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ABSTRACT

Tropical dry forests and savannas consti-
tute more than half of all tropical forests
and grasslands, but little is known about
forest fire regimes within these two exten-
sive types of ecosystems. Forest fire re-
gimes in a predominantly dry forest in In-
dia, the Nilgiri landscape, and a predomi-
nantly savanna ecosystem in the Sathya-
mangalam landscape, were examined.
Remote sensing data were applied to de-
lineate burned areas, determine fire size
characteristics, and to estimate fire-rota-
tion intervals. Belt transects (0.5 ha) were
used to estimate forest structure, diversity,
and fuel loads. Mean area burned, mean
number of fires, and mean fire size per
year were substantially higher in the Nilg-
iri landscape compared to the Sathyaman-
galam landscape. Mean fire-rotational in-
terval was 7.1 yr in the Nilgiri landscape
and 44.1 yr in the Sathyamangalam land-
scape. Tree (>10 cm diameter at breast
height) species diversity, tree density, and
basal area were significantly higher in the
Nilgiri landscape compared to the Sathya-
mangalam landscape. Total fuel loads
were significantly higher in tropical dry
and moist deciduous forests in the Nilgiri
landscape, but total fuel loads were higher
in the tropical dry thorn forests of the

RESUMEN

Los bosques tropicales secos y las sabanas
constituyen mas de la mitad de todos los
bosques y pastizales tropicales; sin embargo,
se conoce muy poco sobre los regimenes de
fuego en esos extensos ecosistemas. En este
trabajo, se examinaron los regimenes de fuego
en un bosque tropical, el paisaje de Nilgiri, y
en un ecosistema de sabana en el paisaje Sath-
yamangalam, ambos en la India. Se utilizaron
datos de sensores remotos para delinear areas
quemadas, determinar las caracteristicas del
tamano de los incendios y para estimar sus in-
tervalos de rotacion. Se usaron transectos en
fajas (0.5 ha) para estimar la estructura forest-
al, la diversidad y la carga de combustibles.
Las medias de area quemada, numero de in-
cendios y tamafio de los incendios por ano fue
substancialmente mayor en el paisaje de Nilg-
iri comparado con el de Sathyamangalam. El
intervalo medio entre incendios fue de 7.1 afios
en el paisaje de Nilgiri y de 44.1 afos en el de
Sathyamangalam. La diversidad, densidad y
area basal de los arboles (>10 cm de diametro
normal) fueron significativamente mayores en
el paisaje de Nilgiri que en el de Sathyaman-
galam. Las cargas totales de combustible fuer-
on significativamente mayores en los bosques
tropicales secos y humedos en el paisaje de
Nilgiri, aunque la carga total de combustibles
fue mayor en el bosque tropical espinoso seco
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Sathyamangalam landscape. Thus, the
two landscapes revealed contrasting fire
regimes and forest characteristics, with
more and four-fold larger fires in the Nil-
giri landscape. The dry forests and sa-
vannas could be maintained by a combi-
nation of factors, such as fire, grazing
pressures, and herbivore populations.
Understanding the factors maintaining
these two ecosystems will be critical for
their conservation.
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en el paisaje de Sathyamangalam. Ambos
paisajes revelaron caracteristicas estructurales
y regimenes de incendios diferentes, con mas
eventos de fuego de hasta cuatro veces mas
tamafio en el paisaje de Nilgiri. Los bosques
secos y sabanas podrian mantenerse mediante
una combinacion de factores tales como el
fuego, la presion de pastoreo y la poblacion de
herbivoros. El entendimiento de los factores
que mantienen esos dos ecosistemas sera criti-
CO para su conservacion.
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INTRODUCTION

The Indian sub-continent is extremely di-
verse in terms of climate, vegetation type dis-
tribution, and flammability of vegetation types.
Vegetation types range from alpine ecosystems
to tropical rainforests (Ravindranath and Su-
kumar 1998). The rich biological diversity in
the forests of India has resulted in four regions
(Western Ghats, Himalayas, Indo Burma, and
Sundaland) being designated as hotspots of
biodiversity among 34 global hotspots (Mitter-
meier et al. 2005). Carbon dating of charcoal
from the Western Ghats indicates forest burn-
ing as early as 5000 yr BP (Chandran 1997).
Fire continues to be an annual feature of many
landscapes and there are several causes for it
(Kodandapani ef al. 2008). Fires set in agri-
cultural landscapes to clear land of crop resi-
dues escape into adjoining forest areas (Saha
2002). Shifting cultivation that slashes and
burns vegetation to clear land is extensively
practiced in parts of northeastern India, as well
as in central parts of India (Ravindranath and
Sukumar 1998). Fires enter forests through in-
cendiarism and accidental fires (Kodandapani
et al. 2008). Prescribed burning to create for-
age in grasslands and savannas for certain

wildlife species also results in fire introduction
within adjacent forests (Landsberg and Lehm-
kuhl 1995). Fires are also introduced into for-
ests by various indigenous communities to aid
in the collection of non-timber forest products
(Narendran et al. 2001, Saha 2002).

Four Spatial Clusters of Fire in
Indian Ecosystems

Variation in fire ecology within India is
best described by four geographic clusters.
The first cluster 1s in northwest India, where
fires occur in the coniferous forests of species
such as fir, spruce, and pine in the Himalayan
region. Here fire is applied by local communi-
ties to clear needles and grass and to enhance
regeneration within the forest (Joshi 1991, Ba-
huguna and Upadhyay 2002). The second spa-
tial cluster occurs in northeast India, where
fires are predominantly due to slash and burn
agriculture, also known as jhum, in the tropical
evergreen forests, montane forests, subtropical
forests, and moist deciduous forests. Close to
50% of all forest fires in India occurs in this
cluster (Bahuguna and Upadhyay 2002). Be-
tween 1989 and 1995, 1000 km? of forests
were brought under shifting cultivation in the
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seven northeastern states of India (Raman
2007). In recent years, the increasing human
population is forcing a reduction in the time
between fires (jhum cycle) from 20 yr to 30 yr,
to 5 yr (Puri et al. 2011). The third spatial
cluster occurs in central parts of India, and
these fires are mainly due to slash and burn ag-
riculture, as well as to the use of fire for the
collection of non-timber forest products, such
as Madhuca indica J.F. Gmel. and Diospyros
melanoxylon Roxb., by indigenous communi-
ties (Saha 2002). Fires in this cluster are ex-
tensive within the tropical moist deciduous
forests. The fourth spatial cluster occurs in
southern India, in the Western and Eastern
Ghats, and these fires are predominantly due to
accidents, fires set for forest management pur-
poses, incendiarism, and slash and burn in
parts of the Eastern Ghats (Kodandapani et al.
2004, 2008; Vadrevu et al. 2006; Bhadarinath
etal. 2011; Renard ef al. 2012). In this cluster,
fires are predominantly in tropical dry decidu-
ous forests, tropical dry thorn forests, tropical
moist deciduous forests, and, to a smaller ex-
tent, in the tropical evergreen forests.
Seasonally dry tropical forests (hereafter
dry forests) are extensive and widespread glob-
ally and also within India. These forests con-
stitute >40% of the tropical forests of the
world (Furley 2007). Dry forests have both a
grass layer and a tree layer. In contrast, savan-
nas are predominantly a grassy layer with a
discontinuous tree layer. These savannas con-
stitute ~20% of the vegetated land surface in
the tropics (Bond and Parr 2010). Although
fire has been documented as a regular part of
these dry forests and savannas, there is uncer-
tainty regarding the magnitude of various com-
ponents of the fire regime (Higgins et al
2007). Further, at local scales, the processes
contributing to their distribution are unknown
(van Wilgen et al. 2004). While successional
concepts have been put forward to explain the
distribution of dry forests and savannas in the
Western Ghats (WG) (Pascal 1986), little at-
tention has been given to the effect of process-
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es like fire on successional states (Warman and
Moles 2009).

The objectives of this study were to: (1)
estimate the magnitude of the various compo-
nents of the fire regime in two landscapes of
dry forest and savanna; and (2) examine forest
characteristics and fuel load composition in the
two landscapes.

STUDY AREAS

The study areas were located in the WG
biodiversity hotspot (Figure 1), one of 34 glob-
al hotspots of biodiversity (Mittermeier et al.
2005), and the one with the highest human
density (Cincotta et al. 2000). The WG covers
only 5% of India’s total land area, but contain
more than 4000, or 27 %, of the country’s total
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Figure 1. Location of the Nilgiri and Sathyaman-
galam landscapes in the Western Ghats of India.
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plant species. The WG hotspot boundary ex-
tends for 160000 km? that stretch for 1600 km
along the west coast of southern peninsular In-
dia, on average 40 km inland from the shore
line, from 21° N to 8° N. The Nilgiri land-
scape, a dry forest ecosystem, (latitude 11° 32’
N to 11° 59’ N, longitude 76° 12’ E to 76° 52’
E), and the Sathyamangalam landscape, a sa-
vanna ecosystem (latitude 11° 29° N to 11° 49’
N, longitude 76° 50’ E to 77° 28’ E) were cho-
sen for the study (Figure 1). Each landscape
covers ~1500 km?. Elevation of the Sathya-
mangalam landscape varies from 233 m to
1727 m. The elevation of the Nilgiri landscape
varies from 0 m to 1450 m. Mean annual pre-
cipitation (MAP) in the Nilgiri landscape rang-
es from 600 mm to about 2000 mm. In the
arid Sathyamangalam landscape, MAP ranges
from 600 mm to 1100 mm, exceeding 1000
mm only at higher elevations. Sathyaman-
galam was a forest reserve before conversion
to a wildlife sanctuary in 2008 (Reddy et al.
2012).

Forest Types in the Nilgiri Landscape

Tropical dry deciduous forests are by far
the largest vegetation type in the Nilgiri land-
scape and constitute about 65% of the area,
with MAP ranging from 1000 mm to 1500
mm. The floristic composition includes over-
story species such as Tectona grandis L.t., Ter-
minalia crenulata Roth, Ougeinia oojeinensis
(Roxb.) Hocher., Diospyros montana Roxb.,
and Anogeissus latifolia (Roxb. ex D.C.) Wall.
ex Bedd. The canopy cover ranges between
40% and 60%. The understory includes sev-
eral shrubs and forbs as well as grass species
such Themeda cymbaria Hack., T. triandra
Forssk., Cymbopogon flexuosus (Nees) Wats.,
and Heteropogon contortus (L.) Beauv. (Suresh
et al. 1996). Shrubs include Indigofera pul-
chella Roxb., Helicteres isora L. and Grewia
hirsuta Vahl. (Prasad 2012). In addition, Lan-
tana camara L. occurs across the landscape.
Due to the marked seasonality in this forest
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type, trees shed their leaves and are normally
dormant between January and May, depending
on the onset of the monsoon rains (Sundara-
pandian and Swamy 1999).

Tropical dry thorn forests constitute about
20% of the area on the Nilgiri landscape. Cli-
matically, this vegetation type receives MAP
of about 800 mm. The physiognomy of this
forest type is short with several species of Aca-
cia, including Acacia chundra Willd. and A.
leucophloea (Roxb.) Willd. Other species in-
clude Ziziphus mauritiana Lam., Ziziphus ru-
gosa Lam., and Ziziphus xylopyrus (Retz.)
Willd. There are also several grass species in-
cluding Heteropogon contortus. Shrubs such
as Ziziphus spp., Canthium spp., and Randia
spp. are distributed in these forests (Prasad
2012).

Tropical moist deciduous forests constitute
about 10% of the Nilgiri landscape area. Flo-
ristically, this vegetation type is composed of
both deciduous and evergreen species. The
floristic composition includes Lagerstroemia
microcarpa Wt., Terminalia crenulata, Tectona
grandis, Dalbergia latifolia Roxb., Lannea
coromandelica (Houtt.) Merrill, Terminalia
bellirica (Gaertn.) Roxb., and Elaeocarpus tu-
berculatus Roxb. The canopy cover is between
60% and 80%. The understory consists of
both forbs and grass species such as Themeda
cymbaria, Imperata cylindrica (L.) P. Beauv.,
and Cymbopogon flexuosus. Exotic species
such as Lantana camara, Eupatorium odora-
tum L., Ageratum conyzoides L., and Parthe-
nium hysterophorus L. also occur in the land-
scape. This vegetation is restricted to the high
rainfall regions of the landscape (generally
above 1800 mm yr').

Forest Types in the
Sathyamangalam Landscape

In the Sathyamangalam savanna landscape,
the three dominant forest types are the tropical
dry thorn forests, the tropical dry deciduous
forest, and the tropical moist deciduous forest.
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The tropical dry thorn forests are the largest
vegetation type in the Sathyamangalam land-
scape and constitute about 50 % of the area in
the landscape. Its MAP is between 600 mm
and 1000 mm. The canopy cover is between
30% and 40%. The floristic composition in-
cludes Albizia amara (Roxb.) Boiv., Acacia
spp., Erythroxylon monogynum Roxb., and
Catunaregam dumetorum (Lam.) Tirven.

The deciduous forests, both tropical moist
deciduous and tropical dry deciduous, consti-
tute 18% and 24 % of the landscape, respec-
tively, and are distributed at higher elevations,
between 900 m and 1350 m. The MAP is >900
mm in these two forest types. Typical species
include Anogeissus latifolia, Tectona grandis,
and Terminalia spp. In addition, there are
patches of tropical evergreen forests and high
elevation grasslands (Reddy et al. 2012).

METHODS
Remote Sensing of Burned Areas

Fire maps for both the landscapes were de-
veloped from satellite data. For the Nilgiri
landscape, remote sensing data from seven
years between 1996 and 2005 were used to de-
lineate annually the burned and unburned ar-
eas. Indian Remote Sensing (IRS) satellite im-
agery was used to classify the burned and un-
burned forest areas. The images were subject-
ed to preliminary processing such as atmo-
spheric and geometric corrections. The IRS-
IB LISS I image acquired on 6 Mar 1996; the
IRS-IC LISS III images acquired on 22 Mar
1997, 12 Mar 1999, 1 Mar 2001, and 24 Feb
2002; and the IRS-P6 LISS III images acquired
on 9 Mar 2004 and 4 Mar 2005 were used for
this purpose. The spatial resolution for these
images was 23 m except for the image ac-
quired in 1996, which was 72 m. The 2005
image was georectified using a 1:250000
scanned Survey of India (SOI) topographic
map. The root mean square (rms) error was
+9.21 m or <0.40 pixels. The other six images
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were georegistered to this reference image.
The rms errors ranged from +0.07 pixels to
+0.1 pixels.

For the Sathyamangalam landscape, 16 yr
of remote sensing data were used to delineate
the burned and unburned areas. The IRS-IC
LISS IIT images acquired on 1 Mar 1997, 22
Mar 1998, and 21 Mar 1999; the IRS-ID LISS
IIT images acquired on 24 Apr 2000, 15 Mar
2001, 28 Feb 2002, and 10 Mar 2003; and the
IRS-P6 LISS III images acquired on 14 Mar
2004, 13 Feb 2005, 28 Mar 2006, 23 Mar
2007, 22 Feb 2008, 16 Feb 2009, 7 Mar 2010,
2 Mar 2011, and 25 Feb 2012 were used for
this purpose. The 2012 image was georectified
using a 1:250000 scanned Survey of India
(SOI) topographic map. The rms error was
+11 m or <0.50 pixels. The other 15 images
were georegistered to this reference image,
with rms errors ranging from +0.05 pixels to
+0.1 pixels.

The cloud cover for each of the scenes was
less than 10%. The images were subjected to
atmospheric corrections by applying the dark-
object subtraction (DOS) method. A method-
ology specific to the study area was developed
by performing supervised classification by
generating training sites from burned areas that
we identified on the images (Kodandapani et
al. 2008).

Estimating
Mean Fire-Rotation Interval (mFRI) Maps

The fire-rotation interval is the average
number of years required to burn an area un-
der consideration, with the understanding that
some areas may not burn while other areas
may burn more than once during a cycle (Van
Wagner 1978, Agee 1993, Cochrane et al.
1999). Data for all years of the two land-
scapes were then combined to yield the num-
ber of times an average pixel burned over the
7 (Nilgiri) or 16 (Sathyamanglam) sampled
periods. An overall mFRI was calculated by
first calculating a weighted average of the
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number of fire occurrences per hectare (num-
ber of times pixels burned multiplied by the
proportion of the whole landscape that was
burned 0, 1, 2... times over the sample peri-
ods) and then calculating the inverse of this
proportion. A pixel-level mFRI was calculat-
ed for each pixel by tallying the number of
times a pixel burned, and dividing that by the
number of sample periods.

Sampling Forest Characteristics

Transects. Data on woody plant species
were collected from belt transects of 500 m x
10 m in the study areas. In the Sathyaman-
glam landscape, 16 transects were from the
tropical dry deciduous forests, 10 from the
tropical dry thorn forests, and 9 transects from
the tropical moist deciduous forests. In the
Nilgiri landscape, 17 transects were enumerat-
ed in the tropical dry deciduous forests, 10
transects from the tropical dry thorn forests,
and 2 transects from the tropical moist decidu-
ous forests. Methods were adapted from Co-
chrane and Schultz (1999).

Species composition. All individual trees
>10 cm diameter at breast height (dbh) were
enumerated along each transect and were iden-
tified to species.

Fuel composition and fuel load estimation.
At intervals of 25 m along the transect, fuel
load was estimated by applying the modified
planar intercept method (Uhl and Kauffman
1990, Cochrane et al. 1999). Fuels data were
collected in four size classes (0 cm to 0.6 cm,
0.6 cm to 2.5 cm, 2.5 ¢cm to 7.6 cm, and >7.6
cm) along a 10.5 m line laid randomly at inter-
vals of 25 m along the transect. These fuel
classes correspond to 1 hr, 10 hr, 100 hr, and
1000 hr time lags (Pyne et al. 1996). In the
fuel size class >7.6 cm, both the number and
diameter of logs that intercept the fuel line
were recorded. Finally the condition of these
fuels, in terms of whether they were sound or
rotten, was recorded.
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Statistical Analysis

Student’s #-test was conducted to assess
differences in the means of the forest charac-
teristics in the different forest types. Compari-
sons among fire sizes were carried out using
ANOVA. Linear regressions were carried out
to assess significant trends in area burned in
the two landscapes. All analysis was conduct-
ed in the statistical software R (R-Project
2006).

RESULTS
Fire Regimes

The Nilgiri and Sathyamangalam land-
scapes showed no trend in either the area
burned per year (P > 0.05) or in the number of
fires (P > 0.05) (Figure 2). Annual fire fre-
quency in the Nilgiri landscape was 650 £232,
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Figure 2. (A) Area burned (red line) and number
of fires (blue bars) in the Nilgiri landscape (1996
to 2005). (B) Area burned (red line) and number
of fires (blue bars) in the Sathyamangalam land-
scape (1997 to 2012).
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compared to 159 =115 for the Sathyaman-
galam landscape (Figure 2). Mean fire rota-
tional intervals (mFRI), the time required to
burn the equivalent of the total landscape area,
was 7.1 yr for the Nilgiri landscape and 44.1
yr for the Sathyamangalam landscape.

There is substantial spatial heterogeneity
in the pattern of fire across the two landscapes
(Figure 3). When mean FRI is calculated on a
pixel basis, some pixels in the Nilgiri land-
scape burned in all seven periods (mFRI = 1)
while others did not burn at all during the study
period (Table 1). Fire activity is scattered
across the whole of the Nilgiri landscape, but
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Figure 3. (A) Spatial pattern of mean FRI in the
Nilgiri landscape (1996 to 2005). (B) Spatial pat-
tern of mean FRI in the Sathyamangalam land-
scape (1997 to 2012).
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Table 1. Area burned (ha) over the 7 sample peri-
ods for the Nilgiri landscape and 16 sample periods
for the Sathyamangalam landscape. The Nilgiri
and Sathyamangalam landscapes encompass
154500 ha and 152900 ha, respectively.

Times burned _ L-andscape area burned (ha)

(n) Nilgiri Sathyamangalam
0 64708 128480
1 47304 9500
2 26437 5903
3 11935 4553
4 3392 2571
5 614 1286
6 104 500
7 6 107

there is a clear east-west gradient visible in the
Sathyamangalam landscape. About 84 % of
the area in the Sathyamangalam landscape did
not burn, whereas 42 % of the area did not burn
in the Nilgiri landscape (Table 1).

A small percentage of fires in both land-
scapes account for the bulk of area burned. In
the Nilgiri landscape, 10% of the fires ac-
counted for 90% of the burned area, while in
the Sathyamangalam landscape, 10% of fires
accounted for 86 % of the burned area. In both
landscapes, small fires <10 ha are abundant
(Figure 4). Mean fire size was significantly
higher (P = 0.002) at 30 ha in the Nilgiri land-
scape compared to 10 ha in the Sathyaman-
galam landscape. At 9921 ha, the largest fire
size in the Nilgiri landscape was four-fold
larger than the 2425 ha for the largest fire in
the Sathyamangalam landscape.

Analysis of Forest Characteristics
in the Two Landscapes

Tree species diversity, density of trees,
basal area, and fuel loads were higher in the
Nilgiri landscape compared to the Sathyaman-
galam landscape (Table 2). Tree species rich-
ness in the analyses by individual vegetation
type followed a similar pattern (Tables 3
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Figure 4. (A) Frequency distribution of fire size in
the Nilgiri landscape (1996 to 2005). (B) Frequen-
cy distribution of fire size in the Sathyamangalam
landscape (1997 to 2012).

Table 2. Weighted averages of forest characteris-
tics and fuel loads in the Nilgiri (1996 to 2005) and
Sathyamangalam (1997 to 2012) landscapes.

Landscape

Nilgiri Sathyamangalam

foporoshy 184136
Trees >10 cm dbh (ha') 280.0 147.0
Basal area (m? ha™') 19.0 8.5
1 hr fuels (Mg ha'') 1.3 0.7
10 hr fuels (Mg ha') 1.0 1.9
100 hr fuels (Mg ha') 2.9 8.6
1000 hr fuels (Mg ha'!) 12.5 5.2
Total fuels (Mg ha'') 17.7 16.3
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through 5). The weighted mean of tree density
in the Nilgiri landscape was higher than in the
Sathyamangalam landscape (Table 2). The in-
dividual vegetation types showed a similar
trend (Tables 3 and 4). However, tree density
in the tropical moist deciduous forests in the
two landscapes was similar (Table 5).

The weighted mean of basal area in the
Nilgiri landscape was higher than in the Sath-
yamangalam landscape (Table 2). The indi-
vidual vegetation types showed a similar trend
(Tables 3 through 5).

The weighted mean of 1 hr forest fuels in
the Nilgiri landscape was double that in the
Sathyamangalam landscape (Table 1). The 1
hr forest fuels were higher in the tropical dry
deciduous forest and the tropical moist decidu-
ous forests in the Nilgiri landscape compared

Table 3. Forest characteristics and fuel loads in
tropical dry deciduous forests in the Nilgiri (1996
to 2005) and Sathyamangalam (1997 to 2012)
landscapes. Means are presented with standard de-
viations, utilizing Welch’s  test.

Landscape

Nilgiri Sathyamangalam
Tree species
richness 17.1 £8.4" 12.3+4.9
(no. per 0.5 ha)
Trees >10 cm i
dbh (ha™") 343 £167 122 +66
Basal area sk
(m? ha') 23.8 £8.8 5.5+3.3
1 hr fuels .
(Mg ha') 1.44 +0.65 0.68 +0.3
10 hr fuels .
(Mg ha™") 1.1 £0.6 1.7 £0.78
100 hr fuels «
(Mg ha'!) 34 +4 7.8 +6
1000 hr fuels o
(Mg ha'") 15.3 15 2.0+2.8
Total fuels .
(Mg ha™') 21.3+17 12.3 +8
*=0.05
*=0.01

*=0.001
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Table 4. Forest characteristics and fuel loads in
tropical dry thorn forests in the Nilgiri (1996 to
2005) and Sathyamangalam (1997 to 2012) land-
scapes. Means are presented with standard devia-
tions, utilizing Welch’s 7 test.
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Table 5. Forest characteristics and fuel loads in
tropical moist deciduous forests in the Nilgiri
(1996 to 2005) and Sathyamangalam (1997 to
2012) landscapes. Means are presented with stan-
dard deviations, utilizing Welch’s ¢ test.

Landscape Landscape
Nilgiri Sathyamangalam Nilgiri Sathyamangalam
Tree species Tree species
richness 19.2 +6.8™ 11.3+4.4 richness 25 +1.4™ 18.6 +4
(no. per 0.5 ha) (no. per 0.5 ha)
Trees =10 cm - Trees > 10 cm
dbh (ha™) 148 +45 93 +49 dbh (ha") 398 +£139 248 +£133
Basal area - Basal area .
(m? ha') 8.7+2.3 3.0£2 (m? ha'!) 30+2.8 19.7 £13.2
1 hr fuels ns 1 hr fuels o
(Mg ha') 0.7+0.3 0.5+0.2 (Mg ha') 2.95£0.1 1+0.5
10 hr fuels . 10 hr fuels b
(Mg ha') 0.6 +0.4 1.6 £0.7 (Mg ha') 2.1+0.1 2314
100 hr fuels - 100 hr fuels s
(Mg ha'!) 1.2+1.3 7.4 +8 (Mg ha™') 7.1+6.9 11.2+10.8
1000 hr fuels ns 1000 hr fuels s
(Mg ha!) 2.5+1.7 4.5 +7 (Mg ha™) 38.3£12.3 11.5+16.1
Total fuels . Total fuels -
(Mg ha-1) 5.14+2.5 14.0 £15 (Mg ha™") 50.4£5.5 242 £23.6
*=0.05 "=0.05
=0.01 ”=0.01
*=0.001 "*=0.001

"™ = not significant

to the Sathyamangalam landscape (Tables 3
and 5). In the tropical dry thorn forests, 1 hr
fuels did not significantly differ between the
two landscapes (Table 4). The weighted mean
of 10 hr and 100 hr forest fuels in the Nilgiri
landscape was less than for the Sathyaman-
galam landscape (Table 2). The masses of
both size classes of fuel were higher in the
tropical dry deciduous forests and the tropical
dry thorn forests of the Sathyamangalam land-
scape compared to the Nilgiri landscape (Ta-
bles 3 and 4), but there were no differences for
the tropical moist deciduous forests of the two
landscapes (Table 5).

The weighted mean mass of 1000 hr forest
fuels in the Nilgiri landscape was higher than
in the Sathyamangalam landscape (Table 2).
The 1000 hr fuels were significantly higher in

" = not significant

the tropical dry deciduous forests in the Nilgiri
landscape compared to the Sathyamangalam
landscape, but were not significantly different
in the tropical dry thorn forests and tropical
moist deciduous forests in the two landscape
(Tables 3 through 5).

The weighted mean mass of the total fuel
loads was higher in the Nilgiri landscape than
in the Sathyamangalam landscape. Total fuels
were significantly higher in the tropical dry de-
ciduous forests and the tropical moist decidu-
ous forests in the Nilgiri landscape compared
to the Sathyamangalam landscape (Tables 3
and 5). The total fuel load was substantially
higher in the tropical dry thorn forests in the
Sathyamangalam landscape compared to the
Nilgiri landscape (Table 4).
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DISCUSSION

Forest fires are annual disturbance events
in the two landscapes dominated by dry forests
and savannas in the WG (Kodandapani et al.
2004). Contrasting fire metrics occurred
across the two landscapes, especially with ref-
erence to the mFRI, the mean fire size, and the
largest fire size in the two landscapes. The fire
size distribution was similar in both of the
landscapes, in the sense that small fires (<10
ha) are abundant. Although the two landscapes
are different in terms of their protected area
histories, this alone may not be the chief rea-
son for the large differences in the magnitude
of the forest fire regimes. A combination of
climate, fuels, and topography, as well as igni-
tion sources, could be driving these patterns of
wildland fires in the two landscapes (Renard et
al. 2012).

Productivity is higher in the Nilgiri land-
scape, whereas the low rainfall in the Sathya-
mangalam landscape has resulted in the domi-
nation of tropical dry thorn forests. The higher
fuel loads in the tropical deciduous forests in
the Nilgiri landscape could be driving the fre-
quent fires in the Nilgiri landscape, as the
mean fire-return interval is seven times more
frequent than for the Sathyamangalam land-
scape. In the Sathyamangalam landscape,
most fires occur in the tropical deciduous for-
ests that are found at medium elevations,
which receive higher rainfall. A few high ele-
vation grassland patches (Sukumar et al. 1995)
are also distributed in the Sathyamangalam
landscape. The higher dead fuel loads in the
tropical dry thorn forests in the Sathyaman-
galam landscape could be due to the higher bi-
otic pressures in the forests (Reddy et al.
2012).

The two adjacent landscapes provide con-
trasting spatial patterns of fire. Although MAP
declines considerably as one moves east into
the Sathyamangalam landscape, several tree
species are common to both landscapes. While
certain studies (Bond and Parr 2010) tend to
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classify similar sparsely treed landscapes as
savannas, the present classification into dry
forests in the Nilgiri landscape and savanna in
the Sathyamangalam landscape is important,
and reflects local variations in fire regimes.
While it is true that both landscapes have been
subjected to logging activities in the past, there
are significant differences in the structure and
diversity of forests in the two landscapes (Su-
kumar et al. 2005; Kodandapani et al. 2008).

Anthropogenic ignitions are common in
tropical ecosystems. Both in the Nilgiri and
the Sathyamangalam landscapes, this is the
dominant ignition source. An important reason
for the distinct spatial patterns of fire activity
in the two landscapes could be the road net-
work in the two landscapes. In the Nilgiri land-
scape, ~50% of the forest area is within 1 km
of the road network, whereas in the Sathya-
mangalam landscape, ~30 % of the landscape is
within 1 km of the road network. Earlier stud-
ies have demonstrated that the presence of
roads increases human pressures on wildlands
and, therefore, possible causes of ignitions by
accident and negligence (Renard et al. 2012).
The large fires in the Nilgiri landscape can be
attributed to the fine (grass and litter) fuel
loads; they constitute about one-quarter of the
total fuel loads in the landscape (Kodandapani
et al. 2008). The road connectivity and the fine
fuel continuity in the Nilgiri landscape could
be driving these spatial patterns of fire in the
Nilgiri landscape (Kodandapani et al. 2008).
Fire suppression is less developed in Indian
forest ecosystems, as the only methods for fire
suppression are through forest fuelbreaks and
early detection using forest watch towers, and
resources are meagre for these activities. Be-
sides, almost all fire management efforts occurs
post-fire in Indian ecosystems. Hence, fire sup-
pression may not be an important factor in
driving these distinct spatial patterns of fire ac-
tivity in the two landscapes.

From a conservation perspective, sustain-
ing these dry forests and savannas is important
as they harbour high biodiversity of not only
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plant species, but are also a preferred habitat
for several endangered animals such as the
Asian elephant (Elephas maximus) and the ti-
ger (Panthera tigris). Further, these two land-
scapes form a crucial connecting link for spe-
cies migrations between the Western and East-
ern Ghats (Reddy et al. 2012). Compared to
tropical rainforests, where several studies have
been conducted on biodiversity, these dry for-
ests have not been studied extensively and re-
quire new studies. While it is true that several
dry forests in India and elsewhere in the trop-
ics are a result of human transformations (Gad-
gil 1993), dry forests and savannas are natural
ecosystems that evolved several millennia ago
(Cerling et al. 1997). C4 grasses that are com-
monly found distributed in dry forests and sa-
vannas evolved under low CO, concentrations,
wherein this photosynthetic pathway had an
advantage. However, under increasing CO,
concentrations, as projected by several General
Circulation Models, these ecosystems could be
under threat as a result of CO, fertilization and
consequent replacement of grassy biomes by
forests (IPCC 2007, Bond and Parr 2010).
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The management of fire and vegetation in
the forests of the WG has a long history (Ko-
dandapani et al. 2008). While fuelbreaks are
the common method of fire suppression in sev-
eral forests in the WG, different views have
been put forth regarding the management of
fire in Indian ecosystems. Some research indi-
cates that fire has been part of Indian ecosys-
tems for several millennia, and that fire pre-
vention has lead to the proliferation of invasive
species, which ironically has increased the fre-
quency of fires in ecosystems (Sundaram and
Hiremath 2005). However, other studies show
that increased fire frequency in the Nilgiri
landscape did not have an impact on the abun-
dance of Lantana camara (Prasad 2012). De-
spite these views, it is clear that there is a need
for more scientific research on fire regimes and
forest characteristics at various scales to
strengthen our understanding of ecological
processes. Developing similar maps of fire-ro-
tation intervals for Indian forests would pro-
vide valuable information on the mixed fire re-
gimes, similar to the research conducted in the
Pacific Northwest forests (Agee 1993).
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