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FIRE FREQUENCY AND COMMUNITY HETEROGENEITY IN
TALLGRASS PRAIRIE VEGETATION!

ScotT L. COLLINS
Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma 73019 USA

Abstract. Few studies have directly addressed the effects of disturbance on spatial and
temporal heterogeneity. Spatial heterogeneity is the degree of dissimilarity in species com-
position from one point to another in a community, whereas temporal heterogeneity is
compositional change within a site over time. The purposes of this study were to determine
(1) if a quadratic relationship exists between within-site heterogeneity and disturbance
frequency as predicted by the intermediate disturbance hypothesis (IDH), (2) if disturbed
and undisturbed sites have similar heterogeneity as implied by the disturbance heterogeneity
hypothesis (DHM), and whether or not these results differed with scale, and (3) if there is
arelationship between spatial and temporal heterogeneity as implied by the DHM. Analyses
were based on plant species composition data collected over 9 yr in quadrats permanently
located in experimental management units subjected to different burning frequencies at
Konza Prairie Research Natural Area, Kansas, USA.

The relationship between disturbance frequency and within-site heterogeneity was op-
posite that predicted by the IDH. Heterogeneity was lowest at intermediate disturbance
frequencies. Heterogeneity in annually burned prairie was lower than in unburned prairie
and prairies burned once every 4 yr in contrast to predictions of the DHM. However, this
relationship did not hold at larger spatial scales. There was a positive relationship between
within-site spatial and temporal heterogeneity on annually burned sites, sites burned once
every 4 yr, and nearly so on sites burned every other year. Within-site heterogeneity was
negatively correlated with cover of Andropogon gerardii, and positively correlated with
total richness and species diversity. Studies of variation, in addition to averages, will
increase our ability to predict patterns of species distribution and abundance within and

between communities in response to disturbance.
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INTRODUCTION

Pattern in plant communities is a function of many
biotic and abiotic factors and these factors operate on
different species at different spatial scales (Pielou 1960,
Greig-Smith 1979, Legendre and Fortin 1989). One
product of the nonrandom distribution of species at
different spatial scales is community heterogeneity. In
this paper, spatial heterogeneity is the mean degree of
dissimilarity in species composition from one point to
another in a community (Inouye et al. 1987, Collins
1990). Heterogeneity differs from pattern analysis in
that the latter is a measure of the degree of spatial
autocorrelation, or distance decay in the case of gra-
dients, in a community (Palmer 1988, Legendre and
Fortin 1989). Like the measurement of pattern, the
measurement of spatial heterogeneity is scale depen-
dent; larger samples are likely to include a larger subset
of species in a community, and thus, increase the de-
gree of similarity among plots, than are smaller sam-
ples.

One common mechanism producing spatial hetero-
geneity in communities is disturbance (e.g., Collins
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1989, Chaneton and Facelli 1991, Glenn et al. 1992).
Studies of disturbance effects on heterogeneity, how-
ever, are often confounded by scale problems. Two
theoretical models, the disturbance heterogeneity mod-
el (DHM, Kolasa and Rollo 1991), and the interme-
diate disturbance hypothesis (IDH, Connell 1978) are
relevant. These models make contrasting predictions
concerning the relationship between heterogeneity and
disturbance.

The DHM (Kolasa and Rollo 1991) is a between-
patch heterogeneity model based on analyses that com-
bine measurements from both disturbed and undis-
turbed patches. In this case, disturbance increases
community heterogeneity in areas where the size of the
disturbance is small relative to the size of the com-
munity (e.g., the effects of gaps in forests). As size of
the disturbed area increases relative to the total area
of interest, the DHM predicts a quadratic relationship
in which heterogeneity is highest in communities where
50% of the area is disturbed (Kolasa and Rollo 1991).
One important assumption of the DHM providing the
basis of the quadratic relationship is that spatial het-
erogeneity within disturbed patches is similar to het-
erogeneity within undisturbed patches.

The IDH is a within-patch model that predicts a
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quadratic relationship between disturbance frequency
and species diversity. Given that diversity is positively
correlated with heterogeneity (Whittaker and Levin
1977), this model predicts that within-patch hetero-
geneity will be highest at intermediate frequencies of
disturbance.

Whereas spatial heterogeneity is measured over a
number of points in space at a single point in time,
temporal heterogeneity is measured over several points
in time at a single point in space (Kolasa and Rollo
1991). A linkage between space and time is an impor-
tant component of many models of landscape dynam-
ics (Delcourt et al. 1983, Urban et al. 1987, Turner et
al. 1989), yet few studies have documented a statistical
space—time relationship between community variables
in terrestrial systems. Kolasa and Rollo (1991) state,
however, that there is a positive relationship between
spatial and temporal heterogeneity in an area over time.

In this study, I used community composition data
collected over a 9-yr period in quadrats permanently
located in experimental management units to test hy-
potheses derived from the IDH and DHM models.
First, I determined if within-patch heterogeneity showed
a quadratic relationship with disturbance frequency as
predicted by the IDH. Secondly, I determined if burned
and unburned grasslands exhibited similar degrees of
spatial heterogeneity as assumed by the DHM. The
relationship between disturbance and heterogeneity may
differ at larger spatial scales (Glenn et al. 1992). As
noted above, the DHM predicts a quadratic relation-
ship between among-site heterogeneity and number of
sites disturbed in a region. Thirdly, I determined if
there was a positive relationship between spatial and
temporal heterogeneity as suggested by Kolasa and
Rollo (1991).

METHODS

Study site. — The study was conducted at Konza Prai-
rie Research Natural Area (KPRNA), a 3487-ha tall-
grass prairie located in Riley and Geary counties,
northeastern Kansas, USA. The climate is continental
with hot summers, cold winters, strong winds, and low
humidities. Mean annual temperature is =~13°C, and
mean annual precipitation, which varies drastically
from year to year, is 835 mm (1951-1980), most of
which occurs in May-June and September. From 1981
to 1990, growing season precipitation (April-Septem-
ber) ranged from a low of 434 mm in 1988 to a high
of 849 mm in 1986. As part of the Long-term Ecolog-
ical Research Program (LTER), KPRNA is divided
into a series of replicated management units subjected
to different frequencies of spring (mid-April) burning
(Hulbert 1985).

Data collection. —Vegetation data have been col-
lected on eight study sites since 1981. In 1983, an
additional six sites were added, and five more sites
were added in 1984 for a total of 19 sites in 12 man-
agement units. In each of the 19 study sites, species
composition was measured in permanently located 10-
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m? circular quadrats. Five quadrats were evenly spaced
(12.5 m) along each of four 50-m long transects within
a study site (total = 20 quadrats per site). Because each
site is subjected to a controlled disturbance regime, a
site as used here represents a disturbed (burned) or
undisturbed (unburned) patch. In each year, cover of
species in each quadrat was estimated in May, July,
and September using a modified Daubenmire scale (1
= 0-1% cover, 2 = 2-5% cover, 3 = 6-25% cover, 4
=26-50% cover, 5 = 51-75% cover, 6 = 76-95% cover,
7 = 96-100% cover). Although this cover scale yields
relatively coarse estimates of cover in a single quadrat,
it is a highly repeatable method for rapidly sampling
a large number of quadrats over a short period of time
(total = 380 quadrats). For each species, Daubenmire
scale values were converted to the midpoint value per
quadrat for analysis.

Data analysis.—As noted above, spatial heteroge-
neity is measured as the mean dissimilarity in species
composition among samples at a site within a year
(Inouye et al. 1987, Collins 1989, Scheiner 1990). In
this study, percent dissimilarity (PD) was defined as:

PD=1-PS

PS=1-0.52 |p. — pils
i=1

where PS is percent similarity, p, is the proportional
cover of species p in quadrat q, p, is the proportional
cover of species p in quadrat b, and s is the total number
of species (Whittaker 1975). As the degree of difference
in composition among quadrats increases, spatial het-
erogeneity, as measured by PD, increases. Percent dis-
similarity was calculated for all possible two-way com-
binations of quadrats at a site, resulting in a matrix of
190 values. Within-site heterogeneity is the average of
the 190 values.

Linear and polynomial regressions were used to test
the hypothesis from the IDH that there was a quadratic
relationship between disturbance frequency and het-
erogeneity. For this analysis within-site heterogeneity
was measured as the heterogeneity of a site (n = 19)
in 1990, the most recent year of sampling. Disturbance
frequency was measured as the number of times the
site had been burned since the experimental protocol
was established in 1972 (max = 19 times).

To test the assumption of the DHM that heteroge-
neity within undisturbed sites is similar to heteroge-
neity within disturbed sites, within-site heterogeneity
of management units burned annually, every other year,
every 4 yr, and unburned were compared using Krus-
kal-Wallis one-way nonparametric analysis of variance
and Dunn’s multiple-comparison test (Neave and
Worthington 1988). Statistical comparisons were made
for all years from 1983 to 1990 (too few sites for com-
parison in 1981).

Spearman rank correlation was used to test the hy-
pothesis that a relationship existed between the within-
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site heterogeneity at time #, and the temporal change
in species composition at a site from time ¢ to time ¢
+ 1. That is, does the degree of within-site heteroge-
neity in one year affect the amount of change in com-
position from one year to the next at that site? Again,
within-site heterogeneity is measured as average dis-
similarity among the 20 quadrats at a site. Temporal
variation in composition is dissimilarity in species
composition at a site from one year to the next. In this
case, temporal variation is a single PD value based on
average cover values (n = 20) for all species at a site
at time ¢ and time ¢ + 1. Data for these analyses were
segregated by burning frequency.

Because measurement of heterogeneity may be scale
dependent, I analyzed the larger scale effects of fire
frequency on heterogeneity among different sites, as
well. To do so, I calculated the mean cover value for
each species among the 20 quadrats at each site. Per-
cent dissimilarity then was caleulated for all pairwise
comparisons among all sites at Konza, resulting in ma-
trices of 28 values for 8 sites in 1981, 91 values for 14
sits in 1983, and 171 values for 19 sites in 1984 to
1990. Regional heterogeneity is the mean percent dis-
similarity for all pairwise comparisons in each year.
Spearman rank correlation and polynomial regression
were then used to determine if there as a linear or
quadratic relationship, respectively, between regional
heterogeneity and the proportion of sites burned each
year.

RESULTS

Heterogeneity in 1990 was significantly negatively
related to burning frequency (Fig. 1). The quadratic
relationship (r? = 0.42, F= 5.9, df = 16, P = .02) had
a higher r2 but lower P value than the linear relation-
ship (r? = 0.39, F = 10.9, df = 16, P = .004). More
importantly, the quadratic relationship was opposite
that predicted by the IDH. That is, heterogeneity was
lowest at an intermediate frequency of disturbance.
This result is important given the significant positive
relationship between heterogeneity and species diver-
sity (measured as the Shannon-Wiener index, H'; r, =

TABLE 1.
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(= 1 — percent similarity) in species composition, as measured
in 1990.

0.90,df =17, P < .0001) and total species richness (r,
=0.78,df = 19, P < .01).

Mean heterogeneity on annually burned grasslands
was always less than on unburned grasslands (Table 1).
Sites burned every other year were often less hetero-
geneous than unburned sites and both were sometimes
less heterogeneous than 4-yr burn sites (Table 1). The
decrease in heterogeneity with burning results from
increased cover of C, grasses following fire. Cover of
the dominant C, grass Andropogon gerardii was sig-
nificantly negatively related to heterogeneity (r, =
—0.48, df = 19, P = .05).

The relationship between heterogeneity in a site at
time ¢ (spatial heterogeneity) and change in species
composition from time ¢ to time ¢t + 1 (temporal het-
erogeneity) was significant and positive on annually
burned sites (r, = 0.44, df = 30, P < .01), and on sites
burned every 4 yr (r, = 0.65, df = 40, P < .01) (Fig.
2). A similar trend occurred on sites burned every other
year (r, = 0.33, df = 10, .05 < P < .10). There was no
relationship between spatial heterogeneity and tem-
poral variation on unburned sites.

At the regional level, there was no linear (r, = 0.03,

Average heterogeneity in species composition (=1 — percent similarity) of vegetation on management units with

different burning frequencies. Values in the same rows with similar superscripts were not significantly different based on
Kruskal-Wallis (K-W) one-way analysis of variance and Dunn’s multiple-comparisons test.

Burn frequency

Annual 2-yr 4-yr Unburned

Year % n % n n % n K-W P
1981 30.6 2 44.2 4 42.1 2 2.0

1983 25.32 4 e 33.12 4 40.2° 6 11.0 <.01
1984 24.42 4 26.6* 2 34.8° 7 40.8° 6 12.9 <.01
1985 22.62 4 19.82 2 33.6° 7 37.9» 6 14.2 <.01
1986 26.92 4 27.52 2 37.8 7 45.4° 6 13.8 <.01
1987 29.52 4 30.42 2 39,220 7 48.0° 6 10.8 <.02
1988 33.12 4 25.92 2 44 .8 7 51.6° 6 11.5 <.01
1989 33.72 4 38.5%® 2 42.42 7 46.6° 6 10.0 <.02
1990 38.92 4 38.02 2 44.6*° 7 48.4° 6 4.4 .05
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df = 7, P > .70) or quadratic (> = 0.09, F = 0.3, df
=7, P = .75) relationship between heterogeneity and
the proportion of sites burned in a year.

DiscussioN

Results from this study indicate that for tallgrass
prairie (1) heterogeneity was lowest on sites with in-
termediate burning frequencies, (2) heterogeneity on
burned grassland was significantly lower than on un-
burned grassland at a small but not at a larger scale,
(3) there was a positive relationship between spatial
and temporal heterogeneity in two of the four burning
treatments, and (4) heterogeneity was positively cor-
related with species richness and diversity. Patterns of
heterogeneity at Konza are consistent with other anal-
yses of disturbance effects on prairie heterogeneity. For
example, small-scale heterogeneity (0.25 m?) in a grass-
land burned one time was significantly lower than in
unburned grassland in Oklahoma (Collins 1989). How-
ever, at a larger scale, there were no significant differ-
ences in among-site heterogeneity between burned and
unburned sites in the region of Konza Prairie on sites
with an unknown disturbance history (Glenn et al.
1992). Thus, at larger spatial scales, factors including
site history, regional climate, edaphic factors, and to-
pography may have a greater impact on heterogeneity
than fire frequency.

The intermediate disturbance hypothesis predicts that
diversity, and in turn, heterogeneity will be highest at
intermediate disturbance frequencies. Just the opposite
was found in this study. In general, frequent burning
changes species composition (Gibson and Hulbert 1987)
by eliminating fire-intolerant species and increasing
productivity of fire-adapted matrix-forming species,
such as the C,-grass Andropogon gerardii (Knapp 1985,
Collins 1987, Tester 1989). As productivity increases
at Konza Prairie, species richness decreases (S. L. Col-
lins and J. M. Briggs, personal observation), perhaps
as a result of competitive exclusion (Wilson and Shay
1990). As production of a few species increases, het-
erogeneity decreases. Eventually, however, frequent
burning results in chronic soil nitrogen deficiency
(Seastedt and Ramundo 1990). Only species tolerant
of burning and low nutrient conditions can exist on
frequently burned sites. Assuming that N availability
is patchily distributed (e.g., Tilman 1982) then com-
positional heterogeneity will increase as soil resource
heterogeneity increases under long-term burning re-
gimes.

The significant relationship between spatial and tem-
poral heterogeneity on annually burned and 4-yr burn-
ing sites is intriguing. The pattern on 2-yr burn sites
was nearly significant, as well (.05 < P < .10). All

—

from one year to the next on sites that are annually burned,
burned every 2 yr, burned every 4 yr, or unburned.
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relationships were positive, suggesting that high with-
in-site heterogeneity yields high temporal heteroge-
neity at least under certain disturbance regimes. In-
deed, previous analyses of community dynamics have
demonstrated a high degree of spatial and temporal
varibility in species distribution and abundance at
Konza Prairie (Collins and Glenn 1990, 1991). Tem-
poral variability is a measure of change in species com-
position over time (immigration plus extinction of spe-
cies). Although immigration rates are constant on
different sites at Konza (Collins and Glenn 1991), as
species richness increases over time on a site, there is
a significant increase in local rates of extinction (Glenn
and Collins 1992). These patterns of immigration and
extinction produce compositional change, which yields
high temporal heterogeneity. The lack of a significant
spatial-temporal relationship on unburned sites is
probably a function of succession as these sites become
dominated by long-lived woody perennials such as
Symphoricarpos orbiculatus, Rhus glabra, Rosa arkan-
sana, and Ceanothus herbaceus.

Other disturbances (e.g., grazing) are likely to have
an effect on heterogeneity opposite that of fire (Ges-
saman and McMahon 1984). Grazing by ungulates, for
example, may increase heterogeneity in grasslands by
decreasing dominance and increasing diversity (Belsky
1983, Bakker et al. 1984, Collins 1990). This result
would be system and scale dependent (Milchunas et
al. 1988, Milchunas and Lauenroth 1989). For in-
stance, Glenn et al. (1992) found that grazed sites had
lower within-community but higher among-commu-
nity heterogeneity compared to burned sites. Highest
regional heterogeneity occurred among sites with a
combination of burning and grazing.

Currently, generalities regarding heterogeneity are
limited because of the small number of studies that
have quantified patterns of heterogeneity or measured
the mechanisms that create and maintain heterogeneity
in communities (Legendre and Fortin 1989, Kolasa
and Rollo 1991). Perhaps the relationship between dis-
turbance and heterogeneity reflects a complex response
of the system to climatic variation and evolutionary
history of disturbance as suggested in the models of
Denslow (1980) and Milchunas et al. (1988). Simple
predictive models of heterogeneity in response to in-
creasing size of disturbance (e.g., Connell 1978, Kolasa
and Rollo 1991) provide a necessary first step for a
predictive approach to scale-related questions on pat-
terns of community heterogeneity. Such models are
often based on the tenuous assumption that hetero-
geneity within a disturbance is equal to heterogeneity
in adjacent undisturbed areas. Predicting community
heterogeneity in response to disturbance will depend
on community composition and productivity, evolu-
tionary history, and the type and frequency of distur-
bance. As Kolasa and Rollo (1991) noted, there is in-
deed a heterogeneity of heterogeneity. A focus on
variation, however, in addition to averages, will help
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to increase our understanding of factors that affect pat-
terns of spatial heterogeneity and temporal variability
in plant communities.
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