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Abstract

The intermediate disturbance hypothesisis awidely accepted generalization regarding patterns of speciesdiversity,
but may not hold true wherefire isthe disturbance. In the M editerranean-climate shrublands of South Africa, called
fynbos, fire is the most importance disturbance and a controlling factor in community dynamics. The intermediate
disturbance hypothesis states that diversity will be highest at sites that have had an intermediate frequency of
disturbance and will be lower at sites that have experienced very high or very low disturbance frequencies.
Measures of diversity are sensitive to scale; therefore, we compared species richness for three fire regimesin South
African mountain fynbos to test the intermediate disturbance hypothesis over different spatial scales from 1 m? to
0.1 hectares. Species diversity responseto fire frequency was highly scale-dependent, but the relationship between
speciesdiversity and disturbance frequency was opposite that predicted by the intermediate disturbance hypothesis.
At the largest spatial scales, species diversity was highest at the least frequently burned sites (40 years between
fires) and lowest at the sites of moderate (15 to 26 years between fires) and high fire frequency (alternating four and
six year fire cycle). Community heterogeneity, measured both as the slope of the species-area curve for a site and
as the mean dissimilarity in species composition among subplots within a site, correlated with species diversity at
the largest spatial scales. Community heterogeneity was highest at the least frequently burned sites and lowest at
the sites that experienced an intermediate fire frequency.

Introduction

Species diversity is a topic that has long intrigued
biologists and has yet eluded general explanations.
Mediterranean-type climate shrublands are notably
diverse among temperate regions. a striking example
is the Cape Floristic Region of South Africa which
has one of the highest plant species densities of any
temperate region and remarkable levels of endemism
(Cowling et a. 1992). The intermediate disturbance
hypothesis (Connell 1978; Huston 1979) states that
diversity will be highest at sites that have had an inter-
mediate frequency of disturbance that prevents com-
petitive exclusion and will be lower at sites that have
experiencedvery highor very low disturbancefreguen-
cies. Fire is a common disturbance yet little research

has attempted to quantify the effect of firefrequency on
species richness. Support for the intermediate disturb-
ance hypothesis has come primarily from studies of
sessile marine organisms (Sousa 1984). Thereis little
support for the intermediate disturbance hypothesisin
fire-prone communities. Studiesin Scottish heathlands
have shown asimpleincreasein diversity with increas-
ing fire frequency (Hobbs et al. 1984) and one of the
few studies specifically of fire frequency and diversity
(Collins 1992) suggested that the intermediate disturb-
ance hypothesis may not hold true in North American
grasslands wherefire is the disturbance.

Temporal changes in species richness following
fire can complicate investigation into the effect of
fire frequency on species diversity. In South Afric-
an fynbos, species richness peaks in the first year
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after fire and then declines as the community ages
(Kruger 1983; Hoffman et a. 1987; Le Maitre 1987,
Cowling & Gxaha1990). Other Mediterranean-climate
shrublands, including Californiachaparral, also exhib-
it marked temporal variation in species diversity fol-
lowing fire primarily as aresult of the diverse post-fire
herbaceousflora(Keeley et a. 1981). Any study of fire
frequency and diversity in fire-prone shrublands must
avoid confounding such diversity patternswithin afire
cyclewith changes caused by variation in the length of
each cycle. Diversity should be compared among sites
at the same stage in post-fire succession.

Another problem in investigating species diversity
is the extreme scale dependence of measures of
diversity. Conclusions regarding species diversity are
dependent upon the scale examined. For example, it
is possible for one of two sites to be more diverse
at a point scale of 1 m?, while the other site may
have more species in 0.1 hectare because of greater
‘turnover’. Although one site had a large number of
speciesin avery small area, fewer species were added
assampling sizeincreased. Thisturnover withinacom-
munity has been called ‘internal beta diversity’, ‘pat-
tern diversity’ (Whittaker 1977; Magurran 1988), or
‘community heterogeneity’ (Collins 1992). The inter-
mediate disturbance hypothesis makes no prediction
regarding the effect of disturbance frequency on com-
munity heterogeneity.

Disturbance is an important mechanism for pro-
ducing spatial heterogeneity (Collins 1989, 1992;
Chaneton & Facelli 1991). In the Mediterranean-
climate shrublands of South Africa, caled fynbos,
fire is the most importance disturbance and may be
acontrolling factor in patterns of speciesrichness. An
assessment of community heterogeneity attempts to
describe the interaction of scale and species richness,
to measurethe patchiness of speciesdistributions. Het-
erogeneity can be measured in a variety of ways. The
most intuitive representation of heterogeneity is the
slope of a species-area curve constructed by sampling
nested plots (Whittaker 1977; Bond 1983; Shmida
1984). Collins (1992), however, measured community
heterogeneity as the mean degree of dissimilarity in
species composition among multiple pointsin a com-
munity. Both methods attempt to include the effects of
scale in describing community diversity.

In this study, we compared species richness for
threefire regimesin South African mountain fynbosto
test the intermediate disturbance hypothesis over dif-
ferent spatial scalesfrom 1 m? to 0.1 hectares. We then
investigated the effect of fire frequency on community

heterogeneity. A nested plot sample design allowed
measurement of heterogeneity by constructing species-
areacurvesand by calculating point to point mean dif-
ference in species composition. By selecting nearly
even-aged sites, we attempted to isolate the effect of
fire frequency from the effects of stand age since the
last fire.

Materials and methods
Sudy area

This study was conducted in the Jonkershoek Valley,
Hottentot’s Holland Nature Reserve, about 15 km east
of the town of Stellenbosch, Western Cape Province,
South Africa. The arealies at 33°57' S and 18°55' E
and is within the Mediterranean-climate region of
South Africa characterized by cool, wet winters and
hot, dry summers (Versfeld et a. 1992). Areas of the
valley have been burnt under a variety of different fire
regimes for research and as a part of the normal man-
agement of fynbos water catchments (van Wilgen &
McDonald 1992). All study sites had a north-facing
(equatorial) aspect and were at approximately 320 m
elevation. Mean annual rainfall measured at 305 m near
the study sites was 1523 mm (Versfeld et al. 1992).
Sites were on acid, quartzite-derived soils.

Three areas of the north-facing slopes of Jonker-
shoek valley that had experienced different fire fre-
guencies were selected for study. The high fire fre-
guency sites were last burned in a control-burn on 17
March 1987; previoudly, the area was burned on an
alternating four and six year fire cycle. Directly adja-
cent were the intermediatefire frequency sitesthat last
burned in the same March 1987 fire. Previous recor-
ded fires at the intermediate frequency sites occurred
in 1927, December 1942, and February 1958 (van Wil-
gen & McDonald 1992). The low fire frequency sites
were less than a kilometer away and last burned in
1942 and in 1989. The slope angle at all sites ranged
from 20 ° to 23 °. Mesic mountain fynbos communit-
ies comprised all these sites (McDonald 1985). The
most obvious common shrubsat all sites were Cliffor-
tia cuneata, Proteaneriifolia, and Protearepens. Erica
hi spidula and members of the Restionaceae were com-
mon understory plants at all sites.

Although threefire frequency regimes cannot char-
acterizetheentirerange of possiblefirefrequencies, the
high and low fire frequency regimes here are known
to lie at the extremes of fynbosfire frequenciesfor the
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Figure 1. Modified ‘Whittaker plot’ used in constructing species
area curves.

area. Fynbos doesn’'t accumulate enough fuel to burn
at higher frequencies. The intermediate fire regimein
this study approximates what has been considered a
healthy fire frequency by fynbos managers.

Data collection

Each of the three disturbance regimes was represen-
ted by three sample sites. At each of the three areas,
three 01. ha sites (20 m x 50 m) were laid out. The
replicate sample plots were placed randomly within a
fire regime area (between 50m and 600m apart) and
were positioned to avoid gullies or rock outcrops and
to include what was judged to be a single community.
Thesampling design wassimilar to the* Whittaker plot’
(Shmida 1984), but modified as described by Keeley
et al. (1995) comprising of 10 non-overlapping 100 m?
plots nested within a site. These plots each contained
two 1 x 1 m subplots offset from opposite corners of
the10 x 10mplot (Figure1). Each 20 x 50 m sitewas
laid out with thelong axis paralel to the slope contour.
Specieslistsfor the 1 x 1 m subplots, the 10 x 10 m
plots, and the 0.1 hectare sites were made during June
and July 1995.

Data analysis

Species area curveswere constructed for each site and
for each fire regime. Scales in addition to the 1 m?,
100 m?, and 0.1 hectare were added to the curves by
combining species lists of all 13 combinations of two
adjacent 10 x 10 m sites for ascale of 200 m?, all four
combinationsof four 10 x 10 m plots forming squares
for ascale of 400 m?, and both combinations of six 10
x 10 m plotsforming 20 x 30 m rectanglesfor ascale
of 600 m?. The 400 and 600 m? plotswererestricted to
rectangular combinations so as to better approximate
the shape of the 20 x 50 m site. Regression analysis
was used to describe the species area curves at each
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site and in each fire regime in both semi-log and in
log-log space.

Statistical analysis and computation were carried
out using Systat (Wilkinson 1990) and Biodiv 4.1
(Baev & Penev 1993). Mean species richness for
each spatial scale was compared across all three fire
regimes using Kruskal-Wallace and Mann-Whitney
tests because parametric procedures were not justified
with the meristic variable, speciesrichness. To account
for spatial dependenceof subplotswithinasite, all stat-
istical tests were based on the three replicate sites in
each fire regime. For the smaller scales with multiple
subplots per site, al richness values were averaged
on a plot basis, then the three replicate plots in each
regime were used to generate a mean and standard
deviation. In unplanned pairwise Mann-Whitney tests,
a Bonferroni-type adjustment was used to control the
experiment-wide alphalevel.

Heterogeneity was defined as the mean dissimilar-
ity (D) between points in a community and was cal-
culated for all 190 pairwise combinationsof 1 x 1 m
subplotswithin asite. Dissimilarity, which variesfrom
0.0to 1.0, was defined as:

D=1-0Cs,

Cs =2a/(b+c),

Cs is the Czekanovski—Dice-Sorenson index
recommended by Pielou (1972), Campbell (1978) and
Magurran (1988); where a = the number of speciesin
common to both sites, b = the number of speciesin
one site and ¢ = the number of species in the other.
The 190 dissimilarity (heterogeneity) values in each
replicate site were averaged, and the three averages
were used to generate means and standard deviations
for each fire regime. Analysis of variance was used to
test differencesin mean heterogeneity among thethree
fire regimes.

Results

Mean species richness was significantly different
among the three fire regimes for the three smallest
scales (Table 1). At all scales, the intermediate fire
frequency regime had lower species richness than did
the frequently burned sites (Figure 2). This difference
was significant at the three smallest scales but not at
the three largest scales (although all P < 0.061). The
low fire frequency regime had the lowest mean species
richnessat 1 m?, 9.5, but the highest mean speciesrich-
ness at 0.1 hectare, 86.7 (Figure 2). Although low fire
frequency sites had significantly lower mean species
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Table 1. Mean species richness, test statistics and probability values for the Kruska-Wallace
comparison of mean species richness at six spatial scales among three fire regimes.

Scale (m?)  FireFrequency  Mean Species Kruskal-Wellace  Probability  Sample
Richness + SD  test stetistic (H) value (P) size(n)

High 16.6 + .503

1 Intermediate 11.0+ 1.58 6.0 0.050 3
Low 95+ 1.67
High 42.6 + 1.06

100 Intermediate 3114127 7.3 0.027 3
Low 38.0 £+ 0.58
High 54.0 + 2.48

200 Intermediate 39.2+ 251 6.5 0.039 3
Low 509 4+ 1.81
High 66.1 4 4.72

400 Intermediate 483+ 4.79 5.7 0.058 3

Low 635+ 15

High 727+ 6.74

600 Intermediate 54.0 £+ 5.60 5.6 0.059 3
Low 729+ 154
High 80.0 + 8.72

1000 Intermediate 64.7 + 6.66 5.6 0.061 3
Low 86.7 + 1.53

richness than did the high fire frequency sites for the
1 m?, 100 m?, and 200 m? scales (all P < 0.05), the
difference was not significant at the larger scales.

For each fire regime, species-area curves showed
higher rates of speciesaddition at thelarger scalesthan
predicted by asemi-log linear relationship. Polynomial
regression (r?> = 0.96, 0.94, and 0.97; F, = 5956,
3193, and 5807; adl v = 1, 151; al P < 0.001) better
described the curvesfor eachfireregimethan did linear
equations of the semi-log curves (r> = 0.91, 0.88,
and 0.91). Linear regression of log-log plots also well
described the three species-area curves (r> = 0.95,
0.87,and 0. 96; F; = 2833, 962, and 3186; dl v = 1,
151; &l P < 0.001) (Figure 3). Slopes of thelog-log
species-areacurves at each replicate site within all fire
regime areas ranged from 0.221 to 0.349 (Table 2).
Analysis of covariance revealed a nearly significant
difference between the slope of the high fire frequency
log-log species-area curve (0.225) and that of the low
fire frequency curve (0.321) (F; = 4.862; v = 1, §;
P = 0.059).

Mean dissimilarity between 1 x 1 m plots with-
in a site differed significantly among fire regimes
(Fs = 6.75; v = 2; P = 0.029). Bonferroni pairwise

Table 2. Slopes and intercepts of log-log species-area curves for
each site. The curves constructed for each fire regime use the mean
species richness values at each scale among al three sites at each
fireregime. The straight line in log-log space has an equation in the
formlog S = z log A+ log c where S = speciesrichnessand A =
area.

Sitereplicate Slope (2) Intercept (c)

1 0.229 1221

2 0.221 1.197

3 0.224 1.213

High fire frequency regime  0.225+ 0.004  1.210 + 0.012
(mean + SD)

4 0.240 1.055

5 0.252 1.024

6 0.258 0.963
Intermediate firefrequency  0.250 4+ 0.009  1.014 + 0.047
regime (mean + SD)

7 0.349 0.895

8 0.324 0.941

9 0.289 1.042

Low fire frequency regime  0.321 + 0.30 0.959 + 0.75

(mean + SD)
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Figure 2. Mean species richness and sample area for fynbos sites
in the Jonkershoek Valley. Curves represent best fit lines from poly-
nomial regression for each fire regime. Open squares are the high
fire frequency sites (four and six year fire cycle); regression model
richness = (log scale)341> + 8.4 (log scale) +16.57 (r = 0.99,
p < 0.001). Close circles are the intermediate fire frequency sites
(29, 16, and 15 year fire cycle); regression model richnesss = (log
scale)®2%2 4 534 (Log Scale) + 10.97 (r = 0.98, p < 0.001).
Close triangles are the low fire frequency sites (42 years between
fires); regression model richness = (log scale)®-59 1-8.87 (log scale)
+9.423 (r = 0.991, p < 0.001).
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Figure 3. Mean species richness and sample area for fynbos sites
in the Jonkershoek Valley. Same data as Figure 2 plotted in log-og
space.
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comparison showed that heterogeneity at the interme-
diate and low fire frequency regimes differed signi-
ficantly (P = 0.033). Mean heterogeneity correlated
exactly with mean species richness at the 0.1 hectare
scale and was lowest (0.50) at the intermediate fire
frequency and highest (0.64) at the low fire frequency
sites (Figure 4).

Discussion

Despite a growing awareness of the importance of fire
in many plant communities, few studies have investig-
ated the role of fire frequency in creating patterns of
species diversity. Although the intermediate disturb-
ance hypothesis is a widely accepted explanation for
patterns of species diversity at the alphalevel, its sup-
port has come mainly from studies of marineintertidal
organisms(Sousa 1984). Thelarge spatial and tempor-
al scales necessary for studies of fire frequency and
diversity have made finding suitable sites very diffi-
cult and those few studies which have investigated the
intermediate disturbance hypothesisin relation to fire
(Collins 1989, 1992) have used grassland communities
where fire is more easily managed than in shrublands.
Although Collins (1992) suggested that the intermedi-
ate disturbance hypothesismay not hold true for North
American grasslands, this study wasweakened by con-
founding the pattern of diversity changes over time
within asingle fire cycle with the pattern produced by
the freguency of such cycles. To avoid confounding
these patterns, sites in the same stage of post-fire suc-
cession are required. The large spatial scales and the
long time periods necessary to establish afire history
at a given site make problems of pseudo-replication
unavoidable in an investigation of fire frequency and
species diversity.

Although the intermediate disturbance hypothesis
predicts that diversity will be highest at intermediate
fire frequencies, the opposite was found in this study.
Diversities at most spatial scales were lowest at sites
that had experienced an intermediate fire frequency.
Fire frequency had contrasting effects on speciesrich-
ness at different spatial scales: the least frequently
burned sites had significantly lower species richness
at 1 m?, but the highest species richness at the lar-
ger scales. These different patterns at different spatial
scales highlight the importance of examining hetero-
geneity as well as diversity. The heterogeneity results
mirror the trend exhibited by the species richness pat-
tern at the larger scales (Figure 4): sites that showed



82

G7 T T |

o
93]
T
!

o
(&3]
i
{

Mean heterogensity

04 -
Low Intermediate  High

Fire regime

Figure 4. Mean heterogenity by fire regime for sites in the Jonker-
shoek Valley. Heterogeneity is defined as 1 — Cs where C; isthe
Sorenson similarity coefficient calculated for al pairwise combin-
ations of 1 x 1 m subplots within a site. The high fire frequency
regime burned on an aternating four and six year fire cycle. The
intermediate fire frequency regime burned at intervals of 15, 16
and 29 years. The low fire frequency regime experienced 42 years
between fires. Error bars indicate one standard error.

a high degree of dissimilarity between 1 m? subplots
were the most diverse at the 0.1 hectare scale. Firefre-
guency regimeswere not replicated in this study asthe
site replicates for each regime al fell within a single
burn. Therefore, it may be difficult to make generaliz-
ations from these results. Nevertheless, these patterns
show a marked departure from the predictions of the
intermediate disturbance hypothesis.

M echanisms other than the competition invoked by
the intermediate disturbance hypothesis may account
for the patterns observed here. At the smaller scales,
theincreasein diversity with increasing fire frequency
may simply be an artifact of plant size: very frequent
fires select for small plants and more individuas are
packed in asingle plot (Oksanen 1996). Previous stud-
iesof fireand diversity have described similar patterns.
In studies of Scottish heathlands, for example, Hobbs
et a. (1984) found by comparing sitesin the first sea
son after burn, that sites that had experienced long
intervals without fire had fewer species: the highest
fire frequencies studied (615 years) produced the
highest diversity. At larger spatial scales, the effect
of decreased habitat heterogeneity with increasing fire
frequency may swamp the effect of plant size. Collins

(1992) found a monotonic decline in grassland com-
munity heterogeneity with increasing fire frequency.
Frequent burning might be expected to reduce habitat
heterogeneity and therefore decrease community-wide
species richness. Older vegetation, such as that at the
low fire frequency sites before the 1989 burn, may
have a more heterogeneous fuel load which can create
patches of varying fire intensity during a burn. It is
possible that such heterogeneity in fire intensity may
cause specific responsesin seed germination or recruit-
ment among different fynbos speciesand lead to great-
er heterogeneity in post-fire vegetation. Bond and van
Wilgen (1996) describe such possible mechanisms.

The fynbos shrublands of the Cape Province of
South Africa have experienced periodic burning for
at least 100000 years, possibly since the early Pleis-
tocene (Kruger 1979), and fire is currently used as a
management tool to maintain biological diversity and
watershed quality (Le Maitre 1987; Cowling & Gxaba
1990). Managers of fynbos have generally focused on
preserving the prominent shrub speciesand have there-
fore considered fire intervals of about 15-25 years to
beidea (McLachlan & Moll 1976; van Wilgen 1982;
Brown et al. 1991). Frequent burning of fynbos alters
species composition by eliminating the large shrubs,
mostly members of the Proteaceae, that do not have
time to reach maturity between fires. Very long inter-
vals between fires may likewise eliminate the largest
shrubs because many of these proteoid species rely
upon canopy-stored seed banks; the shrubs may sen-
esce before fire allows their serotinous cones to open.
The accumulation of dead biomass in old vegetation
can aso lead to more intense fires which may kill
vegetation able to withstand less intense burns (Bond
1980; van Wilgen 1982). Although intermediate fire
frequencies may preserve the large proteoid shrubs,
this study found that such management will not neces-
sarily preservethelargest number of speciesover a0.1
hectare scale.

The deviation of the species-area curves from
the expected semilog linear relationship in this study
remains unexplained. Previous studies in fynbos have
shown a linear relationship between species richness
and log of sample area (Bond 1983; Richardson et al.
1989), and this semilog relationship has been reported
fromavariety of terrestrial plant communities(Shmida
1984; Miller & Wiegert 1989; Schafer 1990). When
compared with the results of these previous studies,
the species-area curves found in this study generally
show lower species richness values at the 100 m?
scale. Recent work in Californiausing the same nested-



plot sample design indicates that post-fire chaparral,
however, exhibitsasimilar deviation from the semilog
relationship (Keeley, in press).

When datawere plotted on alog-log scale, asigni-
ficant linear relationship appeared (Figure 3). Although
most plant diversity studies have shown linear species-
area relationships on semi-log scales, Rosenzweig
(1995) attributes thisto problems of small sample size
and suggeststhat the log-log linear relationship should
be more common when sample sizes are sufficiently
large. Rosenzweig (1995) notes that almost all anim-
al species-area curves and plant species-area curves
constructed from nested plots over very large areas
approximate a straight line in log-log space. Although
other studiesin fynboshaveused slightly different nes-
ted plot designs, it seems unlikely that differencesin
sampling procedure could account for the markedly
steeper curvesfound in this study. A possible explana-
tion for these unusually steep species area curves may
be that the vegetation was younger than that sampled
in previous fynbos studies; perhaps maturing fynbos
masks the heterogeneity effects seen in younger com-
munities.

The intermediate disturbance hypothesis does not
seem to hold true at any spatial scale in this study.
At the small scales, the effect of plant size likely
affects species diversity: high fire frequencies lead
to smaller plants and more individuals per site. At
larger scales, the effects of heterogeneity in fuels
and subsequent post-fire habitat heterogeneity may
increase community-wide speciesdiversity. Theability
of vegetation to influence the nature of the disturbance
itself may contribute to the failure of the intermedi-
ate disturbance hypothesisin fire-prone systems. This
study suggests that patterns of diversity and disturb-
ance in fire-prone shrublands might be very different
from those that emerged in marine studies.
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