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Wildfires, Ecosystem Services, and Biodiversity in Tropical Dry

Forest in India

Joachim Schmerbeck'? - Peter Fiener®

Abstract This review is intended to contribute to the un-
derstanding of the interlinkage between wildfire in India’s
tropical dry forest (TDF) and selected ecosystem services
(ES), namely forest provisioning and water regulating ser-
vices, as well as biodiversity. TDF covers approximately
146,000 km?> (4.4 %) of India, whereas according to the
MODIS fire product about 2200 km? (1.4 %) burns per year.
As studies on wildfire effects upon ESs and biodiversity in
Indian TDFs are rare we partly transferred findings from
other (dry) forest areas to the environmental situation in
India. In India (intentionally lit) wildfires have a very im-
portant connection to local livelihoods and the availability of
non-wood forest products. Very important adverse long-
term effects are the deterioration of forest ecosystems and
soil degradation. The potential for TDF to regulate hydro-
logical cycles is expected to be greater in the absence of fire
than with it. A general judgment on the effect of fire on
biodiversity is difficult as it depends on the community and
species involved but a loss of biodiversity under regular
burnings is apparent. Consequently, forest managers need
sound knowledge regarding the interplay of wildfires and
ecosystem behavior in general and more specific knowledge
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regarding the effects on taxa being considered for conser-
vation efforts. Generally, much more research is needed to
understand the trade-offs between the short-term benefits
gained from forest provisioning services and long-term ad-
verse effects.
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Introduction

Humans have a long history of modifying the physical
environment for their own benefit. These modification
processes are inextricably interwoven with the use of fire
(Pyne 1995). Humans have substantially expanded the
spatial extent of ‘background fires’ (Bowman et al. 2011),
which are based on the natural predisposition of the ter-
restrial world to burning (Pyne 1995). The FAO (2007)
estimates that around 80 % of the world’s fires are caused
by humans. Despite the significant impact that fires have on
terrestrial ecosystems, our knowledge regarding the inter-
action between human-induced fires and our natural envi-
ronment is limited (Bowman et al. 2011).

In the tropics, forests can be found under a wide range of
environmental conditions. Tropical dry forest (TDF) for-
mations are often maintained as early successional stages of
other forest formations due to human interference: mostly by
causing fires (Schmerbeck 2011). Due to human interference
TDFs also occur in areas with relatively high amounts of
rainfall and often merge with other vegetation formations
like savannahs, woodlands, and wet forest types (Furley et al.
1992). The very broad definitions available for TDFs address
this situation, for example, Janzen (1988) defines a TDF as a
forest formation that experiences 4—7 months without
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precipitation but on an annual basis receives 1000-3000 mm
of rainfall. Another definition by Murphy and Lugo (1986)
describes TDFs as characteristically having 2-3 months per
year without precipitation.

According to Miles et al. (2006), TDF covers
1,048,700 kmz, or around 6 % of the land surface in the
topics. Almost all TDF is exposed to human interference in
one way or the other causing a reduction of its spatial
extent (Miles et al. 2006). The reason for the decline of
TDF ecosystems can partly be explained by the preferential
use of these areas for human activities due to the suitable
climate for farming, the slow growth of vegetation, and the
relatively small stature and open structure of the forest
(Murphy and Lugo 1986; Janzen 1988).

TDFs in India cover large areas of the country with
slightly varying extent depending on used definition (e.g.,
Champion and Seth 1968 or Meher-Homji 2001). For our
analysis, we did not combine rainfall information (amount
and duration of dry period) with a general forest map, but
used the results of a recent nation-wide remote sensing-based
vegetation mapping approach of Joshi et al. (2006), because
this provides the most detailed vegetation-type inventories.
Based on a multi-temporal and multi-spectral analysis of
spaceborne data Joshi et al. (2006) determined two forest
types, namely tropical dry deciduous forest and tropical
thorn forest, which we pool into the class TDF. As the classes
of Joshi et al. (2006) used to determine TDFs show some rare
outliers in areas above 1000 m.a.s.l. we used digital eleva-
tion information from the SRTM mission (Jarvis et al. 2008)
to restrict the further on used TDF to areas below this height.
The results show that approximately 146,000 km?” or 4.4 %
of India consists of TDF (Fig. 1).

In general, fire plays a key role in land management in
India. It is assumed that humans have been using fire on the
Indian subcontinent for the past 50,000 years (see Gadgil
and Meher-Homji 1985 in Saha 2002). The British ad-
ministration was most likely the first in India to realize the
extent to which fires transform the landscape and have
negative effects on forests. At the end of the 19th century,
Brandis (1897) noted that from one-half to three-quarters
of the mature trees in the plains and lower hills of India
were hollowed out by fire. Today, fire is clearly seen as
being the major cause for the degradation of Indian forests
(Bahuguna and Upadhyay 2002). According to the
Government of India (1999), 35 x 10~> km? of India’s
forest (5.4 %) is affected by fire each year. The total forest
area prone to fire is likely to be around 50 % according to
inventory data from the Forest Survey of India (1995) but
the proportion varies among the states, ranging from 33 %
in West Bengal to 93 % in Arunachal Pradesh (Govern-
ment of India 1999). Fires affect forest management as
well as conservation efforts (Kodandapani et al. 2004,
2008).

There are several reasons for occurrence of fires in the
TDF, however many authors agree that almost all of them
are caused by humans (Brandis 1897; Pyne 1994,
Government of India 1999; Bahuguna and Upadhyay 2002;
Semwal et al. 2003), some unintentionally, but the majority
are assumed intentional. Generally these fires can be at-
tributed to one of three categories: (i) uncontrolled arson;
(ii) fire management (prescribed burning); and (iii) targeted
application of fire to make one or more specific ecosystem
services (ES) available for a short term.

The main objective of this review is to contribute to the
understanding of the links between wildfire in the Indian
TDF and important ES as well as biodiversity. In India
systematic studies addressing the effects of fire on ESs and
biodiversity are lacking and generally, broader fire studies
are relatively rare. We provide an overview of the existing
literature from India but also use results from studies
generally dealing with wildfire and TDF in other parts of
the world to estimate and discuss potential effects in India.
We start by looking at the extent of wild fires in India’s
TDFs and the fire detection mechanisms established by the
Indian administration. This is followed by an analysis on
the interplay of wildfires with ES and its impact on bio-
diversity based on the existing literature on Indian TDFs
and findings from other TDFs of the world. In general we
looked into two ESs groups which include forest provi-
sioning services (grazing and hunting, wood and non-wood
products), water-related (mostly) regulating services, as
well as effects on biodiversity of plants and important
animal groups. We then discuss the changes in manage-
ment we see as necessary for optimizing the applications of
fires in TDF and highlighted future research needs.

Extent of Wildfires in India’s TDF

A nation-wide monitoring of forest fires by the Forest Survey
of India (FSI) started in 2005 as a joint collaboration with
NASA and the Geography Department of University of
Maryland. For this, the active fire products based on satellite
imagery from MODIS, with a resolution of 1 x 1 km are
used on an ongoing basis to determine fire spots. The coor-
dinates of these fire spots (2005-2011) are available on the
FSI (2013) website. Since the data set from 2005 has some
larger gaps, we used the period between 2006 and 2011 for
our study. Assuming that each MODIS raster cell identified
as fire spot represents on average burned area of 1 km?, be-
tween 1.1 and 2.2 % (mean 1.4 %) of TDF was burned per
year between 2006 and 2011 (Table 1). About 28 % of the
burned TDF area burned more than once between 2006 and
2011 using the fire data (FIS 2013). The mean monthly
precipitation data for 1950-2000 as available via the
WorldClim data set (WorldClim 2014) indicates that on
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Fig. 1 Distribution of Indian tropical dry forests (summarizing
tropical deciduous and tropical thorn forest below 1000 m.a.s.l. as
given by Joshi et al. 2006); for all Indian federal states with more than

average fires occurred after a dry spell (monthly rainfall
<60 mm) of 5.7 (£1.4) months.

On average the TDFs are located in mean height of
approximately 310 m.a.s.l., on mean slopes of approx.
5.5 % with no obvious preference for slopes with a specific
aspect. There is a slight difference in topographical pa-
rameters of unburned and burned TDF areas, whereas the

100 km? of TDF the forest area and the burned area detected by the
MODIS active fire product between 2006 and 2011 are given

latter show a tendency to be located in higher elevations
and steeper slopes (Fig. 2). The mean annual precipitation
in TDF areas in India is about 1100 mm with a dry period
(month <60 mm precipitation) of about 7.5 months (data
from Worldclim 2014). Interestingly the burned areas are
on average located in slightly wetter locations (Fig. 3b) but
cannot be found if there is not at least a period of 2 months
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Table 1 Annual number of fire spots in Indian tropical dry forests
between 2006 and 2011 as detected via the MODIS 1 x 1 km system;
data available via the Forest Survey of India (FSI 2013

Year Tropical dry forests
No of fires Area
detected burned (%)
2006 1582 1.08
2007 1797 1.23
2008 2335 1.60
2009 3202 2.20
2010 2792 1.91
2011 1485 1.02
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Fig. 2 Height above sea level (A), slope (B), and aspect (C) of
unburned and burned tropical dry forest (TDF) in India; data of fire
spots between 2006 and 2011 from FSI (2013); topographic
information derived with ArcGIS 10 based on SRTM digital elevation
data with an original resolution of 90 x 90 m (Jarvis et al. 2008)
aggregated to 200 x 200 m; box-whiskers give median, 1. and 2.
quartile as well as minimum and maximum; black rectangles indicate
mean

with <60 mm precipitation. It is also worth noting that the
combination of the remote sensing-based forest mapping of
Joshi et al. (2006) with the Worldclim data (Worldclim
2014) indicates that a small number of forest areas mapped
as TDFs are located in regions where precipitation is higher
and dry periods are shorter than that typically assumed for
TDFs (e.g., Janzen 1988). All TDFs are located on
relatively sandy soils (mean 46 %) with mean soil organic
carbon contents below 1 % (data from FAO GeoNetwork
2013; Fig. 4). Burned areas show a tendency to be located
on slightly sandier soils. Overall, the differences in the
tested natural boundary conditions between unburned and
burned TDF areas are small and not significant (a0 = 0.05)
for all parameters given in Figs. 2, 3, and 4. Due to the
importance of human-induced fires in India it can be
assumed that the proximity to human activities is more
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Fig. 3 Annual mean temperature (A), Annual mean precipitation
(B) and average number of month with precipitation below 60 mm
(C) of unburned and burned tropical dry forest (TDF) in India; data of
fire spots between 2006 and 2011 from FSI (2013); climatic data for
1950-2000 from the Worldclim data set (Worldclim 2014); box-
whiskers give median, 1. and 2. quartile as well as minimum and
maximum; black rectangles indicate mean

80
|

Topsoil clay / sand content [%)]
20 40 60
| L | L |
unburned (——[ B+

burmed X+
[ ] [
f | I
el W
il I
r I r I r
1 2
Topsoil organic carbon content [%]

burned
unburned

unburned
burned

Fig. 4 Topsoil clay (A), sand (B), and soil organic carbon SOC
content (C) of unburned and burned tropical dry forest (TDF) in India;
soil data taken from the FAO GeoNetwork (2013); box-whiskers give
median, 1. and 2. quartile as well as minimum and maximum; black
rectangles indicate mean

important for the spatial patterns in wildfire occurrences.
However, testing this while, e.g., using distances to settle-
ments, is difficult for two reasons: Firstly, there are hardly
any data available which represent every small settlement,
or existing data (e.g., OpenStreetMap) are not consistent
throughout the entire country. Secondly, it has to be rec-
ognized that India is very densely populated country with
421 inhabitants per km? (Worldbank 2014) with about 70 %
of the population living in rural areas, which to a certain
extent means that TDFs are always in the proximity of



human activities. However, we used an available data set of
all main roads similar to the ArcGIS online world street map
as a proxy variable for human activities in an area and
calculated the mean distances to TDF in general and burned
TDF specifically (Fig. 5). Against the above mentioned as-
sumption, burned TDF areas can be found in larger distances
to the main road network than the mean TDFs distance. One
can speculate that this results from an increase in human
burning activity in more remote, less developed areas, but
this cannot be proved using the available data.

The fire detection service of the FSI also provides in-
formation about individual fires within 12-24 h of a fire
start (FSI 2013) and is therefore widely used by forestry
departments (FDs). According to the FSI (2013), the
feedback from the FDs indicates that the remote sensing
data have an accuracy of over 95 % in detecting forest
fires. However, despite this high level of accuracy reported,
there seems to be a large uncertainty and potential under-
estimation by the data due to the following constrains. The
MODIS active fire product can detect fires with relatively
good accuracy on flat terrain (see e.g., Maier et al. 2013)
but its accuracy tends to drop in many other cases, which
are typical for the location of TDFs in India (Fig. 2).
Hawbaker et al. (2008) tested the detection rate of the
MODIS active fire product in North America using the
Aqua and Terra Satellite and concluded that these products
are not adequate to detect small fires (50 % rate of detec-
tion for fires smaller than 334 ha from the Terra Satellite).
Limitations to the detection ability of the MODIS active
fire product were also reported by Miettinen et al. (2013)
when used in Southeast Asia. Both fire intensity and tree
cover played an important role in whether the fire was
detected or not. In the light of these results of MODIS fire
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Fig. 5 Distance of tropical dry forests TDFs in India with different
burning frequency (not burned = 0; 1... >3 times burned within
7 years of observation) to the next main road; box-whiskers give
median, 1. and 2. quartile as well as minimum and maximum; black
rectangles indicate mean
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detection evaluations, the wildfire frequency information
available for Indian TDF need to be treated with caution.
Especially, in case of small, low-intensity fires and ground
fires (Fig. 6) typical for many regions in India (e.g.,
Krishna and Reddy 2012; Kodandapani 2013), the MODIS
active fire product will most likely lead to an underesti-
mation of the true extent of wildfires. Hence, the 1.4 % of
TDF area burned per year between 2006 and 2011 (FSI
2013) should be treated as a conservative estimate.

Interdependency Between Ecosystem Services
and Wild Land Fire Regimes in TDFs

We use the term ecosystem services (ES) as defined by the
Millennium Ecosystem Assessment (2005) as benefits
people obtain from ecosystems including both, tangible and
intangible services. Fire can have a detrimental effect on
these services (Cochrane 2003; Harrison et al. 2010).
However, it remains that there are a number of benefits that
people gain from applying fire to ecosystems, including:
hunting (Hough 1993; Schmerbeck 2003; Mistry et al.
2005), fishing (Dennis et al. 2005), fodder production,
creating pasture land (Vayda 1996; Laris 2002; Eriksen
2007; Shaffer 2010), security from wild animals (Hough
1993; Roveta 2008), increasing agricultural production
(Sinha and Bawa 2002; McDaniel et al. 2005; Mistry et al.
2005), supplying non-timber forest products (NTFP) (Kepe
and Scoones 1999; Roveta 2008; Shaffer 2010), producing
timber and fuel wood (Vayda 1996; Schmerbeck and
Seeland 2007), and for cultural purposes (Roveta 2008;
Schmerbeck 2003).

The main role fire plays in the supply of ES is through
its use in maintaining fire-dependent (predominantly open)
vegetation formations. A change in the fire regime is likely
to bring about a change in the vegetation structure (Hop-
kins 1992; Favier et al. 2004) and consequently altering the
supply of services. The pattern in which fire is used (fre-
quency, seasonality, spatial extent) can therefore be seen as
a function of the services gained by those who apply the
fire (Fig. 7). However, the (short term) ES are to a certain
degree off-set by a large number of unintended effects on
(more complex) interacting ES (and disservices). These are
mainly long-term effects on soil properties and on catch-
ment hydrology in general as well as long-term effects on
biodiversity. To come up with a more holistic view of what
is necessary for sustainable forest management, we ex-
amined two very important ES related to wildfire (forest
provisioning services, water regulation). As the conserva-
tion of biodiversity is a main focus of the forest and en-
vironmental policy of the Indian Government (Government
of India 1988 and 2006, respectively) we also addressed the
effects of fire on biodiversity in Indian TDFs.
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Fig. 6 Ground fires in Indian tropical dry forests are generally of low intensity and happen under a more or less open tree canopy; here a typical
example in a tropical dry forest in Sitamata Wildlife Sanctuary (Rajasthan) (picture taken by Schmerbeck in 2011) is shown

Pattern of fire
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Ecosystem
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Fig. 7 Fire—ecosystem service cycle: Theoretical link between pat-
tern of fire application, ecosystem dynamics, and the supply of
ecosystem services and disservices

Wildfire and Forest Provisioning Services
Livestock and Hunting

One of the dominant motivations to ignite fire in Indian
TDFs is to increase the availability and quality of grasses for
pasture use (Brandis 1897; Goldammer 1993; Government
of India 1999; Sinha and Brault 2005; Schmerbeck and
Seeland 2007; Roveta 2008; Kohli 2010). Therefore, the
understory of dry forests are regularly burned (e.g., Saha and
Howe 2003; Schmerbeck and Seeland 2007) to control
colonizing by woody and thorny plants and to promote the
sprouting of grasses (Schmerbeck 2003; Mistry et al. 2005).
For the latter it is important to remove dead organic matter

and fertilize the soil through ash deposition (Laris 2002).
Based on data form savanna regions it can be assumed that
these fresh grasses are of better fodder quality as they tend to
have higher nitrogen (Lii et al. 2012) and crude protein
content (Mbatha and Ward 2010) than grasses in unburned
patches. Pasture burning practices are reported from TDFs
all over the world (Hough 1993; Kepe and Scoones 1999;
Laris 2002; Mistry et al. 2005; Roveta 2008; Shaffer 2010)
and can be seen as the main reason why fire is applied to
TDFs in India.

Possibly of equal importance on a global level is the
utilization of fire to facilitate hunting. Hunters use fire in
two ways: (i) to drive prey to where it can be easily killed
(Lewis 1989) and (ii) to prepare hunting grounds by at-
tracting prey to the fresh flush of grasses (Laris 2002;
Mistry et al. 2005). Moreover, burned sites make hunting
easier because the animals are ecasier to see (see section
biodiversity). Fire was used by early inhabitants of India
for hunting (Goldammer 1993; Government of India 1999)
and it is likely that these practices exist still today, even
though on a much smaller scale. However, the principles
behind attracting herbivores (and therefore also species
preying on them) to certain areas by modifying the
vegetation with fire is still applied in biodiversity conser-
vation approaches in India (Takahata et al. 2010, see sec-
tion biodiversity).



For both fire applications (pasture as well as hunting) it
is likely that these fires burn much larger areas of the In-
dian TDF than are needed to achieve the targeted results.

Non-wood Forest Products (NWFP)

India has a very wide range of fire-related NWFP
(Table 2); nevertheless, scientific studies are rarely avail-
able. The majority of these NWFPs are gained by
modifying the vegetation with the help of fire. The most
famous and often-cited example is the use of Diospyros
melanoxylon tree leaves (tendu leaves) that function as
cigarette paper for the small Indian cigarettes called
“beedis” (Saigal 1990; Goldammer 1993). Fire is applied
to the forest in the dry season (mainly April-May) so that
the trees produce new leaves which can be harvested once
they are fully green (Hunter 1981). According to Hunter
(1981) 10 million people in rural India depended on beedi
leaf collection as a source of income in 1980. Another
NWFP from India’s TDFs, gathered with the aid of fire,
comes from the Mahua tree (Madhuca indica) whereby the
tree flowers are used in locally brewed liquor (Nanda and
Sutar 2003) or used as food (Saigal 1990). With the help of
fire the ground under the trees is cleared so that when the
flowers fall their collection is made easier (Saigal 1990).
Globally, an important product in many dry forests areas
that is managed through the use of ground fires, though
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often not noticed, is fuel wood (Hough 1993; Laris 2002;
Schmerbeck and Seeland 2007). Low-intensity ground fires
kill (at least partially) the above ground parts (top kill) of
woody plants without consuming their biomass, making
them available and accessible as fuel wood. Reports on the
use of fire in fuel wood production are rare in India even
though it can be expected that this is a common practice in
Indian TDFs. E.g., Schmerbeck (2003) showed that fire
was used by local forest dwellers to facilitate fuel wood
collection. Similar findings were reported by Roveta
(2008), and in a survey done by Kohli (2010). In the latter
study, villagers responded that fuel wood collection was
facilitated by the use of fire and out of 557 household
interviews fuel wood was the second most frequently
named forest product.

A product that does not depend mainly on the modifi-
cation of vegetation is the ash production by the burning of
(mainly) forest land adjacent to agricultural areas which
can serve to fertilize the agricultural areas when the ash
gets transported by water—especially on slopes—or by
wind (e.g., Vayda 1996; Shaffer 2010). Pyne (1994) states
that this was a common practice prior to the British period
and Roveta (2008) found evidence for such fire application
among the Soliga tribe in the Biligirirangan Hills, Kar-
nataka. However, for India this relation hardly appears in
the available literature and is not known what proportion of
this application holds among other reasons for forest fires.

Table 2 Non-wood forest
products extracted from forests
in India with the help of fire as

Products

Kohli (2010)
Andhra Pradesh

Roveta (2008)
Karnataka

Schmerbeck (2003)
Tamil Nadu

reported by empirical field
studies; (x) = product was not
explicitly mentioned by
respondents as managed by
fires, but the utilized plant is
present as a result of frequent
burning

Honey-fire-induced flowering
Honey-drive bees from beehive

Thatching material

Amla (Phyllanthus emblica)
Karakkai (Terminalia chebula)
Sarapapu (Buchanania lanzan)

Brooms

Edible tubers

Control plant and human diseases

Beedi leaves

Leaf cup

Gum

Bark

Bark manufactured to charcoal

Roots

Ash as fertilizer

Medicinal plants

Grass and other plants for fodder

Inducing rain

Accessibility and safety

X

Increase productivity of fruits/seeds of

H2oR R R R R R R =R xR

=R R xR
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An important land use practice utilizing fire commonly
in some parts of India and elsewhere in the tropics is the
slashing and burning of forest patches to grow agricultural
products for a period of a few years (Slash and Burn). This
practice is intensively carried out in North East India where
it is known as Jhum. It considered to be the “most pre-
dominant farming system practiced by the hilly commu-
nities” causing a fire hot spot on the map of India (Vadrevu
et al. 2013). This practice enables a flow of agricultural ES
and is seen as a potential sustainable agricultural system
(Kleinman et al. 1995) but also as a threat to biodiversity
that endangers the flow of ES (Goswami et al. 2012).
However, this practice is hardly applied in the TDF of
India as it depends on a relative fast regrowth of the
vegetation, which is not given in the water-limited envi-
ronment of TDFs.

Wildfire and Water Regulation Services

ES related to water include water provision, regulation,
supporting services as well as cultural services directly
linked to water (see Gadgil and Meher-Homji 1985 in
Vigerstol and Aukema 2011). The most important services
potentially affected by wildfires in Indian TDFs are water
(i) retention, (ii) yield, (iii) filtration and quality regulation,
and (iv) erosion and sediment regulation. Fire directly or
indirectly affects all four of these ESs by removing
vegetation and litter, changing microbial and faunal ac-
tivity in soils and changing soil structural and hydraulic
qualities (Shakesby and Doerr 2006). The impacts that fire
has on water resources moreover varies according to spatial
and temporal scales such as fire size, frequency, timing,
and severity (Shakesby 2011), all factors only roughly
known for fire events in India. In general, studies explicitly
focusing on wildfire and water regulation are very rare for
Indian forests. Therefore, we added estimates of potential
effects of TDFs burning combining the available environ-
mental data from India, e.g., soil texture information, with
results regarding fire effects, e.g., on soil water repellency,
found in other areas of the world. Focusing firstly on po-
tential changes in soil properties following wildfires it has
to be recognized that despite large efforts since the early
1990s to provide modern and homogenous soil maps for
the different Indian states (e.g., Krishnan et al. 1996;
Natarajan et al. 1996; Harindranath et al. 1999), no high-
resolution digital soil data are available for the entire
country. Hence, our analysis of fire impacts on the soil
hydraulic properties of areas under Indian TDF is restricted
to the FAO global soil map (resolution 30 arc-seconds;
FAO GeoNetwork 2013) in combination with the location
of the Indian TDFs as determined in this study. The texture
of the topsoil in the TDF covers a wide range (Fig. 4) with
a mean clay content of approximately 35.5 £+ 15.5 % with

soil organic carbon (SOC) content mostly below 1 %
(Fig. 4). Following Mataix-Solera et al. (2011) fire should
have relatively small effects on aggregate breakdown in the
case of soils with low SOC and high clay contents.
Therefore, it can be assumed that the tropical Indian soils
in general are not prone to aggregated breakdown due to
wildfires. The effect that burning has on water repellency
in Indian soils is potentially more diverse as it is strongly
related to fire temperatures (DeBano 2000) which unfor-
tunately are not reported for wildfires in Indian TDFs.
However, it should be relatively small for most TDF fires
where the understory is burned regularly, thereby, pre-
venting high fuel loads (see Bond and van Wilgen 1996)
which could lead to high fire temperatures (>200 °C) ini-
tiating pronounced water repellency (DeBano 2000).
Moreover, differences in soil texture, clay mineralogy, and
SOC content affect the development of water-repellent soil
layers (DeBano 1981, 1991). When focusing on the
dominant soil types in the areas of the Indian Peninsula,
where most of the TDFs are located (Fig. 1), a low sus-
ceptibility to fire-induced water repellency can generally be
assumed. In the eastern part of the Peninsula, Luvisols are
dominant (FAO 1998). They can be characterized as hav-
ing relatively high sand content, low SOC content (<1 %),
and clays which typically show development toward a
Kaolinite type of mineralogy (Bardy and Weil 2008).
While the high sand content may increase susceptibility of
fire-induced water repellency (DeBano 1991) the low SOC
content and the high Kaolinite content should prevent the
development of water-repellent soil layers (DeBano 1981;
Mataix-Solera et al. 2013). In the western part of the
Peninsula where Vertisols (FAO 1998) have developed on
deeply weathered basaltic rock (Dekkan Traps; Stang
2002), the sand content of the topsoil is typically lower
(<25 %; FAO GeoNetwork 2013), topsoil SOC content is
also small (<1 %), while the clay mineralogy is not
dominated by Kaolinite (Bardy and Weil 2008). Following
results from other forested areas (e.g., DeBano 1981,
1991), this combination of soil properties should also
prevent the development of pronounced fire-induced water
repellency. Moreover, an increase in fire-induced water
repellency would likely be small as the soils of the TDF are
expected to already be water repellent (Shakesby et al.
2007) after a dry period of several months before the onset
of the monsoon. However, one aspect of fire-induced water
repellency, especially important for surface runoff gen-
eration and erosion, is the monsoon-driven rainfall regime
in India. This typically is characterized by heavy rainfall on
recently burned areas where no pre-wetting cycles of light
rainfall occurred which could decrease repellency without
generating surface runoff. This is exemplified by data
from the meteorological station Paud located near the city
of Pune on the lee side of the Western Ghats (Fig. 8),



where approximately every third year, more than 100 mm
of rainfall occurs within the first 10 days after the onset of
the monsoon. However, more detailed data would be
needed to estimate cycles of water repellency and soil re-
covery following the wildfires in Indian TDF (Fig. 9).

To our knowledge, no measurements of vegetation and/or
litter interception storage have been made in Indian TDFs.
Hence, the effect fire has on interception storage loss, which
depends on fire intensity and consequently canopy loss, can
only be roughly estimated. Most fires in Indian TDFs have a
relatively small spatial extent (Kodandapani 2013) and that
makes them difficult to detect via the MODIS 1 x 1 km fire
product. This is also indicated by the relative large number of
fires detected on only one MODIS raster cell (35 % of all fire
spots between 2006 and 2011). Moreover, due to the reg-
ularity of the wildfires, there is little build-up of fuels and
subsequently fires most often occur as ground fires (Fig. 6).
Therefore, their effect on canopy interception and transpi-
ration can be assumed to be small.

Since the canopy of Indian TDFs is often not affected by
wildfires, the short-term effect on water yields are expected
to be minor compared to other regions where large areas of
TDFs burn at high temperatures (e.g., Australia; see Pyne
1995). It needs to be recognized that the long history of
extensive fire use to maintain vegetation at a certain
stage/condition in India has degraded soils and forest
stands (see e.g., Misra 1983; Pyne 1994). These degrada-
tions might negatively affect the forest ecosystems’ ca-
pacity for water storage. Hence, the long-term effects of
regular small-scale burning causes the water yields to in-
crease initially (due to reduced transpiration) but more
significantly regular burning decreases soil water retention.
Moreover, long-term soil degradation due to soil erosion
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Fig. 8 Exemplary illustration of the rainfall amounts typically
measured during the first 10 days after monsoon onset; data taken
from the meteorological station in Paud (600 m.a.s.l.; mean rainfall
between 1988 and 2008: 1791 mm) located west of the city of Pune
on the lee side of the Western Ghats; the dotted line indicates the
mean cumulative rainfall within the first 10 days of monsoon
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following regular wildfires also reduced soil water reten-
tion as well as water filtration capacity and water quality
regulation (Fig. 9). However, no data are available for
India analyzing the long-term change in water regulating
services following the long history of TDF burning.
Therefore, it can be assumed that the impact of wildfires
on soil erosion and thus sediment regulation is one of the
most important short- and long-term water-related ES to be
taken into account in Indian TDFs. Besides the effects of
fire on soil hydraulic properties, its effects on soil erosion
are mostly associated with a loss of soil cover protecting
the soil surface from splash erosion and soil crusting
(Shakesby 2011; Moody et al. 2013). Splash erosion occurs
even when part of the forest canopy remains intact, such as
in the case of ground fires, as throughfall and coalesced
drops falling from the canopy have high kinetic energy that
can cause erosion. Additionally, ground fires may burn the
litter layer which could decrease rainfall interception and
surface roughness. The latter might be off-set on steeper
hill slopes in Indian TDFs where there is often a high cover
of stones (e.g., Fiener et al. 2014) which potentially result
from long-term erosion of fines. The combination of in-
creasing effective rainfall, decreasing infiltration capacity,
and potential soil crusting leads to an increase in surface
runoff and soil erosion as protection from raindrop splash
due to living leaves and/or a litter cover is missing. The
heavy rainfall associated with the onset of monsoon (e.g.,
Figure 8) may locally lead to pronounced muddy floods.
This is especially true for India where most TDFs are lo-
cated on sloping land (Fig. 2) where it is more difficult to
cultivate crops and where the use of the typical flood irri-
gation system (Krishna 2010) is more or less impossible. In
this context it is interesting to note that there is a tendency
that the MODIS fire spots in Indian TDFs are located on
the steeper slopes (mean 7.4 + 7.4 %) compared to the
slopes of all TDFs (mean 5.6 & 7.4 %) and that those areas
that burned more than three times between 2006 and 2011
were located on even steeper slopes with a mean of
8.2 &+ 8.4 %. TDF areas most prone to post-fire erosion
and hence muddy flood events are those with the highest
rainfall amounts and intensities, the steepest slopes, and the
soils most susceptible to erosion. Using an Universal Soil
Loss Equation-based approach (USLE; Wischmeier 1971)
with a simplified parameterization, the relative post-fire
erosion potential at the detected fire spots (2006-2011)
could be derived for the different states of India. Therefore,
we combined rainfall erosivity calculated from mean an-
nual rainfall (Jain and Das 2010), with soil erodibility,
derived using topsoil texture and SOC content (Auerswald
et al. 2014), and an assumed mean erosive slope length of
200 m and slopes from the aggregated 200 x 200 m
SRTM DEM. In general, the Indian states in the south-
eastern part of the country (Tamil Nadu, Andhra Pradesh,
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Fig. 9 Scheme illustrating
potential short-term and long-
term effects of wildfire on
water-related ecosystem
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and Orissa) where large areas of TDFs exist on relatively
erodible soils seem to be most endangered in respect of
TDFs post-fire erosion events (Fig. 10).

Wildfire and Biodiversity

The impact of fire on biodiversity has been studied for
many taxa in different ecosystems and many climatic

A Time —)»
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regions of the world (see e.g., Bush et al. 2008; Ylisirnio
et al. 2012; Spies et al. 2012; Taylor et al. 2013; Vicente
et al. 2013). The bulk of this work dealing with savannahs,
different types of dry forest, and Mediterranean vegetation
types was carried out in North and South America, Aus-
tralia, Africa, and the Mediterranean region. Against the
background of the commitment the Indian Government has
made toward the conservation and enhancement of its
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Fig. 10 Relative erosion potential under TDFs of the different Indian
states where TDFs exist and where on average at least 100 fire spots
per year were detected between 2006 and 2011; erosion potential was
calculated relative to the modeled mean under all TDFs using the soil
erodibility factor, the rainfall erosivity factor, and the slope length
factor of the USLE; error bars indicate one standard deviation; values
in brackets on the x-axis labels are the mean number of fires detected
per year

biodiversity (Government of India 1988, 2006, 2008, 2014)
and the extent tropical forests in India face fire, there are
relatively few studies analyzing the effect of wildfire on
biodiversity.

The importance of fires in the context of biodiversity is
underlined looking into published literature on fire and
biodiversity of tropical dry forests of the world (e.g.,
Driscoll et al. 2010). We used this literature in combination
with the rare studies for India’s TDFs focusing exemplarily
on three groups of organisms: Plants, insects, birds, and
megafauna.

Plants

When investigating the diversity of plant communities it is
inevitable to look at their dynamics as a response to dis-
turbances. However, studies analyzing not only snap shots
in time but focus on long-term dynamics in the interplay
between wildfires and vegetation dynamics in TDFs in
India are very rare (e.g., Meher-Homji 2001; Saha 2003;
Saha and Howe 2003; Kodandapani et al. 2009) and hence
general patterns displayed in the global literature (see
Miles et al. 2006, Ratnam et al. 2011) need to be trans-
ferred to Indian conditions. To understand the effects of
TDF fires on plant diversity both the diversity of TDFs and
savannah ecosystems must be taken into account as both
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are part of one successional series (Furley et al. 1992;
Favier et al. 2004, Miles et al. 2006). There is abundant
evidence that high fire frequency hinders woody plants
from establishing in savannah and TDF ecosystems (e.g.,
Hopkins 1992; Setterfield 2002; Favier et al. 2004; San-
karan et al. 2008; Ratnam et al. 2011) while the season in
which fire occurs influences the density and composition of
the regenerating species (e.g., Bond and van Wilgen 1996).
Frequent fires seem to maintain a soil seed bank of short-
term plant species (Graminoids) over life forms with a
longer-term life cycles like broadleaved herbs and woody
plants (Gashaw et al. 2002). This results in a higher pro-
portion of annual grasses than perennial grasses in the
herbaceous layer (Legge et al. 2011; Savadogo et al. 2008)
and this likely reduces overall diversity (Legge et al. 2011;
Andersen et al. 2012).

In general terms, it can be stated that fire promotes fire-
tolerant species (Furley et al. 2008) and that an increase in
fire frequency selects for plant communities dominated by
C4 graminoids in the herbaceous layer (Ratnam et al. 2011;
Veldman et al. 2012). This selective attribute of fire also
reduces tree seedling species diversity as Saha and Howe
(2003) found in a TDF in central India and Verma and
Jayakumar (2015) as well as Kodandapani et al. (2009)
report form TDF of the Western Ghats. However, when
looking at biodiversity there is a need to consider the po-
tential long-term development of dry forest plant commu-
nities in the absence of fire covering at least several
decades. There are only few studies available that have
made such observations for the tropics. These empirical
studies report a trend of increasing tree diversity in the
absence of fire (Puyravaud et al. 1995; Saha and Howe
2003; Wanthongchai et al. 2011). Conversely, Cantarello
et al. (2011), who simulated fire scenarios over a 400-year
period in a TDF, found that fire exclusion from an area
does not necessarily lead to an increase in tree species
diversity. However fire regulation as a tool for conservation
depends on the plant species or communities in focus.
Ecosystems that have evolved with a relatively high fire
frequency may require regular burning to maintain current
plant diversity (Schwilk et al. 1997) but this may not be
true for ecosystems that can develop a high biodiversity
under fire exclusion (Ruiz et al. 2005).

For India, empirical studies that indicate the potential forest
types under long-term exclusion of fire are hardly available.
However, that fire exclusion leads to a shift to more diverse
plant species compositions seems evident from existing data
(see Meher-Homyji 2001 and Schmerbeck 2011).

Insects

Insects play a crucial role in terrestrial ecosystem func-
tioning on several levels (e.g., for pollination see Klein
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et al. 2007). In general, many species are significantly re-
duced immediately after a fire. Those spared reside mainly
below ground in unburned patches and above the flames in
tree canopies or are those capable of escaping from a fire.
A clear trend for insect biodiversity over longer periods
after fire cannot be established (Swengel 2001). For Indian
TDFs studies on the impact of fire on insect communities
do hardly exist. For the global TDFs and savannahs some
studies have been done on termites and ants. Termite
species are the dominant group of decomposers in the
tropics (Davies 1997) and it seems that fire can have either
a stimulating, detrimental, or no effect depending on the
species. Fire reduces the abundance of termites but their
diversity is not affected to the same degree (Davies et al.
2010). This implies that the decomposition rate of the In-
dian TDF is reduced right after fire, but fire may not lead to
a loss of species and the capacity of the forest to mineralize
organic matter remains. However, the diversity of termites
might reduce over longer time periods in the absences of
fire. E.g., Davies (1997) found more termite species in
burned dry forest compared to forest that had not burned
over a period of 26 years. However, clear pattern to which
extent fire affects the performance of termite communities
and therefore affect short- and long-term nutrient cycling,
is not known for India TDFs.

Ants are also a well-studied group of insects but their
interaction with fire is poorly understood (Barrow et al.
2007). Ant communities seem to be well associated with
the vegetation formation they are living in and therefore
with the fire regime that drives this vegetation type. It is
assumed that ant species associated with savannahs are
resilient to fire and able to persist after fire exclusion (Parr
and Andersen 2008). Andersen et al. (2006) tested the di-
versity of ant communities in a long-time fire exclusion
experiment (23 years) and found a decline in ant species
richness from 72 species on burned sites to 45 species on
unburned sites; however, the proportion of forest ant spe-
cies increased, indicating a change in the ant community
along with the change in vegetation. This implies that the
application of fire to Indian TDFs is likely not to eliminate
ants per se, but changes the composition of species while
with time the number of species may reduce. If knowledge
about the ant species of different successional stages of
forest vegetation is available for India, they could be used
as indicators for the time passed since fire occurred.

Birds

Birds can also play a crucial role in ecosystem functioning,
therefore changes in bird communities can alter ecosystems
significantly (Galetti et al. 2013). Fire is surely an impor-
tant driver of bird diversity, especially when fire is partly
responsible for the transition of dry forest to savannah.

Little et al. (2013) identified fire as the predominant factor
in determining bird diversity in South African grasslands.
The authors found a reduction in the overall bird abun-
dance and the number of species on grasslands (loss of
grassland species) while bird diversity increased with in-
creasing vegetation cover and biomass. Pons and Wen-
denburg (2005) found that in Madagascar a clear reduction
of bird diversity coincided with the transformation of a
forest to savannah, but significantly more bird species were
counted in burned compared to unburned forest. Studies
from north and southeast Australia show that fire is gen-
erally negatively correlated with bird diversity (Valentine
et al. 2012; Levin et al. 2012; Reside et al. 2012; Taylor
et al. 2013) but not always with bird abundance (Kutt and
Woinarski 2007; Valentine et al. 2007). This would mean
that a reduction of fires in the TDFs of India might enhance
bird diversity. Especially bird species that depend on late
successional forest stages would benefit from a long-term
exclusion of fire. However, fire can have a positive effect
on the feeding options of insectivorous birds by removing
the grass layer, where such burned patches supporting also
birds residing on unburned parts of the landscape (Woi-
narski 1990). This could lead to the conclusion that a va-
riety of fire patterns on a landscape level enhances bird
diversity, which is in fact generally assumed to be true for a
wide range of animal species (Huston 1994; Tews et al.
2004 in Taylor et al. 2012). However, this could not be
verified by Taylor et al. (2012) who found no strong cor-
relation between fire-induced landscape heterogeneity and
bird diversity, but he did find a positive association be-
tween bird species richness (especially rare species) and
older vegetation types. The highly fire-affected TDFs of
India are therefore likely to carry less species as they could
if they would give time to develop to more matured stages
and an exclusion of fire would contribute to the conser-
vation of rare bird species in highly fire-prone landscapes.

Megafauna

Megafauna species are often targeted by biodiversity con-
servation efforts. The abundance and diversity of herbi-
vores and carnivores are related to the fire regime in a
region (Landsberg and Lehmkuhl 1995). An increase in fire
intensity and frequency leads to the transformation of
forests to savannah or grasslands (see above). The grass
provides more opportunities for grazing species and their
abundance increases accordingly (Johnsingh 1986; Main
and Richardson 2002; Tomor and Owen-Smith 2002).
After fire, a high abundance of herbivores can be observed.
This can be explained by the higher nutrient levels avail-
able in the herbaceous layer compared to pre-fire levels
(Carlson et al. 1993; Moe and Wegge 1997). The more
nutritious fodder not only attracts herbivores (Watson et al.



2005) it also increases the likelihood that predator
populations will increase. Fire-prone habitats may be at-
tractive for herbivores long after a fire (Zavala and Holodo
2005). This may not be true in all cases because Kutt and
Woinarski (2007) observed a strong correlation between
mammals and fire but not with grazing in an Australian
savannah. Grazing and browsing alone select for non-
palatable plants and it is assumed that this in turn favors
tree and shrub growth which subsequently reduces re-
sources for grazers and browsers (van Langevelde et al.
2003; De Michele et al. 2011).

In India fire is used as a tool to maintain habitats of large
herbivores such as the one-horned rhinoceros (Rhinoceros
unicornis) and predators like tigers (Panthera tigris tigris)
(Landsberg and Lehmkuhl 1995) and they are an important
management tool for large herbivores in protected areas
(e.g., Badarinath et al. 2009). This creation and/or main-
tenance of fire-dependent habitats by fire managers can
surely be credited with the survival of one or more en-
dangered species (e.g., Watson et al. 2005). However, this
does not provide any insight into the correlation between
fire and the overall diversity of Megafauna species. The
preferences for patches with different fire history within a
given landscape vary among megafauna species. This is
likely to result in different megafaunal compositions over a
landscape (Tomor and Owen-Smith 2002; Kutt and Woi-
narski 2007). A comprehensive study investigating the
dependence of ungulate diversity on fire is missing for
India but was done by Klop and Prins (2008) for all of
West Africa. The authors found that besides evapotran-
spiration and soil fertility, fire occurrence was the only
other factor that could explain the richness of grazing
species. However, fire does not only indirectly impact
megafauna by altering vegetation it can also have severe
direct impacts on slow moving animals and cause local
extinctions (Silveira et al. 1999).

Concluding Discussion

Ecosystem services and Biodiversity in India’s TDFs are
strongly interlinked with ecosystem dynamics and wildfires
are a clear diver of such dynamics. With the help of fires
people arrest the successional sequence of plant commu-
nities and maintain successional stages that are required for
tangible services. These connections are obvious in the
context of livestock rearing, maintenance of herbivory
abundance, and supply of NTFP. Fires in India’s TDF are
therefore important for local livelihoods (e.g., Schmerbeck
et al. 2015), but they also affect other functions as well as
biodiversity of the forest ecosystems.

As water management is of major importance in the wet
and dry tropics where agricultural yields are directly linked
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to the availability of water for irrigation it is essential that
fire management accounts for negative effects on water
regulation. As most of the wildfires in India’s TDFs are
relatively patchy affecting a large number of small areas
each year, their effects on water regulation services vary on
different spatial and temporal scales. An area locally af-
fected by wildfires may substantially loose short-term
water retention if heavy rainfall occurs after the dry period.
In this case a pulse of surface runoff and associated sedi-
ment transport can be expected leading to local damages,
e.g., silting of water harvesting structures. The short-term
effect of such local wild fires on water yields, water re-
tention, and water quality diminish moving from single
hillslopes to meso-scale catchments, where water man-
agement is carried out by public administration. More
important for water regulation services are probably the
long-term effects of the widespread wildfires leading to a
long-term degradation of forest vegetation and forest soils,
which reduces evapotranspiration as well as water holding
capacities in canopies and soils (Fig. 9).

Fire also affects the biodiversity and therefore the
functions of ecosystems, especially those depending on
species interaction like pollination and dispersal. A focus in
protected areas on megafauna stimulates the fire applica-
tion to maintain degraded stages of the potential forest
vegetation to support herbivory communities. But this
comes at the cost of other plant and animal communities,
especially those of late successional, fires sensitive stages
of the ecosystem development.

However, any integrated TDF management in India,
which should account for different ES and biodiversity
needs a more solid scientific basis, whereas a number of
deficits can be identified:

(1) Improved data are needed regarding frequency and
intensity of fire in Indian TDF. The MODIS active
fire product is a reasonable starting point, but more
high-resolution remote sensing fire monitoring tools
(e.g., Hawbaker et al. 2008; Roder et al. 2008) are
needed, especially to detect the small (ground) fires
(e.g., Kodandapani 2013) located on steep slopes. To
our knowledge there are no data available determin-
ing different fire intensities and/or fuel loads for
different TDFs in India. Hence, any attempt to
estimate the effect of these wildfires on water
regulation and biodiversity are somewhat vague.

(2) Regarding wildfire effects on water-related ES no
direct measurements are available for India, hence,
potential effect can only be estimated transferring
the findings form the Mediterranean (Gonzalez-
Pelayo et al. 2006), the United States (e.g., Bena-
vides-Solorio and MacDonald 2005), or Australia
(e.g., Noske et al. 2010) to Indian conditions.



Therefore, a plot-based evaluation under different
climate, soils, and TDF characteristics are essentially
needed to create a basis for further research. Even
more problematic are the missing studies regarding
long-term forest and soil degradation following
regular burning. Assuming that the forest vegetation
recovery is a relatively fast process taking several
years to decades, a systematic evaluation of burned
vs. unburned TDFs using the MOSIS fire data
available since 2005 could be a first attempt.
Regarding soil degradation this is much more
challenging as it would require long-term fire
information. Hence, using the data collected during
future plot experiments to parameterize long-term
erosion models might be the avenue to follow. To
validate such models the siltation of reservoirs
widely available in the wet and dry tropics could
be utilized, as done in other erosion modeling
contexts (Verstraeten 2006), or colluvial and alluvial
soils might be dated (e.g., Meyer et al. 1995).

(3) The available studies focusing on the effects of fire
in Indian TDFs on biodiversity (e.g., Saha and Howe
2003) to our knowledge mainly represented snap
shots rather than long-term process studies. More-
over, these studies are mostly restricted to relatively
small plots (e.g., Puyravaud et al. 1995; Saha 2003)
which make it difficult to evaluate effects on faunal
diversity of birds and mammals. More large scale
studies are mostly focused on single species (e.g.,
Landsberg and Lehmkuhl 1995), which makes any
general conclusion of fire effects on biodiversity
difficult. It is time to work with permanent obser-
vation in a range of representative sites. Represen-
tative sections of landscapes with stand/ecosystem
level empirical observations over decades will allow
reliable conclusion of fire-induced ecosystem dy-
namics and the associated flow of ESs.

Despite the obvious deficits in our knowledge of wildfire
effects upon ES and biodiversity in Indian TDFs a number
of recommendations for an improved, more integrated TDF
management can be drawn from our study. As burning of
TDFs in India is important for local livelihoods but not part
of an organized forest management (see Schmerbeck
2011), we propose a forest management that integrates fire
with the aim to optimize the flow of ES from forest by
reducing the negative effects and concentrate burning on
those site that are needed to satisfy local needs. To inte-
grate fire in management plans despite only fighting it has
been recently proposed by Moritz et al. (2014) for regions
where the fires are disasters and only to a very low extent
agents for gaining services from forests (USA, Mediter-
ranean, Australia). A need to integrate fire in forest

management plans is even more needed, in a context like
India where fire is an essential part of the local people’s
daily life.

To reduce the area under fire accidental fires should be
avoided and fires that support ES should be limited to the
area needed for the desired amount.

The first step here is to determine the causes of fire, and
categorize them as either accidents or prescriptions. The
challenge will be to estimate the amount of land that needs
to be burned to enable the flow of the demanded ES,
especially if several stakeholders are involved. This might
be achieved with a periodization of the ES wanted, clear
responsibilities among local communities and authorities
and the lookout for alterative techniques to gain ES or even
a shift to other sources of livelihood.

The diversity of ES maintained by fire (Table 2) and
the fire specifics required by their facilitation would
surely challenge fire management policy. The policy
would certainly need to go far beyond a ban and pun-
ishment approach. It is likely only in rare cases that fires
originate from one community only such as the Soliga
tribe (Roveta 2008). In such a case, the implementation of
a fire management plan would be relatively easy. How-
ever, multi-causal origins for forest fires are much more
the norm as observed by Schmerbeck (2003), thus each
situation needs to be addressed on a case-by-case basis.
Regulation that also allows for improvements in other
services like water regulation and biodiversity require a
much longer time span and therefore more planning and
regulation effort.

Acknowledgments We gratefully acknowledge financial support
from the Indo-German Centre for Sustainability funded by the Ger-
man Academic Exchange Service (DAAD), the Federal Ministry of
Education and Research (BMBF), and the Indian Institute of Tech-
nology Madras. We also thank P.K. Joshi for the permission to use the
forest-type map of India. We would also acknowledge the inputs of
three anonymous reviewers which substantially helped to improve
this manuscript.

References

Andersen A, Hertog T, Woinarski J (2006) Long-term fire exclusion
and ant community structure in an Australian tropical savanna:
congruence with vegetation succession. J Biogeogr 33:823-832

Andersen AN, Woinarski JCZ, Parr CL (2012) Savanna burning for
biodiversity: fire management for faunal conservation in Aus-
tralian tropical savannas. Aust Ecol 37:658-667

Auerswald K, Fiener P, Martin W, Elhaus D (2014) Use and misuse
of the K factor equation in soil erosion modeling: an alternative
equation for determining USLE nomograph soil erodibility
values. Catena 118:20-25

Badarinath KVS, Kiran Chand TR, Krishna Prasad V (2009)
Emissions from grassland burning in Kaziranga National Park,
India—analysis from IRS-P6 AWIiFS satellite remote sensing
datasets. Geocarto Int 24:89-97



Bahuguna VK, Upadhyay A (2002) Forest fires in India: policy
initiatives for community participation. Int For Rev 4:122-127

Bardy NC, Weil RR (2008) The nature and properties of soils, 14th
edn. Pearson-Prentice Hall, Upper Saddle River

Barrow L, Parr CL, Kohen JL (2007) Habitat type influences fire
resilience of ant assemblages in the semi-arid tropics of
Northern. Aust J Arid Environ 69:80-95

Benavides-Solorio JDD, MacDonald LH (2005) Measurement and
prediction of post-fire erosion at the hillslope scale, Colorado
Front Range. Int J Wildland Fire 14:457-474

Bond WJ, van Wilgen BW (1996) Fire and plants, population and
community biology. Chapman & Hall, London

Bowman DMIJS, Balch J, Artaxo P, Bond WIJ, Cochrane MA,
D’ Antonio CM, DeFries R, Johnston FH, Keeley JE, Krawchuk
MA, Kull CA, Mack M, Moritz MA, Pyne S, Roos CI, Scott AC,
Sodhi NS, Swetnam TW (2011) The human dimension of fire
regimes on Earth. J Biogeogr 38:2223-2236

Brandis D (1897) Forestry in India, origins and early developments.
Natraj Publishers, Dehra Dun

Bush MB, Silman MR, McMichael C, Saatchi S (2008) Fire, climate
change and biodiversity in Amazonia: A Late-Holocene per-
spective. Philos Trans Biol Sci 363:1795-1802

Cantarello E, Newton AC, Hill RA, Tejedor-Garavito N, Williams-
Linera G, Lapez-Barrera F, Manson RH, Golicher DJ (2011)
Simulating the potential for ecological restoration of dryland
forests in Mexico under different disturbance regimes. Ecol
Model 222:1112-1128

Carlson PC, Tanner GW, Wood JM, Humphrey SR (1993) Fire in key
deer habitat improves browse, prevents succession, and pre-
serves endemic herbs. J Wild Manag 57:914-928

Champion GH, Seth SK (1968) A revised survey of the forest type of
India. Govt of India Press, New Delhi

Cochrane MA (2003) Fire science for rainforests. Nature 421:913—
919

Davies RG (1997) Termite species richness in fire-prone and fire-
protected dry deciduous dipterocarp forest in Doi Suthep-Pui
National Park, northern Thailand. J Trop Ecol 13:153-160

Davies AB, Parr CL, Van Rensburg BJ (2010) Termites and fire:
current understanding and future research directions for im-
proved savanna conservation. Aust Ecol 35:482-486

De Michele C, Accatino F, Vezzoli R, Scholes RJ (2011) Savanna
domain in the herbivores-fire parameter space exploiting a tree—
grass—soil water dynamic model. J Theor Biol 289:74-82

DeBano LF (1981) Water repellent soils: a state-of-the-art PSW-46
21, General Technical Report. Forest Service, Berkeley

DeBano LF (1991) The effect of fire on soil properties. General
Technical Report—US Department of Agriculture, Forest Ser-
vice (INT-280). pp 151-156

DeBano LF (2000) The role of fire and soil heating on water
repellency in wildland environments: a review. J Hydrol
231-232:195-206

Dennis RA, Mayer J, Applegate G, Chokkalingam U, Colfer CJP,
Kurniawan I, Lachowski H, Maus P, Permana R-P, Ruchiat Y,
Stolle F, Suyanto Tomich TP (2005) Fire, people and pixels:
linking social science and remote sensing to understand under-
lying causes and impacts of fires in Indonesia. Human Ecol
33:465-504

Driscoll DA, Lindenmayer DB, Bennett AF, Bode M, Bradstock RA,
Cary GJ, Clarke MF, Dexter N, Fensham R, Friend G, Gill M,
James S, Kay G, Keith DA, MacGregor C, Russell-Smith J, Salt D,
Watson JEM, Williams RJRJ, York A (2010) Fire management for
biodiversity conservation: key research questions and our capacity
to answer them. Biol Conserv 143:1928-1939

Eriksen C (2007) Why do they burn the ‘bush’? Fire, rural
livelihoods, and conservation in Zambia. Geogr J 173:242-256

369

FAO (1998) World reference base for soil resources. United Nations,
Rome

FAO (2007) Fire management—global assessment 2006. FAO
Forestry Paper FAO, Rome

FAO GeoNetwork (2013) The digital soil map of the world. Food and
Agriculture Organization of the United Nations Version 36,
completed January 2003. www.faoorg/geonetwork/srv/en/main
home (download 06/2013)

Favier C, Chave J, Fabing A, Schwartz D, Dubois MA (2004)
Modelling forest-savanna mosaic dynamics in man-influenced
environments: effects of fire, climate and soil heterogeneity.
Ecol Model 171:85-102

Fiener P, Gottfried T, Sommer M, Steger K (2014) Layer- and land
use-specific analysis of soil organic carbon patterns in a small
catchment in the semi-arid, tropical south of India. Geoderma
Regional 2-3:91-101

Forest Survey of India (1995) The state of the forest report.
Government of India Dehra Dun, India

FSI (2013) Forest fire spots: arrived data. http://www.fsiorgin/foresr_
firephp. Accessed 30 June 2013

Furley PA, Proctor J, Ratter JA (1992) Nature and dynamics of forest-
Ssavanna boundaries. Chapman & Hall, London, Glasgow, New
York, Melbourne, Madras

Furley PA, Rees RM, Ryan CM, Saiz G (2008) Savanna burning and
the assessment of long-term fire experiments with particular
reference to Zimbabwe. Prog Phys Geogr 32:611-634

Galetti M, Guevara R, Cortes MC, Fadini R, Matter SV, Leite AB,
Labecca F, Ribeiro T, Carvalho CS, Collevatti RG, Pires MM,
Guimaraes PR Jr, Brancalion PH, Ribeiro MC, Jordano P (2013)
Functional extinction of birds drives rapid evolutionary changes
in seed size. Science 340:1086—1090

Gashaw M, Michelsen A, Jensen M, Friis T (2002) Soil seed bank
dynamics of fire-prone wooded grassland, woodland and dry
forest ecosystems in Ethiopia. Nord J Bot 22:5-17

Goldammer JG (1993) Feuer in Waldoksystemen der Tropen und
Subtropen. Birkhduser, Basel, Boston, Berlin

Gonzalez-Pelayo O, Andreu V, Campo J, Gimeno-Garcia E, Rubio JL
(2006) Hydrological properties of a Mediterranean soil burned
with different fire intensities. Catena 68:186-193

Goswami K, Choudhury HK, Saikia J (2012) Factors influencing
farmers’ adoption of slash and burn agriculture in North East
India. For Policy Econ 15:146-151

Government of India (1988) National Forest Policy, No. 3-1/86-FP,
Ministry of Environment and Forests. http://envfor.nic.in/sites/
default/files/introduction-nfp.pdf. Accessed 18 Feb 2015

Government of India (1999) National forestry action programme-
India. Ministry of Environment and Forests, New Delhi, India

Government of India (2006) National Environmental Policy, http://
envfor.nic.in/sites/default/files/introduction-nep2006e.pdf.  Ac-
cessed 18 Feb 2015

Government of India (2008) National biodiversity action plan
(NBAP). Ministry of Environment and Forests, New Delhi

Government of India (2014) National bodiversity action plan
(NBAP), Addendum 2014 to NBAP, Ministry of Environment.
Forests & Climate Change, New Delhi

Harindranath CS, Venugopal KR, Raghu Mohan NG, Sehgal J,
Velayutham M (1999) Soils of Goa for optimising land use.
NBSS Publication, 74 NBSS & LUP in co-operation with
Department of Agriculture, Government of Goa, Nagpur, India

Harrison SP, Marlon JR, Bartlein PJ (2010) Fire in the earth system.
In: Dodson J (ed) Changing climates, earth systems and society.
Springer, Heidelberg, London, New York, pp 2148

Hawbaker TJ, Radeloff VC, Syphard AD, Zhu Z, Stewart SI (2008)
Detection rates of the MODIS active fire product in the United
States. Remote Sens Environ 112:2656-2664



370

Hopkins B (1992) Ecological processes at the forest-savanna
boundary. In: Furley PA, Proctor J, Ratter JA (eds) Nature and
dynamics of forest-savanna boundaries. Chapman & Hall,
London, Glasgow, New York, Melbourne, Madras, pp 21-62

Hough J (1993) Why burn the bush? Social approaches to bush-fire
management in West African national parks. Biol Conserv
65:23-28

Hunter JR (1981) Tendu (Diospyros melanoxylon) leaves, bidi
cigarettes, and resource management. Econ Botany 35:450-459

Huston MA (1994) Biological diversity the coexistence of species on
changing landscapes. Cambridge University Press, Cambridge

Jain MK, Das D (2010) Estimation of sediment yield and areas of soil
erosion and deposition for watershed prioritization using GIS
and remote sensing. Wat Resour Manag 24:2091-2112

Janzen DH (1988) Tropical dry forests - the most endangered major
tropical ecosystem. In: Wilson EO, Peter FM (eds) Biodiversity
national. Academy Press, Washington, DC, pp 130-137

Jarvis A, Reuter HI, Nelson E, Guevara E (2008) Hole-filled SRTM
for the globe version 4. http://www.cgiar-cisorg/data/srtm-90.
Accessed 15 July 2013

Johnsingh AJT (1986) Impact of fire on wildlife ecology in two dry
deciduous forests in South India. Indian For 112:933-938

Joshi PKK, Roy PS, Singh S, Agrawal S, Yadav D (2006) Vegetation
cover mapping in India using multi-temporal IRS Wide Field
Sensor (WiFS) data. Remote Sens Environ 103:190-202

Kepe T, Scoones I (1999) Creating grasslands: social institutions and
environmental change in Mkambati area, South Africa. Hum
Ecol 27:29-53

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham
SA, Kremen C, Tscharntke T (2007) Importance of pollinators in
changing landscapes for world crops. Proc Biol Sci 274:303-313

Kleinman PJA, Pimentel D, Bryant RB (1995) The ecological
sustainability of slash-and-burn agriculture. Agri Ecosyst Envi-
ron 52:235-249

Klop E, Prins HHT (2008) Diversity and species composition of West
African ungulate assemblages: effects of fire, climate and soil.
Glob Ecol Biogeogr 17:778-787

Kodandapani N (2013) Contrasting fire regimes in a seasonally dry
tropical forest and a savanna ecosystem in the Western Ghats,
India. J Assoc Fire Ecol 9:102-115

Kodandapani N, Cochrane MA, Sukumar R (2004) Conservation
threat of increasing fire frequencies in the Western Ghats, India.
Conserv Biol 18:1553-1561

Kodandapani N, Cochrane MA, Sukumar R (2008) A comparative
analysis of spatial, temporal, and ecological characteristics of
forest fires in seasonally dry tropical ecosystems in the Western
Ghats, India. For Ecol Manag 256:607-617

Kodandapani N, Cochrane MA, Sukumar R (2009) Forest fire regimes
and their ecological effects in seasonally dry tropical ecosystems
in the Western Ghats, India. Cochrane MA Tropical fire ecology.
Springer, Berlin, Heidelberg, New York, pp 335-354

Kohli A (2010) The social and political context of forest fires: a case
study in Andhra Pradesh, South India. Dissertation, ETH Zurich

Krishna KR (2010) Agroecosystems of south India: nutrient dynam-
ics, ecology and productivity. Brown Walker Press, Boca Raton,
Florida

Krishna PH, Reddy CS (2012) Assessment of increasing threat of
forest fires in Rajasthan, India using multi-temporal remote
sensing data (2005-2010). Curr Sci 102:1288-1297

Krishnan P, Venugopal KR, Sehgal J (1996) Soils of Kerala for
Optimising Land Use. NBSS Publication, 48 NBSS & LUP in
co-operation with State Soil Organisation, Department of
Agriculture, Government of Kerala, Nagpur, India

Kutt AS, Woinarski JCZ (2007) The effects of grazing and fire on
vegetation and the vertebrate assemblage in a tropical savanna
woodland in north-eastern Australia. J Trop Ecol 23:95-106

Landsberg JD, Lehmkuhl JF (1995) Tigers, rhinos and fire manage-
ment in India fire rffects on rare and endangered species and
habitats. Coeur d’Alene, Idaho

Laris P (2002) Burning the seasonal mosaic: preventative burning
strategies in the wooded savanna of Southern Mali. Hum Ecol
30:155-186

Legge S, Murphy S, Kingswood R, Maher B, Swan D (2011) EcoFire:
restoring the biodiversity values of the Kimberley region by
managing fire. Ecol Manag Restor 12:84-92

Levin N, Legge S, Price B, Bowen M, Litvack E, Maron M,
McAlpine C (2012) MODIS time series as a tool for monitoring
fires and their effects on savanna bird diversity. Int J Wildland
Fire 21:680-694

Lewis HT (1989) Ecological and technological knowledge of fire:
aborigines versus park rangers in Northern Australia. Am
Anthropol 91:940-961

Little IT, Hockey PAR, Jansen R (2013) A burning issue: fire
overrides grazing as a disturbance driver for South African
grassland bird and arthropod assemblage structure and diversity.
Biol Conserv 158:258-270

Lii XT, Li FM, Zhou LS, Han X, Han XG (2012) Stoichiometric
response of dominant grasses to fire and mowing in a semi-arid
grassland. J Arid Environ 78:154—160

Maier SW, Russell-Smith J, Edwards AC, Yates C (2013) Sensitivity
of the MODIS fire detection algorithm (MOD14) in the savanna
region of the Northern Territory, Australia. J Photogram Remote
Sens 76:11-16

Main MB, Richardson LW (2002) Response of wildlife to prescribed fire
in Southwest Florida pine flatwoods. Wildl Soc B 30:213-221

Mataix-Solera J, Cerda A, Arcenegui V, Jordan A, Zavala LM (2011)
Fire effects on soil aggregation: a review. Earth Sci Rev
109:44-60

Mataix-Solera J, Arcenegui V, Tessler N, Zornoza R, Wittenberg L,
Martinez C, Caselles P, Pérez-Bejarano A, Malkinson D, Jordan
MM (2013) Soil properties as key factors controlling water
repellency in fire-affected areas: evidences from burned sites in
Spain and Israel. Catena 108:6-13

Mbatha KR, Ward D (2010) The effects of grazing, fire, nitrogen and
water availability on nutritional quality of grass in semi-arid
savanna, South Africa. J Arid Environ 74:1294-1301

McDaniel J, Kennard D, Fuentes A (2005) Smokey the Tapir:
traditional fire knowledge and fire prevention campaigns in
lowland Bolivia. Soci Natural Resour 18:921-931

Meher-Homji VM (2001) Bioclimatology and plant geography of
oeninsular India. Scientific Publishers (India), Jodhpur

Meyer GA, Wells SG, Jull AJT (1995) Fire and alluvial chronology in
Yellowstone National Park: climatic and intrinsic controls on
Holocene geomorphic processes. Geol Soc Am Bull 107:1211-1230

Miettinen J, Hyer E, Chia AS, Kwoh LK, Liew SC (2013) Detection
of vegetation fires and burnt areas by remote sensing in insular
Southeast Asian conditions: current status of knowledge and
future challenges. Int J Remote Sens 34:4344-4366

Miles L, Newton AC, DeFries RS, Ravilious C, May I, Blyth S, Kapos
V, Gordon JE (2006) A global overview of the conservation status
of tropical dry forests. J Biogeogr 33:491-505

Millennium Ecosystem Assessment (2005) Ecosystems and human
well-being-synthesis. Island Press, Washington DC

Misra R (1983) Indian savannas. In: Bourliére F (ed) Ecosystems of
the world 13, tropical savannas. Elsevier Scientific Publishing
Company, Amsterdam, Oxford, New York, pp 151-166

Mistry J, Berardi A, Andrade V, Kraho T, Kraho P, Leonardos O
(2005) Indigenous fire management in the cerrado of Brazil: the
case of the Kraho of Tocantins. Hum Ecol 33:365-386

Moe SR, Wegge P (1997) The effects of cutting and burning on grass
quality and axis deer (Axis axis) use of grassland in lowland
Nepal. J Trop Ecolo 13:279-292



Moody JA, Shakesby RA, Robichaud PR, Cannon SH, Martin DA
(2013) Current research issues related to post-wildfire runoff and
erosion processes. Earth Sci Rev 122:10-37

Moritz MA, Batllori E, Bradstock RA, Gill AM, Handmer J, Hessburg
PF, Leonard J, McCaffrey S, Odion DC, Schoennagel T, Syphard
AD (2014) Learning to coexist with wildfire. Nature 515:58-66

Murphy PG, Lugo AE (1986) Ecology of tropical dry forest. An Rev
Ecol Syst 17:67-88

Nanda PK, Sutar PC (2003) Management of forest fire through local
communities: A study in the Bolangir, Deogarh and Sundergarh
districts of Orissa, India Community-based fire management:
Case studies from China, the Gambia, Honduras, India, the Lao
People’s Democratic Republic and Turkey FAO, Bangkok,
Thailand

Natarajan A, Reddy PSA, Sehgal J, Velayutham M (1996) Soils of
Tamil Nadu for optimising land use. National Bureau of Soil
Survey and Land Use Planning and Department of Agriculture,
Chennai, Bangalore & Coimbatore

Noske PJ, Lane PNJ, Sheridan GJ (2010) Stream exports of coarse
matter and phosphorus following wildfire in NE Victoria,
Australia. Hydrol Proc 24:1514-1529

Parr CL, Andersen AN (2008) Fire resilience of ant assemblages in long-
unburnt savanna of northern Australia. Aust Ecol 33:830-838

Pons P, Wendenburg C (2005) The impact of fire and forest
conversion into savanna on the bird communities of West
Madagascan dry forests. Anim Conserv 8:183—-193

Puyravaud JP, Shridhar D, Gaulier A, Aravajy S, Ramalingam S
(1995) Impact of fire on a dry deciduous forest in the Bandipur
National Park, southern India: preliminary assessment and
implications for management. Curr Sci 68:745-751

Pyne SJ (1994) Nataraja: India’s cycle of fire. Environ Hist Rev
18:1-20

Pyne SJ (1995) World fire: the culture of fire on earth. University of
Washington Press, Seattle, London

Ratnam J, Bond WJ, Fensham RJ, Hoffmann WA, Archibald S,
Lehmann CER, Anderson MT, Higgins SI, Sankaran M (2011)
When is a ‘forest’ a savanna, and why does it matter? Global
Ecol Biogeogr. doi:10.1111/j1466-8238201000634x

Reside AE, van der Wal J, Kutt A, Watson I, Williams S (2012) Fire
regime shifts affect bird species distributions. Divers Distrib
18:213-225

Roder A, Hill J, Duguy B, Alloza JA, Vallejo R (2008) Using long time
series of Landsat data to monitor fire events and post-fire dynamics
and identify driving factors A case study in the Ayora region
(eastern Spain). Remote Sens Environ 92: 255-275;112:259-273

Roveta R (2008) Traditional use of fire for the provision of ecosystem
services: A case study in BRT. Wildlife Sanctuary Institute for
Silviculture, University of Freiburg, Freiburg

Ruiz J, Fandiio MC, Chazdon RL (2005) Vegetation structure,
composition, and species richness across a 56-year chronose-
quence of dry tropical forest on Providencia Island, Colombia.
Biotropica 37:520-530

Saha S (2002) Anthropogenic fire regime in a deciduous forest of
central India. Curr Sci 82:101-104

Saha S (2003) Patterns in woody species diversity, richness and
partitioning of diversity in forest communities of tropical
deciduous forest biome. Ecography 26:80-86

Saha S, Howe HF (2003) Species composition and fire in a dry
deciduous forest. Ecology 84:3118-3123

Saigal R (1990) Modern forest fire control: the Indian experience.
Unasilva 41 1990/3, No 162

Sankaran M, Ratnam J, Hanan N (2008) Woody cover in African
savannas: the role of resources, fire and herbivory. Glob Ecol
Biogeogr 17:236-245

Savadogo P, Tiveau D, Sawadogo L, Tigabu M (2008) Herbaceous
species responses to long-term effects of prescribed fire, grazing

371

and selective tree cutting in the savanna-woodlands of West
Africa. Perspect Plant Ecol Evolu Syst 10:179-195

Schmerbeck J (2003) Patterns of forest use and its influence on
degraded dry forests: a case study in Tamil Nadu. Shaker Verlag,
Aachen, Germany, South India

Schmerbeck J (2011) Linking dynamics and locally important
ecosystem services of South Indian dry forests: an approach.
Res Energy Dev 8:149-172

Schmerbeck J, Seeland K (2007) Fire supported forest utilisation of a
degraded dry forest as a means of sustainable local forest
management in Tamil Nadu/South India. Land Use Policy
24:62-71

Schmerbeck J, Kohli A, Seeland K (2015) Ecosystem services and
forest fires in India—context and policy implications from a case
study in Andhra Pradesh. Forest Policy Econo 5:337-346

Schwilk DW, Keeley JE, Bond WIJ (1997) The intermediate
disturbance hypothesis does not explain fire and diversity pattern
in Fynbos. Plant Ecol 132:77-84

Semwal RL, Chatterjee S, Punetha JC, Pradhan S, Dutta P, Soni S,
Sharma G, Singh VP, Malayia A (2003) Forest fires in India—
lessons from case studies. World Wildlife Fund for Nature-India,
New Delhi

Setterfield SA (2002) Seedling establishment in an Australian tropical
savanna: effects of seed supply, soil disturbance and fire. J Appl
Ecol 39:949-959

Shaffer LJ (2010) Indigenous fire use to manage savanna landscapes
in southern Mozambique. Fire Ecol 6:43-59

Shakesby RA (2011) Post-wildfire soil erosion in the Mediterranean:
review and future research directions. Earth Sci Rev 105:71-100

Shakesby RA, Doerr SH (2006) Wildfire as a hydrological and
geomorphological agent. Earth Sci Rev 74:269-307

Shakesby RA, Wallbrink PJ, Doerr SH, English PM, Chafer CJ,
Humphreys GS, Blake WH, Tomkins KM (2007) Distinctiveness
of wildfire effects on soil erosion in south-east Australian
eucalypt forests assessed in a global context. For Ecol Manag
238:347-364

Silveira L, Rodrigues FHG, Jacomo ATA, Filho JAFD (1999) Impact
of wildfires on the megafauna of Emas National Park, central
Brazil. Oryx 33:108-114

Sinha A, Bawa KS (2002) Harvesting techniques, hemiparasites and
fruit production in two non-timber forest tree species in south
India. For Ecol Manag 168:289-300

Sinha A, Brault S (2005) Assessing sustainability of non-timber forest
product extractions: how fire affects sustainability. Biodivers
Conserv 14:3537-3563

Spies TA, Lindenmayer DB, Gill AM, Stephens SL, Agee JK (2012)
Challenges and a checklist for biodiversity conservation in fire-
prone forests: Perspectives from the Pacific Northwest of USA
and Southeastern Australia. Biol Conserv 145:5-14

Stang F (2002) Indien. Wissenschaftliche Buchgesellschaft, Darmstadt

Swengel AB (2001) A literature review of insect responses to fire,
compared to other conservation managements of open habitat.
Biodivers Conserv 10:1141-1169

Takahata C, Amin R, Sarma P, Banerjee G, Oliver W, Fa J (2010)
Remotely-sensed active fire data for protected area management:
eight-year patterns in the Manas National Park, India. Environ
Manag 45:414-423

Taylor RS, Watson SJ, Nimmo DG, Kelly LT, Bennett AF, Clarke
MF (2012) Landscape-scale effects of fire on bird assemblages:
does pyrodiversity beget biodiversity? Divers Distr 18:519-529

Taylor RS, Watson SJ, Bennett AF, Clarke MF (2013) Which fire
management strategies benefit biodiversity? A landscape-per-
spective case study using birds in mallee ecosystems of south-
eastern Australia. Biol Conserv 159:248-256

Tews J, Brose U, Grimm V, Tielborger K, Wichmann MC, Schwager
M, Jeltsch F (2004) Animal species diversity driven by habitat



372

heterogeneity/diversity: the importance of keystone structures.
J Biogeogr 31:79-92

Tomor BM, Owen-Smith N (2002) Comparative use of grass
regrowth following burns by four ungulate species in the
Nylsvley Nature Reserve, South Africa. Afr J Ecol 40:201-204

Vadrevu KP, Csiszar I, Ellicott E, Giglio L, Badrinath KS, Vermote E
et al (2013) Hotspot analysis of vegetation fires and intensity in
the Indian region. IEEE J Sel Top Appl Earth Obs Remote Sens
6:224-238

Valentine LE, Schwarzkopf L, Johnson CN, Grice AC (2007) Burning
season influences the response of bird assemblages to fire in
tropical savannas. Biol Conserv 13:90-101

Valentine LE, Schwarzkopf LIN, Johnson CN (2012) Effects of a
short fire-return interval on resources and assemblage structure
of birds in a tropical savanna. Aust Ecol 37:23-34

Van Langevelde F, Van De Vijver CADN, Kumar L, Van De Koppel
J, De Ridder N, Van Andel J, Skidmore AK, Hearne JW,
Stroosnijder L, Bond W1J, Prins HHT, Rietkerk M (2003) Effects
of fire and herbivory on the stability of savanna ecosystems.
Ecology 84:337-350

Vayda AP (1996) Methods and explanations in the study of human
actions and their environmental effects. Center for International
Forestry Research, Jakarta and World Wide Fund for Nature,
Jakarta

Veldman JW, Mattingly WB, Brudvig LA (2012) Understory plant
communities and the functional distinction between savanna
trees, forest trees, and pines. Ecology 94:424-434

Verma S, Jayakumar S (2015) Post-fire regeneration dynamics of tree
species in a tropical dry deciduous forest, Western Ghats, India.
Forest Ecol Manag 341:75-82

Verstraeten G (2006) Regional scale modelling of hillslope sediment
delivery with SRTM elevation data. Geomorphology 81:128-140

Vicente F, Cesari M, Serrano A, Bertolani R (2013) The impact of fire
on terrestrial tardigrade biodiversity: a first case-study from
Portugal. J Limnol 72:152-159

Vigerstol KL, Aukema JE (2011) A comparison of tools for modeling
freshwater ecosystem services. J Environ Manag 92:2403-2409

Wanthongchai K, Goldammer JG, Bauhus J (2011) Effects of fire
frequency on prescribed fire behaviour and soil temperatures in
dry dipterocarp forests. Int J Wildland Fire 20:35-45

Watson LH, Odendaal HE, Barry TJ, Pietersen J (2005) Population
viability of cape mountain zebra in Gamka Mountain Nature
Reserve, South Africa: the influence of habitat and fire. Biol
Conserv 122:173-180

Wischmeier WH (1971) The erosion equation—a tool for conserva-
tion planning. In: SCS of America 26th annual meeting
Columbus, Ohio pp 73-78

Woinarski JCZ (1990) Effects of fire on the bird communities of
tropical woodlands and open forests in northern Australia. Aust J
Ecol 15:1-22

Worldbank (2014) Population density data 2013. http:/www.
dataworldbankorg/indicator/ENPOPDNST. Accessed 7 Jan 2014

WorldClim (2014) Data for current conditions (1995-2000) in 30 arc-
second resolution. http://www.worldclimorg/current. Accessed
12 Dec 2014

Ylisirnio AL, Penttildi R, Berglund H, Hallikainen V, Isaeva L,
Kauhanen H, Koivula M, Mikkola K (2012) Dead wood and
polypore diversity in natural post-fire succession forests and
managed stands—lessons for biodiversity management in boreal
forests. For Ecol Manag 286:16-27

Zavala MA, Holodo RM (2005) Delayed effects of fire on habitat use
by large herbivores in Acacia drepanolobium savanna. Afr J Ecol
43:155-157



