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ABSTRACT

Fire is considered a critical management tool in fire prone landscapes. Often studies
and policies relating to fire focus on why and how the fire regime should be managed,
often neglecting to subsequently evaluate management’s ability to achieve these
objectives over long temporal and large spatial scales. This study explores to what
extent the long-term spatio-temporal fire patterns recorded in the Kruger National
Park, South Africa has been influenced by management policies and to what extent it
was dictated by underlying variability in the abiotic template. This was done using a
spatially explicit fire-scar database from 1941 to 2006 across the 2 million hectare

Park. Fire extent (hectares burnt per annum) (i) is correlated with rainfall cycles (ii)
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exhibits no long-term trend and (iii) is largely non-responsive to prevailing fire
management policies. Rainfall, geology and distance from the closest perennial river
and the interactions between these variables influence large-scale fire pattern
heterogeneity: areas with higher rainfall, on basaltic substrates and far from rivers are
more fire prone and have less heterogeneous fire regimes than areas with lower
rainfall, on granitic substrates and closer to rivers. This study is the first to illustrate
that under a range of rainfall and geological conditions, perennial rivers influence
long-term, landscape-scale fire patterns well beyond the riparian zone (typically up to
15 km from the river). It was concluded that despite fire management policies which
historically aimed for largely homogeneous fire return regimes, spatially and
temporally heterogeneous patterns have emerged. This is primarily because of
differences in rainfall, geology and distance from perennial rivers. We postulate that
large-scale spatio-temporal fire pattern heterogeneity is implicit to heterogeneous
savannas, even under largely homogenizing fire policies. Management should be
informed by these patterns, embracing the natural heterogeneity-producing template.
We therefore suggest that management actions will be better directed when operating
at appropriate scales, nested within the broader implicit landscape patterns, and when
focusing on fire regime parameters over which they have more influence (e.g. fire

season).

INTRODUCTION

Fire is an important driver of spatio-temporal patterns in savannas. Different fire
regimes can result in diverse outcomes in vegetation biomass (Bond et al., 2005),
composition (Whateley and Wills 1996) and structure (Higgins et al. 2007).

Furthermore, fire frequency, fire intensity and season of fire interact to enable the



coexistence of trees and grass in savannas. Together with other factors like geology,
rainfall and herbivory, fire widens the range of tree:grass ratios (Higgins et al., 2000;
Anderies et al., 2002; Bond and Keeley, 2005; Sankarran et al., 2005; Nano and
Clark, 2010). For example, it has been shown in the Kruger National Park (KNP) that
landscapes that repeatedly experience frequent and high intensity fires have less
woody cover than comparable landscapes continuously experiencing less frequent and
low intensity fires (Smit et al., 2010). Fire regime characteristics also sometimes
influence vegetation composition, with certain plant species persisting in frequently
burned habitats (Silva et al., 1991; Canales et al., 1994) whereas long-unburned
habitats create important refugia for fire sensitive species (Russell-Smith et al., 2002;
Russell-Smith et al., 2012). The above suggests that both frequently and infrequently

burned areas may be important for biodiversity conservation (Woinarski et al., 2004).

Fire management receives considerable attention in savanna regions. A search on
Google Scholar with “savanna fire management” as keywords returned 45 600 hits
(accessed 25 April 2012). Furthermore, most managed lands in fire prone regions,
across different land uses like conservation and agriculture, have either a formal
policy or at least an informal operational approach towards fire management for
achieving their specific objectives. It was therefore of considerable interest to
conservation managers when van Wilgen et al (2004) showed that fire temporal
patterns in the “actively fire managed” Kruger National Park were primarily driven
by rainfall of the preceding two years despite management policy. This triggered us to
ask a follow-up question, namely whether KNP management can influence fire spatial
patterns or whether this is also largely controlled by underlying abiotic variation of

the Park. The main aim of our paper is therefore to explore the influence (or lack



thereof) of management on fire temporal and spatial patterns over the period 1941 to
2006 in the KNP. We do this by exploring how fire extent changed over time under
different fire management regimes (temporal dimension) and how various fire
frequency metrics correlate spatially with underlying abiotic variability (rainfall,

geology and landscape position) (spatial dimension).

A second question we aim to address in this paper, closely linked to the question
posed above, is whether a range of fire return metrics are expressed differently across
the Park due to the variability in the environment. For example, does the maximum
time observed between two successive fires between 1941 and 2006 have the same
spatial pattern as mean fire return period, and do these patterns correlate with inherent
underlying environmental variability? This is important since there is a growing
realization that variability of fire regime (Martin and Sapsis, 1992) and extreme fire
events (Hoffmann et al., 2009) may be equally if not more important in shaping
savannas than the more regularly reported average conditions. For example, a
prolonged fire free period which allows woody vegetation to grow out of the fire-trap,
may be of greater importance for recruiting trees into taller height classes than a
longer average fire return period (Hoffmann et al., 2009; Wakeling et al., 2011).
Despite this, most studies still report on average/median fire return periods when in
fact an extensive suite of fire return metrics may be needed to characterize fire return
and the influence it may have on savannas. Therefore, in this study we calculate, in
addition to the more regularly reported fire metrics (i.e. fire frequency, F,; mean fire
return period, Fmean; Median fire return period, Frneg) the (i) variability in fire return
period (Fsqev), (i) a representation of important rare events, i.e. the maximum

recorded fire free period between 1941-2006 (Fmax), and (iii) the uniqueness of the fire



history at each location compared to the fire history at all other locations (i.e. a
heterogeneity index based on the Bray-Curtis dissimilarity index) (Fgc) (see Table 1
for a summary). We explore the spatial correlation between these different fire metrics
in order to (i) assess the potential importance of considering these metrics additionally
and/or separately when characterizing the fire return of an area, and (ii) to understand

if they respond differently to the variable underlying abiotic environment.

MATERIAL AND METHODS

Study site

The KNP covers an area of almost 20 000km? in the north-eastern corner of South
Africa, bordering Zimbabwe to the north and Mozambique to the east. The Park has a
north-south rainfall gradient with average rainfall increasing from approximately
400mm per annum in the north to 700mm per annum in the southwest. The western
part of the Park is predominantly underlain by granitic-derived soils and the east by
soils of basaltic origin. This abiotic template gives rise to 35 main vegetation types
(Gertenbach, 1983) dominated by Acacia nigrescens, Sclerocarya birrea, Combretum

imberbe, Combretum apiculatum, Terminalia sericea and Colophospermum mopane.

Fire scar history: 1941 to 2006

Fire scars have been mapped in KNP since 1941, evolving from hand-drawn maps to
satellite-derived fire-scar grids, increasing in spatial accuracy with associated
technology advancement (N. Govender, submitted). The older maps were on-screen
and tablet digitized (using a GTCO Super L 1l A0 Digitizing Tablet) enabling us to
overlay all annual fire scar maps on top of each other within a Geographical

Information System (GIS). As a result, a continuous fire scar history was derived for



each location in the Park (1941-2006). This spatially explicit fire scar history (i.e.
burn or no-burn for each year) was then used to derive various fire return metrics for
each location (Table 1). Note that we did not consider the month in which an area
burnt, only the year, and therefore we based our analyses on metrics calculated for

intervals of years (integer values) between subsequent fires.

The analysis of fire history data using intervals between successive fires may
naturally result in incomplete information on fire return periods at the start and end of
the time series. This problem of open-ended fire return periods at the start and end of
a time series is commonly referred to as data censoring (Polakow and Dunne, 1999).
Data censoring is not a problem when calculating F, and Fgc, but presents a challenge
for Frax, Fmean, Fmed @nd Fsev. Censoring at the start of the time series occurs when,
for example, the first fire noted at a specific location is not year one of the data time
series (1941 in this case) but any later year (e.g. 1945). Similarly, censoring at the end
of the dataset occurs when the last fire noted is before 2006. Since we were working
with an extended time series in a fire prone system, we expected the effects of data
censoring to be small (with the exception of areas with very few fires). Therefore, in
order to derive Fmax, Fmean, Fmed and Fswev, We assumed a fire in the year before and in
the year after the time series (1940 and 2007 respectively). This means that the
estimated fire metrics are in most cases approximations and could be considered as
lower bounds. For example, if Fnax is reported as 12 years it should be interpreted as
Fmax = 12 years, in other words, the maximum fire return period between 1941 and
2006 is at least 12 years. We believe this is a reasonable way to treat data censoring in
the context of the present study where the focus is more on the spatial patterns of the

fire metrics than on the exact value of the metrics.



The dataset described above is arguably the best dataset available for exploring long-
term spatio-temporal patterns over large landscape-scales in a fire-prone semi-arid
African savanna. As such it afforded us a unique opportunity to study fire return
across several climatic cycles, six different management policies and over a
sufficiently diverse and large geographic area so that the effects of a rainfall gradient,
contrasting geologies and variable landscape positions on fire return metrics could be

assessed.

Abiotic drivers of variability - Rainfall, geology and landscape position as drivers

of fire spatio-temporal patterns

We used a 1 km spaced point-grid as the basic unit of analyses. Each point location
was assigned the relevant geology, distance from closest perennial river and long-term
average annual rainfall. The long-term average annual rainfall for each location was
based on a spline interpolation of rainfall measured at 22 rainfall stations scattered
across the Park (each rainfall station had at least 18 records of annual rainfall). The
values of the fire return metrics were calculated for polygons of unique fire history,
derived by intersecting polygons generated by all fire records. Each point on the grid
was assigned the fire return metrics of the associated polygon. If the point was located
in a fire history polygon smaller than 1 hectare, it was excluded from the analysis as
such small polygons were often due to mapping inaccuracies. This resulted in 18,315
regularly spaced points across the entire Park with known (i) geology, (ii) distance
from closest perennial river, (iii) long-term average annual rainfall, and (iv) a

calculated set of six fire return metrics.



Generalised linear modelling (GLM) with the fire metrics (Fn, Fmax, Fmeans Fmed, Fstdev,
Fgsc) as dependent variables and geology, distance to closest perennial river and long-
term average annual rainfall (with 1% and 2" order interactions) as independent
variables, was conducted on the 18,315 grid points spread across the entire Park. The
unique additional contribution that each independent variable made towards
explaining the fire metrics of interest was determined as the reduction in the adjusted
R? value when comparing the full model (i.e. model including all independent

variables) to the reduced model (i.e. model excluding the variable of interest).

Biotic drivers of and responders to fire variability: Herbaceous biomass and
woody cover

Herbaceous biomass and woody vegetation cover are both drivers of, and responders
to, fire patterns (e.g. van Wilgen et al., 2003; Murphy et al., 2010). Investigating how
herbaceous biomass and woody cover patterns correlate with the fire patterns will
provide insights into how herbaceous biomass and woody cover may be driving
and/or responding to fire. Therefore, long-term (1989-2004) average herbaceous
biomass (kg/ha) (described in Smit, 2011) and woody vegetation cover (%) (described
in Bucini et al., 2010) were recorded for the point locations within the 1 km spaced

grid mentioned above.

All statistical analyses were carried out using SASe Version 9.2 and Statisticag

Version 10, whilst GIS analyses were conducted using ESRIlg ArcMap™ 9.2,



RESULTS

Long-term (1941-2006) fire metrics across Kruger National Park

The areas with highest F, and lowest Frax, Fmean, Fmed, @and Fgc occur in the wetter
regions of the Park (south-western granites), further from perennial rivers, and
(mainly, but not exclusively) on the nutrient rich basaltic plains in the east (Fig. 1).
Although the fire metrics are spatially correlated, each fire metric does contain
information not explained by the other fire metrics (Table 2). Fggev COrrelates the

weakest with the other metrics, but all correlations are statistically significant.

Rainfall and fire temporal patterns

Using an extended time series (1941 to 2006) and a different analytical approach, this
study concurs with the results presented by van Wilgen et al. (2004) (study period
1957 to 2001) who found that rainfall rather than fire management policy influenced
the yearly extent of fires in the KNP. Total area burnt and average annual rainfall over
KNP follow similar trajectories over time despite changing management regimes (Fig.
2). The data was smoothed using LOESS scatter plot smoothing (smoothing
parameter = 0.1). The Pearson correlation coefficients between observed and
smoothed area burnt and between observed and smoothed annual rainfall was 0.56
and 0.59 respectively. Furthermore, the correlation between area burnt and rainfall is
0.60 and 0.71 respectively for the observed and smoothed data respectively.
Importantly, we detected no significant long-term trend of either increasing or
decreasing fire extent (area burnt) or annual rainfall over the 66 years (p-value for

burnt area trend line slope = 0.57; p-value for rainfall trend line slope = 0.24).



Rainfall, geology and landscape position as drivers of fire spatial patterns

Figs 3(a) to 3(f) illustrate how the various fire metrics change at increasing distance
from the closest perennial river. It is clear that the fire metrics generally show a trend
with increasing distance from the closest perennial river. F, increased with increasing

distance from the closest perennial river, whilst the other fire metrics decreased.

It is clear that fire spatial patterns are strongly related to geology, rainfall and
landscape position (distance to the closest perennial river). Basaltic landscapes burn
more frequently (Fig. 3(a)), at shorter between fire intervals (Figs 3(b) and 3(c)), with
shorter maximum fire return periods (Fig. 3(d)), and have less variable and less
dissimilar fire histories (Figs 3(e) and 3(f)) than granitic landscapes. Furthermore,
areas with higher average annual rainfall generally burn more frequently (Fig.3(a)), at
shorter between fire intervals (Figs 3(b) and 3(c)), with shorter maximum fire return
periods (Fig. 3(d)), and have less variable and less dissimilar fire histories (Figs 3(e)

and 3(f)) than areas with lower average annual rainfall.

The relationship between distance from rivers and fire patterns extends much further
than the narrow riparian zone directly bordering the river. Depending on the fire
metric of interest and the rainfall and geology under consideration, the gradient of fire
metrics radiating from the rivers are often still clearly detectable up to 10-15 km from

the closest perennial river, and sometimes even further than 20km (Figs 3(a) to 3(f)).
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Contribution of abiotic variability of environmental variables towards explaining

fire metrics

Generalised linear models with average annual rainfall, distance to closest perennial
river and geology (and all interaction terms) were all highly significant (p<0.01) and
explained between 16% and 45% of the observed variation for the various fire return
metrics (Table 3) (the remainder being random variation, possible mapping
inaccuracies and variables not assessed in this study, for example herbivory, soil
conditions, availability of ignition sources and other localised conditions). When
considering the unique additional contribution of each environmental variable to the
full model, it was apparent that the adjusted-R? dropped considerably if either average
long-term annual rainfall or distance to closest perennial river was excluded from the
full model (Table 3). Geology demonstrated less additional explanatory power.
Dropping the four interaction terms one-by-one from the full model reduced the

adjusted-R? by less than 0.05.

Herbaceous biomass and woody cover as biotic drivers of and responders to fire
patterns

Spatial patterns of herbaceous biomass and woody cover are strongly related to
geology, rainfall and landscape position. Basaltic landscapes are more productive in
terms of average standing herbaceous biomass than granitic landscapes (Fig. 4).
Furthermore, herbaceous biomass generally increases further away from rivers. Not
surprisingly, areas with higher average annual rainfall have higher herbaceous
biomass than areas with lower average annual rainfall (Fig. 4). These patterns in

average herbaceous standing biomass (i.e. fuel load) may be partly responsible for
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differences observed in fire patterns between the different rainfall regions, different
geologies and different distances from the closest perennial river. However, caution
should be exercised when interpreting the average herbaceous biomass as it is yearly
herbaceous biomass rather than average herbaceous biomass that drive fire patterns.
In the absence of spatially explicit data on yearly herbaceous biomass, we assumed
that areas with higher long-term average herbaceous biomass would more likely have

higher yearly biomass than areas with lower long-term average herbaceous biomass.

Granitic and higher rainfall landscapes are more wooded than basaltic and lower
rainfall landscapes (Fig. 5). Furthermore, woody cover generally decreases further
away from perennial rivers on the basaltic and lower rainfall landscapes, while this

relationship holds only weakly on the granitic and higher rainfall landscapes (Fig. 5).

DISCUSSION

Across the world, especially in fire-prone savannas, many conservation managers
have moved from a fixed-period, burn-block fire management regime, towards a more
variable-period, patch-mosaic fire approach (Parr and Brockett 1999; Brockett et al.,
2001; Bond and Archibald, 2003; Bilbao et al., 2010; Mulqueeny et al., 2010).
Without knowledge of the most ‘“appropriate” or “natural” fire regime, many
conservation managers practise pyrodiversity as a kind of “insurance policy” (Keith et
al., 2002; van Wilgen et al., 2003). This approach assumes that when uncertainty
exists regarding the optimal/desirable fire regime, variable rather than homogeneous
fire regimes are preferable as they ensure a range of outcomes. Furthermore, some

researchers hypothesise that “pyrodiversity-begets-biodiversity” (Martin and Sapsis,
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1992), although this is largely unproven (Parr and Andersen, 2006). Within the
“pyrodiversity-begets-biodiversity” and a “pyrodiversity-insurance-policy” context, it
would be of concern for KNP managers if spatio-temporal fire patterns were
homogeneous across the KNP landscape. Consequently, the current KNP fire policy
aims to stimulate a range of fire frequencies and intensities over space and time (van
Wilgen et al., 2008). Here we illustrate that the KNP has indeed had a spatially and
temporally heterogeneous fire history over the past six-and-a-half decades. We
believe this is a significant and encouraging result considering the fact that many
previous management policies were not specifically aimed at creating heterogeneity.
In fact, the earlier policies were largely aimed at both temporal and spatial
homogenisation, e.g. large rotational management blocks were burnt at regular
intervals and in a specific season. Only the more recent policies have actively tried to
encourage spatio-temporal variability in the fire regime. The results presented here
suggest that the natural template — as defined by rainfall, geology and landscape
position - creates desired heterogeneous fire regimes (at a landscape scale) despite
management actions often managing/aiming for the contrary in the past. Our finding
regarding the inherent spatio-temporal heterogeneity of fires in KNP complements
the earlier finding of van Wilgen et al. (2004) regarding the inherent temporal
heterogeneity in KNP fire regime. Van Wilgen et al. (2004) illustrated that
management policy has little effect on the extent of fires, and noted that it is largely
driven by rainfall (supported by Fig. 2 in this study). We therefore postulate that the
natural abiotic template drives the large-scale spatio-temporal heterogeneity of KNP
fire patterns, probably more so than any management policy/intervention will be able
to do (especially considering the current abundance of natural and anthropogenic

ignition sources). It is also interesting to note the big contribution perennial rivers
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make towards fire heterogeneity, with distance from closest river being the variable
explaining most of the observed variability in the “uniqueness/dissimilarity” (Fgc) Of
fire patterns (Table 3). Although this study focused on the larger perennial rivers, we
postulate that smaller drainage lines also plays a role in generating fire pattern
heterogeneity by creating discontinuities in the fuel loads and variability in fuel
moisture content — this may be especially important for creating heterogeneity in the

highly incised granitic landscapes.

It is well documented that large rivers (and other natural features like water bodies,
rocky areas, etc.) can act as natural fire barriers (Baker, 1992). Furthermore, it has
been noted that many riparian zones burn less frequently than the surrounding matrix
due to patchiness of fuel loads and higher fuel moisture content (Dwire and
Kauffman, 2003; Pettit and Naiman, 2007). However, here we show that rivers are
related to fire patterns at much larger scales, far beyond the riparian/upland boundary.
This result is particularly interesting as it is consistent across both geologies and
rainfall subdivisions of KNP (also across different perennial river catchments — results
not shown). We postulate four possible mechanisms, which may act individually or in
combination, to create these patterns. Firstly, burning likelihood decreases the closer
one gets to a perennial river (or any firebreak). In other words, a fire is more likely to
originate and spread if it is located far from a firebreak, as opposed to locations close
to firebreaks where protection from fire is afforded from one side. In addition, these
areas of low fire frequency close to rivers are often wedged between a natural
firebreak (perennial river) on the one side and an artificial firebreak (road) on the
other side, essentially creating an area protected from fires originating from outside
that area. Secondly, stream order typically increases closer to perennial rivers as

drainage lines connect to form increasingly larger streams. Usually the higher the
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stream order, the larger and “wetter” the river (i.e. draining larger areas) and the more
effective it will be at reducing fire spread (Dwire and Kaufman, 2003). In other
words, the closer one gets to perennial rivers, the more the landscape is incised by
larger natural fire barriers, reducing fire spread. Thirdly, the reduction of fire
frequency closer to rivers may be influenced by herbivory. Elephants, buffalo, impala
and hippo, which form the bulk of the grazer biomass in KNP, have a decreasing
density gradient further from rivers in the dry season (Smit et al., 2007; Smit and
Ferreira, 2010). These herbivores may be partly responsible for the gradient of
decreasing grass biomass observed closer to rivers (Fig. 4), resulting in reduced fuel
loads and consequently reduced fires. And finally, reduced fire frequency closer to
rivers may be due to topography. Fire spreads more readily up slopes rather than
down slopes due to wetness gradients and upslope areas preheating prior to
combustion, facilitating fire spread (Maingi and Henry, 2007). Considering that rivers
are locally low lying areas and that elevation is strongly related to distance from
perennial rivers, fire may often burn up slopes and therefore away from the rivers,
resulting in drier upslope areas burning more frequently than moister downslope areas
(Maingi and Henry, 2007). We postulate that all four reasons described above can, to
a greater or lesser extent, interact to reduce fire occurrence closer to perennial rivers
in KNP. These mechanisms may act in a positive feedback loop - fewer fires close to
rivers result in increased woody vegetation (Fig. 5), which suppress herbaceous
biomass (Fig. 4), which subsequently results in even fewer fires, reinforcing the

feedback loop.

Local, regional and global pyrogeography models predict that under future climatic

conditions some areas will experience increased fire activity, whereas other areas may
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experience reduced fire activity (e.g. Balshi et al., 2008; Krawchuk et al., 2008;
Krawchuk et al., 2009). This may be due to changing rainfall influencing fuel loads,
or changing temperature, humidity and wind speed influencing fire danger index and
consequently fire extent and intensity. Such changes in fire patterns due to climate
change will in turn significantly influence local and global vegetation patterns (Bond
et al., 2005; Staver et al., 2011). However, in the absence of long-term spatially
explicit datasets, most pyrogeography studies rely heavily on modelling or
extrapolation to understand how fire patterns may have changed or may change due to
changing future climatic conditions. The dataset collated for this study afforded an
opportunity to establish empirically whether fire extents have changed over the past
almost seven decades in KNP. No directional trend has been observed in fire extent
since 1941. This implies that any climate change that may have occurred in this region
over the past seven decades has not exerted a directional change in annual burning
extent across this two million hectare savanna landscape. However, we have not
investigated whether changes in climatic conditions or changes in management
policies have influenced other fire regime variables (e.g. fire season or fire intensity)

(see e.g. van Wilgen et al., 2008).

Despite the growing realization that variability of fire regime (Martin and Sapsis,
1992) and extreme fire events (Hoffmann et al., 2009) may be equally if not more
important in shaping savannas than average conditions, many studies still characterise
fire regime using only the mean/median fire return period. However, a prolonged fire
free period (represented by Fmax) which allows woody vegetation “windows of
opportunity” to grow out of the fire-trap, may be of greater importance for recruiting

trees into taller height classes than a longer average fire return period (Higgins et al.,
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2000; Hoffmann et al., 2009). Therefore, since vegetation structure heterogeneity is
often the result of variable disturbance regimes or extreme events in space and time, it
Is important to not only consider average conditions when describing heterogeneity of
fire patterns (e.g. using Fmean, Fmedian), but also fire return metrics associated with
variability (Fsugev), dissimilarity (Fgc) and rare events (e.g. Fmax). It is evident from the
results presented in Table 2 that a single measure of location (e.g. mean or median fire
return period) does not characterise the fire return process fully - measures of spread,
dissimilarity and extreme events must also be considered as it shapes savannas

through different mechanisms (e.g. event and variability driven patterns).

MANAGEMENT IMPLICATIONS

Fire management objectives versus fire management outcomes

The fact that heterogeneous fire patterns emerged in KNP despite many years of fire
policies largely aimed at homogenising spatio-temporal patterns, suggest that either (i)
the policies were largely unattainable, or (ii) the managers were not executing the
policy effectively. The fact that the emerging fire spatio-temporal patterns show such
clear relationships with rainfall, geology and landscape position rather than with
management policy or administratively defined management units, supports the
former possibility. This indicates how important it is to not only have a fire policy in
place, based on experimental or theoretical knowledge - or to indiscriminately transfer
policies from one area to another - but to also evaluate the outcomes of policies. The
aim should be to assess the practical relevance in a specific context and to determine

management’s operational ability to achieve the goals outlined in the policy.
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Although the results presented here suggest that it is largely the inherent landscape
variability rather than management policy and actions that influence the observed
large-scale spatio-temporal fire scar patterns, it must be emphasized that managers
may be able to (i) influence a range of other fire regime parameters than those
considered in this study, and (ii) manipulate fire regimes at other scales than the scales
considered here. For example, managers may be able to change the seasonality of fires
by pre-empting late dry-season fires through igniting early dry-season fires (Price et
al., 2012). Early season fires would result in more patchy (e.g. Werner, 2010) and
lower intensity fires (e.g. Govender et al., 2006). A good example is provided by Price
et al. (2012) for Western Arnhem Land in northern Australia where a changed fire
management regime, which imposed prescribed early dry-season burning, was more
effective in changing the fire season (reducing late dry-season fire extent from 29% to
12.5%) than the total fire extent (reduced from 38% to 30%). Furthermore, it has been
demonstrated that managers can effectively manipulate fire return over smaller scales
in the KNP (i.e. experimental burn plots — see Biggs et al. 2003) - however, this
manipulation comes at large logistical costs (e.g. creating fire breaks; fire suppression
efforts). Therefore, although managers do have some influence on fire, the influence
may not be at the scales and on the fire variables they aim to manage (e.g. large-scale
fire frequency). We postulate that fire policies and management actions will be more
successful if it focuses on fire metrics and at scales where management actions are

more likely to be effective.

Furthermore, it must also be remembered that management’s ability to influence fire

regimes is dependent on local context. For example, managers’ ability to influence

fire regimes will, inter alia, be dependent on the localised rainfall patterns, the
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prevalence of obstructions to fire spread (e.g. roads, firebreaks, rivers), the level of
human impact in the area, the number of managers responsible per land area and the
resources available to them and, very importantly, the number of (natural and

accidental) ignition sources (see e.g. Archibald et al., 2010).

Heterogeneity on multiple scales

Although we believe our results of heterogenous fire patterns will be positively
received by Park Management in the context of the current patch-mosaic burning
policy, fire pattern heterogeneity must be considered at multiple scales (Rogers,
2003). Here we have shown that at the park-wide scale the natural template gave rise
to variable fire return histories, in spite of past management actions. However, when
examined at smaller scales, homogenisation may occur, e.g. basaltic plains far from
rivers may be homogenised by frequent fires, as may granitic areas close to rivers due
to a lack of fires. Managers may therefore decide to actively increase heterogeneity at
these smaller scales, e.g. by reducing fire frequency and intensity on sections of the
basaltic plains, and creating high intensity fires (so-called “fire storms”) in specific
granitic areas. Although concerted management actions may increase heterogeneity at
the smaller scale, it can be argued that heterogeneity created by actively “opposing”
the natural template/patterning, may be unnatural and hence undesirable. This relates
to questions of how much heterogeneity is needed and at what scales — and more
fundamentally, whether heterogeneity of fire patterns should be the objective at all

(Parr and Andersen, 2006).
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Monitoring framework

The results presented here provide a useful spatial framework for monitoring fire
effects, illustrating that fire is a more prominent driver in areas far from rivers and on
basaltic landscapes (“fire dominated systems”) than on granitic landscapes and areas
close to rivers where other processes, e.g. herbivory, may be a more important
disturbance factor (e.g. elephants, as illustrated by Smit and Ferreira, 2010). Since fire
and elephants alone are less likely to Kill large trees than their combined and
interacting effects (Trollope et al., 1998; Holdo, 2007, Vanak et al., 2011), large trees
may be, at a landscape scale, more susceptible to mortality at intermediate distances
from perennial rivers. In other words, managers need to ensure that sites being
monitored are located at different distances from rivers, both on the basalts and the
granites, as ecological drivers like fire and herbivory operate at different intensities
across these gradients. Usually monitoring programmes in KNP focus on the
representativeness of vegetation types, which is nested within geology and rainfall

regions, but do not take distance from rivers explicitly into account.

Defining the template driving large-scale patterns in KNP

Managers and scientists often subdivide the Park into four main abiotic landscapes.
This delineation is based on the north-south rainfall gradient and the main geological
substrates, giving rise to four landscapes namely high rainfall granites, high rainfall
basalts, low rainfall granites and low rainfall basalts (see e.g. Grant et al., 1995;
Codron et al., 2005). Here we show that there is a crucial third variable namely, a
gradient in distance from the closest perennial river, that needs to be considered.
Many different drivers (fire {Figs 3(a) to 3(f)}; herbivores {Smit et al., 2007; Smit

and Ferreira, 2010}) and responders (herbaceous biomass {Fig. 4}; woody cover
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{Fig. 5}) are influenced by the “distance from the closest perennial river” gradient
within the rainfall and geology template. Since both drivers and responders exhibit
strong directional trends on the “distance from closest perennial river” gradient, it
needs to be explicitly taken into account in future when management and monitoring

landscapes are defined.

Delineation of Park into fire management zones

Past KNP fire policies promoted a single management approach across most of the
park (see van Wilgen et al., 2003 for an overview). However, it is now recognised that
a single fire management approach for the entire park is not appropriate. Fire can be
used more strategically since fire presents diverse threats - and opportunities - in
different parts of the park. For example, lower intensity and less frequent fires can be
used to counter loss of tall trees on basalts, whereas high intensity late dry-season
fires can be used to curb bush encroachment on granites (Eckhard et al., 2000).
Consequently, a new fire policy is currently in review (proposed for implementation
2012) which will replace the single management approach with a variable approach,
tailored for ecologically defined fire-management zones. The new proposed fire
policy uses Fmean , presented in this paper, in combination with geology and long-term
rainfall, to delineate fire management zones. Fire management actions and monitoring
will vary between the zones based on the objectives and concerns specific to each

area.

CONCLUSIONS

Long-term, landscape-scale spatio-temporal fire patterns in the KNP are

heterogeneous and are strongly influenced by the underlying abiotic template as
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defined by rainfall, geology and landscape position. Smaller-scale and localized
processes will act within these broad, abiotically-controlled patterns. We therefore
argue that large-scale spatio-temporal heterogeneity of fire patterns is implicit at the
park-wide level, notwithstanding management policy, with management actions best
directed at embracing these patterns and influencing outcomes at appropriate scales
and focusing on appropriate fire metrics (e.g. seasonality) within the larger template

of heterogeneity.
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Table 1: Fire metrics derived for Kruger National Park based on fire scars from 1941

to 2006.

Fire parameter

Abbreviation

Explanation

Number of fires

Fn

Total number of fires observed over full

period

Maximum fire return period | Frmax Longest time period (in years) between
successive fires

Mean fire return period Frean Average number of years between
successive fires

Median fire return period Fred Median number of years between
successive fires

Standard deviation of fire | Fsgey Standard deviation of numbers of years

return period between successive fires

Bray-Curtis Dissimilarity* Fsc Bray-Curtis Dissimilarity Index

between fire history at one specific
location and all other locations

* This value varies between 0 and 1, with values closer to 1 indicating that a location has a very unique fire history compared to

the rest of the Park and values closer to 0 indicating it has a more frequently occurring fire history.
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Table 2: Pearson correlation coefficients between the different fire metrics (Note: All

correlations are statistically significant with p-value < 0.0001, n = 18 315).

Fn Fmean Fmax Fmedian Fstdev Fec
Fn 1.00 -0.60 -0.71 -0.54 -0.65 -0.77
Fmean 1.00 0.83 0.98 0.31 0.73
Fmax 1.00 0.76 0.68 0.74
Fmedian 1.00 0.21 0.69
Fstdev 1.00 0.57
Fec 1.00

Table 3: Adjusted-R? values for Generalised Linear Models with fire return metrics as
dependent variables and geology, long-term average annual rainfall and distance from
closest perennial river (and all interactions) as independent variables (row 1), as well
as models where different variables were dropped from the full model (rows 2-4). The
bigger the decrease in the adjusted R? when dropping a variable and its interactions,
the more important that variable is in explaining the variation.

l:n I:mean I:med I:max l:stdev FBC
Full model 045| 021| 016]| 027| 025| 0.30
Geology (and interactions) dropped
from full model 035| 018| 013 | 023| 0.22 0.23
Rainfall (and interactions) dropped
from full model 046 | 009| 0.07| 012] 0.12 0.24
Distance to river (and interactions)
dropped from full model 0.31 0.09 0.07 0.13 0.10 0.10
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Fig. 1: Fire history metrics for the Kruger National Park between 1941 and 2006.

Fig. 2: Area burnt and rainfall between 1941 and 2006 across the entire Kruger
National Park (LOESS smoothed, smoothing parameter = 0.1) See van Wilgen et al.

(2003 and 2004) for more detail on the various fire management regimes.

Figs. 3: Average of each fire history metric at 1km incremental distance bands from
perennial rivers in the Kruger National Park. Lower rainfall was defined as areas with
recorded rainfall less than the park-wide average, whereas high rainfall areas were
defined as areas with rainfall more than the park-wide average (Fmean and Frmeq Were

double log-transformed to improve readability of the graphs).

Fig. 4: Long-term average herbaceous biomass at increasing distance from perennial

rivers.

Fig. 5: Average percentage woody cover at increasing distance from perennial rivers.
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Fig. 4
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