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Abstract

Climate, topography, vegetation and land use interact to influence fire regimes. Variable fire regimes may promote landscape
heterogeneity, diversification in vegetation pattern and biotic diversity. The objective was to compare effects of alternative
land use practices on landscape heterogeneity. Patch characteristics of fire scars were measured from 21 annual burn map.
produced from 1972 to 2001 Landsat imagery. Trends in fire patterns under alternative land use practices were compared
across a 250,000 ha savanna in southern Africa partitioned into three land use zones. Zone 1, Madikwe Game Reserve (MGR),
has had mostly prescribed fires since 1993. Zone 2, cattle farms near MGR in South Africa (SAF), has experienced occasional
fires. Zone 3, communal grazing lands in neighboring Botswana (BOT), has had the fewest fires. Cattle ranching was the
predominant land use throughout the study area until 1992, when land use switched to conservation and eco-tourism in MGR.
Sixteen landscape metrics were applied to this data set to uncover trends in the patch characteristics of the fire scars. A
principal components analysis (PCA) reduced the dimensionality of the results so trends in the 10 most important size, shape,
and proximity metrics could be better interpreted. The PCA results showed that more burning over time in MGR, and to a lesser
extentin SAF, increased patch size, size variability, shape complexity and proximity, while fire exclusion in BOT produced no
change or decreasing trends. We tested for significant differences in these metrics between the three land use zones and betwee
two periods, 1972-1992 and 1993-2001. Most patch characteristics in MGR and SAF differed significantly from those in
BOT, especially during the latter period, while between MGR and SAF they did not. Patch area, shape complexity and core
area increased significantly between periods in MGR, while patch size, size variability and core area increased significantly
between periods in SAF. In BOT, no patch characteristics changed significantly between periods. Within the time span analyzed
for the study area, we conclude that increased fire occurrence promoted landscape heterogeneity while fire exclusion did not.
Published by Elsevier B.V.

Keywords:Botswana; Fire exclusion; Fire management; Landsat; Landscape heterogeneity; Landscape metric; Patch characteristic; Prescribed
fire; Principal components analysis; South Africa

1. Introduction
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Africa have amassed a large body of information
on fire effects on savanna vegetation (eRillips,
1930; Acocks, 1953; Trapnell, 1959; Trollope and
Tainton, 1986; Bond, 1997). Savanna vegetation
dynamics are inherently unstable (Norton-Griffiths,
1979; McNaughton, 1984; Trollope, 1984; Westoby
et al., 1989) and respond to periodic yet spatially and
temporally unpredictable climate, fire, grazing, and
browsing events (Bond and van Wilgen, 1996).

Fires are limited by fine fuel availability, which is
in turn dependent on soil moisture and nutrient avail-
ability (Rutherford, 1980; Scholes and Walker, 1993).
Flammability varies among plant communities, and
fuel breaks due to roads and topography affect fire

ms and Environment 101 (2004) 307-325

rains (van Wilgen et al., 1990, 2000; Brockett et al.,
2001).

The frequency at which a landscape burns depends
on many factors, as well as their interactions. Shifts in
fire frequency lead to changes in vegetation structure
and composition, which in turn modify the intensity
of subsequent fires (Kilgore, 1981).

Fuels after recent fires often have insufficient dead
fuel to sustain even low-medium intensity fires. Fires
are also limited by ignitions, which depend on land
use, lightning strikes, fuel condition and other fac-
tors. Fire size is nested hierarchically under other fire
regime descriptors (e.g. frequency, intensity and sea-
sonality) and physical factors (Fig. 1). Fires often are

spread (Whelan, 1995) and size (Rupp et al., 2000b) irregular in size and shape and may promote hetero-
across the landscape mosaic. Weather, topography andyeneity in vertical and horizontal vegetation structure

fire history interact in complex ways to modify fuel

characteristics (notably fuel biomass and dead-to-live

ratio) across the landscape (Christensen, 1981
Whelan, 1995; Morgan et al., 20p1Fires in south-
ern African savannas typically occur late in the dry

(Forman, 1995).

Landsat imagery, now available for over 30 years,
;can help provide useful data for mapping fire scars
(Richards, 1984; Hudak et al., 1998; Patterson and
Yool, 1998) and fire history (Russell-Smith et al.,

season (August—November), prior to the first seasonal 1997; Hudak and Brockett, 2004). Landscape metrics

Human Land Use
Disturbance ) .
Regime Fire Herbivory
y

Vertical and Community
Vegetation Horizontal Composition, Biomass

Structure Population Accumulation

Densities
Physical Topography Sail Type Climate
Environment
L ———1 ———— |

Fig. 1. Conceptual diagram illustrating interactions between physical environment, vegetation, disturbance and land use (modified from
Riba and Terradas, 1987; Whelan, 1995
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may be applied to fire scar maps derived from Land- geneity exists. Since vegetation heterogeneity was not
sat imagery. Landscape metrics are fundamental measured directly in this study, the more general term
ecological assessment tools and offer promise to landscape heterogeneity (Turner et al., 1994) was
land managers because they can measure the patternsed instead. This analysis tested two hypotheses:
of landscape elements across space and over time
(Leitao and Ahern, 2002). There are literally hundreds 1. Landscape heterogeneity is a function of fire oc-
of metrics; therefore, it is advisable to choose suit- currence in semi-arid, southern African savanna.
able metrics based on previous studies and reviews?2. Fire occurrence is influenced primarily by land use
(Riitters et al., 1995; McGarigal and McComb, 1995; practice (e.g. prescribed fires or fire exclusion) in
Gustafson, 1998). Landscape metrics have been used semi-arid, southern African savanna.
to show the effects of fire suppression on landscape
structure (Baker, 1992) and to explore if reinstating
a natural fire regime may restore landscape structure2. Methods
after decades of fire suppression (Baker, 1994).

Landscape metrics were used to determine trends in2.1. Study area
fire patterns in a semi-arid savanna in southern Africa,
using a database of annual burn maps produced from The 250,000 ha area of interest in southern Africa
1972 to 2001 Landsat imagery. The study area fea- straddles the Botswana (BOT)-South Africa bor-
tures different fire regimes with variability in space der just southeast of Gaborone, Botswana’'s capital
and time, due in large part to differing land use. The (Fig. 2). The study area was partitioned into three land
objective was to compare effects of alternative land use zones. Zone 1 in South Africa is Madikwe Game

use practices on landscape heterogeneity. Reserve (MGR), where many fires since 1992 have
been prescribed. Zone 2 consists of South African
1.2. Justification farms (SAF) outside of MGR in portions of Lehu-

rutshe, Marico, Madikwe and Thabazimbi Districts,

A fire history can serve as a useful database for land where farmers occasionally prescribe fires. Zone 3 in
managers (Russell-Smith et al., 1997; van Wilgen BOT is primarily a communal grazing areain Kgatleng
et al., 2000; Hudak and Brockett, 2004). Provided and South East Districts, where fires are discouraged.
the interpretation of burned and unburned areas is Most of the study area has been or is currently used
sufficiently accurate, Landsat data are suitable for as livestock range (Table 1). Grazing is most inten-
determining between-fire intervals (Gill et al., 2000), sive in BOT, which reduces vegetation biomass and
patch characteristics (Turner et al., 1994; Haydon limits fuel for fires. There is limited dryland cropping
et al., 2000), fire severity (White et al., 1996; Hudak in BOT and some irrigation cropping in SAF near the
et al., 1998) and other aspects of fire regime. There is Marico River along MGRs eastern border. MGR was
increasing interest in using landscape-level researchestablished in 1991 by the government of the former
for managing wildlands and restoring natural distur- Apartheid-era tribal homeland of Bophuthatswana, af-
bance regimes in fire-suppressed landscapes (Bakerter a specially-commissioned land survey (Setplan,
1994). Studies have shown landscape metrics can bel991) concluded that a game reserve would be more
used effectively to assess fire pattern and landscapeprofitable than the existing cattle farms, which had be-
heterogeneity (Turner et al., 1994; Henry and Yool, come severely bush encroached after decades of heavy
2002; Keane et al., 2002). grazing (Hudak, 1999b). Managers in MGR began ap-

Based on procedures froidcGarigal and Marks  plying prescribed fires in 1992, and since 1993 fires
(1995) for assessing patch characteristics, landscapehave been applied or wildfires managed with the ob-
metrics were applied to annual burn maps produced jectives of controlling bush encroachment and hence
by Hudak and Brockett (2004). Implicit throughout enhancing game visibility for tourists.
this study is that fire pattern is closely related to veg-  Climate is semi-arid, with 95% of annual rainfall
etation pattern; i.e., one should observe greater fire occurring between October and April. Annual rainfall
patch heterogeneity where greater vegetation hetero-averaged 520 mm across 35 area stations from 1909 to
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0] 10 20 30km

Fig. 2. Location of study area, with three land use zones indicated.

2002, with a standard deviation of 171 mm. Elevation center. Soils are heterogeneous across the study area,
ranges from 872 to 1474 m, yet the landscape is gener-ranging from heavy clays (46% clay) to sandy loams
ally flat except for roughly parallel ridges of rocky ter-  (73% sand), and soil texture is a major determinant of
rain along MGR'’s southern boundary and through its vegetation structure and plant community composition

Table 1

Descriptions of the three land use zones compared

Zone Code Description Land use Fire management

1 MGR Madikwe Game Reserve Stocked with cattle until circa 1988; stocked Fire management since
with a range of native ungulates including 1992
elephant and white rhino since 1992

2 SAF South African farms W, S Stocked with cattle Some prescribed fires

and E of MGR otherwise mostly wildfires
3 BOT Communal grazing land Stocked with cattle, goats, and some sheep Fire exclusion

in Botswana, N of MGR
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(Hudak et al., 2003). Important woody species include: or <16km outside the edgéN =
Dichrostachys cinereaubspafricana,Acacia tortilis,
A. nilotica, A. erubescend. mellifera,A. robusta,A.
caffra, A. karroo,Combretum apiculatung. imberbe,
Grewiaspp. andSclerocarya birregHudak, 1999a).

5). Monthly
values were summed into seasonal totals for each
station, with “seasonal” defined as the 12-month pe-
riod beginning 1 July of the previous year. (Seasonal
rainfall is more ecologically meaningful than annual
(January—December) rainfall in this region because
it encompasses the entire rainy season preceding the
burning season.) Years with missing monthly values
Fire scar extents were mapped annually from 1972 were omitted so as not to bias the sums. Finally,
to 2001, however, there were several years when stations having data within the 1972-2001 period of
Landsat images were not available (1974, 1976-1978, interest were extracted, yielding 27 of the original 35,
1981-1985). Most of the images obtained were cap- with 7—16 stations supplying seasonal rainfall data for
tured late in the dry season, or soon after the majority any given year. The rainfall statistical analysis was
of fires generally occur, to maximize mapping accu- performed inR.
racy. The spectral sighatures of burned areas could be

2.2. Fire scar mapping

better distinguished after principal components analy-
sis (PCA) (Richards, 1984; Singh and Harrison, 1985;
Fung and LeDrew, 1987) than in the raw data. Burned

Table 2
Sixteen landscape class metrics included in the analysis, grouped

areas were subsequently separated from unburnedoy typet

areas with a supervised classification (parallelepiped)
of the principal components (PCs). Mapping accuracy
was better than 90%, matching the mapping accuracy
of the most similar prior fire history mapping study,
conducted in Australia (Russell-Smith et al., 1997).
Hudak and Brockett (2004rovide full details on the
image processing and validation methods used.

Fire scar classifications of the 34 images were
grouped by year into 21 annual burn maps (1972-1973,
1975, 1979-1980, 1986-2001) in Arc/Info GRID
(ESRI, Redlands, CA). The original burn maps var-
ied in extent from 50 kmx 50 km to 60 kmx 60 km
according to the extent of the source imagery. This
study of patch dynamics required that comparisons be
over a common spatial extent, so the 50 kns0 km
central portion of each map was extracted. The maps
had a grid cell resolution of 1 ha, which is considered
appropriate for the development of pattern metrics
over a large area (O’Neill et al., 1996). Annual burn
maps were then partitioned into two periods of inter-
est, 1972-1992 or 1993-2001, to test the hypotheses
Cumulative maps of fire scars for both periods also
were produced, by summing the appropriate annual
burn maps and then applying a median filter.

2.3. Rainfall analysis

Monthly rainfall data were obtained for 35 sta-
tions situated either inside the study ai@a = 30)

Metric group and Metric name
abbreviatio
Area metrics

CA Class area

LPI Large patch index

Patch density and size metrics

NP Number of patches
MPS Mean patch size
PSSD Patch size standard deviation

Edge metrics

TE Total edge

Shape metrics

MSI Mean shape index

AWMSI Area weighted mean shape
index

MPFD Mean patch fractal dimension

AWMPFD Area weighted mean patch
fractal dimension

LSI Large shape index

Interspersion metrics

MPI Mean proximity index

‘Core area metrics

TCA Total core area

MCA Mean core area

CASD Core area standard deviation
TCAI Total core area index

aComplete descriptions of metrics are availableMoGarigal
and Marks (1995).

bCA, LPI, NP, MPS, PSSD, TE, LSI, MPI, TCA, MCA, and
CASD were log-transformed for normality. AWMSI was square
root transformed for normality.
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2.4. Landscape metrics of peripheral patches decreases due to the constraint
imposed by an artificial boundary. Since there is noth-
A set of 16 landscape metrics was employed to ing simple that can be done about this, conclusions
uncover temporal trends in the spatial characteristics drawn from the analyzed data must be appropriately
of the fire scar patches mapped from 1972 to 2001. tempered. Several core area indices were calculated
These metrics can be generalized into six classesbased on a specified edge width, which for the pur-
according to patch characteristic (Table 2). Each pose of this study was defined as a 100 m wide buffer
map was processed (FRAGSTATS®icGarigal and along the perimeter of each fire scar patch. This was
Marks, 1995) to compute the spatial configuration of done to reduce the number of small, spurious fire scar
the patches for each year. The MGR boundary and patches that might represent misclassifications.
international border were the zonal boundaries con-
sidered for the purpose of calculating all the metrics. 2.5. Statistical analyses
(Since 1994, MGR has undergone several small ex-
pansions along its eastern border. Because the added Whether through theoretical considerations or a
area (926 ha) is small relative to the extent of the more objective statistical analysis, landscape metrics
study area (250,000 ha), we ignored this complication need to be examined for independence, as they tend to
in the analysis and used the current MGR border to covary (McGarigal and McComb, 1995; Riitters et al.,
define Zone 1, as illustrated Fig. 2.) The true size  1995; Tinker et al., 1998). While the aforementioned

1972 1973 1974 1975 1976-1978
‘ :.“ No Data ‘ No Data
. ,. \ : - E
1979 1980 1981-1985 1986 1987
‘' w w W
“ No Data e
1988 1989 1990 1991 1992
w a5 W W
1993 1994 1995 1996 1997
.‘p E b
_‘ n A :
1998 1999 2000 2001
: 1 o . » ) M Fire Scar
i e . T i SAF (Zone 2)
. = TL.E . Y ; = BOT (Zone 3)

Fig. 3. Annual burn maps (1972-2001) fratudak and Brockett (2004). Each map extent is 50450 km, and the spatial resolution is 1 ha.
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authors statistically determined a reduced set of met- lowing methods outlined iRiitters et al. (1995and

rics for use in North American landscapes, there is Tinker et al. (1998), the dimensionality of the patch
no guarantee that the same metrics extend to othermetrics calculated for each land use zone was reduced
ecosystems and regions of the world. Therefore, fol- using PCA with a varimax rotation to group metrics

(@ 1972-1992 (Period 1)

Number Area
of Fires (ha)
5 Il 38
4 N 295
3 N 1283
2 10774
1 & 30197
o [J 207413

T 1

0 5 10 15 20km

(b)
Number Area
of Fires (ha)
5 Il 254
4 W 3121
3 12834
2 N 20897
1 36264
o [ 176630

0 5 10 15 20km

Fig. 4. Maps of fire scars documented for periods: (a) 1972-1992 and (b) 1993-2001.
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into uncorrelated components that explained most metrics useful for management and monitoring. Sig-

of the variation in the original data sets. A varimax nificant variablesl« = 0.05) are denoted in the re-

rotation allows for a better fit of the PC axes with sults. Statistical calculations were performed in Systat

the scores, and thus better interpretability of the axes (SPSS, Chicago, IL).

(Legendre and Legendre, 1998). The number of fac-

tors to interpret was determined using the broken stick

method (Legendre and Legendre, 1998). This test 3. Results

usually recognizes the first two or three PCs as mean-

ingful and corresponds to empirical studies confirmed 3.1. Burn maps

by Jackson (1993). Landscape metrics with factor

loadings >0.7 were considered important. The result-  Annual burn maps over the two time periods of in-

ing factors and their scores represented interpretable,terest reveal increased fire frequency in Period 2 rel-

independent measurements of variation within each ative to the longer Period 1 (Fig. 3). The increase in

data set that could be used to describe the spatial andMGR is not accompanied by a comparable increase in

temporal trends found within each land use zone for SAF, and fire exclusion continued in BOT during both

the length of recorded data. periods (Fig. 4). Examination of the burned area trends
One- and two-way analysis of variance (ANOVA) for all three land use zones, in conjunction with the

operations were also performed on the patch metrics mean seasonal rainfall trend across the study area, il-

to determine significant differences between land use lustrates poor correspondence between these variables

zones and periods. The procedures were conductedwithin the spatial and temporal limits of the analysis

in an objective effort to define a subset of significant (Fig. 5).

45000 1000
H Botswana
40000 4 B South African farms - 900
3 Madikwe Game Reserve
35000 4 —— Seasonal Rainfall (mm) - 800
L 700 E
= 30000 - é
< FB00 g
T 25000 - 't
€ 500 B
5 ‘ 500 g
0 20000 - ©
S | : Sa00 - §
= 7]
< 15000 - ©
O
%3]

F

LI B S S S D N B B B B B B R

r 300
10000 - 5
5000 L 100
O' H H a = |H| LI O
o
2

1972
14974
1976
1978
1980
1982
1984
1986
1988

Year

Fig. 5. Total hectares burned annually in three land use zones, plotted with ts@mdard deviation) seasonal rainfall, 1972-2001. Total
area of each land use zone: MGR60,452 ha; SAFR= 140,202 ha; BOE= 49,346 ha.
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3.2. Rainfall analysis Table 3
Two-way ANOVA significance levels comparing 16 landscape met-
rics against three land use zones (MGR, SAF, BOT) and two

Seasonal rainfall variation between years (coeffi- periods (19721992, 1993.2001)

cient of variation= 30.0%) was considerably greater

than between stations (coefficient of variatioa Landscape metrfc  Zone Period  Zone period
13.4%). Visually, seasonal rainfall trends looked Area
similar between stations, with large deviations from A 0.0000 0.0958  0.0239

. o2 . LPI 0.0000**  0.0165  0.0932
the general trend confined to individual stations and

years. Student'$-tests comparing individual stations Density and size

; . NP 0.0001**  0.3505 0.2820
in separate land use zones and having at least 16 0.0000%  0.0285  0.0020*

years of data between 1972 and 2001 yielded only pssp 0.000G** 0.0250 0.0152

insignificant differencegP > 0.1). Stations located Edge

within the same land use zone were then grouped; Tg 0.0052* 0.1901 0.0619

subsequent-test comparisons between MGR = Shape

8), SAF (N = 15) and BOT (N = 4) were all in- MSI 0.2692 02431  0.0301

significant. Similar comparisons between land use AwMSI 0.0146 0.1940 0.1257

zones within each period were only insignificant =~ MPFD 0.2966 0.2877 0.1577
AWMPFD 0.3044 0.2495 0.1397

as well. Therefore, the data were pooled across all
stations to produce a mean seasonal rainfall trend _
representative of the entire study area, to compare '”t&r;f’ers'on . pos
visually against the burn area trend (Fig. 5). A fi- 0.0000 00383 0049
nal t-test across all 27 stations revealed no signifi- COTreC el 00000  0.0656  ©0.0247
cant difference in seasonal rainfall between periods ' ' '

LSl 0.0014* 0.0388 0.0400

MCA 0.0000*  0.0234  0.005F*
(P =0.6725). CASD 0.0000**  0.0308  0.036%
TCAI 0.0000**  0.0114  0.0059*

3.3. Landscape metrics aLandscape metric abbreviations are definedable 2.
* Significance atP < 0.05.

The PCA results served to identify which landscape  ** Significance atP < 0.01.
metrics explained most of the variation in the patch ™ Significance atP < 0.001.
data and helped to identify major trends between pe-
riods for each land use zone. PC1 was most heavily The 10 metrics showing significant zoseperiod
weighted by patch shape variability in MGR, patch interactions inTable 3 were analyzed further in a
size variability in SAF and patchiness in BOT. PC2 one-way ANOVA to look for significant differences
was most heavily weighted by shape complexity in between individual land use zones grouped by period
MGR, SAF and BOT. PC3 was most heavily weighted (Table 4). MGR was compared to SAF and BOT for

by patchiness in MGR and SAF (Appendix A). Period 1 but no significant differences were found.
Since the MGR fire management program is only
3.4. Significance tests relevant to Period 2, MGR and SAF were grouped to-

gether as Zone 2 for Period 1. For Period 1, differences

A two-way ANOVA comparing landscape metrics between the combined MGR-SAF and BOT were sig-
against land use zone (MGR, SAF, or BOT) and period nificant for 7 of the 10 metrics tested, predominantly
(1972-1992 or 1993-2001) revealed significant differ- the area and core area metrics. For Period 2, BOT
ences between zones for 13 of the 16 metrics testeddiffered significantly from SAF for all 10 metrics, and
(Table 3). Differences between periods were signifi- from MGR for 9 of the 10 metrics; MGR and SAF
cant for 8 of the 16 metrics tested, distributed across did not differ significantly for any metric.
all metric groups. Following a pattern similar to pe- The same 10 landscape metrics were analyzed in
riod comparisons, 10 of the 16 significant interactions another one-way ANOVA comparing Periods 1 and 2
between land use zone and period were found. for each land use zone. Patch area, shape complexity
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Table 4
One-way ANOVA statistics comparing land use zones grouped by period for 10 landscape metrics with significaqteztkinteractions
(Table 3}

Landscape metric Period 1 (1972-1992) Bonferroni differences Period 2 (1993-2001) Bonferroni differences
Area

CA 0.0289 2/3 0.0000 1/3*, 2/3*
Size

MPS 0.1866 None 0.0000 3 2/3*

PSSD 0.0142 2/3¢ 0.0000 1/3*, 2/3*
Shape

MSI 0.7881 None 0.0089 113

LSl 0.1388 None 0.0010 1/3*, 2/3*
Interspersion

MPI 0.0265 2/3 0.0001 1/3**, 2/3*
Core area

TCA 0.0042 2/3* 0.0000 1/3*, 2/3*

MCA 0.0260 2/3* 0.0000 1/3*, 2/3*

CASD 0.0067 2/3 0.0000 1/3*, 2/3*

TCAI 0.0080 2/3* 0.0000 1/3%*, 2/3*

aBonferroni corrected pairwise differences are presented to show significant differences between land use zones. Zone 1: MGR; Zone
2: SAF; Zone 3: BOT. MGR and SAF were grouped together as Zone 2 for Period 1 because the land use practices then were the same

b Landscape metric abbreviations are definedable 2.

* Significance atP < 0.05.

** Significance atP < 0.01. L. g .
9 and core area metrics increased significantly in MGR,

while patch size, size variability and core area met-
rics increased significantly in SAF. No patch metrics

Table 5 L .
One-way ANOVA significance levels comparing periods grouped Changed Slgnlf!camly in BOT (Tat_”e 5)' .
by land use zone for 10 landscape metrics with significant zone Box plots of five landscape metrics representing var-
period interactions (Table 3) ious patch characteristics illustrate that, between Pe-
Landscape Zone 1 Zone 2 Zone 3 riods 1 and 2, total class area, mean core area, mean
metrié (MGR) (SAF) (BOT) patch size, patch size standard deviation, mean patch
Area shape, and mean patch proximity exhibited the same
CA 0.0366 0.0672 0.6013 general pattern: increases in MGR, smaller increases
Size in SAF, and no change or decreases in BOT (Fig. 6).
MPS 0.0573 0.0252 0.2750
PSSD 0.1253 0.0432 0.6061
Shape 4. Discussion
MSI 0.0408 0.7879 0.4485
LSI 0.0262 0.3408 0.7761 4.1. Burn maps
Interspersion
MPI 0.2770 0.4189 0.9101 Substantial fire activity occurred in Zone 1 in 1989
Core area and 1990 (Figs. 3 and 5), which is interesting because
TCA 0.0395 0.0363 0.5571 these fires predate the proclamation of MGR, their
MCA 0.0429 0.0199 0.4894 coverage is extensive, and their perimeter closely cor-
CASD 0.1004 0.0365 0.6572 q he f bound f MGR (Fia. 3). A
TCAI 0.0028* 0.1641 0.5591 responds to the future boundary o (Fig. 3).

plausible explanation is that in 1988, the former South
African government purchased the land for fair market
value from the resident South African farmers and

a8l andscape metric abbreviations are definedable 2.
* Significance atP < 0.05.
** Significance atP < 0.01.
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Fig. 6. Box plot pairs illustrating differences between Periods 1 (left) and 2 (right) in landscape metrics: (a) CA, (b) MCA, (c) MPS, (d)
PSSD, (e) MSI and (f) MPI for each land use zone. Landscape metric abbreviations are defiabtki.

transferred ownership to Bophuthatswana, the largestrestocking of large mammals commenced in MGR
of the quasi-independent, black homeland states estab{Table 1). Severe frost events during a particularly
lished under Apartheid (Hudak, 1999b). These lands cold winter in 1987 may have top-killed up to 30% of
were unstocked with cattle from 1989 until 1992, when some woody species (D. cinered, nilotica and A.
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robusta) Emit, 1990). Rainfall in 1988 and 1989 was more fires in Period 2, while no change or decreases
above average (Fig. 5), which would have increased in these same indices in BOT are associated with fire
fine fuel loads in the subsequent 1989 and 1990 fire exclusion throughout the data record (Fig. 6). These
seasons. All of the above circumstances could have results support the first hypothesis that landscape het-
contributed to the extensive 1989 and 1990 fires. erogeneity is a function of fire occurrence, at least
Since 1993, most of the area burned in MGR within the spatial extent and time interval of this study.
has been from prescribed fires (1993, 1994, 1996, Where burning increased the most (MGR), landscape
1998-2001). Lightning caused most of the burning in heterogeneity also increased the most. Where burning
MGR in 1992 and ignited small fires in 1995, 1997 increased by a lesser amount (SAF), smaller increases
and 1998. Since SAF and BOT lack formal fire man- in landscape heterogeneity were observed. Where fire
agement programs, most fires outside of MGR may exclusion persisted (BOT), landscape heterogeneity
be attributed to accidental ignitions, arson or lightning did not change significantly. While increased burning
strikes. Hudak (1999b)interviewed SAF farmers in  was observed to only increase landscape heterogene-
1996 and learned that on occasion they ignite fires. ity, too much burning could conceivably decrease it,
just as too little.
4.2. Landscape metrics The relative lack of significant differences in patch
characteristics between MGR and SAF, compared to
The 16 landscape metrics initially tested (Table 2) the differences between MGR and BOT, or SAF and
captured a range of patch characteristics, and the BOT (Table 4), suggests that landscape heterogeneity
subsequent PCAs worked well for identifying the in SAF is more similar to that in MGR than BOT. This
patch characteristics of import while also reducing is not surprising since MGR and SAF were managed
the dimensions of the data set to a reasonable levelsimilarly during the longer of the two periods (Period
(Appendix A). This approach enabled a more thorough 1, 1972-1992), and probably many years before 1972.
and objective determination of the landscape metrics Yet SAF tended to have the highest index values in
of import (Table 3), which would be unapparent from Period 1 while MGR did in Period 2 (Fig. 6), sug-

a simple visual evaluation of the annual burn maps. gesting that a formal fire management program as has
The PCA results (Appendix A) provide informa- been applied in MGR during Period 2 can significantly
tion about the trends in correlations of the metrics. enhance landscape heterogeneity in bush-encroached

Since PCA most heavily weights the major axis savanna within a decade.

(PC1), applying the varimax rotation made the minor

axes (PC2 and PC3) more interpretable. The sub-4.4. Fire and land use

sequent ANOVA applied to these metrics indicated

which patch characteristics showed significant trends  Burn area increased significantly only in MGR be-
and thus deserve the attention of managers. While tween Periods 1 and 2 (Table 5), after establishment
several individual metrics showed significant trends of the MGR fire management program in 1992. Un-
(Tables 3-5), many were highly correlated (Appendix planned lightning ignitions on ridges probably caused
A). For the sake of interpretation, we recommend most fires during Period 1, while beginning in Period
not placing undue emphasis on any particular metric 2, areas throughout MGR with sufficient fuels were
or the patch characteristic it indicates. Instead, it is targeted for fires, which may explain the significant
prudent to take a more conservative approach by con-increase in patch shape complexity unique to MGR
sidering significant trends in several metrics across (Table 5). High fine fuel loads, due to substantial
different groups as indicative of a general increase (or late-season rains, combined with severe fire weather

decrease) in landscape heterogeneity. conditions to produce an unusually active 1996 fire
season in South Africa’s Kruger National Park (van
4.3. Fire and landscape heterogeneity Wilgen et al., 2000). These same 1996 conditions pro-

duced the most active fire season in this study (Figs. 3
Increases in patch size, shape and proximity indices and 5), which may partially explain why patch size
in MGR between Periods 1 and 2 appear to be due to and size variability in SAF were significantly higher
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in Period 2 relative to Period 1 (Table 5). Unlike MGR Global warming has sparked growing interest in
and SAF, no landscape metrics changed significantly the consequences of fire on vegetation (Bond, 1997).
in fire-excluded BOT (Table 5), where very few fires Effects of fire and grazing on vegetation pattern, and
occurred (Figs. 3-5). Viewed as a whole, the results succession with respect to maintaining community
support the second hypothesis that fire occurrence isdiversity, are concerns of researchers, managers, and
influenced primarily by land use practice in the study conservation planners (Turner et al., 1994; Richards
area.Guyette et al. (2002pbtained similar results in et al., 1999; Fairbanks and Benn, 2000; Fairbanks
the Missouri Ozarks, where the principal factor limit- et al., 2000). In conservation areas, promoting spa-
ing fire occurrence was anthropogenic ignitions, fol- tially and temporally variable fire regimes may be the
lowed by surface fuel production, fuel fragmentation best strategy for conserving biotic diversity (Mentis
and cultural behavior. and Bailey, 1990; Kutiel, 1994). A patch-mosaic
The juxtaposition of very different land use histo- burning system may be the most effective strategy for
ries in the study area made it highly advantageous for promoting landscape heterogeneity and therefore an
comparing the effects of land use on landscape patternincrease in biotic diversity (Parr and Brockett, 1999;
over three decades. Land use zones and periods werdBrockett et al., 2001).
defined in a manner commensurate with the analysis Exceptional physical and biological diversity in
approach, but this aggregated some of the spatial andsouthern African savannas (Scholes, 1997; Fairbanks,
temporal variability in environmental factors exist- 2000) make this an ideal region for studying interac-
ing at smaller scales. For example rainfall, which is tions between climate, fire, biota (Bond, 1997) and
known to greatly influence annual fire dynamics, is other natural and human factors. It is important to
extremely variable within the longer-term periods de- study these interactions at the landscape level, where
fined for this study (Fig. 5). Conversely, the study pe- spatial and temporal variability in fire and vegeta-
riods were too short to capture larger-scale oscillations tion patterns can be best observed (Brockett et al.,
potentially driven by El Nino and La Nina events, for 2001; Morgan et al., 2001; Keane et al., 2002) and
example. Importantly, large fires may have occurred then used to inform land managers (Landres et al.,
in years for which Landsat images were unavailable, 1999; Parr and Brockett, 1999). This requires de-
particularly the high rainfall years of the mid-1970s. velopment of spatial models (McCarthy and Cary,
Thus it must be cautioned that the narrow spatial and 2002) that explore the consequences of alternative
temporal scope of this analysis constrained the ability fire regimes on vegetation pattern and process (Rupp
to capture potentially important trends due to climate et al., 2000a; Berjak and Hearne, 2002; Keane et al.,
variability. 2002) and simulate climate stochasticity. In future re-
search in conjunction with land managers, empirical
data and spatially explicit, stochastic models will be
5. Conclusion used to explore interactions between climate, land
form, vegetation, fire, herbivory and land use.
Fire regime and vegetation patterns are related
through mutual feedbacks (Whelan, 1995; Keane
et al., 2002). In the South African portion of the study Acknowledgements
area where fire occurrence is higher, the patchiness of
fire scars is increasing, which may indicate diversifi-  Research funding came from the NSF Biocomplex-
cation in vegetation pattern. In the Botswanan portion ity in the Environment Program, Dynamics of Cou-
of the study area where fires are excluded, vegetationpled Natural and Human Systems (DEB-0119827),
pattern may be stagnant. Humans exert tremendousthe South African National Research Foundation, and
influence on fire regimes in semi-arid savannas and the North West Parks and Tourism Board (NWPTB),
other systems (Heyerdahl et al., 2001). Strong feed- which also purchased most of the satellite imagery
backs between fire regime and landscape composi-used. Rainfall data were obtained from the South
tion can drive landscape change (Perry and Enright, African Weather Service in Pretoria, the BOT Mete-
2002). orological Office in Gaborone, and MGR, NWPTB.
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Rudy King, Kate Parr and two anonymous reviewers metrics listed in Table 2. Eigenfactors> 0.7
provided useful suggestions, and Ronald Robberecht (boldface) indicate metrics with heavy weight on

assisted with graphics. the PC. The patch characteristic represented by
each PC is interpreted for 1972-2001 trends (t=
increasing; |= decreasing;t] = variable; <=

Appendix A constant). (2) Correlation matrices among met-

rics. (3) Bonferroni probabilities. Results are orga-
(1) Eigenvalues and eigenfactors of PCs 1-3 of nized by land use zone: (A) MGR; (B) SAFs; (C)
PCAs (after varimax rotation) of the 16 landscape BOT.

(A) (1) MGR—PCA Eigenvalues and Eigenfactors

PCP (6.6 PCZ (5.50 pc3 (2.8p

CA 0.549 0.600 0.543
LPI 0.892 0.187 0.133
NP 0.076 0.042 0.977
MPS 0.662 0.732 0.100
PSSD 0.691 0.662 0.278
TE 0.703 0.175 0.647
MSI 0.271 0.914 —0.059
AWMSI 0.906 0.249 0.148
MPFD 0.026 0.954 0.111
AWMPFD 0.795 0.439 0.169
LSl 0.703 0.175 0.647
MPI 0.821 0.441 0.302
TCA 0.559 0.629 0.511
MCA 0.614 0.734 0.208
CASD 0.673 0.652 0.326
TCAI 0.548 0.756 0.273
Total variance explained 41.6 34.8 17.7

apatch shape variability (post-19%2 post-199%k-).

bvalues within parenthesis are eigenvalues.

¢ Shape complexity and size variability (post-1972ost-1992,,
post-1997).

d patchiness (post-1972 post 199Q,, post 1996}).

(2) MGR—Pearson'’s correlation matrix (¢ <% noted in bold)
CA LPI NP MPS PSSD TE MSI AWMSI MPFD AWMPFD LSI MPI TCA MCA CASD TCAI

CA 1.000

LPI 0.655 1.000

NP 0.594 0.184 1.000

MPS 0.850 0.756 0.173 1.000

PSSD 0.936 0.768 0.356 0.973 1.000

TE 0.808 0.787 0.672 0.667 0.769 1.000

MSI 0.632 0.408 0.0310.836 0.765 0.339 1.000

AWMSI 0.734 0.785 0.267 0.774 0.835 0.748 0.500 1.000
MPFD 0.623 0.270 0.1450.716 0.663 0.298 0.903 0.273 1.000
AWMPFD 0.806 0.704 0.296 0.836 0.889 0.710 0.656 0.969 0.446  1.000

LSI 0.809 0.787 0.672 0.668 0.770 1.000 0.340 0.748 0.298 0.711 1.000

MPI 0.887 0.861 0.373 0.893 0.944 0.842 0.587 0.893 0.489 0.879 0.842 1.000

TCA 0.997 0.666 0.563 0.878 0.954 0.805 0.661 0.742 0.646 0.813 0.805 0.897 1.000

MCA 0.902 0.722 0.263 0.982 0.976 0.688 0.781 0.734 0.708 0.801 0.6880.893 0.927 1.000

CASD 0.948 0.761 0.397 0.962 0.997 0.785 0.736 0.813  0.653 0.865 0.785 0.942 0.965 0.977 1.000
TCAI 0.904 0.663 0.323 0.962 0.967 0.689 0.778 0.696 0.732 0.772 0.6900.866 0.932 0.987 0.973 1.000
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(3) MGR—matrix of Bonferroni probabilities (hnumber of observatiend 8)

CA LPI NP MPS PSSD TE MSI AWMSI MPFD AWMPFD LSI MPI TCA MCA CASD TCAI
CA 0.000
LPI 0.379 0.000
NP 1.000 1.000 0.000
MPS 0.001 0.034 1.000 0.000
PSSD 0.000 0.024 1.000 0.000 0.000
TE 0.006 0.013 0.272 0.297 0.023 0.000
MSI 0.591 1.000 1.000 0.002 0.026 1.000 0.000
AWMSI  0.062 0.014 1.000 0.019 0.002 0.043 1.000 0.000
MPFD 0.686 1.000 1.000 0.100 0.323 1.000 0.000 1.000  0.000
AWMPFD 0.007 0.132 1.000 0.002 0.000 0.115 0.370 0.000  1.000 0.000
LSI 0.006 0.013 0.273 0.293 0.022 0.000 1.000 0.043  1.000 0.113 0.000
MPI 0.000 0.001 1.000 0.000 0.000 0.001 1.000 0.000  1.000 0.000 0.001 0.000
TCA 0.000 0.307 1.000 0.000 0.000 0.007 0.337 0.051 0.456 0.005 0.007 0.000 0.000
MCA 0.000 0.087 1.000 0.000 0.000 0.193 0.016 0.063  0.121 0.008 0.191 0.000 0.000 0.000
CASD 0.000 0.030 1.000 0.000 0.000 0.014 0.059 0.005  0.397 0.000 0.014 0.000 0.000 0.000 0.000
TCAI 0.000 0.323 1.000 0.000 0.000 0.186 0.017 0.161  0.066 0.021 0.184 0.000 0.000 0.000 0.000
(B) (1) SAF—PCA Eigenvalues and Eigenfactors

PCP® (5.8f PCZ (4.50 PC# (4.1p

CA 0.568 0.385 0.686
LPI 0.742 0.352 0.338
NP 0.134 0.039 0.964
MPS 0.797 0.514 0.160
PSSD 0.843 0.400 0.340
TE 0.298 0.294 0.869
MSI 0.180 0.903 0.166
AWMSI 0.420 0.736 0.269
MPFD 0.165 0.877 0.132
AWMPFD 0.391 0.792 0.266
LSl 0.296 0.295 0.868
MPI 0.544 0.717 0.290
TCA 0.646 0.359 0.635
MCA 0.932 0.202 0.186
CASD 0.736 0.383 0.394
TCAI 0.944 0.135 0.218
Total variance explained 36.4 27.9 25.5

apatch size variability (post-1972 post-1993, post-199%).
bValues within parenthesis are eigenvalues.
¢ Shape complexity (post-1972 post-199G-).
d Patchiness (post-1972 post-1996t).

0.000
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(2) SAF—Pearson’s correlation matrix (¢ <0% noted in bold)
CA LPI NP MPS PSSD TE MSI AWMSI MPFD AWMPFD LSI MPI TCA MCA CASD TCAI

CA 1.000

LPI 0.745 1.000

NP 0.776 0.422 1.000

MPS 0.745 0.798 0.248 1.000

PSSD 0.866 0.872 0.473 0.924 1.000

TE 0.829 0.639 0.838 0.572 0.650 1.000

MSI 0.605 0.422 0.225 0.679 0.567 0.454 1.000

AWMSI 0.656 0.755 0.327 0.714 0.748 0.590 0.643 1.000
MPFD 0.571 0.398 0.219 0.607 0.533 0.392948 0.581 1.000
AWMPFD 0.662 0.742 0.3340.728 0.747 0.590 0.705 0.987 0.653 1.000

LSl 0.826 0.638 0.836 0.571 0.648 1.000 0.452 0.593 0.389 0.593 1.000

MPI 0.754 0.788 0.370 0.822 0.834 0.641 0.727 0.892 0.681 0.914 0.641 1.000

TCA 0.994 0.766 0.737 0.789 0.906 0.805 0.590 0.652 0.560 0.655 0.802 0.760 1.000

MCA 0.710 0.820 0.294 0.884 0914 0.533 0.377 0.579 0.374 0.563 0.53@.725 0.773 1.000

CASD 0.914 0.727 0.537 0.817 0.925 0.594 0.611 0.627 0.570 0.631 0.590.744 0.937 0.776 1.000

TCAI 0.747 0.750 0.353 0.871 0.931 0.508 0.376 0.495 0.367 0.482 0.504 0.642814 0.955 0.857 1.000

(3) SAF—matrix of Bonferroni probabilities (humber of observatien21)

CA LPI NP MPS PSSD TE MSI  AWMSI MPFD AWMPFD LSI MPI  TCA MCA CASD TCAI

CA 0.000

LPI 0.013 0.000

NP 0.004 1.000 0.000

MPS 0.013 0.002 1.000 0.000

PSSD 0.000 0.000 1.000 0.000 0.000

TE 0.000 0.217 0.000 0.805 0.171 0.000

MSI 0.440 1.000 1.000 0.086 0.880 1.000 0.000

AWMSI 0.150 0.009 1.000 0.033 0.011 0.581 0.200 0.000
MPFD 0.819 1.000 1.000 0.421 1.000 1.000 0.000 0.695 0.000
AWMPFD 0.128 0.014 1.000 0.022 0.012 0.582 0.044 0.000 0.160 0.000

LSI 0.000 0.225 0.000 0.822 0.179 0.000 1.000 0.554 1.000 0.554 0.000

MPI 0.009 0.003 1.000 0.001 0.000 0.209 0.023 0.000 0.081 0.000 0.207 0.000

TCA 0.000 0.006 0.016 0.003 0.000 0.001 0.586 0.164 0.994 0.152 0.001 0.008 0.000

MCA 0.037 0.001 1.000 0.000 0.000 1.000 1.000 0.711 1.000 0.938 1.000 0.024 0.005 0.000
CASD 0.000 0.023 1.000 0.001 0.000 0.544 0.394 0.284 0.834 0.257 0.571 0.013 0.000 0.004 0.000
TCAI 0.012 0.011 1.000 0.000 0.000 1.000 1.000 1.000 1.000 1.000 1.000 0.206 0.001 0.000 0.000

(C) (1) BOT—PCA Eigenvalues and Eigenfactors

PCP (8.6 PCZ (5.80
CA 0.813 0.516
LPI 0.815 0.310
NP 0.875 0.014
MPS 0.529 0.814
PSSD 0.823 0.441
TE 0.917 0.278
MSI 0.210 0.964
AWMSI 0.638 0.701

MPFD 0.098 0.965

0.000
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PCP (8.6) PCZ (5.8f

AWMPFD 0.598 0.748
LSI 0.911 0.284
MPI 0.781 0.505
TCA 0.807 0.553
MCA 0.716 0.607
CASD 0.876 0.407
TCAI 0.697 0.635
Total variance explained 54.6 35.1

apatchiness and patch size variability (post-197post-1993), post-1999).

bvalues within parenthesis are eigenvalues.
¢ Shape complexity (post-1972 post-1996}).

(2) BOT—Pearson'’s correlation matrix (¢« <0® noted in bold)

MPFD AWMPFD LSI  MPI

TCA MCA CASD TCAI

CA LPI NP MPS PSSD TE MSI  AWMSI
CA 1.000
LPI 0.655 1.000
NP 0.594 0.184 1.000
MPS 0.850 0.756 0.173 1.000
PSSD 0.936 0.768 0.356 0.973 1.000
TE 0.808 0.787 0.672 0.667 0.769 1.000
MSI 0.632 0.408 0.0310.836 0.765 0.339 1.000

AWMSI 0.734 0.785 0.267 0.774 0.835
MPFD 0.623 0.270 0.1450.716 0.663
0.296 0.836 0.889
0.672 0.668 0.770
0.373 0.893 0.944
0.563 0.878 0.954
0.263 0.982 0.976
0.397 0.962 0.997
0.323 0.962 0.967

AWMPFD 0.806 0.704

LSI 0.809 0.787
MPI 0.887 0.861
TCA 0.997 0.666
MCA 0.902 0.722
CASD 0.948 0.761
TCAI 0.904 0.663

0.748 0.500 1.000
0.298 0.903 0.273
0.710 0.656 0.969
1.000 0.340 0.748
0.842 0.587 0.893
0.805 0.661 0.742
0.688 0.781 0.734
0.785 0.736 0.813
0.689 0.778 0.696

1.000
0.446 1.000
0.298 0.711
0.489 0.879
0.646
0.708
0.653 0.865
0.732

0.813
0.801

0.772

1.000

0.842 1.000
0.805 0.897
0.6880.893
0.785 0.942
0.6900.866

1.000
0.927
0.965
0.932

1.000
0.977 1.000
0.987 0.973 1.000

(3) BOT—matrix of Bonferroni probabilities (number of observatiend9)

CA LPI NP MPS PSSD TE MSI  AWMSI MPFD AWMPFD LSI  MPI TCA MCA CASD TCAI
CA 0.000
LPI 0.052 0.000
NP 0.003 1.000 0.000
MPS 0.001 0.036 1.000 0.000
PSSD 0.000 0.023 0.093 0.019 0.000
TE 0.000 0.000 0.009 0.062 0.002 0.000
MSI 0.207 1.000 1.000 0.000 1.000 1.000 0.000
AWMSI 0.001 0.032 1.000 0.000 0.000 0.006 0.002 0.000
MPFD 0.786 1.000 1.000 0.001 1.000 1.000 0.000 0.061 0.000
AWMPFD 0.000 0.153 1.000 0.000 0.000 0.023 0.001 0.000 0.012 0.000
LSI 0.001 0.000 0.013 0.057 0.003 0.000 1.000 0.005 1.000 0.022 0.000
MPI 0.000 0.003 0.587 0.005 0.000 0.001 0.330 0.000 1.000 0.000 0.001 0.000
TCA 0.000 0.017 0.014 0.000 0.000 0.000 0.105 0.000 0.596 0.000 0.000 0.000 0.000
MCA 0.000 0.024 0.289 0.000 0.002 0.009 0.067 0.003 0.434 0.001 0.010 0.007 0.000 0.000
CASD 0.000 0.004 0.029 0.009 0.000 0.000 1.000 0.001 1.000 0.002 0.000 0.000 0.000 0.000 0.000
TCAI 0.000 0.007 0.951 0.000 0.004 0.007 0.041 0.001 0.346 0.001 0.007 0.003 0.000 0.000 0.000

0.000
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