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Abstract
Carbon markets afford potentially useful opportunities for supporting socially and environ-

mentally sustainable land management programs but, to date, have been little applied in

globally significant fire-prone savanna settings. While fire is intrinsic to regulating the com-

position, structure and dynamics of savanna systems, in north Australian savannas frequent

and extensive late dry season wildfires incur significant environmental, production and

social impacts. Here we assess the potential of market-based savanna burning greenhouse

gas emissions abatement and allied carbon biosequestration projects to deliver compatible

environmental and broader socio-economic benefits in a highly biodiverse north Australian

setting.

Drawing on extensive regional ecological knowledge of fire regime effects on fire-vulner-

able taxa and communities, we compare three fire regime metrics (seasonal fire frequency,

proportion of long-unburnt vegetation, fire patch-size distribution) over a 15-year period for

three national parks with an indigenously (Aboriginal) owned and managed market-based

emissions abatement enterprise. Our assessment indicates improved fire management out-

comes under the emissions abatement program, and mostly little change or declining out-

comes on the parks. We attribute improved outcomes and putative biodiversity benefits

under the abatement program to enhanced strategic management made possible by the

market-based mitigation arrangement.

For these same sites we estimate quanta of carbon credits that could be delivered under

realistic enhanced fire management practice, using currently available and developing

accredited Australian savanna burning accounting methods. We conclude that, in appropri-

ate situations, market-based savanna burning activities can provide transformative climate

change mitigation, ecosystem health, and community benefits in northern Australia, and,

despite significant challenges, potentially in other fire-prone savanna settings.
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Introduction
By international standards, Australia’s extensive (~430,000 km2) mesic (>1,000 mm.y-1) tropi-
cal savannas are sparsely populated (<0.1 persons.km-2 in rural areas) and little modified since
European colonization from the 1850s. Free-range beef cattle production, although often eco-
nomically marginal, is the dominant land use over ~90% of the region [1,2]. In the absence of
intensive land management the region is highly fire-prone. Edwards et al. [3] report that, for
the period 2008–2012, contemporary fire regimes over the entire mesic savanna region were
characterised by frequent (frequency 0.53 fires y-1), relatively severe, extensive fires occurring
mostly in the latter part of the 7–8 month (April-November) dry season period.

Although fire is an intrinsic ecological factor regulating the composition, structure and
dynamics of savanna systems (e.g. [4–7]), contemporary fire regimes negatively affect commu-
nity, pastoral production and especially environmental values in northern Australia. Frequent
and extensive late dry season fires significantly affect soil erosion and water quality [8–10],
fire-vulnerable vegetation [11–13], faunal biodiversity [14–21], and greenhouse gas emissions
and related carbon dynamics [22–28].

While our understanding of the magnitude and variety of impacts of contemporary fire
regimes on the regional values described above has developed substantially in recent decades, a
more formidable challenge lies in implementing cost-effective fire management. This require-
ment is particularly challenging where fire-vulnerable flora and fauna require patchy fires at
small spatial scales (<1 to tens of hectares)—for example, poorly dispersing obligate seeder
plant taxa with long maturation periods (>5 years), and relatively immobile vertebrate fauna
with small home ranges (<1 –tens of hectares) [18,21,29–31]. Strategic fire management
applied intensively over vast landscape scales for delivering appropriate levels of patchiness
requires very considerable financial and human resources—well beyond the current means of
regional conservation agencies and land (including protected area) managers. Australia's pro-
tected areas system depends increasingly on Indigenous Protected Areas (IPAs), whose funding
support from government is precarious and insufficient at the best of times [32].

There is significant international interest in the potential alignment of financially incenti-
vised greenhouse gas (GHG) emissions reduction schemes with sustainable environmental out-
comes [33–35]. Here we explore the potential for market-based savanna burning GHG
emissions abatement and allied carbon biosequestration projects, as means for supporting
effective environmental and community co-benefits outcomes in fire-prone savanna environ-
ments. Australian experience with nationally recognised savanna burning emissions abatement
projects commenced in 2005, substantially in advance of initiatives in other international set-
tings [36].

Globally, savanna fires account for ~60% of contemporary fire emissions [37]—equivalent
to ~10–20% of carbon emissions from fossil-fuel combustion in 2011 [38]. Accounting for
GHG emissions (specifically CH4, N2O) and changes in carbon stocks due to savanna fires is a
prescribed activity under the Kyoto Protocol [39]. However, the use of fire for climate change
mitigation applications is contentious given proscriptive fire management policies in most
tropical countries [36,40,41], demonstrated land use and fire impacts on tropical forests
[42,43] and savannas [44], and potential deleterious impacts of severe late dry season fire
regimes on woody biomass stocks in savannas generally [27,45].

We first contrast fire management outcomes, over a 15-year period, for three major north
Australian conservation reserves with an indigenous (Aboriginal) owned and managed, mar-
ket-based emissions abatement enterprise, the West Arnhem Land Fire Abatement (WALFA)
program. While long-term fire regime and biodiversity monitoring data are available for the
conservation reserves and show generally deteriorating conditions for fire-vulnerable taxa and
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communities [46], no similar program nor on-ground assessment data have been reported for
WALFA. Hence, we undertake our assessment with respect to three fire regime metrics (fire
frequency, long-unburnt vegetation, fire size), each of which is shown to have significant impli-
cations for biodiversity management.

Applying nationally accredited savanna burning methodologies, we then assess the carbon
credits for each of these properties under realistically achievable, if modest, enhanced fire man-
agement. Finally, we consider the ancillary, wider social benefits achieved through the WALFA
program, and the relevance of this Australian experience to savanna systems more broadly.

Methods and Results

Study sites
Our study sites comprise Kakadu (19,090 km2), Litchfield (1,460 km2) and Nitmiluk (2,920
km2) National Parks, and WALFA (28,000 km2), located in the fire-prone ‘Top End’ of the
Northern Territory, Australia (Fig 1). The World Heritage Kakadu National Park is co-man-
aged by a national government agency and Aboriginal landowners. Litchfield and Nitmiluk are
managed by a Northern Territory government agency, the latter park also under a co-manage-
ment arrangement with Aboriginal owners.

While varying in size, each of these sites comprises mostly mesic savanna vegetation occur-
ring both in rugged sandstone upland, and undulating laterised sedimentary lowland, settings
(Fig 1). Biodiversity values of these savanna systems are recognised as being internationally sig-
nificant, especially in the rocky uplands [18,47,48].

At all four study sites, prescribed fire management undertaken strategically under mild fire-
weather conditions in the early to mid dry season (EDS; generally April-July), aims to reduce
the impacts of extensive late dry season (LDS; August-November) wildfires on fire-vulnerable
biodiversity. Such EDS fires are, on average, substantially less severe than LDS fires [49,50],
more patchy than LDS fires especially in rocky upland terrain [51–53], and yield ~50% less
accountable GHG emissions [28]. In large measure, such strategic management practice aims
to emulate customary Aboriginal approaches to landscape fire management [54], albeit supple-
mented with contemporary tools such as ignitions by incendiaries delivered from aircraft and
use of global positioning and geographic information systems [55].

The studies reported here were respectively approved and undertaken as part of 20-year for-
mal collaborations at all study sites, initially under the auspices of the Australian Government’s
Tropical Savannas Cooperative Research Centre. In more recent years, studies on (1) the three
National Parks have been undertaken with Australian Government funding for the Three
Parks Savanna Fire Effects Plot Network, a facility of the Long Term Ecological Research Net-
work (LTERN), and (2) for WALFA, since 2006, the formal West Arnhem Fire Management
Agreement between the Northern Territory Government and Darwin Liquefied Natural Gas.

Fire regime metrics
Regional vegetation and fauna are sensitive to frequent, severe and extensive fires (Table 1). In
particular, shrubby heathland communities in rocky uplands, characterized by many obligate
seeder taxa, are formally listed as an Endangered Community under national legislation [47],
and the regional small-mammal fauna is in perilous decline. Contemporary fire regimes are
identified as the key threatening process for upland shrublands [47], and a key contributory
factor driving the loss of small-mammals [18,21]. Accordingly, we present an assessment of the
current efficacy of fire management at each of our four study sites over three successive five-
year periods, commencing in 2000, with reference to three fire regime metrics based on current
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best management practice (Table 2). The first five-year period (2000–2004) pre-dates the for-
mal commencement of the WALFA GHGmitigation project in 2005.

For all fire regime assessments presented below, and as applied to GHG emissions abate-
ment and carbon sequestration calculations in the following section, fire mapping data were
derived fromMODIS (Moderate Resolution Imaging Spectroradiometer) satellite imagery (250
m resolution) using procedures and validation methods described by Fisher and Edwards [56].
This imagery has been available globally from 2000. Methods used for undertaking respective
fire regime metric assessments are provided as Supplementary Information in S1 Appendix.
GIS files delineating Upland and Lowland landscape units are provided for the four study sites
respectively as spatial layers zipped in Supplementary files S1 File. GIS files for Kakadu Land-
scape Units, S2 File. GIS files for Litchfield Landscape Units, S3 File. GIS files for Nitmiluk
Landscape Units, S4 File. GIS files for WALFA Landscape Units.

Fire frequency
For lowland and upland units at the four sites the mean frequency of EDS and LDS fires was
calculated in three successive five-year periods (Fig 2). In the five-year period prior to the
implementation of strategic fire management in WALFA, the fire regime was dominated by
LDS wildfires; in subsequent periods the influence of EDS strategic fire management has been

Fig 1. Location of the four study sites in Australia’s ‘Top End’. The inset map depicts two regions for which there are current savanna burning accounting
methods—annual rainfall >1,000 mm, and 600–1,000 mm y-1. Refer text for details.

doi:10.1371/journal.pone.0143426.g001
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more pronounced, especially in lowland settings (Fig 2g and 2h). For Kakadu (est. 1979), a sim-
ilar shift was observed in the seasonal patterning of burning from the mid-1980s once a more
strategic approach to fire management was implemented [57].

While the recommended annual fire frequency to conserve vertebrate fauna should not
exceed one year in three for savanna habitats (Table 2), this threshold is substantially exceeded
for lowland habitats at all study sites, and (notably given particular fire sensitivity of sandstone
heaths) at Litchfield and Nitmiluk in upland habitats (Fig 2).

For obligate seeder shrub taxa occurring in rocky upland habitats susceptible to fires at fre-
quencies>0.2 y-1, this threshold has been exceeded over the entire study period at all study
sites, but most strikingly in Litchfield and Nitmiluk (Fig 2).

For the long-lived obligate seeder tree, Callitris intratopica, which is susceptible to relatively
severe LDS fires at frequencies >0.2 y-1, this threshold has been achieved over the entire study
period in Kakadu, since the implementation of the strategic management program in WALFA,
and in some periods in Litchfield and Nitmiluk (Fig 2).

Table 1. Published evidence of the sensitivity of plant and animal communities (and component taxa) within the study region to fire regime
attributes.

Community and/or taxon Fire regime sensitivity Evidence References

Vegetation

Savanna non-eucalypt shrubs and small
trees

Susceptible to intense fires Unlike the relatively fire-tolerant eucalypts, many other
woody savanna taxa are observed to be susceptible in
experimental and long-term monitoring studies. Such
taxa provide important food and habitat resources for a
variety of fauna.

[21,30,92–95]

Old savanna trees, especially those with
tree hollows

Susceptible to intense fires Older trees are observed to be susceptible in
experimental and long-term monitoring studies. Trees
with hollows provide important nesting and home sites
for a variety of birds and small-mammals.

[21,93–95]

Obligate seeder shrubs, especially in
upland savannas and heaths

Minimum fire interval of 5
years

Upland savanna species are mostly obligate seeder
taxa with 100% mortality from fire; post-fire
regeneration from seed only; maturation time for 10%
of species � 5 years. Observed declines in obligate-
seeder species richness with short fire intervals.

[13,29,96,97]

Callitris intratropica—long-lived obligate
seeder tree occurring in lowland and upland
savannas

Minimum interval of ~10 years
between high-intensity fires

Vulnerable to canopy scorching fires; no persistent
seedbank; observational studies indicating 10+ years
to maturity in typical savanna site conditions.

[11,96,98]

Fauna

Leichhardt’s grasshopper (Petasida
ephippiggera), in rocky upland sites

Highly susceptible to
extensive fires

Spectacular endemic grasshopper with an annual life
cycle; restricted to food-plants of the genus Pityrodia;
immobile nymph populations occurring typically in very
small (<<1 ha) local populations.

[99,100]

Bird communities generally—a range of
granivorous, frugivorous and hollow-using
birds in the tropical savannas

Various species sensitive to
frequent, intense and spatially
extensive fires

Some granivorous species (e.g. partridge pigeon,
Geohaps smithii) require a fine-grained mosaic of burnt
and unburnt areas. Some species require long-unburnt
habitat (e.g. grass wrens, Amytornis spp.). Loss of mid-
storey trees and shrubs detrimental to frugivorous and
insectivorous taxa. Loss of tree hollows affects nesting
success of various taxa.

[95,101–104]

Small-mammals—marsupials and rodents,
<5.5 kg body mass

Most species sensitive to
frequent, intense and spatially
extensive fires

Dramatic declines in site-level species richness and
individual abundance observed in Kakadu National
Park, most pronounced at sites frequently burnt by
large (>10 km2), homogenous fires. Most small-
mammal taxa have home ranges ranging from <1 to
tens of hectares. Modelling studies predict long-term
declines in a range of species under frequent, high-
intensity fires.

[15,19,21,105–
107]

doi:10.1371/journal.pone.0143426.t001
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Long-unburnt vegetation
Over the 15-year assessment period there has been slight improvement in the proportion of
lowland habitat unburnt for at least 3 or 5 years in WALFA, and relatively substantial improve-
ment in the proportions of similarly unburnt upland habitat both in WALFA and Kakadu (Fig
3). By the third assessment period, only WALFA exceeded recommended thresholds (Table 2)
of 25% of lowlands, and 40% of uplands, remaining unburnt for at least 3 years. The situation
with respect to these recommended thresholds in Litchfield and Nitmiluk is evidently parlous,
and at Nitmiluk there has been a precipitous decline in the proportion of unburnt habitat since
the first assessment period (Fig 3).

The apparent contradiction in the observed proportions of lowland habitat frequently burnt
in WALFA (exceeding 0.4 fires year-1 in each assessment period, Fig 2) versus>25% remaining
unburnt in the latter two assessment periods (Fig 3), reflects application of relatively frequent
prescribed burning focused on strategic locations (e.g. reinforcing natural fire-break barriers
such as tracks and watercourses) with the effect of increasing the proportion of unburnt habitat
in WALFA lowland habitats generally.

Fire patch-size
Average fire patch-sizes. The mean annual patch-sizes of contiguously burnt areas

(CBAs) and counts of the number of CBAs, over successive five-year assessment periods, are
presented in Table 3a and 3b respectively. CBA distributions were calculated separately for
EDS, LDS and annual periods, and comprise both orthogonally and diagonally contiguous
burnt pixels. Mapped CBAs may thus comprise a number of individual fires in any one fire

Table 2. Fire regimemetrics and recommended threshold conditions. LDS = late dry season; DBH = diameter at breast height, 1.3 m.

Fire regime
metric

Threshold conditions References

Lowlands Uplands

Fire frequency For small-mammals and many bird taxa, recommended
frequency not to exceed 0.3 fires year-1

As for lowlands [76,95]

(Not applicable) For persistence of obligate seeder shrub taxa,
required fire frequency <0.2 fires year-1

[29,96]

For long-lived obligate seeder tree, Callitris intratropica,
required frequency of severe / LDS fires <0.2 fires year-1

for maintaining tree stems >5cm DBHa

As for lowlands [13]

Long-unburnt
vegetation /
habitat

For small-mammals and birds, 25% of savanna unburnt
for at least 3 years

As for lowlands, but 40% be left unburnt for at least
three years

[76,95]

(Not applicable) For obligate seeder shrub taxa (refer fire frequency
above), fire-free intervals of 5+ years required for
persistence. Similar issues presumably relate to some
vertebrates (e.g. grass wrens, Amytornis spp.)

[13,29,104,108]

Fire size For poorly dispersed obligate seeder plants,
invertebrates, small-mammals and birds, average patch
sizes should be <1 km2, preferably less

As for lowlands [31,95,99,109]

For small mammal populations, fire size should be
<<10km2

As for lowlands [15]

a Derived from modeling presented in [13], where loss of Callitris stems is shown to be significantly correlated with the frequency of severe fires (i.e. with

mean leaf-scorch heights >2 m). For present purposes, we assume that frequency of severe fires is broadly relatable to the frequency of LDS fires given

that the probability of any LDS fire being severe is 0.81 [13].

doi:10.1371/journal.pone.0143426.t002
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Fig 2. Mean frequency (± S.E.M.) of early dry season (EDS—pre-August), late dry season (LDS—post-
July), and total (annual) fires in three successive five-year periods (commencing 2000), for the four
study sites and respective lowland and upland savanna units.

doi:10.1371/journal.pone.0143426.g002
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season, and annual CBAs will likely include (a) EDS fires that continued to burn into the LDS,
and (b) separate EDS and LDS fires that coalesced.

Average fire-patch sizes were substantially larger than recommended thresholds (<1 km2,
Table 2) at all study sites (Table 3a). While this result is largely an artifact of the relatively

Fig 3. Long-unburnt vegetation, expressed as the proportion of each study site remaining unburnt
(for�3 and�5 years) at the end of respective five-year periods, for lowland and upland savanna units.
TSLB = time since last burnt.

doi:10.1371/journal.pone.0143426.g003
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coarse sensor-scale (MODIS) used for fire mapping, of note is (1) the substantial reduction in
both average LDS and annual fire patch-sizes in WALFA, and (2) in the third assessment
period, the generally larger EDS and LDS fire patch-sizes, and substantially larger annual fire
patch-sizes, at national park sites (Table 3a). Concomitant improvement in implementation of
a more strategic fire management program in WALFA is reflected in the mean number of pre-
scribed EDS CBAs rising from 266 in the first pre-project period, to 730 and 578 respectively in
subsequent periods (Table 3b).

Fire patch-size distributions. The mean annual patch-size distributions of CBAs over
successive five-year periods, expressed as the proportion of respective study sites affected by
fire, were examined separately for EDS and LDS periods (Fig 4). For WALFA, there was a sub-
stantial reduction in the contribution of the largest (>1000 km2) CBA class since 2005 (Fig 4),
and general, albeit slight, reduction in the proportion burnt in CBA classes>10 km2 over the
three assessment periods (respectively: 43%, 30%, 36%). This latter trend was associated partic-
ularly with the reduced contribution of relatively severe LDS fires>10km2, from 42% in the
first assessment period to 8% in the third.

For the three National Parks, the contributions of CBAs>10km2 have shown no improve-
ment over the three assessment periods (Fig 4): Kakadu increasing from 45% to 50%; Litchfield,
varying from 61% to 70%; Nitmiluk, varying from 48% to 53%. Little change is evident in the
contributions of LDS fires to CBAs>10km2 over the three assessment periods for Kakadu (16–
17%) and Litchfield (21–27%), with more erratic performance in Nitmiluk.

Discussion

Fire regime metrics assessments
Although contemporary north Australian fire regimes are generally environmentally unsus-
tainable, periodic fire disturbance is an essential factor regulating regional savanna systems.
However, given that most regional fires are of anthropogenic origin [58] and occur most exten-
sively as LDS wildfires [3,58], a key challenge is to implement strategic prescribed fire manage-
ment under mild fire-weather conditions in the EDS. The development of contemporary north
Australian fire regimes dominated by frequent LDS fires is attributable to the cessation of

Table 3. Contiguous burnt area (fire patch-size) characteristics (± S.E.M.) for study sites over three assessment periods, (a) average fire patch-
size, (b) count of patches. EDS = early dry season; LDS = late dry season.

Site Assessment period

2000–2004 2005–2009 2010–2014

EDS LDS Annual EDS LDS Annual EDS LDS Annual

(a) Patch size (km2)

Kakadu 23.7 ±7.1 16.0 ±2.8 47.0 ±6.6 15.1 ±2.8 11.1 ±2.1 34.2 ±6.6 20.6 ±2.3 13.8 ±2.5 49.9 ±6.6

Litchfield 24.5 ±4.6 51.6 ±34.2 73.1 ±33.4 14.9 ±2.8 22.1 ± 5.0 35.6 ±32.6 22.3 ±9.3 33.4 ±13.1 63.0 ±33.6

Nitmiluk 30.2 ±18.9 43.2 ±18.7 99.8 ±19.8 9.7 ±3.9 65.9 ±21.2 97.3 ±20.3 25.5 ±10.1 29.9 ±11.8 75.3 ±18.1

WALFA 17.2 ±5.9 51.9 ±10.3 86.8 ±12.3 7.7 ±1.8 14.5 ±3.2 17.0 ±14.8 16.0 ±2.9 10.1 ±2.2 28.7 ±14.7

(b) Count of patches
Kakadu 378 ±81 204 ±20 249±47 506 ±64 286 ±58 341 ±56 356 ±21 240 ±26 239 ±36

Litchfield 28 ±3.9 17 ±5.6 19±3.5 45 ±5.3 13 ±1.3 29 ±5.1 38 ±6.5 13 ±1.5 21 ±4.6

Nitmiluk 47 ±9.5 15 ±2.5 31±11.9 55 ±11.3 22 ±2.3 34 ±13.8 53 ±9.6 15 ±3.6 39 ±10.5

WALFA 266 ±68 181 ±16 195±60 730 ±63 298 ±58 604 ±72 578 ±50 305 ±70 464 ±68

doi:10.1371/journal.pone.0143426.t003
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Fig 4. Mean early dry season (EDS) and late dry season (LDS) fire patch-size distributions (± S.E.M.) of
contiguously burnt areas (CBAs) over successive five-year periods for the four study sites,
expressed as the proportion of respective lowland and upland savanna units.

doi:10.1371/journal.pone.0143426.g004
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widespread fine-scale indigenous fire management practice from the late 19th century onwards
following European colonization [11,59–62].

While our current understanding of fire ecology is imperfect (particularly in relation to
understanding interacting effects of fire frequency and patch-size distributions on relatively
immobile fauna [15,30,31,63] sufficient information is available to broadly describe ecolog-
ically appropriate fire regime thresholds (Table 2), as well as to inform practical methodologies
for delivering them [54,64,65].

Our assessment indicates that, overall, there has been general improvement in the imple-
mentation of fire management in WALFA once the mitigation program commenced after the
first assessment period—most notably through a marked change in the season of burning to
generally less severe EDS burns (Fig 2), an increased proportion of unburnt vegetation or habi-
tat (Fig 3), and a substantial decline in the incidence of very large (>1000 km2) relatively severe
LDS fires (Fig 4). In the parks, there has been notable improvement in the proportion of long
unburnt vegetation in the Kakadu uplands—but otherwise there has been no improvement in
most metrics, and a precipitous decline in the proportion of long unburnt vegetation in
Nitmiluk.

By the third assessment period, substantial fire management challenges still remain, particu-
larly with: (a) the very high frequency (~0.6 fires y-1 or greater) of burning and consequently
little unburnt (�3 y) vegetation remaining (~10% or less) in Kakadu lowlands, and in Litchfield
and Nitmiluk generally; and (b) the ongoing contribution of large (>10km2) fires at all sites,
ranging from an annual mean of 36% of the entire WALFA area, ~50% of both Kakadu and
Nitmiluk, to 67% of Litchfield.

The fire patch-sizes of CBAs reported here are largely an artifact of the imagery scale used
for mapping—especially the omission of large numbers of smaller fires (<10km2) when map-
ping is derived from relatively coarse resolution imagery (e.g. MODIS as used here, or AVHRR
[Advanced Very High Resolution Radiometer, 1.1 km pixels]). The latter can be illustrated by
examining validated fire mapping derived mostly from Landsat MSS (79 x 57 m pixels) and
Landsat ETM and TM imagery (25 m pixels) for a slightly reduced WALFA area than assessed
here. Over a 9-year period (1997–2005), Yates et al. [31] mapped an annual average of ~13,200
CBAs of which 99.5% were<10 km2, with an average fire patch-size of 1.2 km2 in the EDS and
4 km2 in the LDS. By contrast, based on fire mapping for a 630,000 km2 savanna region
(including the WALFA sample) derived from AVHRR imagery over the same time period,
Yates et al. [31] mapped an annual average of ~1,800 CBAs, with an average fire patch-size of
35 km2 in the EDS and 185 km2 in the LDS. Importantly, however, those authors [31] observed
that, at both imagery scales, very large (>1,000 km2) fires, while few in number, contributed a
significant proportion (AVHRR—65%, Landsat—82%) of the mean annual total area affected
by fire.

Prior to the commencement of the WALFA program in 2005, from 1990 to 2004 an average
of 36.5% of the project area was burnt each year, of which 73% comprised LDS wildfires [66].
During this period little concerted fire management was undertaken, resulting in a boom-and-
bust cycle of landscape-scale fuel accumulation followed by extensive LDS wildfires occurring
approximately every 3 years [51]. In the subsequent seven years, an annual average of ~32% of
WALFA was burnt, of which two thirds comprised EDS prescribed fires [55]. This improve-
ment occurred under regionally deteriorating fire-weather conditions, especially the increased
number of hot days>37°C [67].

The generally improved fire management program in the WALFA region, and the putative
biodiversity benefits associated with that improvement (Tables 1 and 2), could only have been
achieved through the implementation of an effective and relatively well funded GHG emissions
mitigation program.
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Fire management and the carbon economy
Australia’s National Greenhouse Gas Inventory (NGGI) has recognised GHG emissions offsets
generated through savanna burning projects under high rainfall conditions (mean annual
>1,000 mm) since 2012, based on the method formally described and regulated in the Carbon
Farming Methodology of 2012 [68]. An essential principle of that method is that it accounts
for emissions abated in any one year against a 10-year pre-project baseline, through application
of strategic fire management to reduce the impacts of, and generally greater emissions from,
extensive and severe wildfires [55].

A slightly amended version of the Carbon Farming Methodology has been released [69]
which will underpin new savanna burning projects to be delivered as part of the Australian
government’s Emissions Reduction Fund (ERF) arrangements. The ERF aims to reduce Aus-
tralia’s GHG emissions by 5% relative to 2000 levels by 2020, through public purchase of cred-
its generated using endorsed methods (see [69]), including the current iteration of the savanna
burning emissions abatement method. A key element of the ERF is that projects securing con-
tracts through a reverse auction process (i.e. the lowest bids are accepted) will have to deliver
carbon credits for up to seven years. The first ERF auction in April 2015 returned a price of AU
$13.95 per tonne CO2-equivalent. Projects will also be able to sell carbon credits into voluntary
markets (e.g. corporates seeking social-license-to-operate; national sovereign funds; and inter-
national not-for-profit carbon credit brokers) that recognise approved Carbon Farming Meth-
odologies, including participants in Australia's Carbon Neutral Program.

Under ERF rules, savanna burning GHG offset projects are permitted on all tenure types,
including conservation reserves, provided there is no existing regulatory requirement (such as
in a formal Plan of Management) for fire management objectives to include reducing GHG
emissions or sequestering carbon. These arrangements thus afford novel opportunities for
addressing fire and biodiversity management imperatives on the fire-prone savanna conserva-
tion estate.

Based on fire management experience with WALFA, we have calculated the quantum of
carbon credits which, realistically, could be generated annually at all four study sites with
respect to three savanna burning methods (see S1 Appendix). Given the poor condition gener-
ally of current fire management in each of our national park study sites (Figs 2–4), we have
assumed that these properties could achieve at least the level of abatement (38% reduction in
emissions) achieved in WALFA’s first seven years of operation [55].

The first of those methods concerns the recently revised abatement method [69], which also
extends the savanna climate envelope to the 600 mmmean annual rainfall isohyet (Fig 1). The
second is a novel method to account for carbon sequestration into fine and coarse woody fuels
[22] currently being finalised, with approval for implementation due in 2016. The third is a
method under advanced development addressing sequestration in living tree biomass based on
statistical modeling of an extensive plot-based dataset [23,27]. All three methods are comple-
mentary (i.e. additive) in that they are reliant on the same enhanced fire management activity
but account for different GHG and carbon pool components. Calculation procedures are given
in S1 Appendix.

The magnitude of opportunities, and associated statistical uncertainties, afforded by the dif-
ferent methods to generate carbon credits for the four study sites are given in Table 4. Carbon
market opportunities are especially prospective in extensive fire-prone lowland savannas, and
for sequestration components. WALFA has achieved the annual level of GHG emissions abate-
ment indicated, based on a switch to a more strategic EDS fire management program, resultant
lower severity fires, and reduction in burnt area overall [55]. Given the relatively large propor-
tions of especially lowland savannas burnt annually in the three national parks, we see no
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reason why equivalent emissions abatement and sequestration benefits cannot be achieved
with more strategic management. Based on current Australian experience, the prospective
value of generated credits under ERF arrangements can be anticipated to exceed US$10 per
tonne of CO2-e.

Despite this optimistic outlook considerable hurdles lie ahead, especially for biosequestra-
tion projects which face fluid policy uncertainties, including (1) significant untested land ten-
ure, carbon property rights, governance and regulatory issues, and (2) definitions of
permanency (i.e. maintaining carbon benefits for multi-decadal periods) [55]. For instance, the
ERF allows for 7-year contracts but requires that permanency be maintained for 100 years with
a discounted option for 25 years [70]. Biosequestration projects are thus likely to be considered
only in situations where tenure is assured and in the absence of other viable land use options.
In north Australia, these conditions pertain to extensive valuable conservation estate, especially
on indigenous-owned lands, including national parks.

Delivering multiple benefits
As demonstrated by WALFA, enhanced fire management undertaken for the purposes of
GHG emissions abatement and carbon sequestration can be compatible with delivering biodi-
versity conservation outcomes in north Australian mesic savannas. Important exceptions

Table 4. Indicative carbon credits feasibly generated using three complementary savanna burningmethodologies under enhanced fire manage-
ment. (1) each t.CO2-e.y

-1 abated or sequestered = 1 carbon credit; (2) enhanced fire management scenarios based on published experience with WALFA
[55]; FCWF = fine and coarse woody fuels; (3) for sequestration methods, carbon credits are annualized over 25 years. (4) Brief footnotes concerning method
uncertainties are provided below; other details concerning respective methods, calculations, and management assumptions are presented in Supporting
Information.

Site Landscape unit Area (ha) Indicative carbon credits (X 103)

Method Total

GHG emissions FCWF biomass Living tree
abatementa sequestrationb biomass sequestrationc

(t.CO2-e.y
-1) (t.CO2-e.y

-1) (t.CO2-e.y
-1) (t.CO2-e.y

-1)

Kakadu Lowland 1,506,144 78 338 474 886

Upland 98,538 3.3 0 30 33.3

Litchfield Lowland 106,881 6.4 29 34 69.4

Upland 20,506 1.2 1.3 6.2 8.7

Nitmiluk Lowland 246,231 15 59 77 151

Upland 23,856 1.4 0.4 7.2 9

WALFA Lowland 2,055,131 121 343 603 1,067

Upland 392,650 19 26 115 160

a The original emissions abatement methodology incorporated a formal uncertainty assessment for the WALFA region [28], where domain emissions were

found to be accurate at the 95% confidence level to within a factor of 30–35% of the mean, with an overall coefficient of variation = 0.16.
b Key steady state fuel load parameters for the FCWF biomass sequestration methodology [22] are derived directly from the original emissions abatement

methodology, which includes formal assessment of individual parameter uncertainties [24]. The method is also reliant on reliable fire mapping derived from

MODIS imagery, estimated as being 88% accurate when compared with field data [56].
c The living tree biomass sequestration methodology [22] expands on work reported in [27], where the best linear mixed effects model (p < 0.005; R2 =

0.11, determined using Akaike’s Information Criterion), assessing the effects of 7 variables (annual rainfall; plot basal area; fire severity variables, fire

seasonality variables) on stem increment, incorporated only fire severity terms. Data were derived from 135 40 X 20 m plots over 10 years of

observations. Work on this methodology is ongoing, especially to address potential effects of severe fires on bark removal with implications for calculation

of biomass using allometric relationships [23].

doi:10.1371/journal.pone.0143426.t004
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include situations where alternative emissions-intensive fire management approaches are
required; for example, addressing woody thickening and encroachment affecting pastoral pro-
duction and conservation values [71]; and management of high biomass flammable exotic
grass species [72,73]. Notably, Australia’s current and developing savanna burning methodolo-
gies (Table 4) apply only to wooded savannas with foliage projective cover>10%.

Enhanced savanna fire management, focusing especially on the reduction of current severe
LDS fire regime impacts, can deliver substantial benefits to ecosystem health including biomass
sequestration and fire–vulnerable biodiversity, soil erosion and stream sediment transport [3],
and reduced airborne particulates using the same management practices that reduce green-
house gas emissions [74]. In the absence of reliable and adequate private and/or public funding
to address all of these issues directly, carbon and broader ecosystem services markets provide
an obvious solution.

The resourcing available to the three state-owned reserves to deliver effective fire manage-
ment and monitor biodiversity outcomes has been in substantial decline over the past decade,
consistent with the ongoing trend for protected areas nationally [75]. The consequences of this
declining commitment are reflected in the current trajectory of the population status of a vari-
ety of taxa, including many formally listed threatened taxa [47,76]. Against this trend, fire man-
agement in Kakadu’s rugged biodiverse uplands has been generally more effective over the life
of the park, including concerted strategic management in recent years [77].

Although biodiversity impacts are apparent also in the WALFA project region [47], from
2006 significant enhancements to the delivery of fire management (Figs 2–4) have been made
as a direct result of both: (1) substantially increased funding, associated with the engagement of
local indigenous communities and individuals in delivering the program (including employ-
ment of>200 individuals in any one year); and (2) building the institutional capacity of local
management organisations. That performance has been made possible through short-term
(<3–5 year) Australian Government funding programs for indigenous ranger positions and
operational activities, critically underpinned by a longer-term (17-year) commercial savanna
burning emissions abatement contract with a global energy corporation [55].

The adequacy and sustainability of funding has particular resonance for Australia’s Indige-
nous Protected Area (IPA) program which, in the next few years, is anticipated to contribute
~50% of Australia’s National Reserve System, including substantial areas of north Australia.
Funding of IPAs is not guaranteed beyond 2018 and, based on 2012–13 budget figures, is esti-
mated to be an order of magnitude less (per hectare) than that available for state-run reserves
[32]. Much of WALFA is already included in IPAs.

The singular importance of supporting the capacity of indigenous land owners and residents
to be part of the regional conservation solution is underscored by observations that Aboriginal
people constitute the majority of the remote north Australian rural population, are financially
impoverished despite being land-rich, and possess recognised skills in, and cultural responsibil-
ities for, landscape fire management [78]. By stark contrast with WALFA, the lack of commit-
ted indigenous engagement and resultant disillusionment is identified as a key issue underlying
the recent history of fire management in Kakadu [36,79].

The examples of WALFA and emerging projects at other north Australian savanna sites,
coupled with substantial additional opportunities identified in Table 4, show that incomes
from carbon markets offer realisable transformative benefits for climate change mitigation, bio-
diversity conservation, and community well-being and social development across the fire-
prone savannas of north Australia.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 14 / 21



Application in other savanna settings
Considerable if untested potential exists for application of savanna burning abatement and
sequestration methodologies supporting biodiversity conservation and livelihood outcomes in
fire-prone savannas in southern Africa, Asia, and South America [36]. As well as the Australian
examples described here, an accredited savanna fire management methodology for assessing
carbon stocks recently has been approved for application in east African miombo woodlands
[80].

However, implementation challenges are substantial and context-specific, for example:
adapting to site and project-scale social, ecological, and technical drivers; capability develop-
ment and investment requirements; accounting for complex national tenure, regulatory, and
governance arrangements [33,36,81]. Across sub-Saharan Africa, Southeast Asia, and South
America, most national regulatory forestry and fire management frameworks either prohibit
fire use or, at best, stipulate only fire prevention and suppression actions [36]. As demonstrated
by ongoing high incidence of uncontrolled fires in these continental settings, such policies have
both failed and, worse, discouraged sustainable fire management practices associated with
many traditional agricultural, or community-based, activities [40,41].

An illustrative example of such policy failure is afforded by Southeast Asia where, despite
lack of reliable mapping of the distribution of savanna (including derived savanna) vegetation
[82], as many as 30 million people use fire as part of traditional agricultural and agroforestry
practice in highly fragmented, densely populated landscapes [83–85]. While the official policy
of the Association of South East Asian Nations (ASEAN) since 1999 is to actively discourage
traditional practices incorporating fire applications, this policy reflects a long history of lack of
understanding of the practical livelihood and environmental benefits that traditional agro-for-
estry systems can deliver and denial of major causes of regional fire management problems
attributable mostly to deforestation and degradation associated with poor forestry and com-
mercial-scale agricultural management practices [84,86]. A general assessment of the applica-
bility of and challenges associated with savanna burning projects in fire-prone southern
African (especially Namibia) and South American (especially Venezuela) settings is provided
in Russell-Smith et al. [36].

For biosequestration projects especially, insecure (typically traditional communal) tenure is
problematic for indigenous peoples and rural communities in many international contexts
[81,87] where multi-decadal ‘permanency’ provisions need to be assured [88]. For marketabil-
ity, savanna fire management methodologies also need to meet strict accreditation require-
ments (including monitoring and verification) under various international protocols (e.g.
Clean Development Mechanism, REDD+), or accepted voluntary standards (e.g. Voluntary
Carbon Standard, Gold Standard).

Furthermore, the spatial scales at which savanna burning projects are conducted in north
Australia are unlikely to be replicable in many other international settings—for example, fire-
prone savanna regions throughout Asia and many parts of Africa and the Americas typically
are relatively densely populated and highly fragmented. While direct financial benefits attribut-
able to emissions reductions through savanna burning may be commensurately small, none-
theless encouraging more sustainable forms of savanna fire management that complement
other sustainable agricultural practices at larger (for example catchment) scales, can contribute
substantially to enhanced livelihood benefits [89].

In contrast to extensive experience with GHG mitigation activities in tropical forests (e.g.
through REDD+), to date there has been little opportunity to apply analogous market incen-
tives to help conserve fire-prone savannas—despite much wooded savanna falling within the
accepted broad definition of forest (e.g. [90]) and being subject to rates of conversion possibly
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twice that of tropical forests [91]. Despite evident challenges, given the magnitude of pressing
environmental and livelihood issues in savanna systems globally, mitigation programs reward-
ing enhanced savanna fire management have the potential to offer significant multiple benefits.

Supporting Information
S1 Appendix. Calculating fire metrics and carbon credits.
(DOCX)

S1 File. GIS files for Kakadu Landscape Units.
(ZIP)

S2 File. GIS files for Litchfield Landscape Units.
(ZIP)

S3 File. GIS files for Nitmiluk Landscape Units.
(ZIP)

S4 File. GIS files for WALFA Landscape Units.
(ZIP)

Author Contributions
Conceived and designed the experiments: JR-S CPY ACE PJW BPM. Performed the experi-
ments: JR-S CPY ACE PJW BPM. Analyzed the data: JR-S CPY ACE BPM. Wrote the paper:
JR-S CPY ACE PJW BPMMJL.

References
1. McLean I, Holmes P, Counsell D (2014) The Northern beef report. 2013 Northern beef situation analy-

sis. Project B.COM.0348. North Sydney, Australia: Meat & Livestock Australia.

2. NLAWT (Northern Australia Land andWater Taskforce) (2009) Sustainable development of northern
Australia. Canberra, Australia: Department of Infrastructure, Transport, Regional Development and
Local Government. http://www.csiro.au/Organisation-Structure/Flagships/Sustainable-Agriculture-
Flagship/Northern-Australia-Sustainable-Development/Science-review-key-findings.aspx.

3. Edwards A, Russell-Smith J, Meyer M (2015) Contemporary fire regime risks to key ecological assets
and processes in north Australian savannas. International Journal of Wildland Fire. pp. -.

4. BondWJ, vanWilgen BW (1996) Fire and Plants. London: Chapman and Hall.

5. Williams RJ, Griffiths AD, Allan GE (2002) Fire regimes and biodiversity in the savannas of northern
Australia. In: Bradstock R.A., Williams JE, Gill MA, editors. Flammable Australia: The fire regimes and
biodiversity of a continent: Cambridge University Press Cambridge. pp. 281–304.

6. HoffmannWA, Geiger EL, Gotsch SG, Rossatto DR, Silva LCR, Lau OL, et al. (2012) Ecological
thresholds at the savanna-forest boundary: how plant traits, resources and fire govern the distribution
of tropical biomes. Ecological Letters 15: 759–768.

7. Lehmann CER, Anderson TM, Sankaran M, Higgins SI, Archibald S, HoffmannWA, et al. (2014)
Savanna vegetation-fire-climate relationships differ between continents. Science 343: 548–552. doi:
10.1126/science.1247355 PMID: 24482480

8. Russell-Smith J, Yates C, Lynch B (2006) Fire regimes and soil erosion in north Australian hilly savan-
nas. International Journal of Wildland Fire 15: 551–556.

9. Townsend S, Douglas MM (2000) The effect of 3 fire regimes on streamwater quality, water yield and
export coefficients in a tropical savanna (Northern Australia). Journal of Hydrology 229: 118–137.

10. Williams MAJ (1991) Evolution of the landscape. In: Haynes CD, Ridpath MG, Williams MAJ, editors.
Monsoonal Australia: landscape ecology and man in the northern lowlands. Balkema, Rotterdam,
Netherlands. pp. 5–17.

11. Bowman DMJS, PantonWJ (1993) Decline of Callitris intratropica in the Northern Territory: Implica-
tions for pre- and post-European colonization fire regimes. Journal of Biogeography 20: 373–381.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 16 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143426.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143426.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143426.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143426.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143426.s005
http://www.csiro.au/Organisation-Structure/Flagships/Sustainable-Agriculture-Flagship/Northern-Australia-Sustainable-Development/Science-review-key-findings.aspx
http://www.csiro.au/Organisation-Structure/Flagships/Sustainable-Agriculture-Flagship/Northern-Australia-Sustainable-Development/Science-review-key-findings.aspx
http://dx.doi.org/10.1126/science.1247355
http://www.ncbi.nlm.nih.gov/pubmed/24482480


12. Russell-Smith J, Bowman DMJS (1992) Conservation of monsoon rainforest isolates in the Northern
Territory, Australia. Biological Conservation 59: 51–63.

13. Russell-Smith J, Edwards AC, Price OF (2012) Simplifying the savanna: the trajectory of fire-sensitive
vegetation mosaics in northern Australia. Journal of Biogeography 39: 1303–1317.

14. Franklin DC, Whitehead PJ, Pardon G, Matthews J, McMahon P, McIntyre D (2005) Geographic pat-
terns and correlates of the decline of granivorous birds in northern Australia. Biological Conservation
90: 53–68.

15. Lawes MJ, Murphy BP, Fisher A, Woinarski JCZ, Edwards AC, Russell-Smith J (2015) Small mam-
mals decline with increasing fire extent in northern Australia: evidence from long-term monitoring in
Kakadu National Park. International Journal of Wildland Fire 24: 712–722.

16. Legge S, Murphy S, Heathcote J, Flaxman E, Augusteyn J, Crossman M (2008) The short-term
effects of an extensive and high-intensity fire on vertebrates in the tropical savannas of the central
Kimberley, northern Australia. Wildlife Research 35: 33–43.

17. Reside AE, VanDerWal J, Kutt A, Watson I, Williams S (2012) Fire regime shifts affect bird species
distributions. Diversity and Distributions 18: 213–225.

18. Woinarski JCZ, Legge S, Fitzsimons JA, Traill BJ, Burbidge AA, Fisher A, et al. (2011) The disappear-
ing mammal fauna of Australia: context, cause, and response. Conservation Letters 4: 192–201.

19. Woinarski JCZ, Armstrong M, Brennan K, Fisher A, Griffiths AD, Hill B, et al. (2010) Monitoring indi-
cates rapid and severe decline of native small mammals in Kakadu National Park, northern Australia.
Wildlife Research 37: 116–126.

20. Woinarski J, Milne D, Wanganeen G (2001) Changes in mammal populations in relatively intact land-
scapes of Kakadu National Park, Northern Territory, Australia. Austral Ecology 26: 360–370.

21. Ziembicki MR, Woinarski JCZ, Webb JK, Vanderduys E, Tuft K, Smith J, et al. (2015) Stemming the
tide: progress towards resolving the causes of decline and implementing management responses for
the disappearing mammal fauna of northern Australia. Therya 6: 169–225.

22. Cook GD, Liedloff AC, Murphy BP (2015) Towards a methodology for increased carbon sequestration
in dead fuels through implementation of less severe fire regimes in Savannas. In: Murphy B, Edwards
A, Meyer M, Russell-Smith J, editors. Carbon Accounting and Savanna Fire Management. Mel-
bourne: CSIRO Publishing. pp. 321–326.

23. Cook GD, Liedloff AC, Murphy BP (2015) Predicting the effects of fire management on carbon stock
dynamics using statistical and process-based modelling. In: Murphy B, Edwards A, Meyer M, Russell-
Smith J, editors. Carbon Accounting and Savanna Fire Management. Melbourne: CSIRO
Publishing. pp. 295–315.

24. Cook GD, Meyer CP (2009) Fire, fuels and greenhouse gases. In: Russell-Smith J, Whitehead PJ,
Cooke P, editors. Culture, ecology and economy of savanna fire management in northern Australia:
rekindling theWurrk tradition. Melbourne: CSIRO Publications. pp. 313–327.

25. Meyer CP, Cook GD, Reisen F, Smith TEL, Tattaris M, Russell-Smith J, et al. (2012) Direct measure-
ments of the seasonality of emission factors from savanna fires in northern Australia. Journal of Geo-
physical Research (Atmospheres) 117.

26. Murphy BP, Russell-Smith J, Watt FA, Cook GD (2009) Fire management and woody biomass carbon
stocks in mesic savannas. In: Russell-Smith J, Whitehead P, editors. Managing fire regimes in north
Australian savannas—ecology, culture, economy. Canberra, Australia: CSIRO Publishing.

27. Murphy BP, Russell-Smith J, Prior LD (2010) Frequent fires reduce tree growth in northern Australian
savannas: implications for tree demography and carbon sequestration. Global Change Biology 16:
331–343.

28. Russell-Smith J, Murphy BP, Meyer CP, Cook GD, Maier S, Edwards AC, et al. (2009) Improving esti-
mates of savanna burning emissions for greenhouse accounting in northern Australia: limitations,
challenges, applications. International Journal of Wildland Fire 18: 1–18.

29. Russell-Smith J, Ryan PG, Klessa D, Waight G, Harwood R (1998) Fire regimes, fire-sensitive vegeta-
tion, and fire management of the sandstone Arnhem Plateau, monsoonal northern Australia. Journal
of Applied Ecology 35: 829–846.

30. Woinarski JCZ, Williams RJ, Price O, Rankmore B (2005) Landscapes without boundaries: wildlife
and their environments in northern Australia. Wildlife Research 32: 377–388.

31. Yates CP, Edwards AC, Russell-Smith J (2008) Big fires and their ecological impacts in Australian
savannas: size and frequency matters. International Journal of Wildland Fire 17: 768–781.

32. NAILSMA (North Australian Indigenous Land and Sea Management Alliance) (2014) Beyond respect:
a central role for Indigenous people in Australian land and sea management. Paper presented to the
VI IUCNWorld Congress on Protected Areas, Sydney, November 2014 Available from http://
nailsmaorgau/sites/default/files/publications/Beyond%20respect_WEBpdf.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 17 / 21

http://nailsmaorgau/sites/default/files/publications/Beyond%20respect_WEBpdf
http://nailsmaorgau/sites/default/files/publications/Beyond%20respect_WEBpdf


33. Bustamante M, Robledo-Abad C, Harper R, Mbow C, Ravindranat NH, Sperling F, et al. (2014) Co-
benefits, trade-offs, barriers and policies for greenhouse gas mitigation in the agriculture, forestry and
other land use (AFOLU) sector. Global Change Biology 20: 3270–3290. doi: 10.1111/gcb.12591
PMID: 24700759

34. Gardner TA, Burgess ND, Aguilar-Amuchastegui N, Barlow J, Berenguer E, Clements T, et al. (2012)
A framework for integrating biodiversity concerns into national REDD+ programmes. Biological Con-
servation 154: 61–71.

35. Rands MRW, AdamsWM, Bennun L, Butchart SHM, Clements A, Coomes D, et al. (2010) Biodiver-
sity Conservation: Challenges Beyond 2010. Science 329: 1298–1303. doi: 10.1126/science.
1189138 PMID: 20829476

36. Russell-Smith J, Monagle C, Jacobsohn M, Beatty R, Bilbao B, Millán A, et al. (2013) Can savanna
burning projects deliver measurable greenhouse emissions reductions and sustainable livelihood
opportunities in fire-prone settings? Climatic Change: 1–15.

37. van der Werf G, Randerson J, Giglio L, Collatz G, Mu M, Kasibhatla P, et al. (2010) Global fire emis-
sions and the contribution of deforestation, savanna, forest, agricultural, and peat fires (1997–2009).
Atmospheric Chemistry and Physics 10: 11707–11735.

38. Le Quéré C, Andres RJ, Boden T, Conway T, Houghton RA, House JI, et al. (2013) The global carbon
budget 1959–2011. Earth Syst Sci Data 5: 165–185.

39. UNFCCC (United Nations Framework Convention on Climate Change) (1998) Kyoto Protocol to the
United Nations Framework Convention on Climate Change. Available from http://unfcc.int/resource/
docs/convkp/kpeng.pdf.

40. FAO (Food and Agricultural Organisation of the United Nations) (2007) Fire management—global
assessment 2006. FAO Forestry Paper 151, Rome.

41. Lim H, Liang L, Camacho L, Combalier E, Singh S (2012) Southeast Asia. In: Parotta J, Trosper R,
editors. Traditional forest-related knowledge New York: Springer. pp. 357–394.

42. Barlow J, Parry L, Gardner TA, Ferreira J, Aragão LEOC, Carmenta R, et al. (2012) The critical impor-
tance of considering fire in REDD+ programs. Biological Conservation 154: 1–8.

43. Cochrane M, Alencar A, Schultze M, Souza C Jr, Nepstad D, Lefebvre P, et al. (1999) Positive feed-
backs in the fire dynamics of closed canopy tropical forests. Science 284: 1832–1835. PMID:
10364555

44. Pfeifer M, Platts PJ, Burgess ND, Swetnam RD, Willcock S, Lewis SL, et al. (2013) Land use change
and carbon fluxes in East Africa quantified using earth observation data and field measurements.
Environmental Conservation 40: 241–252.

45. Beringer J, Hutley LB, Abramson D, Arndt SK, Briggs P, Bristow M, et al. (2015) Fire in Australian
savannas: from leaf to landscape. Global Change Biology 21: 62–81. doi: 10.1111/gcb.12686 PMID:
25044767

46. Russell-Smith J, Edwards A, Woinarski J, Fisher A, Murphy B, Lawes M, et al. (2014) North Australian
tropical savannas: The three parks savanna fire-effects plot network. In: Lindenmayer D, Burns E,
Thurgate N, Lowe A, editors. Biodiversity and Environmental Change: Monitoring, Challenges and
Direction. Melbourne: CSIRO Publishing. pp. 335–378.

47. CoA (Commonwealth of Australia) (2012) The nationally protected Arnhem Plateau sandstone shrub-
land complex. Department of Sustainability, Environment, Water, Population and Communities, Aus-
tralian Govt, Canberra. Available from http://www.environment.gov.au/resource/nationally-protected-
arnhem-plateau-sandstone-shrubland-complex.

48. Woinarski JCZ, Mackey B, Nix H, Trail B (2007) The nature of northern Australia: natural values, eco-
logical processes and future prospects: Australian National University Press, Canberra.

49. Edwards A, Russell-Smith J, Maier SW (2015) Chapter 8. Measuring and Mapping Fire Severity in
the Tropical Savannas. In: Murphy B, Edwards A, Meyer M, Russell-Smith J, editors. Carbon Account-
ing and Savanna Fire Management. Melbourne: CSIRO Publishing. pp. 169–181.

50. Russell-Smith J, Edwards AC (2006) Seasonality and fire severity in savanna landscapes of mon-
soonal northern Australia. International Journal of Wildland Fire 15: 541–550.

51. Oliveira SLJ, Campagnolo ML, Price OF, Edwards AC, Russell-Smith J (2015) Ecological implications
of fine-scale patchiness and severity in tropical savannas. Fire Ecology 11.

52. Price O, Russell-Smith J, Edwards AC (2003) Fine-scale patchiness of different fire intensities in
sandstone heath vegetation in northern Australia. International Journal of Wildland Fire 12: 227–236.

53. Williams R, Gill A, Moore P (1998) Seasonal Changes in Fire Behaviour in a Tropical Savanna in
Northern Australia. International Journal of Wildland Fire 8: 227–239.

54. Garde M, Nadjamerrek LB, Kolkkiwarra M, Kalarriya J, Djandjomerr J, Birriyabirriya B, et al. (2009)
The Language of Fire: Seasonality, Resources and Landscape Burning on the Arnhem Land Plateau.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 18 / 21

http://dx.doi.org/10.1111/gcb.12591
http://www.ncbi.nlm.nih.gov/pubmed/24700759
http://dx.doi.org/10.1126/science.1189138
http://dx.doi.org/10.1126/science.1189138
http://www.ncbi.nlm.nih.gov/pubmed/20829476
http://unfcc.int/resource/docs/convkp/kpeng.pdf
http://unfcc.int/resource/docs/convkp/kpeng.pdf
http://www.ncbi.nlm.nih.gov/pubmed/10364555
http://dx.doi.org/10.1111/gcb.12686
http://www.ncbi.nlm.nih.gov/pubmed/25044767
http://www.environment.gov.au/resource/nationally-protected-arnhem-plateau-sandstone-shrubland-complex
http://www.environment.gov.au/resource/nationally-protected-arnhem-plateau-sandstone-shrubland-complex


In: Russell-Smith J, Whitehead P, editors. Managing fire regimes in north Australian savannas—ecol-
ogy, culture, economy. Canberra, Australia: CSIRO Publishing. pp. 86–164.

55. Russell-Smith J, Cook GD, Cooke PM, Edwards AC, LendrumM, Meyer CP, et al. (2013) Managing
fire regimes in north Australian savannas: applying Aboriginal approaches to contemporary global
problems. Frontiers in Ecology and the Environment 11: e55–e63.

56. Fisher R, Edwards AC (2015) Chapter 3. Fire extent mapping: procedures, validation and website
application. In: Murphy B, Edwards A, Meyer CP, Russell-Smith J, editors. Carbon Accounting and
Savanna Fire Management. Melbourne: CSIRO Publishing.

57. Russell-Smith J, Ryan PG, Durieu R (1997) A LANDSATMSS-derived fire history of Kakadu National
Park, monsoonal northern Australia, 1980–94: seasonal extent, frequency and patchiness. Journal of
Applied Ecology 34: 748–766.

58. Russell-Smith J, Yates CP, Whitehead PJ, Smith R, Craig R, Allan GE, et al. (2007) Bushfires ‘down
under’: patterns and implications of contemporary Australian landscape burning. International Journal
of Wildland Fire 16: 361–377.

59. Bowman DMJS (1998) Tansley review Number 101: The impact of Aboriginal burning on the Austra-
lian biota. New Phytologist 140: 385–410.

60. Yibarbuk D, Whitehead PJ, Russell-Smith J, Jackson D, Godjuwa C, Fisher A, et al. (2001) Fire ecol-
ogy and Aboriginal land management in central Arnhem Land, northern Australia: a tradition of eco-
systemmanagement. Journal of Biogeography 28: 325–343.

61. Russell-Smith J, Yates C, Edwards A, Allan GE, Cook GD, Cooke P, et al. (2003) Contemporary fire
regimes of northern Australia, 1997–2001: change since Aboriginal occupancy, challenges for sus-
tainable management. International Journal of Wildland Fire 12: 283–297.

62. Ritchie D (2009) Things fall apart: the end of an era of systematic indigenous fire management. In:
Russell-Smith J, Whitehead PJ, Cooke P.M., editors. Culture, Ecology and Economy of Savanna Fire
Management in Northern Australia: Rekindling the Wurrk Tradition. Melbourne: CSIRO Publications.

63. Andersen AN, Woinarski JCZ, Parr CL (2012) Savanna burning for biodiversity: fire management for
faunal conservation in Australian tropical savannas. Austral Ecology 37: 658–667.

64. Dyer R, Jacklyn P, Partridge I, Russell-Smith J, Williams RJ, (Eds) (2001) Savanna burning: Under-
standing and using fire in northern Australia. Darwin, Northern Territory, Australia: Tropical Savannas
Management Cooperative Research Centre Darwin.

65. Price OF, Russell-Smith J, Watt F (2012) The influence of prescribed fire on the extent of unplanned
fire in savanna landscapes of western Arnhem Land, Australia. International Journal of Wildland Fire
21: 297–305.

66. Edwards AC, Russell-Smith J (2009) Ecological thresholds and the status of fire-sensitive vegetation
in western Arnhem Land, northern Australia: implications for management. International Journal of
Wildland Fire 18: 127–146.

67. Bom (Bureau of Meteorology) C (2014) State of the climate, 2014. Available from http://www.bom.
gov.au/state-of-the-climate/documents/state-of-the-climate-2014.

68. CoA (Commonwealth of Australia) (2012) Carbon Farming (Reduction of Greenhouse Gas Emissions
through Early Dry Season Savanna Burning) Methodology Determination. Department of Climate
Change & Energy Efficiency, Australian Govt., Canberra. Available from http://www.comlaw.gov.au/
Details/F2012L01499.

69. Commonwealth of Australia (2015) Carbon Credits (Carbon Farming Initiative—Emissions Abatement
through Savanna Fire Management) Methodology Determination 2015. ComLaw, Australian Govt,
Canberra. Available from http://www.comlaw.gov.au/Details/F2015L00344.

70. CoA (Commonwealth of Australia) (2015) About the Emissions reduction Fund. Department of Envi-
ronment, Australian Govt, Canberra. Available from http://www.environment.gov.au/climate-change/
emissions-reduction-fund/about.

71. Walsh D, Russell-Smith J, Cowley R (2014) Fire and carbon management in a diversified north Aus-
tralian rangelands economy: research, policy and implementation challenges for northern Australia.
Rangeland Journal 36: 313–322.

72. Setterfield SA, Rossiter-Rachor NA, Douglas MM, Wainger L, Petty AM, Barrow P, et al. (2013) Add-
ing Fuel to the Fire: The Impacts of Non-Native Grass Invasion on Fire Management at a Regional
Scale. PLoS One 8: e59144. doi: 10.1371/journal.pone.0059144 PMID: 23690917

73. Setterfield SA, Rossiter-Rachor NA, Hutley LB, Douglas MM,Williams RJ (2010) Turning up the heat:
the impacts of Andropogon gayanus (gamba grass) invasion on fire behaviour in northern Australian
savannas. Diversity and Distributions 16: 854–861.

74. Johnston FH, Kavanagh AM, Bowman DMJS, Scott RK (2002) Exposure to bushfire smoke and
asthma: an ecological study. The Medical Journal of Australia 176: 535–538. PMID: 12064985

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 19 / 21

http://www.bom.gov.au/state-of-the-climate/documents/state-of-the-climate-2014
http://www.bom.gov.au/state-of-the-climate/documents/state-of-the-climate-2014
http://www.comlaw.gov.au/Details/F2012L01499
http://www.comlaw.gov.au/Details/F2012L01499
http://www.comlaw.gov.au/Details/F2015L00344
http://www.environment.gov.au/climate-change/emissions-reduction-fund/about
http://www.environment.gov.au/climate-change/emissions-reduction-fund/about
http://dx.doi.org/10.1371/journal.pone.0059144
http://www.ncbi.nlm.nih.gov/pubmed/23690917
http://www.ncbi.nlm.nih.gov/pubmed/12064985


75. SoE (State of Environment 2011 Committee) (2011) Australia state of the environment 2011. Indepen-
dent report to the Australian Government Minister for Sustainability, Environment, Water, Population
and Communities. Australian Govt, Canberra. Available from http://www.environment.gov.au/
science/soe/2011-report/download.

76. Woinarski J, Winderlich S (2014) A strategy for the conservation of threatened species and threatened
ecological communities in Kakadu National Park, 2014–2024. Northern Australia Hub, National Envi-
ronmental Research Program, Charles Darwin University, Darwin. Available from: http://www.
nerpnorthern.edu.au/sites/default/files/managed/files/kakadu_strategy_-_31-10-14_0.pdf.

77. Murphy BP, Cochrane MA, Russell-Smith J (2015) Prescribed burning protects endangered tropical
heathlands of the Arnhem Plateau, northern Australia. Journal of Applied Ecology 52: 980–991.

78. Altman J, Kerins S, (eds) (2012) People on country: vital landscapes, Indigenous futures: The Feder-
ation Press, Sydney.

79. Lawrence D (2000) Kakadu: the making of a national park. Melbourne University Press, Melbourne.

80. Standard) VVC (2015) VM0029: Methodology for Avoided Forest Degradation through fire manage-
ment, v.1.0. Available from http://www.v-c-s.org/methodologies/methodology-avoided-forest-
degradation-through-fire-management-v10.

81. Lyster R (2011) REDD+, transparency, participation and resource rights: the role of law. Environmen-
tal Science & Policy 14: 118–126.

82. Sankaran M, Ratnam J (2013) African and Asian Savannas. In: Levin J, editor. Encyclopedia of Biodi-
versity, Vol 1: Elsevier. pp. 58–74.

83. Mertz O, Leisz SJ, Heinimann A, Rerkasen K, Thiha, Dressler W, et al. (2009) Who Counts? Demog-
raphy of swidden cultivators in Southeast Asia. Human Ecology 37: 281–289.

84. Fox J, Fujita Y, Ngidang D, Peluso N, Potter L, Sakuntaladewi N, et al. (2009) Policies, political-econ-
omy, and swidden in Southeast Asia. Human Ecology 37: 305–322.

85. van Vliet N, Mertz O, Heinimann A, Langanke T, Pascual U, Schmook B, et al. (2012) Trends, drivers
and impacts of changes in swidden cultivation in tropical forest-agriculture frontiers: a global assess-
ment. Global Environmental Change 22.

86. Tacconi L (2003) Fires in Indonesia: causes, costs and policy implications. Occasional Paper No 38,
CIFOR (Center for International Forestry Research), Bogor, Indonesia.

87. Muradian R, Corbera E, Pascual U, Kosoy N, May PH (2010) Reconciling theory and practice: An
alternative conceptual framework for understanding payments for environmental services. Ecological
Economics 69: 1202–1208.

88. Timothy JF, Peter BW, John JB, Christine LG, Steven PH, Scott VO, et al. (2010) Forest carbon stor-
age: ecology, management, and policy. Frontiers in Ecology and the Environment 8: 245–252.

89. Djoeroemana S, Myers BA, Russell-Smith J, Blyth M, Salean IET. Integrated Rural Development in
Eastern Indonesia.; 2007; Canberra. Australian Centre for International Agricultural Research.

90. UNFCCC (United Nations Framework Convention on Climate Change) (2005) Decision 16/CMP.1
Land use, land-use change and forestry (FCCC/KP/CMP/2005/8/Add.3). Available from http://unfccc.
int/resource/docs/2005/cmp1/eng/08a03.pdf.

91. Grace J, José JS, Meir P, Miranda HS, Montes RA (2006) Productivity and carbon fluxes of tropical
savannas. Journal of Biogeography 33: 387–400.

92. Lawes MJ, Murphy BP, Midgley JJ, Russell-Smith J (2011) Are the eucalypt and non-eucalypt compo-
nents of Australian tropical savannas independent? Oecologia 166: 229–239. doi: 10.1007/s00442-
010-1829-4 PMID: 21063889

93. Russell-Smith J, Price O, Murphy BP (2010) Managing the matrix: decadal responses of eucalypt-
dominated mesic savanna to ambient fire regimes Ecological Applications 20: 1615–1632. PMID:
20945763

94. Williams RJ, Cook GD, Gill AM, Moore PHR (1999) Fire regime, fire intensity and tree survival in a
tropical savanna in northern Australia. Australian Journal of Ecology 24: 50–59.

95. Woinarski JCZ, Legge S (2013) The impacts of fire on birds in Australia’s tropical savannas. Emu
113: 319–352.

96. Russell-Smith J (2006) Recruitment dynamics of the long-lived obligate seedersCallitris intratropica
(Cupressaceae) and Petraeomyrtus punicea (Myrtaceae). Australian Journal of Botany 54: 479–485.

97. Russell-Smith J, Ryan PG, Cheal DC (2002) Fire regimes and the conservation of sandstone heath in
monsoonal northern Australia: frequency, interval, patchiness. Biological Conservation 104: 91–106.

98. Prior LD, Bowman DMJS, Brook BW (2007) Growth and survival of two north Australian relictual tree
species, Allosyncarpia ternata (Myrtaceae) and Callitris intratropica (Cupressaceae). Ecological
Research 22: 228–236.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 20 / 21

http://www.environment.gov.au/science/soe/2011-report/download
http://www.environment.gov.au/science/soe/2011-report/download
http://www.nerpnorthern.edu.au/sites/default/files/managed/files/kakadu_strategy_-_31-10-14_0.pdf
http://www.nerpnorthern.edu.au/sites/default/files/managed/files/kakadu_strategy_-_31-10-14_0.pdf
http://www.v-c-s.org/methodologies/methodology-avoided-forest-degradation-through-fire-management-v10
http://www.v-c-s.org/methodologies/methodology-avoided-forest-degradation-through-fire-management-v10
http://unfccc.int/resource/docs/2005/cmp1/eng/08a03.pdf
http://unfccc.int/resource/docs/2005/cmp1/eng/08a03.pdf
http://dx.doi.org/10.1007/s00442-010-1829-4
http://dx.doi.org/10.1007/s00442-010-1829-4
http://www.ncbi.nlm.nih.gov/pubmed/21063889
http://www.ncbi.nlm.nih.gov/pubmed/20945763


99. Barrow PH (2008) The role of fire in the ecology of Leichhardt's grasshopper (Petasida ephippigera)
and its food plants, Pityrodia spp. Darwin: Charles Darwin University.

100. Lowe L (1995) Preliminary investigations of the biology and management of Leichhardt's grasshop-
per, Petasida ephippigera White. Journal of Orthoptera Research.

101. Brazill-Boast J, Dessmann JK, Davies GTO, Pryke SR, Griffith SC (2011) Selection of breeding habi-
tat by the endangered Gouldian Finch (Erythrura gouldiae) at two spatial scales. Emu 111: 304–311.

102. Franklin D (1999) Evidence of disarray amongst granivorous bird assemblages in the savannas of
northern Australia, a region of sparse human settlement. Biological Conservation 90: 53–68.

103. Fraser F, Lawson V, Morrison S, Christopherson P, McGregor S, Rawlinson M (2003) Fire manage-
ment experiment for the declining Partridge Pigeon, Kakadu National Park. Ecological management
and restoration 4.

104. Skroblin A, Murphy SA (2013) The conservation status of Australian malurids and their value as mod-
els in understanding land-management issues. Emu 113: 309–318.

105. Firth R, Brook B, Woinarski J, Fordham J (2010) Decline and likely extinction of a northern Australian
native rodent, the Brush-tailed Rabbit Rat Conilurus penicilatus. Biological Conservation 114: 1193–
1201.

106. Griffiths AD, Garnett ST, Brook BW (2015) Fire frequency matters more than fire size: Testing the pyr-
odiversity–biodiversity paradigm for at-risk small mammals in an Australian tropical savanna. Biologi-
cal Conservation 186: 337–346.

107. Pardon LG, Brook BW, Griffiths AD, Braithwaite RW (2003) Determinants of Survival for the Northern
Brown Bandicoot under a Landscape-Scale Fire Experiment. Journal of Animal Ecology 72: 106–
115.

108. Woinarski JCZ (1992) The conservation status of theWhite-throated Grasswren Amytornis woodwar-
dii, an example of problems in status designation. Northern Territory Naturalist.

109. Radford IJ (2012) Threatened mammals becomemore predatory after small-scale prescribed fires in
a high-rainfall rocky savanna. Austral Ecology 37: 926–935.

Carbon Benefits and Savanna Fire Management

PLOS ONE | DOI:10.1371/journal.pone.0143426 December 2, 2015 21 / 21


