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ABSTRACT

Understanding fire regimes in the
coastal region of the Pondoland cen-
ter of plant endemism, (Eastern
Cape, South Africa) is of critical im-
portance, especially in areas where
anthropogenic ignitions influence the
fire regime. We characterized the
fire regime (2007 to 2016) of Mkam-
bati Nature Reserve (9200 ha) in
terms of fire season, seasonality of
fire-prone weather conditions, fire
return interval (FRI), and influence
of poaching-related ignitions. Fires
were concentrated in winter when
monthly fire danger weather index
was highest. The mean FRI at
Mkambati was <3 years, but varied
according to vegetation type, and
whether censoring (for open-ended
FRIs) was applied. Mean estimated
FRIs were 2.6 yr to 3.1 yr in the ma-
jority of grassland types, 5.6 yr to
8.0 yr in forests, and 9.0 yr to 44.4 yr
in Themeda triandra Forssk. grass-
lands. Poachers, with the intention
of attracting ungulates, are an im-
portant source of ignitions at Mkam-
bati. Accordingly, FRIs were shorter
(1.99 yr to 2.08 yr) in areas within 3
km of likely poacher entry points
than in areas farther away (2.56 yr to
2.88 yr). Although all fires recorded
at Mkambati during the study period

RESUMEN

El entendimiento de los regimenes de fuego en la
region costera del centro endémico de plantas
llamado Pondoland (en el este del Cabo, en Sud
Africa) es de importancia critica, especialmente
en areas en las cuales las igniciones antropogéni-
cas influencian este régimen. En este trabajo ca-
racterizamos el régimen de fuegos (de 2007 a
2016) en la Reserva Natural de Mkambati (9200
ha) en términos de la estacion de fuego, la esta-
cionalidad de las condiciones meteorologicas
proclives a fuego, el intervalo de retorno del fue-
go (FRI), y la influencia de las igniciones rela-
cionadas con la caza furtiva. Los incendios estu-
vieron concentrados en el invierno cuando el in-
dice meteoroldgico de peligro de incendios fue
maximo. La media del intervalo de retorno del
fuego (FRI) fue <3 afios en Mkambati, aunque
vari6 de acuerdo al tipo de vegetacion y también
cuando algun tipo de restriccion fue aplicado al
final de periodos de fuego mas extendidos. Las
medias estimadas de FRI fueron entre 2,6 afios y
3,1 afios en la mayoria de los tipos de pastizales,
de entre 5,6 afos a 8 afos en bosques, y de 9,0
afios a 44,4 afios en pastizales de Themeda trian-
dra Forssk. Los cazadores furtivos, con la inten-
cion de atraer a los ungulados, representan una
fuente importante de igniciones en Mkambati.
De acuerdo con esto, las FRI fueron mas cortas
(de 1,99 afios a 2,08 afios) en areas dentro de los
3 km de los puntos de entrada de los cazadores
furtivos que en areas mas alejadas (de 2,56 afos
a 2,88 anos). Aunque todos los fuegos registra-
dos en Mkambati durante el periodo de estudio
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were of anthropogenic origin, mean
FRI still fell within the natural range
reported for interior grasslands in
South Africa.
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fueron de origen antropogénico, la media del FRI
todavia se encuentra dentro del rango natural re-
portado para los pastizales del interior de Sud
Africa.
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INTRODUCTION

Fire is an essential ecosystem process
throughout many of the world’s terrestrial eco-
systems (Bond et al. 2005) and particularly in
Africa, “the fire continent” (Archibald et al.
2010b). However, in many of these ecosys-
tems, fire regimes have been altered by anthro-
pogenic interference (de Klerk et al. 2012).
Fire regimes can be defined as the average fire
conditions occurring over a defined period of
time (Gill 1975, Brooks and Zouhar 2008,
Chuvieco et al. 2008) in terms of frequency,
seasonality, size, and type (Gill 1975), where-
by individual fire events contribute to the over-
all fire regime (Van Wilgen et al. 2010). Dy-
namics that influence fire regimes, and thus the
probability in time of a given area burning, in-
clude fuel, topography, weather conditions, ig-
nition rates, and anthropogenic influences such
as fire management effort (Archibald er al
2009, Fernandes ef al. 2012) and grazing re-
gimes (Govender ef al. 2006, Fuhlendorf et al.
2009, Ladbrook 2015).

In fire-prone ecosystems, managers need
to understand historical fire regimes and the
changes therein, as this gives insight into how
the vegetation was shaped by fire, fuel accu-
mulation rates (Bond ef al. 2005, Kraaij et al.
2013a), and biodiversity responses to fire
(Driscoll et al. 2010). Understanding fire re-
gimes may furthermore assist mitigation of
negative effects often associated with anthro-
pogenic fire (Chuvieco et al. 2008), and aid
with strategic planning for future fire manage-

ment (Morgan et al. 2001). Human interfer-
ence with fire (in the form of ignitions and
suppression; Archibald et al. 2009, Fernandes
et al. 2012) is often especially evident close to
human habitation (Syphard et al. 2007, Ar-
chibald et al. 2009, Archibald et al. 20100).
The effects of anthropogenic ignitions on fire
regimes are poorly understood (Bond and Parr
2010) but often occur at higher frequencies
than natural ignitions (Brooks and Zouhar
2008) and pre-empt natural ignitions (Bond
and Parr 2010). Anthropogenic ignitions may
thus result in more frequent fires and addition-
ally modify the seasonality, intensity, and size
of fires (Chuvieco et al. 2008). On the con-
trary, human-induced suppression of fire and
fragmentation of habitat may result in a lack of
fires (Archibald et al. 20105).

Grasslands account for a large portion of
Earth’s fire-prone ecosystems and largely rep-
resent two so-called pyromes (similar to glob-
al syndromes of fire regimes, i.e., frequent-in-
tense-large and frequent-cool-small; Archibald
et al. 2013). In South Africa, grasslands com-
pose almost one third of the land surface area
(Mucina and Rutherford 2006, Bachinger et
al. 2016). High seasonal rainfall in grasslands
typically allows rapid fuel accumulation, re-
sulting in some of the shortest fire return inter-
vals (often <2 years) on Earth, which may be
shortened further by anthropogenic ignitions
(Archibald ef al. 20105, Bond and Parr 2010).
In sourveld grasslands, in particular, fires tend
to be more frequent later in the dry season
(winter) when fire danger conditions are at
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their highest and grass curing has resulted in
the accumulation of dead fuels (Van Wilgen et
al. 2000). Large quantities of fine, flammable
fuel make these sourveld highly adaptable to
changing weather conditions, thus strongly in-
fluencing grassland fire regimes (Cheney and
Sullivan 2008, Bond and Parr 2010).

Little is known about the fire ecology of
the low-nutrient coastal sourveld of the Pon-
doland center of plant endemism along the
east coast of South Africa (Van Wyk and Smith
2001). Current information suggests that fire
regimes in these grasslands (Van Wilgen and
Forsyth 2010) are comparable to those in other
grassland types on the high-lying interior of
South Africa (Mucina and Rutherford 2006),
with fires occurring at one-year to four-year
intervals, mostly in late winter when humidity
is low, vegetation is dry, and wind speeds are
high (Mucina and Rutherford 2006, Van
Wilgen and Forsyth 2010). In order to charac-
terize the fire regime of the low-nutrient coast-
al grasslands of Pondoland, we focused on
Mkambati Nature Reserve (hereafter Mkam-
bati) due to it being one of few areas of un-
transformed habitat in the region. Most fires
at Mkambati are caused by anthropogenic ig-
nitions associated with poaching (approxi-
mately 90%; personal communication, V.
Mapiya, Mkambati Nature Reserve Manager,
Eastern Cape, South Africa; Shackleton 1989;
Van Wilgen and Forsyth 2010), which enabled
an investigation of the effects of anthropogen-
ic influences on the fire regime.

This research aimed to characterize the fire
regime in the coastal sourveld grasslands of
Mkambati over the past ten years in terms of
frequency, seasonality, size, and potential im-
portance of anthropogenic sources of ignition.
In interpreting our findings, we considered
whether fire frequency and season in this
coastal sourveld system differs from that in the
more extensive interior Highveld grassland
systems of South Africa, and whether some of
Pondoland’s unique biodiversity may be nega-
tively affected by poachers’ influence on the
fire regime.
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METHODS
Study Site

Mkambati (31°15'36"S, 29°59'24"E) is a
small (9200 ha), fenced nature reserve situated
on the southeast coast of South Africa, be-
tween Port Edward (30 km to the northeast)
and Port St. Johns (59 km to the southeast)
(Venter et al. 2014a). The reserve is managed
by Eastern Cape Parks and Tourism Agency
under a land claim settlement agreement with
local communities (Kepe 2004). High annual
rainfall (1200 mm) and mild temperatures (av-
erage of 18°C in winter and 22 °C in summer)
give rise to a mild subtropical climate with rel-
atively high humidity (Shackleton et al. 1991).
The vegetation is dominated by Pon-
doland-Ugu Sandstone Coastal Sourveld (Mu-
cina et al. 2006) interspersed with patches of
indigenous forest (scarp and southern coastal
forest; Figure 1A; Shackleton 1989, Mucina
and Rutherford 2006). The vegetation is nutri-
ent poor resulting from the underlying geology
and high levels of leaching (Mucina et al
2006, Venter and Kalule-Sabiti 2016). Soils
are composed of Mkambati sandstones of the
broader Cape Supergroup (Fisher et al. 2013).
Frequent fires resulted in a dynamic mosaic of
recently burned and older grasses (Venter et al.
2014a). The vast majority of fires are ignited
by poachers with the intention of attracting un-
gulates to areas in which they are easier to hunt
(Shackleton 1989, Van Wilgen and Forsyth
2010). Apart from large herbivores at Mkam-
bati, there are a number of rare, threatened, or
endemic species of fauna and flora that are po-
tentially affected by fire (Appendix 1). Mkam-
bati management undertakes limited prescribed
burning due to the high incidence of fires asso-
ciated with poaching (Venter et al. 2014b).
The spread of fire at Mkambati is limited by
surrounding landscape features, in the form of
natural boundaries (rivers) to the northeast and
southwest, a well maintained firebreak inland
to the west, and roads and indigenous forest
within the reserve (Shackleton 1989).
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Figure 1. (A) Vegetation types at Mkambati Nature Reserve (Shackleton 1989) and potential entry points
used by poachers to access the reserve. (B) Mean fire return intervals (FRIs; calculated using the simplis-
tic formula) per unique fire history polygon for the period 2007 to 2016 as denoted by shading (no shading
represents the small areas that did not burned during the study period).
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Fire Records

We compiled a spatial database of fires that
occurred at Mkambati during the period Janu-
ary 2007 to August 2016. We used fire records
(hand-drawn maps or Global Positioning Sys-
tem [GPS]-tracked fire boundaries) kept by
reserve staff and fire boundaries that we digi-
tized in GIS from Landsat TM imagery fol-
lowing methodology similar to that of Bow-
man et al. (2003), who used visual delimita-
tion of fire scars to map fires from satellite im-
agery. When both reserve-derived and Land-
sat-derived records were available for a fire,
the Landsat-derived records were preferred as
these were deemed to be more accurate. For
some fires, Landsat images were not available
due to interference of cloud cover (Bowman et
al. 2003); we then used the reserve-derived re-
cords in these cases. Fire records (composed
of a spatially referenced polygons and dates of
fire) were assimilated in a GIS database using
ArcGIS version 10.1 (Esri, Redlands, Califor-
nia, USA). For fire scars for which we had
both reserve-derived and Landsat-derived re-
cords, we compared the areas burned accord-
ing to the respective record types, using a
paired #-test (Ashcroft and Pereira 2003). Us-
ing the same dataset, we also calculated the
percentage error of omission for reserve-de-
rived records (false negatives, i.e., burned ar-
eas missed by the reserve-derived records),
and error of commission (false positives, i.e.,
where reserve-derived records over-mapped
fires) (de Klerk et al. 2012).

Fire Size, Fire Season and
Fire Danger Weather

We determined the relationship between
number of fires and area burned on a monthly
basis, using linear regression, as data con-
formed to a normal distribution. We used Sta-
tistica, version 13 (Dell Inc., Tulsa, Oklahoma,
USA) for all statistical analyses. To explore
fire-size distribution, we categorized fires into
size classes (i.e., small <10 ha, medium >10
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ha, large >100 ha, and very large >1000 ha).
We explored the seasonality of fires by assess-
ing the frequency distribution of fires (in terms
of number of fires and area burned) across
months. We furthermore assessed the season-
ality of fire-prone weather conditions by cal-
culating daily fire danger index (FDI) scores
according to the South African Lowveld Mod-
el (Strydom and Savage 2013) for the study
period. We used daily weather records for the
town of Port Alfred (situated 30 km northeast
of Mkambati) of maximum temperature, mini-
mum relative humidity, rainfall, and average
wind speed. The FDI scores were categorized
as safe (FDI 0 to 20), moderate (21 to 45),
dangerous (46 to 60), very dangerous (61 to
75), or extremely dangerous (75 to 100)
(Meikle and Heine 1987). We explored the re-
lationship between the seasonality of fires and
the seasonality of fire-prone weather condi-
tions by relating the monthly incidence of fires
to average monthly FDI using two different re-
gressions: number of fires vs. FDI and area
burned vs. FDI. We also used regression to
explore the relationship between fire size and
FDI on the day of the fire.

To assess the likely effect of poaching as
ignition source on the incidence of fires, we
determined (in GIS) for each fire on record the
distance between the fire-scar centroid and the
nearest potential entry point where poachers
are known to access the reserve (V. Mapiya,
Mkambati Nature Reserve Manager, Eastern
Cape, South Africa, personal communication;
Figure 1A). We subsequently explored the re-
lationship between the number of fires and the
distance to likely poacher entry points.

Fire Return Interval

In order to assess fire return intervals
(FRIs), we derived polygons of unique fire his-
tory (hereafter, “polygons”) by intersecting
fire scars in GIS (Forsyth and Van Wilgen
2008, Kraaij et al. 2013a). To reduce noise in
the dataset, polygons <l ha in size were
merged with neighboring polygons that had
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the longest shared boundary. Each polygon
was characterized by zero or more fires, and
polygons that had two or more fires thus expe-
rienced one or more complete FRI. The inter-
vals before the first fires and after the last fires
on record resulted in FRIs that were unknown.
These open-ended FRIs were accounted for by
means of censoring (Moritz et al. 2004) and
are hereafter referred to as “censored,” as op-
posed to “complete” (i.e., did not require cen-
soring) FRIs. We estimated mean FRIs using
two methods. The first method calculated
mean FRI using a simplistic formula

ay
FRI = =2 | 1
RI =~ (1)

where y is the study period in years, b is the
summed area of all the fires recorded over the
study period, and a is the area over which fires
were recorded (i.e., reserve size; Forsyth and
Van Wilgen 2008, Kraaij 2010, Oliveira et al.
2012). Thus, this simplistic formula yields an
area-based estimate of the length of time nec-
essary for an area equal in size to the analysis
area to burn (“fire rotation;” Romme 1980). In
addition to its simplicity, this method does not
require a fire frequency model (Oliveira ef al.
2012), and is inclusive of area but not of cen-
soring. The second method used maximum
likelihood survival analysis by fitting a
three-parameter Weibull function to the FRI
distributions (Grissino-Mayer 2000). We ac-
counted for area by weighing FRI records by
polygon size (Fernandes et al. 2012). To ac-
count for polygons that never burned during
the study period, we specified a constant of 10
(~study period of 10 years) to be used for such
double-censored FRIs. We calculated mean
FRIs according to the above mentioned two
methods for Mkambati as a whole, and for the
respective vegetation types, to assess whether
fire frequency differed among vegetation
types. For this purpose, we simplified the veg-
etation categorization of Shackleton (1989) to
be relevant to the accuracy and scale of fire
scars, differentiating between (1) merged
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grasslands (including all Shackleton’s grass-
land types except Themeda triandra Forssk.
grasslands, and including rocky outcrops and
wetlands within these grasslands); (2) forests;
and (3) Themeda triandra grasslands (hence-
forth referred to as Themeda grasslands, a
grassland with dwarf stature in which fire is
unlikely due to strong maritime influence; Fig-
ure 1A). To assess the effect of poacher influ-
ence on fire frequency, we calculated the mean
FRI for merged grasslands (the predominant
vegetation type) close to (within a 3 km buffer
of) and away from (outside of a 3 km buffer
of) likely poacher entry points. The 3 km buf-
fer was based on the relationship established
between the number of fire-scar centroids and
distance to likely poacher entry points.

RESULTS
Fire Records

Between January 2007 and August 2016, a
total of 91 fires were recorded at Mkambati
that burned an area of 27510 ha. Of these re-
cords, 10 were Landsat-derived and not re-
serve-derived, 20 were reserve-derived and
not Landsat-derived, and the remainder (61
fires) were both Landsat-derived and re-
serve-derived. For the latter set of records, the
area burned according to reserve-derived re-
cords was significantly larger than the area
burned according to Landsat-derived records (¢
=2.28,P=0.03, n=061). Reserve-derived fire
records showed a 20% error in commission
and a 9% error in omission when compared to
the Landsat-derived images.

Fire Size, Fire Season,
and Fire-Danger Weather

Individual fires at Mkambati during the
study period varied in size from 6 ha to 2686
ha. Small (3% of fires) and very large (5% of
fires) fires were uncommon, although these
few very large fires accounted for 34 % of the
total area burned (Figure 2). The number of
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Figure 2. Monthly distribution of fires of different size classes expressed as percentages of the total area
burned and of the total number of fires recorded at Mkambati Nature Reserve during 2007 to 2016. Mean
monthly fire danger index (FDI) score during the same period at the town of Port Edward is also shown.

fires and area burned per month were signifi-
cantly correlated (R*? = 0.88, P < 0.01, n = 12;
Figure 2). Fire activity (when measured as
number of fires or area burned) was concen-
trated in the winter months, (i.e., May to Au-
gust, but with a dip in July; Figure 2). Very
large fires (n = 5) almost exclusively occurred
during these months. Fire-danger weather
conditions also peaked during winter (May to
August; Figure 2), with area burned per month
being significantly and positively related to
monthly mean FDI (R*> = 0.47, P < 0.05, n =
12). Accordingly, 57 % of fires occurred when
FDI conditions were dangerous or higher. Av-
erage fire-danger weather conditions were
moderate (mean FDI of 39) in the study area
(Figure 2). Safe or moderate conditions oc-
curred 66 % of the time, while very dangerous
or extremely dangerous conditions occurred
only 5% of the time. The size of individual

fires was not significantly related to FDI on the
day of fire (R*=0.12, P=0.27, n = 89).

Fire Return Interval

Intersection of fire scars produced 984
polygons of unique fire history (Figure 1B),
with complete FRIs (areas that experienced at
least two fires during the study season) record-
ed on 78 % of Mkambati. Of the FRIs record-
ed, 1911 (61%) were complete and 1246
(39%) censored. Estimates of mean FRI were
influenced by the calculation method em-
ployed, with the Weibull function (applying
censoring) consistently underestimating mean
FRI when compared to the simplistic formula
(Table 1). Mean FRI at Mkambati during the
study period was estimated at ~3 yr, and dif-
fered between vegetation types. Mean FRIs
were 2.6 yr and 3.1 yr (Weibull and simplistic
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Table 1. Mean fire return intervals (FRIs) estimated for Mkambati Nature Reserve and its respective veg-
etation types (see Figure 1A) for the period 2007 to 2016, using a simplistic formula (see text) and maxi-
mum likelihood survival analysis (the three-parameter Weibull distribution). Mean FRIs for merged
grasslands within (close to) and outside of (away from) a 3 km buffer of likely poacher entry points are
also shown. CI denotes 95 % confidence limits.

Formula Weibull analysis
Simplistic FRIs
Proportion FRI Weibull FRI  Shape Scale  censored
of Mkambati  (yr) (yr £CI) parameter parameter (%)
Entire reserve 1.00 3.36 2.59+£0.02 1.31 4.83 45
Merged grassland (including
wetland and rock) 0.88 3.09 2.56 £0.02 1.29 4.65 42
Themeda grassland 0.03 44.38 9.06 +£0.22 1.30 194.46 87
Forest 0.09 8.00 5.61 £0.14 1.05 23.73 66
Merged grassland close to
likely poacher entry points 0.35 2.08 1.99 +£0.02 1.39 3.19 36
Merged grassland away from
likely poacher entry points 0.53 2.88 2.56 +£0.02 1.29 4.65 55
formula estimates, respectively) in the merged 40
grasslands, 5.6 yr and 8.0 yr in forests, and 9.1 35 |
yr and 44.4 yr in the Themeda grasslands. 10
Variance in estimates of mean FRI was higher .
for vegetation types for which a large percent- S o0
age of the FRIs was censored (i.e., forests and $ .
Themeda grasslands). Z 0
Of the fires on the reserve, 69 % of the fire- 5 I
scar centroids occurred close to (within 3 km 0
of) likely poacher entry points (Figure 3). 0-1500  1501-3000 3001-4500  >4500
Mean FRIs in areas close to hkely pOElChCI‘ en- Distance to likely poacher entry points (meters)
try points were shorter (2.0 yr and 2.8 yr for
Weibull and simplistic formula estimates, re-  Figure 3. Distances from likely poacher entry

spectively) than those farther away from likely
poacher entry points (2.6 yr and 2.9 yr, Figure
1B). Weibull-derived FRIs differed signifi-
cantly between these two areas (no overlap in
95 % confidence intervals; Table 1).

points to fire-scar centroids (Figure 1) at Mkambati
Nature Reserve between January 2007 and August
2016.

ranged up to 400000 ha (Bird et al. 2012, Lad-
brook 2015). The finding that a smaller num-
ber of large fires (i.e., fires >1000 ha at Mkam-
bati) contributed substantially to the total area

DISCUSSION

Fire Size and Fire Records

Fires at Mkambati ranged in size from 6 ha
to 2686 ha, which is small in relation to some
grassland fires elsewhere in the world that

burned on record has been observed in various
ecosystems globally, including mediterra-
nean-climate shrublands and grasslands (For-
syth and Van Wilgen 2008, Archibald et al.
2010a, Moreira et al. 2011, Kraaij et al
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2013a). The difference in area burned be-
tween Landsat-derived and reserve-derived re-
cords show the importance of using both re-
cord sources in conjunction with one another
to facilitate the upkeep of comprehensive and
accurate fire records. The level of accuracy at-
tained in our study in deriving fire scars from
Landsat imagery, especially in merged grass-
lands, is comparable to that attained by other
studies in the savannas of northern Australia
(Russell-Smith ef al. 2003) and across vegeta-
tion types in Nevada, United States (Kolden
and Weisberg 2007).

Seasonality of Fires and
Fire Danger Weather

The fire season at Mkambati was from
May to August (the dry season), during which
time FDI was highest (average FDI >40). Fire
season in these coastal grasslands thus mirror
that of other grasslands in South Africa (Ar-
chibald et al. 2010a). Within the winter sea-
son, the number of fires and area burned at
Mkambati peaked in June, after which the
number of fires declined, suggesting that
poachers set fires early in winter when grasses
first die off. These fires stimulate new grass
growth with elevated crude protein content
(8.6% compared to 4.6% in more moribund
vegetation; Shackleton 1989), thereby attract-
ing ungulates to feed in these areas. The sec-
ond peak in area burned during August through
September (which is not reflected in number
of fires) is likely explained by fewer but larger
fires that are able to spread under high
fire-danger weather conditions still prevailing
during these months, and possibly some pre-
scribed burns undertaken by management to-
wards the end of the dry season.

Fire Return Intervals

Fire return intervals at Mkambati of ap-
proximately three years (<3 yr in the merged
grasslands, which are representative of approx-
imately 80% of the reserve) are within the
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range (1 yr to 4 yr) reported for other grass-
lands in South Africa (Mucina et al. 2006).
Variance in estimates of mean FRI was greater
when high levels of censoring were applied, as
found in other studies (Fernandes et al. 2012,
Kraaij et al. 2013a). For Mkambati as a whole
and for the merged grasslands, the level of cen-
soring applied and the variance in estimates
obtained of mean FRI were low, suggesting
that the time series (study period) was suffi-
cient to yield reasonable estimates of mean fire
frequency. Accordingly, the two methods used
for FRI estimation yielded comparable results
for the merged grasslands. However, greater
uncertainty was associated with the estimates
of mean FRI derived for forests and Themeda
grasslands. Here, greater levels of censoring
were applied (including double-censoring) and
FRIs were longer relative to the length of the
time series studied. For these vegetation types,
the estimates of mean FRI produced by the
simplistic formula are considered to be more
reliable. Estimates of mean FRI in vegetation
types that do not experience regular fire could
be refined if time series data were extended,
emphasizing the need for comprehensive long-
term fire records.

The other vegetation types at Mkambati
(i.e., forests and Themeda grasslands) tend to
burn much less frequently (>5 yr), most likely
as a result of localized climatic conditions and
different fuel characteristics. Grass fuels are
characterized by loosely packed fine fuels,
whereas forests have coarser fuels with higher
fuel moisture contents (Hoffmann et al. 2012).
Being situated along the coast, the Themeda
grasslands are influenced by salt spray and
wind from the ocean, causing cooler, moister
conditions and stunted plant growth form,
which likely account for the extended FRIs
(Shackleton 1989).

It has been proposed that rigid fire regimes
will not provide for the needs of a wide variety
of fauna and flora, but instead that FRIs should
be varied in space and time (pyrodiversity) to
maintain higher levels of biodiversity (Parr and
Andersen 2006). Within Mkambati, FRIs were
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not evenly distributed, with mean FRIs being
significantly shorter close to likely poacher en-
try points than farther away. Differences in fire
frequency between areas experiencing more
and fewer poacher ignitions may provide pyro-
diversity within Mkambati, allowing for a
greater suite of biodiversity to persist in a small
area. In the grasslands of Mpumalanga, South
Africa, more frequent fires in fire breaks than
in the adjacent matrix were found to have no
negative effects on plant diversity unless the
areas had been previously disturbed (Bachinger
et al. 2016). We did not investigate the effects
of pyrodiversity on biodiversity at Mkambati,
but our findings in terms of differential FRIs
across the reserve provide a basis for future re-
search into this aspect.

Effects of Poaching and
Implications for Management

It is clear from this study and others
(Shackleton 1989, Oneka 1990, Veblen et al.
2000, Bowman et al. 2011, Archibald et al.
2012) that fire regimes may be significantly af-
fected by anthropogenic influences. At Mur-
chison Falls National Park, Uganda, poachers
set fires outside the reserve with the intention
of drawing animals outside of the protected
area where they could be easily poached (One-
ka 1990); whereas at Mkambati, fires were set
inside of the reserve boundary for a similar
purpose. Fires were most commonly set in ar-
eas that posed a low risk to poachers such as
close to entry points and far away from the re-
serve’s law enforcement and infrastructure.
The larger number of fire-scar centroids situat-
ed near the likely poacher entry points is indic-
ative of a larger number of smaller fires in
these areas. Similarly, in Australian savanna, a
finer scale mosaic of burned and unburned ar-
eas was evident closer to human settlement
(Bowman et al. 2004).

In order to formulate appropriate fire man-
agement guidelines (i.e., when fires should be
suppressed or allowed to burn), an understand-
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ing of anthropogenic influences on the fire re-
gime and of the potential ecological effects of
untimely fires is required. To facilitate adap-
tive management of fire for biodiversity con-
servation, thresholds may be formulated out-
lining ecologically acceptable limits of varia-
tion (pyrodiversity; Van Wilgen et al. 2011).
Such thresholds typically relate to ecological
responses of biota to fire (e.g., post-fire re-
cruitment or breeding success; Van Wilgen et
al. 2011, Kraaij et al. 2013b). Mkambati rep-
resents the Pondoland center of plant ende-
mism (Van Wyk and Smith 2001) and contains
various threatened or endemic species of fauna
and flora potentially affected by fire (Appen-
dix 1). We considered how knowledge of
these species’ ecology should be used to in-
form thresholds for the study area related to
fire frequency, fire season, fire size, and inter-
actions between fire and herbivory (Appendix
1; ¢f- Van Wilgen et al. 2011 and Kraaij ef al.
2013b). This exercise also highlighted priori-
ties for future research on biological responses
to fire. In addition to consideration of threat-
ened and endemic species, fire management at
Mkambati also has to take account of species
important for resource utilization (such as
Cymbopogon validus Stapf [Stapf] ex Burtt
Davy used for thatching by local communities;
Kepe 2005), and interactions between fire and
herbivory. The latter has implications for the
availability and quality of forage and thus the
performance of ungulates, the availability of
fuels, fire frequency and intensity, and habitat
condition (Venter et al. 2014a).

CONCLUSION

It is clear that a number of ecological fac-
tors need to be considered when evaluating
past management and recommending appro-
priate future management of fire in protected
areas. We have made a start by (1) establish-
ing that past fire regimes at Mkambati broadly
fell within ranges deemed natural for other
grassland systems in South Africa, and (2) pro-
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viding a fire history to underpin evaluations of
the effects of different past fire frequencies on
biota of the Pondoland center of plant ende-
mism. Similar approaches may be used to de-
velop and refine thresholds for fire manage-
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ed area management (c¢f. Van Wilgen et al.
2011). Establishing links between fire inter-
ventions and biodiversity outcomes is particu-
larly important in small, fenced reserves expe-
riencing substantial anthropogenic influence.

ment more generally in the context of protect-
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Appendix 1: Species (fauna and flora) of conservation importance at Mkambati Nature Reserve, their
conservation status according to the International Union for Conservation of Nature (IUCN) Red list of
threatened species, their ecological characteristics relevant to fire management, and potential impacts of
fire regimes.

Species Status Ecological characteristics Potential impacts of fire regimes
(Sehi) Ciass-Bockh,  Critically G afon are”  Sensitive to frequent fies (grows
& E.G.H. Oliv. endangered extremely fragmented® in sites protected from fire)
Watsonia pondoensis s Sensitive to frequent fire and
Goldblatt Endangered®  Geophyte overgrazing’
Resprouting shrub;
Leucospermum myrmecochorous, Too-frequent fire may result in
innovaﬁ s Rourke Endangered® thus requires high fire inadequate seed production and
intensities to stimulate poor recruitment’
seed germination'
Kniphofia Sensitive to frequent fires
drep anovhvila Baker Vulnerable®  Geophyte associated with heavy grazing and
panophy trampling®
Leucadendron . .
spissifolium (Salisb Slow-growing woody Too-frequent fire may result in
61;( Knight) I Williams Vulnerable®  shrub; dioecious; inadequate seed production and
ssp ornginuh serotinous; resprouter’ poor recruitment?
Leucadendron Sl . d Too-f 6 Iti
spissifolium ssp. Near hov;—.gcrlpwu_lg woody . oc:i— requent ée ma(liy result 1nd
natalense (Thode & threateneds  Shrub; dioecious; inadequate seed production an

Gilg) 1. Williams

serotinous; resprouter’

poor recruitment?

Not assessed

Hyperolius poweri (due to Frog associated with h Sensitive to habitat loss as a result
Loveridge recent emergent vegetation on the ¢ regular fire (loss of cover)?
taxonomic margins of swamps®
change)?
Breviceps bagginsi Endancereds Frog favoring habitat Sensitive to habitat loss as a result
Minter g associated with grassland®* of regular fire (loss of cover)®
Chameleon represents a
Bradypodion caffer Endaneered® grassland ecomorph of Require long fire free intervals to
Boettger g B. caffer, only occurs in facilitate dispersal®
natural grassland®
. 21 species L
Tound e endlemie POUYeL O encbrate  Buming positively influences
. assessed by . species richness; highest numbers
to South Africa, and communities, but further . . .
: IUCN and . ... of endemic species were found in
at least 18 species thus listed as research is required in this unburned vegetation®?
endemic to Mkambati) endangered? diverse group? g

'Rebelo (1995)

2Hamer and Slotow (2017)

3 Masterson et al. (2008)

4du Preez and Carruthers (2009)

SRaimondo et al. (2015)

®South African Frog Re-Assessment Group (SA-Frog) (2010)
"Dippenaar-Schoeman et al. (2011)
8 Venter and Conradie (2015)



