the models of
Hanski and Levins are scaled to immigration and ex-
tinction dynamics as in the equilibrium theory of island
biogeography, regressions were used to determine the
relationships between immigration and extinction vs.
species richness for all sites.

RESULTS

In all years, the distribution of species across sites is
strongly bimodal (Fig. 3). Thus, most species are re-
gionally rare, but there are consistently 10-15 species
that occur at every site and 17-20 species that occur
in >90% of sites. A third peak often appears at an
intermediate abundance category, as well (Fig. 3). Thus,
the spatial data conform to the predicted patterns of
the core—satellite hypothesis. It is possible that the per-
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FiG. 3. Species distribution patterns among sample areas at Konza Prairie Research Natural Area over an 8-yr period.
Eight sites were sampled in 1981, 14 sites were sampled in 1983, and 19 sites were sampled from 1984 to 1988. n=the total
number of species among all sites. (Data for 1986 modified from Collins and Glenn 1990.)

ceived bimodality is simply a function of a small num-
ber of samples within the region. However, the number
of core species (defined as species occurring in all sites)
is remarkably stable even with the addition of 11 sites
by 1984. That is, the 137% increase in the number of

sites did not decrease the number of regional core spe-
cies.

A total of 19 species were core species during the 7
yr of this study, of which only five were core species
every year (Table 1). All are native perennial true prai-
rie species except for the annual forb Oxalis stricta.
Core species represented 7.3—12.2% of the total num-
ber of species each year. There is a wide range in av-
erage cover values among the core species, which re-
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Core species across sites, number of years they were in the core category, life form of each species (A = annual,

P = perennial, G = graminoid, F = forb), average cover over all years, average change (S) and variance (S.,,) in frequency
from year to year. Core species are defined as those occurring in all sites in a given year.

Number of Average

Species times core Life form cover (%) S Syar
Ambrosia psilostachya 7 PF 5.9 0.0 0.0
Andropogon gerardii 7 PG 73.0 0.0 0.0
A. scoparius 7 PG 16.7 0.0 0.0
Dicanthelium oligosanthes 7 PG 0.6 0.0 0.0
Panicum virgatum 7 PG 4.3 0.0 0.0
Physalis pumila 6 PF 0.3 0.0 0.42
Aster ericoides 6 PF 5.7 0.0 0.39
Ruellia humilis 6 PF 0.5 0.0 0.42
Sorghastrum nutans 6 PG 16.4 0.0 0.37
Vernonia baldwinii 6 PF 1.5 0.0 0.37
Bouteloua curtipendula 4 PG 1.5 0.30 2.38
Artemisia ludoviciana 4 PF 5.0 0.10 1.42
Asclepias viridis 3 PF 0.2 0.58 3.93
Sporobolus asper 3 PG 3.0 1.32 8.75
Amorpha canescens 2 PF 2.8 0.00 0.43
Carex heliophylla 2 PG 0.2 1.96 11.83
Dalea purpurea | PF 0.2 0.16 2.22
Kuhnia eupatoroides 1 PF 0.5 0.40 1.78
Oxalis stricta 1 AF 0.1 1.04 12.12

flects the large differences in maximum size among the
species.

The temporal analysis of occurrences within a site
over time shows distinctly bimodal distributions for
all but two sites (Fig. 4). That is, most species were
present every year or present only one time regardless
of burning frequency. The two sites that were not bi-
modal (1CFL and 2DFL) had a single mode of core
species and low total species richness.

Colonization and extinction are the two processes
that drive the core-satellite model. As noted above,
this model is a dynamic regional model, which predicts
that if the variance in the difference (S.,,) in a species’
frequency from year to year (related to immigration
and extinction in Hanski’s model) is at least three times
as great as the mean (S), then the regional pattern of
distribution and abundance is bimodal. If S,,,=S, then
a species tends to be maximally distributed (Hanski
1982a). According to Hanski (19824, personal com-
munication), S can be calculated for each species as:

S = (pl - D 1)/P,(1 - p())

where p, equals the proportion of sites occupied by a
species at time ¢. From 7 yr of data, there are six values
of .S from which we can calculate S and S,,,. For 88
of 135 species (65.1%), S,,, was greater than three times
the mean. This provides the most direct support for

the core—satellite hypothesis and indicates that for many
species there is a large degree of year-to-year stochastic
variation in species abundance over time in this tall-
grass prairie region. In the case of those species in the
core category six or seven times, S,,. often equals .S,
indicating that the distribution of core species was gen-
erally stable (Table 1). The remaining species may not
fit the model because of limited dispersal ability, subtle
differences in site requirements, or response to distur-
bance. For example, Poa pratensis does not occur on
sites that are burned annually, and Spartina pectinata
is restricted to sites near drainage areas. Thus, the sto-
chastic version of Hanski’s model holds for most, but
not all, species in these grassland communities.
Across all sites and years, extinction is positively
correlated with species richness (r = 0.76, P < .0001),
but the relationship between immigration and richness
is not significant (r = —0.03, P = .78) (Fig. 5). Thus,
the more species at a site the higher the probability
that some will go extinct. In contrast to the equilibrium
theory of island biogeography (MacArthur and Wilson
1967), however, immigration rates, although variable,
are constant with respect to richness of a site. This is
not surprising because each site contains only a fraction
ofthe regional flora. These regression relationships sug-
gest that the dynamics of species richness in these sites
are driven by the rate of extinction, and predict an

—

FiG. 4. Species distribution over time within 19 sample sites over 5-yr (1984—1988), 6-yr (1983-1988), or 7-yr (1981-
1988) periods. No data were collected in 1982. Sample site names are based on watershed replicate (e.g., a, b, c), how often

a watershed is burned (u

unburned, 1-, 2-, and 4-yr intervals between burns), and soil type (FL= upland Florence,

TU=lowland Tully soils). n=total number of species occurring on the same area over time.
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Rate of immigration
and extinction

Number of species

FiG. 5. Rates of immigration (O) and extinction () from
year to year in relation to species richness (R) for each sample
site. Immigration = 10.1 — 0.014R, r* = 0.001, P=.78; Ex-
tinction = —6.85 + 0.298R, r> = 0.58, P < .0001.

equilibrium number of 54.6 species per site. The av-
erage richness values per site range from 35.7 to 65.1
species with an overall mean of 53.9 species.

DiscussIiON
Bimodality

The evidence presented is generally in accord with
the assumptions and predictions of the core—satellite
model. The distribution of species was bimodal over
space and time, although the measurement of bimo-
dality is often difficult because there is only one sta-
tistical test available and the assumption of the test is
a uniform distribution. This is obviously not a rea-
sonable ecological null model. Thus, as Gotelli and
Simberloff (1987) noted, bimodality is often in the eye
of the beholder. It is clear, however, from the distri-
butions in Figs. 3 and 4 that there are distinct modes
in both the highest and lowest frequency classes.

Of greater concern is the controversial concept of
bimodality. Raunkiaer’s (1934) law of frequencies pre-
dicts bimodality for frequency (distribution) data, and
distributional characteristics have been used as a mea-
sure of homogeneity for community analysis. Gleason
(1929) and McIntosh (1962) have criticized this use as
invalid because bimodality was simply a function of
sample size. Williams (1950) also provided statistical
documentation of these criticisms. Even though we
increased the number of sites from 8 to 19, however,
there was not a corresponding decrease in bimodality.
Thus, although the measurement of bimodality may
be scale dependent, bimodality is clearly evident at our
scale of observation. Interestingly, DuRietz (in Noy-
Meir and van der Maarel 1987) considered the bimodal
distribution of Raunkiaer’s (1934) “law” as an impor-
tant measure of community homogeneity. However,
Romell (1920) and Kylin (1926) (in Noy-Meir and van
der Maarel 1987) suggested that such a distribution
could be generated from simple assumptions associ-
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ated with the random distributions of plants. This ap-
pears to fit well with the ideas proposed by Hanski
(1982a).

Stochastic variation

There was a high degree of stochastic variation in
the dynamics of colonization and extinction. Grassland
environments are highly stochastic (Sims et al. 1978,
Risser et al. 1981). For example, annual fluctuations
in temperature and precipitation at KPRNA show a
high degree of year-to-year variation with no apparent
temporal trend (T. Seastedt, personal communication).
These stochastic environmental fluctuations have been
shown to affect the number of species that occur in
grasslands from one year to the next (Gibson and Hul-
bert 1987, Collins and Gibson 1990). In fact, immi-
gration is significantly correlated with growing season
precipitation at Konza (r = 0.9, P < .05). Thus, tem-
poral fluctuations in precipitation and temperature,
factors scaled differently than interactions within com-
munities, impose stochastic variation on structure in
grassland vegetation.

Our previous analyses have indicated that grassland
patch dynamics are highly variable over several spatial
scales (Collins and Glenn 1988, 1990, Glenn and Col-
lins 1990). At a spatial scale of 10 x 10 m?2, satellite
species defined patches that varied spatially within and
between growing seasons (Collins and Glenn 1988).
Actual patch structure was defined mainly by satellite
species because the dominant grasses occurred in all
patch types. That is, a few dominant core species were
consistently widely distributed, whereas most other
species fluctuated from year to year. More importantly,
patch structure of the field data was not significantly
different from patch structure in randomly simulated
data sets (Glenn and Collins 1990). These results in-
dicate that at small spatial scales there is a high degree
of stochastic variation over time among satellite spe-
cies within a stable matrix of core species (Glenn and
Collins 1990). This variation is transposed to patterns
at larger spatial scales (Collins and Glenn 1990). We
recently analyzed the distribution and abundance of
plant species at three spatial scales on KPRNA and
two prairie communities in Oklahoma (Collins and
Glenn 1990). At the regional level, species distributions
were bimodal at both sites conforming to the predic-
tions of the core-satellite hypothesis. The patterns found
among the 100 quadrats within each of five 10 x 10
m? blocks were similar to those of the regional level
distribution. That is, there were also core and satellite
species distributed among the 100 quadrats. Thus,
grassland community structure exhibits self-similarity
because the large-scale pattern is composed of numer-
ous small-scale units of similar structure (Collins and
Glenn 1990). Again, this structure reflected stochastic
variation in numerous satellite species within a matrix
of stable competitive dominants.
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Scaling

One of the explicit assumptions of Hanski’s core—
satellite model is that all sites must be of similar habitat
so that all species could theoretically occupy every site.
Brown considered this assumption to be restrictive be-
cause he documented that environmental variables
change along gradients, and they become less suitable
from the center to the edge of a species range. Thus,
regional variation in habitat would not allow similar
sites to exist. If one examines, however, the maps Brown
(1984: Fig. 2) used to show abundance patterns within
a species range, it is clear that the center of a species
range may extend for hundreds of square kilometres.
This is certainly true for a number of prairie species
in the Central Great Plains (Diamond and Smeins
1988). Given the size of these regional centers of pop-
ulation abundance, the centers of many species ranges
will overlap. Also, Brown’s (1984) assumption that
species are normally distributed along ecological gra-
dients may not be valid. Westman (1980) and Austin
(1980) determined that most field data from plant com-
munities were not accurately described by a Gaussian
curve. Instead, species distributions were highly skewed
and often bimodal (Austin 1980). The fact that species
distributions along environmental gradients are not al-
ways normal suggests that many species tolerate a wide
range of habitat or that habitat variation is non-nor-
mal. Therefore, many species should be abundant
within a large subset of their range and similar habitat
must exist over a large region. Thus, the models of
Brown and Hanski are essentially compatible in that
Hanski’s model is a spatially explicit subset of Brown’s
model. That is, in accord with Hanski’s requirements,
similar sites exist within a regional subset of a species’
geographic range. Within these similar sites, the abun-
dances of many species fluctuate stochastically over
time. Thus, the models of Brown and Hanski are not
competitive but complementary when properly scaled.
In fact, many seemingly competitive models may ac-
tually be complementary when viewed at the appro-
priate scale of resolution (Allen and Starr 1982, Brown
and Allen 1989).

Because Brown’s model appears to apply to larger
spatial scales than the model of Hanski, we have plot-
ted data on the distribution of prairie plants from two
surveys of regions much larger than KPRNA: vege-
tation on 29 prairie cemeteries on similar soils in north-
ern Illinois and western Indiana (Betz and Lamp 1989),
and vegetation on 77 remnant prairies in northeastern
Oklahoma, southeastern Kansas, southwestern Mis-
souri, and northwestern Arkansas (Eyster-Smith 1984).
In both cases, the distribution of species is distinctly
unimodal (Fig. 6) as would be predicted by Brown’s
larger scale model.

One major difference in the models lies in the va-
lidity of the stochastic variation in distribution over
time proposed by Hanski (1982a) vs. the deterministic
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among 29 pioneer cemeteries located in northern Illinois and
western Indiana (data from Betz and Lamp 1989). (B) Dis-
tribution of prairie plants among 77 remnant prairies in north-
eastern Oklahoma, southeastern Kansas, southwestern Mis-
souri, and northwestern Arkansas (data from Eyster-Smith
1984).

and invariant niche-based mechanism suggested by
Brown (1984). The dynamics in Hanski’s (1982a) mod-
el are based on local and regional processes (Hanski
1983) such as competition and dispersal. If a species
goes locally extinct it must recolonize from nearby pop-
ulations. Brown (1984) argued that this assumption
was unlikely because regionally rare species have small
populations, therefore, they produce few propagules.
Thus, Hanski’s model predicts that species will change
from one distribution category to another over time
whereas Brown’s model predicts that species will be
relatively stable over time. In grasslands, the distri-
bution and abundance of dominant core species are
essentially at equilibrium, whereas many other species
exhibit considerable year-to-year variation in distri-
bution and abundance (Glenn and Collins 1990). Ev-
idence presented thus far suggests that randomly vary-
ing processes in grasslands may in fact be important
determinants of the distribution of many species at a
regional scale, a phenomenon similar to that described
for grassland bird communities (Wiens 1983). Brown’s
model, on the other hand, predicts few year-to-year
changes in abundance at larger spatial scales because
geographic constraints imposed by range limitations
reduce fluctuations in local patterns of abundance (e.g.,
Brown and Maurer 1989).

In a sense, the random variation predicted by Hanski
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is characteristic of the Gleasonian concept of the in-
dividualistic distribution of species among commu-
nities (Gleason 1926). In similar habitats, whether or
not a species occurs at a site is initially a function of
the stochastic process of dispersal. Based on a deter-
ministic model, competitive interactions among spe-
cies should result in divergent niches (Whittaker 1975).
Plants that can survive and reproduce in similar hab-
itats, however, are effectively similar in niche because
plants require the same basic resources of light, nutri-
ents, and water (Werner 1979, Hubbell and Foster
1985). Obviously, differences in resource requirements
occur among species. Nevertheless, plant communities
contain a large number of species with similar niche
and habitat requirements (Mahdi et al. 1989).

Grassland plants may have functionally similar nich-
es because they occupy similar habitats, thus differ-
ences in success within a community may result from
a superior ability to exploit resources (Tilman 1989).
However, Aarssen (1983) argued that the competitive
ability of plants should increase and become more equal
over evolutionary time because of selection to increase
the efficiency of resource capture among plants. Sim-
ilarly, Rabinowitz et al. (1984) demonstrated that rare
prairie grasses were equal competitors to common
grasses and that poor competitive ability could not
explain rarity. Indeed, we found that many species with
small average cover values were widely distributed at
KPRNA (Collins and Glenn 1990).

Why then does the abundance of many species vary
over time within these grasslands? Perhaps because
there is a two-tiered competitive hierarchy in tallgrass
prairie. Such two-tiered systems have been described
in a variety of communities (Grubb 1986). The dom-
inant perennial grasses compete for and occupy the
largest amount of space in the community (Collins 1987,
Tilman 1989). Highly competitive species with low
average cover occur in most communities, as well. The
numerous satellite species occupy small areas of soil
between the large competitive grasses. The competitive
dynamics of the satellite species may result from only
a very small, stochastic difference between individuals,
such as time of germination, to derive a site and time-
specific competitive advantage (e.g., Ross and Harper
1972, Goldberg 1987). Thus, the determinants of com-
petition may occur very early in the life of a plant. If
these determinants are affected by stochastic factors,
then Hanski’s model may effectively describe the abun-
dance patterns of many species in a region.

Our discussion of the similarity in plant niches and
competitive ability contradicts the theory of limiting
similarity set forth by May and MacArthur (1972). The
concept of stochastic variation as a driving function in
Hanski’s model, however, provides a mechanism by
which this contradiction can be resolved. Models in-
corporating random variation in environment or re-
source availability over space and time indicate that
species with similar niches can coexist (Agren and Fa-
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gerstrom 1984, Schmida and Ellner 1984). As Yodzis
(1989) noted, long-term field projects will be necessary
to address experimentally the factors affecting limiting
similarity and species richness in variable environ-
ments.

The results from these analyses are relevant to many
questions concerning the distribution and abundance
of species within and between communities. It does
appear that a large component of community structure
is determined by stochastic variation in patterns of
immigration and extinction. These are generalized
mechanisms that can be divided into specific biotic
and abiotic interactions. Immigration, for instance, is
a function of dispersal mechanisms, precipitation pat-
terns, and availability of safe-sites, among other fac-
tors. Extinction incorporates the effects of fire, other
types of disturbances, and interspecific interactions.
These factors are relatively deterministic in that they
depend on the species’ ability to compete with its
neighbors or withstand periodic disturbance. Rather
than taking a bottom-up view of community structure,
perhaps it will be necessary to discover pattern in spe-
cies distribution and abundance, both regionally and
within a community, and then work in a top-down
fashion to determine underlying mechanisms (Cale et
al. 1989). A hierarchical approach to regional patterns
and mechanisms will provide the groundwork for fur-
ther understanding the nature of interactions within
and between communities.

ACKNOWLEDGMENTS

We greatly appreciate the many helpful suggestions and
comments provided by Tim Allen, Carl Bock, Deborah Gold-
berg, Ilkka Hanski, Bruce Milne, and Paul Risser. In addition,
we thank Ross Sherwood, Marc Abrams, and David Gibson
for data collection and John Briggs for data management and
for providing Figure 2. Data from the Konza Prairie Research
Natural Area were collected as part of the Konza Prairie LTER
program (NSF grants DEB-8012166 and BSR-8514327), Di-
vision of Biology, Kansas State University, Manhattan, Kan-
sas. Data and supporting documentation are stored in data
sets PVCOI and PVCO02 in the Konza Prairie Research Nat-
ural Area data bank. In addition, this research was supported
by NSF grant BSR-8818564 to S. L. Collins and S. M. Glenn.

LITERATURE CITED

Aarssen, L. W. 1983. Ecological combining ability and com-
petitive combining ability in plants: toward a general evo-
lutionary theory of coexistence in systems of competition.
American Naturalist 122:707-731.

Agren, G. I, and T. Fagerstrom. 1984. Limiting dissimi-
larity in plants: randomness prevents exclusion of species
with similar competitive abilities. Oikos 43:369-375.

Allen, T. F. H., R. V. O’Neill, and T. W. Hoekstra. 1984.
Interlevel relations in ecological research and management:
some working principles from hierarchy theory. United
States Forest Service General Technical Report RM-100.
Rocky Mountain Forest and Range Experiment Station,
Fort Collins, Colorado, USA.

1982. Hierarchy: perspec-
tives for ecological complexity. University of Chicago Press,
Chicago, Illinois, USA.

Austin, M. P. 1980. Searching for a model for use in veg-
etation analysis. Vegetatio 42:11-21.



April 1991

Betz, R. F., and H. F. Lamp. 1989. Species composition of
old settler silt-loam prairies. Pages 33-39 in T. B. Bragg
and J. Stubbendieck, editors. Proceedings of the Eleventh
North American Prairie Conference. University of Ne-
braska Press, Lincoln, Nebraska, USA.

Bock, C. E. 1987. Distribution-abundance relationships of
some Arizona landbirds: a matter of scale? Ecology 68:124—
129.

Bock, C. E., and R. E. Ricklefs. 1983. Range size and local
abundance of some North American songbirds: a positive
correlation. American Naturalist 122:295-299.

Brown, B. J., and T. F. H. Allen. 1989. The importance of
scale in evaluating herbivory impacts. Oikos 54:189-194.

Brown, J. H. 1984. On the relationship between abundance
and distribution of species. American Naturalist 124:255—
279.

Brown, J. H., and B. A. Maurer. 1989. Macroecology: the
division of food and space among species on continents.
Science 243:1145-1150.

Burgman, M. A. 1989. The habitat volumes of scarce and
ubiquitous plants: a test of the model of environmental
control. American Naturalist 133:228-239.

Cale, W. G., G. M. Henebry, and J. A. Yeakley. 1989. In-
ferring process from pattern in natural communities.
BioScience 39:600-605.

Clements, F. E. 1916. Plant succession. Carnegie Institute
of Washington Publication Number 242.

Collins, S. L. 1987. Interactions of disturbance in tallgrass
prairie: a field experiment. Ecology 68:1243-1250.

. 1989. Experimental analysis of patch dynamics and
community heterogeneity in tallgrass prairie. Vegetatio 85:
57-66.

Collins, S. L., and D. J. Gibson. 1990. Effects of fire on
community structure in mixed- and tallgrass prairies. Pages
81-98 inS. L. Collins and L. L. Wallace, editors. Fire effects
in tallgrass prairie ecosystems. University of Oklahoma
Press, Norman, Oklahoma, USA.

Collins, S. L., and S. M. Glenn. 1988. Disturbance and
community structure in North American prairies. Pages
131-143 in H. J. During, M. J. A. Werger, and J. H. Wil-
lems, editors. Diversity and pattern in plant communities.
SPB Academic Publishers, The Hague, The Netherlands.

Collins, S. L., and S. M. Glenn. 1990. A hierarchical analysis
of species abundance patterns in grassland vegetation.
American Naturalist 135:633-648.

Diamond, D. D., and F. E. Smeins. 1988. Gradient analysis
of remnant True and Upper Coastal Prairie grasslands of
North America. Canadian Journal of Botany 66:2152-2161.

Eyster-Smith, N. M. 1984. Tallgrass prairies: an ecological
analysis of seventy-seven remnants. Dissertation. Univer-
sity of Arkansas, Fayetteville, Arkansas, USA.

Gibson, D. J., and L. C. Hulbert. 1987. Effects of fire, to-
pography and year-to-year climate variation on species
composition in tallgrass prairie. Vegetatio 72:175-185.

Gleason, H. A. 1926. The individualistic concept of the
plant association. Bulletin of the Torrey Botanical Club 543:
7-26.

1929. The significance of Raunkiaer’s law of fre-
quency. Ecology 10:406—408.

Glenn, S. M., and S. L. Collins. 1990. Patch structure in
tallgrass prairies: dynamics of satellite species. Oikos 57:
229-236.

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

Gotelli, N.J., and D. Simberloff. 1987. The distribution and
abundance of tallgrass prairie plants: a test of the core—
satellite hypothesis. American Naturalist 130:18-35.

Grubb, P. J. 1986. Problems posed by sparse and patchily
distributed species in species-rich plant communities. Pages
207-225inJ. Diamond and T. J. Case, editors. Community
ecology. Harper & Row, New York, New York, USA.

REGIONAL DISTRIBUTION OF PRAIRIE PLANTS

663

Hanski, I. 1982a. Dynamics of regional distribution: the
core and satellite species hypothesis. Oikos 38:210-221.
1982b. Distributional ecology of anthropochorous
plants in villages surrounded by forest. Annales Botanici

Fennici 19:1-15.

. 1982¢. Communities of bumblebees: testing the core—
satellite species hypothesis. Annales Zoologici Fennici 19:
65-73.

1983. Coexistence of competitors in patchy envi-
ronment. Ecology 64:493-500.

Hengeveld, R., and J. Haeck. 1982. The distribution of
abundance. I. Measurements. Journal of Biogeography 9:
303-316.

Hubbell, S. P., and R. B. Foster. 1985. Biology, chance, and
history and the structure of tropical rain forest tree com-
munities. Pages 314-329 /n J. Diamond and T. J. Case,
editors. Community ecology. Harper & Row, New York,
New York, USA.

Hulbert, L. C. 1985. History and use of Konza Prairie Re-
search Natural Area. Prairie Scout 5:63-93.

Levins, R. A. 1969. Some demographic and genetic con-
sequences of environmental heterogeneity for biological
control. Bulletin of the Entomological Society of America
15:237-240.

MacArthur, R. H., and E. O. Wilson. 1967. The theory of
island biogeography. Princeton University Press, Prince-
ton, New Jersey, USA.

Mahdi, A., R. Law, and A. J. Willis. 1989. Large niche
overlaps among coexisting plant species in a limestone
grassland community. Journal of Ecology 77:386—400.

May, R. M., and R. H. MacArthur. 1972. Niche overlap as
a function of environmental variability. Proceedings of the
National Academy of Sciences (USA) 69:1109-1113.

Mclntosh, R. P 1962. Raunkiaer’s “‘law of frequency.” Ecol-
ogy 43:533-535.

McNaughton, S. J., and L. L. Wolf. 1970. Dominance and
the niche in ecological systems. Science 167:131-139.

Noy-Meir, 1., and E. van der Maarel. 1987. Relations be-
tween community theory and community analysis in veg-
etation science: some historical perspectives. Vegetatio 69:
5-16.

O’Neill, R. V. 1989. Perspectives in hierarchy and scale.
Pages 140-156 in J. Roughgarden, R. M. May, and S. A.
Levin, editors. Perspectives in ecological theory. Princeton
University Press, Princeton, New Jersey, USA.

Rabinowitz, D., J. K. Rapp, and P. M. Dixon. 1984. Com-
petitive abilities of sparse grass species: means of persis-
tence or cause of abundance. Ecology 65:1144—1154.

Raunkiaer, C. 1934. The life forms of plants and statistical
plant geography. Clarendon, Oxford, England.

Ricklefs, R. E. 1987. Community diversity: relative roles
of local and regional processes. Science 235:167-171.

Risser, P. G., E. C. Birney, H. D. Blocker, S. W. May, W. J.
Parton,and J. A. Wiens. 1981. The true prairie ecosystem.
Hutchinson Ross, Stroudsburg, Pennsylvania, USA.

Ross, M. A., and J. L. Harper. 1972. Occupation of bio-
logical space during seedling establishment. Journal of Ecol-
ogy 60:77-88.

Shmida, A., and S. Ellner. 1984. Coexistence of plant species
with similar niches. Vegetatio 58:29-55.

Sims, P. L., J. S. Singh, and W. K. Lauenroth. 1978. The
structure and function of ten western North American
grasslands. I. Abiotic and vegetational characteristics. Jour-
nal of Ecology 66:251-286.

Tilman, D. 1989. Competition, nutrient reduction and the
competitive neighbourhood of a bunchgrass. Functional
Ecology 3:215-219.

Werner, P. A. 1979. Competition and coexistence of similar
species. Pages 287-310 in O. T. Solbrig, S. Jain, G. B.
Johnson, and P. H. Raven, editors. Topics in plant popu-
lation biology. Columbia University Press, New York.



664 SCOTT L. COLLINS AND SUSAN M. GLENN

Westman, W. E. 1980. Gaussian analysis: identifying en-
vironmental factors influencing bell-shaped species distri-
butions. Ecology 61:733-739.

Whittaker, R. H. 1956. Vegetation of the Great Smoky
Mountains. Ecological Monographs 26:1-80.

1960. Vegetation of the Siskiyou Mountains, Ore-

gon and Washington. Ecological Monographs 30:279-338.

1975. Communities and ecosystems. MacMillan,

New York, New York, USA.

Ecology, Vol. 72, No. 2

Wiens, J. A. 1983. Avian community ecology: an icono-
clastic view. Pages 355403 in A. H. Brush and G. A. Clark,
Jr., editors. Perspectives in ornithology. Cambridge Uni-
versity Press, Cambridge, England.

Williams, C. B. 1950. The application of the logarithmic
series to the frequency of occurrence of plant species in
quadrats. Journal of Ecology 38:107-138.

Yodzis, P. 1989. Introduction to theoretical ecology. Harper
& Row, New York, New York, USA.





