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Executive summary 92 

Two draft savanna fire management methodologies under the Emissions Reduction Fund (ERF) 93 

were released for public consultation in late 2016. The first of these methodologies accounted for 94 

abatement resulting from sequestration and emissions avoidance, while the second was for 95 

emissions avoidance alone. The fine fuel accumulation tables that formed part of the emissions 96 

avoidance calculations made provision to add known seasonal differences in fine fuels within the 97 

dry season at a later stage, but had not included different seasonality amounts in the tables at that 98 

stage. Public consultation indicated a strong desire for seasonality to be included in these tables 99 

(http://www.environment.gov.au/climate-change/government/emissions-reduction-100 

fund/methods/savanna-fire-management). Seasonality had been included in fine fuel 101 

accumulation tables in the 2015 ERF savanna fire management determination. It was suggested 102 

that the 2018 methodologies adopt the previous approach. There were reasons why this was not 103 

possible and a new approach needed to be developed, which are described in this report. 104 

This report has been produced on request by the Department of Environment and Energy. It 105 

describes the background to the issues surrounding the inclusion of seasonality in fine fuel loads 106 

used in emissions avoidance calculations from savanna fire management. It is shown that if the 107 

approach to including seasonal effects on fine fuels followed in the 2015 determination was 108 

adopted by the two draft 2018 methodologies, it would not be consistent with either the 109 

legislatively required offsets integrity standards, or updates made from 2015 onwards that 110 

allowed Australia to account for carbon stocks in grasslands. Therefore, a new approach was 111 

developed to calculate seasonal offsets in fine fuel loads used for emissions estimates that is 112 

consistent with the sequestration approach.  This approach is presented here. This approach 113 

entails building fine fuel accumulation models for each defined vegetation class based on 114 

estimates of tree litter and grass litter inputs and of the turnover rates of that litter. Weighted 115 

averages of the fine fuel loads in the early and late dry seasons at the time when most fires 116 

actually occur are then calculated from an analysis of historic fire occurrence data. This produces a 117 

seasonal fine fuel load representative of that occurring at the time of fire. This approach is then 118 

implemented using available data. Data tables are presented to populate the fine fuel 119 

accumulation tables that form part of the emissions avoidance calculations in the draft 120 

methodologies.  121 

While the new approach to calculate seasonal offsets is sufficiently scientifically robust for the 122 

purpose of providing conservative fuel load estimates for fine fuel accumulation tables in the ERF 123 

methodologies, the estimated values are only as good as the input data. The input data on 124 

seasonal variations in tree litter fall are sparse and their extrapolation across the whole savanna 125 

zone may not be valid. Future areas of research and data collection are provided that would 126 

reduce uncertainties in these data and improve the robustness of estimates of fine fuel loads used 127 

in the draft determinations.  128 

  129 

http://www.environment.gov.au/climate-change/government/emissions-reduction-fund/methods/savanna-fire-management
http://www.environment.gov.au/climate-change/government/emissions-reduction-fund/methods/savanna-fire-management
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Part I Background and 130 

analytical approach 131 

Report 1 of the Departmental brief 132 

 133 



 

Seasonal variation in fine fuel accumulation in savannas  |  9 

1 Introduction 134 

1.1 Purpose of this report 135 

This report has been prepared in response to feedback from public consultation regarding two 136 

draft methodologies addressing savanna fire management under the Australian Government’s 137 

Emissions Reduction Fund (http://www.environment.gov.au/climate-change/emissions-reduction-138 

fund/methods/savanna-fire-management). One of the draft methodologies aims to account for 139 

the effect of changing fire management in Australian savannas on sequestration (accounting for 140 

CO2 in dead wood - consistent with the definition for sequestration in the Carbon Credits (Carbon 141 

Farming Initiative) Act 2011 (Cth)) and emissions avoidance of nitrous oxide and methane (non-142 

CO2) (Carbon Credits (Carbon Farming Initiative—Savanna Fire Management—Sequestration and 143 

Emissions Avoidance) Methodology Determination 2018) while the other is for emissions 144 

avoidance alone (Carbon Farming Initiative—Savanna Fire Management—Emissions Avoidance) 145 

Methodology Determination 2018). 146 

The draft methodologies had not addressed seasonal variation in fine fuel loads which had been 147 

included in a 2015 methodology determination (Commonwealth of Australia 2015a). Stakeholders 148 

were concerned that failure to include seasonality would have a direct impact on reducing the 149 

magnitude of project emissions abatements compared with the 2015 methodology.  150 

Specifically, this report addresses the brief given by the Department of the Environment and 151 

Energy to undertake analysis and recommend values for the fine fuel tables for the early and late 152 

dry season to more accurately account for seasonal variations in leaf litter fall and grass growth 153 

and curing. For the purposes of the ERF methodologies, the early dry season is defined as 154 

occurring, on average, from 1 January to 31 July, and the late dry season for the remainder of the 155 

year. The wet season is incorporated in these definitions, as very little fire activity occurs during 156 

this period. The brief called for two reports to be written – the first providing an outline of the 157 

approach and the second providing analyses, outputs and a discussion of the results. These 158 

reports have been written and subjected to anonymous independent review. This present report 159 

has been prepared in response to those reviews. Part 1 provides a background to the issues, and 160 

presents a revised approach to develop new fine fuel accumulation tables that handle seasonal 161 

variation in a consistent and defendable manner. Part 2 discusses the analyses and presents the 162 

outputs.  163 

1.2 Background 164 

1.2.1 History of the Carbon Farming Initiative and Emissions Reduction Fund 165 

savanna methodologies  166 

In the context of growing evidence that the high frequency of predominantly high intensity fires 167 

across much of northern Australia’s savannas was deleteriously affecting biodiversity (e.g. 168 

Andersen et al. 2005; Legge et al. 2008) Cook and colleagues suggested that fire regimes could 169 
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also be managed to reduce greenhouse gas emissions (Cook et al. 1995; Cook 2003). Such 170 

reductions in emissions would be based on increasing the mean fire return interval and reducing 171 

the fire severity (Cook and Meyer 2009). It was envisaged that an increase in active fire 172 

management early in the dry season would result in patchier and lower intensity fires. These in 173 

turn would reduce the likelihood of large, high intensity late dry season fires and lead to an 174 

increase in the mean fire return interval at a patch scale. This approach to fire management has 175 

demonstrated a reduction in greenhouse gas emissions initially in Western Arnhem Land (Russell-176 

Smith et al. 2013), and later in other areas undertaking projects aimed at reducing greenhouse gas 177 

emissions. 178 

In 2011, the Australian Government passed the Carbon Credits (Carbon Farming Initiative) Act 179 

2011 (Cth). This Act initiated a scheme to formalise the accounting of greenhouse gas abatement 180 

through changing land management practices. Participants were required to follow a legislated 181 

methodological approach to undertake a defined practice – a project activity – so that abatement 182 

could be quantified and credited based on the resulting reduction in greenhouse gas emissions. 183 

This scheme was first known as the Carbon Farming Initiative (CFI) and in 2014 was expanded to 184 

include non-land sector activities in the Emissions Reduction Fund (ERF).  185 

Further research (e.g. Russell-Smith et al. 2003; Russell-Smith et al. 2009b) expanded on the 186 

approach to reduce greenhouse gas emissions put forward by Cook and colleagues (Cook et al. 187 

1995; Cook 2003). This led to a CFI methodology that accounted for changes in CH4 and N2O 188 

emissions under changed fire management in Australian savannas with greater than 1000 mm 189 

mean annual rainfall. This savanna burning methodology was developed under the CFI in 2012 190 

(Carbon Farming (Reduction of Greenhouse Gas Emissions through Early Dry Season Savanna 191 

Burning) Methodology Determination 2012 – Commonwealth of Australia 2012). It estimated 192 

abatement resulting from fire management that increased the proportion of fire activity early in 193 

the dry season when fires burn at lower intensities, and often over smaller areas. This 194 

methodology was amended in 2013 (Carbon Credits (Carbon Farming Initiative) (Reduction of 195 

Greenhouse Gas Emissions through Early Dry Season Savanna Burning—1.1) Methodology 196 

Determination 2013 – Commonwealth of Australia 2013). 197 

This methodology defined four vegetation classes in the high rainfall savanna zone (>1000mm 198 

mean annual rainfall) and four fuel size classes: fine fuel (grass, tree leaf and twig litter <6 mm 199 

diameter), coarse fuel (woody debris with diameters ≥6 mm - <50 mm), heavy fuel (woody debris 200 

with diameters >50 mm) and shrub fuels (Russell-Smith et al. 2009a). It was assumed that the fuel 201 

loads for coarse, heavy and shrub fuels were static over time since fire because the high level of 202 

variability in field observations meant that trends over time could not be easily discerned. For fine 203 

fuels, fuel accumulation tables for increasing time since fire were produced based on field 204 

observations and an assumption that fine fuel loads were negligible after a fire.  205 

Following the collection of further field observations (Yates et al. 2015), a new methodology 206 

determination was produced in 2015 under the ERF  (Carbon Credits (Carbon Farming Initiative—207 

Emissions Abatement through Savanna Fire Management) Methodology Determination 2015) 208 

(Commonwealth of Australia 2012, 2015a). This method required the same activity – early dry 209 

season fire management that reduced the incidence and extent of high intensity late dry season 210 

fires. Compared to the 2012 / 2013 methodology, the 2015 methodology:  211 

a) defined an additional five vegetation classes in the 600 – 1000 mm (low) rainfall zone; 212 
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b) continued the approach of maintaining static coarse, heavy and shrub fuel loads over time 213 

since fire for each vegetation class;  214 

c) produced separate fine fuel accumulation tables for the early and late dry season (EDS and 215 

LDS respectively)1 for each vegetation class; and 216 

d) Also used a partial carbon account consistent with the approach used in the national 217 

inventory reports at the time. 218 

The two rainfall zones are shown in Figure 1 and the spatial distribution of the vegetation classes 219 

in Figure 2. The reader is referred to the methodology document for definitions of the vegetation 220 

classes (Commonwealth of Australia 2015a). 221 

The 2015 ERF methodology has been widely adopted across northern Australia.  222 

The Department of Environment and Energy is currently drafting two new savanna methodology 223 

determinations under the ERF. One of these accounts for reductions in methane and nitrous oxide 224 

emissions. The second draft determination additionally accounts for sequestration of carbon 225 

dioxide in dead organic matter (coarse and heavy fuel loads) resulting from a reduction in the 226 

overall fire intensity, fire incidence and area burnt. 227 

                                                           

 

1 The 2015 methodology determination defines the early dry season as the period in a calendar year that begins on 1 Jan and ends on 31 July. The 
rest of the year is the late dry season. 
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 228 

Figure 1. Map showing the >1000 mm and 600-1000 mm rainfall zones for the 2015 savanna fire management 229 
methodology 230 

 231 

Figure 2. Map of the vegetation classes defined in the 2015 savanna fire management methodology. 232 
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1.2.2 Summary of Emissions Reduction Fund savanna methodology requirements  233 

The CFI Act 2011 defines offsets integrity standards that must be met by methodologies developed 234 

under the ERF. Section 133 of the CFI Act specifies that methodologies must quantify greenhouse 235 

gas abatement using approaches that, amongst other conditions, are measurable, verifiable, 236 

consistent with the National Inventory Report (NIR) and abatement estimates must be 237 

conservative. To support interpretation of the legislation, guidelines for methodologies under the 238 

ERF give the following:  239 

“The offsets integrity standards are designed to ensure that credits are issued for emissions 240 

reductions that are genuine, additional to business-as-usual and can be counted towards 241 

Australia’s emissions reduction targets” (p. 11: Anon. 2015).  242 

“When assessing methodology determinations, the Emissions Reduction Assurance Committee 243 

[ERAC] will consider whether the evidence provided is clear and convincing. Evidence is clear and 244 

convincing where it is: 245 

 Complete – all claims in methodology determinations (including methods for quantifying 246 

greenhouse gas emissions and removals) must be supported by evidence or with reference 247 

to NGERS or the National Greenhouse Gas Inventory; 248 

 Transparent – claims must be transparently documented and replicable, such that they are 249 

capable of being independently verified; 250 

 Relevant – all information, claims and decisions must be directly relevant to proving that 251 

the integrity criteria and other legislative requirements have been met; 252 

 Consistent – all information, claims and assumptions must be consistent across all aspects 253 

of the method; and 254 

 Credible – bias and uncertainties must be reduced as far as is practical.  255 

Approaches to data collection must be rigorous and applied appropriately. Estimation and 256 

modelling approaches must be consistent, replicable and supported by robust data and science (p. 257 

12: Anon. 2015).” 258 

Furthermore “Estimates, projections or assumptions that underpin the methodology determination 259 

should be conservative. This is designed to limit the risk of over-estimation.”  260 

1.2.3 Link between ERF methods and the National Inventory Report 261 

Emissions Reduction Fund methodologies must ensure credits “can be counted towards Australia’s 262 

emissions reduction targets” (p. 11: Anon. 2015). As such, a brief background to Australia’s 263 

national greenhouse gas accounting requirements is provided. It is important to note that while 264 

valid national-scale emissions estimates can be made with simple spatial estimates of fuel loads, 265 

the accounting of emissions avoidance from active fire management at finer spatial scales in ERF 266 

projects requires a greater understanding and quantification of processes.  267 
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Since the 1990s, Australia has included greenhouse gas emissions from savanna burning in its 268 

National Greenhouse Gas Inventory2 (NGGI: National Greenhouse Gas Inventory Committee 1994). 269 

Australia initially accounted for emissions of non-CO2 gases methane CH4 and nitrous oxide (N2O) 270 

from savanna burning, but did not account for changes in carbon stocks. This was a partial 271 

greenhouse gas account, and simplified the greenhouse gas accounts in light of insufficient data to 272 

produce robust and credible full carbon accounts at national scales.  273 

Early versions of the National Greenhouse Gas Inventory (NGGI) made a range of assumptions and 274 

extrapolations of data based on the understanding and data availability at the time. In the NGGI, 275 

the estimates of CH4 and N2O emissions from savanna burning are based on measurements of how 276 

much of these gases are produced per amount of fuel burnt (the emission factor, EF: Hurst et al. 277 

1994a; Hurst et al. 1994b) and on estimates of fuel loads, burnt areas and of combustion 278 

completeness. The first quantification of pyrogenic emissions from Australian savanna fires (Hurst 279 

et al. 1994b) used regional estimates of fuel loads based on sparse data of Walker (1981). Over 280 

time, the calculations in the NGGI were updated as uncertainties in each components of this 281 

calculation were reduced, such as through improved data on emission factors (Meyer et al. 2012; 282 

Smith et al. 2014; Meyer and Cook 2015) and on fire patchiness, combustion completeness and 283 

fuel loads (Russell-Smith et al. 2009b; Yates et al. 2015). There is a continuing progressive 284 

reduction in uncertainty as new scientific understanding has come to light and new data has 285 

become available.  286 

The 2012 and 2013 CFI savanna burning methodology determinations and the 2015 ERF savanna 287 

fire management methodology determination were consistent with Australia’s reporting on 288 

greenhouse gas emissions at the time, and therefore did not account for changes in CO2 in carbon 289 

stocks in savanna ecosystems..  290 

1.2.4 Adopting a full carbon accounting model in the national inventory and the two 291 

draft 2018 ERF methods for coarse and heavy fuels 292 

From 2015 onwards, the Australian Government elected to account for carbon stock change (CO2 293 

emissions) in grasslands, including savannas.  This moved greenhouse gas accounting in savannas 294 

to a full carbon accounting model.  With respect to savanna burning, the 2013 National Inventory 295 

Report (the 2013 NIR) (Commonwealth of Australia, 2015b) adopted an improved approach to 296 

include dynamic carbon stocks in the dead organic matter (DOM) fraction (coarse and heavy fuels) 297 

that is consistent with full carbon accounting required by these guidelines (Meyer et al. 2015). The 298 

dead organic matter fraction is usually considered to be fuel in scientific literature. In savanna 299 

fires, the majority of fine fuels are burnt, with an increasing proportion of the heavier fuel classes 300 

burnt as the fire intensity increases. With cooler fires and a longer fire return interval, coarse and 301 

heavy fuel loads increase with time. 302 

Cook et al. (2016) produced a mathematical treatment of fuel accumulation that can be applied to 303 

all dynamic fuel size classes (fine, coarse and heavy). This provided a consistent approach to 304 

account for fuels used to estimate both emissions of methane and nitrous oxide and changes in 305 

                                                           

 

2 In later years, this has been called the National Inventory Report (NIR). The two expressions are used interchangeably herein. 
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carbon stocks in dead organic matter. This approach is used to account for dynamic changes in 306 

coarse and heavy fuel carbon stocks and emissions in both the 2013 NIR and the draft 2018 ERF 307 

methodology determinations. The mathematical treatment of the carbon stocks and emissions is 308 

robust but the resulting estimates are only as good as the available input data.  309 

This approach used ecological relationships derived from earlier studies and over twenty years of 310 

field data from Northern Territory to calibrate the model for each vegetation fuel type. There is 311 

much science regarding the effects of fire on carbon stocks in Australian savannas (e.g. Williams et 312 

al. 2004; Williams et al. 2012),   313 

The new mathematical approach used known relationships between fuel accumulation and 314 

decomposition. Cook and Meyer (2009) showed how to calculate the gains in coarse woody debris 315 

stocks resulting from increasing mean fire return intervals and an increased proportion of lower 316 

intensity fires. This is the difference between cumulative litter deposition over time since fire and 317 

the actual accumulated fuel which takes account of biological decomposition. By increasing the 318 

mean fire return interval, the mean proportions of dead organic matter subject to combustion 319 

over time decreases and the mean proportions decomposed biologically increases (Cook and 320 

Meyer, 2009).   321 

 322 

1.2.5 Adopting the full carbon accounting model in the national inventory and the 323 

two draft 2018 ERF methods for fine fuels 324 

As the majority of fine fuels are combusted during savanna fires, and fine fuels decompose 325 

relatively rapidly, both the 2013 NIR and draft ERF savanna sequestration method assume there is 326 

no sequestration in fine fuels as a result of altered fire regimes. However, a similar mathematical 327 

approach for deriving fine fuel loads with time since fire to that used for coarse and heavy fuels is 328 

used to estimate fine fuel loads used to calculate emissions. 329 

As Australia had moved to a full carbon accounting approach in savannas in the NIR, dynamic fuel 330 

accumulation curves used to estimate emissions for all fuel size classes (fine, coarse and heavy) 331 

must be linked to the approach used to estimate carbon stocks in dead organic matter (coarse and 332 

heavy fuels). Determination of fuel accumulation curves is therefore central to calculating changes 333 

in emissions, including that resulting from changing fire management as a result of ERF projects.  334 

For estimating fine fuel loads, the mathematical model (Cook et al 2016) adapted a fuel 335 

accumulation curve for Eucalyptus miniata / E. tetrodonta open forest savannas that used the 336 

Olson (1963) model (Cook 2003). This model described fine fuel accumulation based on litter 337 

inputs (L) and biological decomposition (k). The data of Cook (2003) indicated that broadly (1) tree 338 

litter was at least half of the fine fuel load in these savannas and (2) tree litter showed strong 339 

seasonality in its rates of deposition with a peak in the middle of the dry season and (3) grass litter 340 

creation (grass available for combustion) peaked in the early dry season. These observations are 341 

consistent with others in Australian savannas (e.g. Stefan Maier unpublished data). These 342 

principals were applied across relevant vegetation communities, and adjusted for vegetation types 343 

with different underlying ecological processes, with adjustments based on other observations. 344 

Cook (2003) developed a fine fuel accumulation curve that took account of seasonal variation in 345 

both grass and tree litter dynamics as described in Appendix A . In summary, this approach 346 
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parameterised the Olson model using field data on decomposition rates and on seasonality of 347 

grass and tree litter inputs. The analyses showed a seasonal signal in fine fuel loads over time since 348 

fire.  Details are described in section 3 of this report.  349 

The move toward full carbon accounting in savannas in 2015 provided an opportunity to include 350 

the effect of changing fire regimes on carbon stocks and crediting these in ERF savanna fire 351 

management projects. This would allow substantially greater carbon credits to be available for the 352 

same fire management activity. The challenge is that the methodologies need to have a consistent 353 

and integrated approach to calculating both emissions and carbon stock balances.  354 

The partial carbon account model was applied to earlier National Inventory Reports and the 2012 / 355 

2013 CFI and 2015 ERF methods. Using fuel loads derived from this approach in the draft 2018 ERF 356 

determinations would result in emissions estimates inconsistent with fuel loads derived using the 357 

full carbon accounting approach in the 2013 NIR and 2018 ERF savanna fire management 358 

determinations. This must be avoided. 359 

The draft ERF methodologies (http://www.environment.gov.au/climate-change/emissions-360 

reduction-fund/methods/savanna-fire-management) provide a full carbon accounting model 361 

consistent with that adopted in the 2013 National Inventory Report. These methods account for 362 

increasing carbon stocks in dead organic matter in addition to reduced emissions of methane and 363 

nitrous oxide from the combustion of all fuel size classes. These methodologies are based on the 364 

existing emissions factor data used to parameterise the 2015 determination, with fuel loads 365 

updated to be consistent with the full carbon accounting approach. Thus, the fine fuel 366 

accumulation tables used in emissions calculations are different in the 2018 draft than in the 2015 367 

methodology determination. 368 

 369 
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2 Full carbon accounting approach implemented 370 

in the 2013 National Inventory Report 371 

2.1 Modelling of fuel accumulation in the 2013 National Inventory 372 

Report 373 

This section describes the new approach to full carbon accounting adopted by the national 374 

greenhouse gas accounts in 2015 (the 2013 NIR) to handle savanna burning calculations. With the 375 

move to account for carbon stock change in grasslands (including savannas) in the 2013 NIR, a new 376 

approach that differed to that used for partial carbon accounting was required. 377 

Direct measurement of annual litter inputs, L for the larger fuel size fractions is problematic. Cuff 378 

and Brocklehurst (2015) reported measurements of L for fuel elements between 6 and 50 mm (the 379 

coarse size fraction of the CFI, ERF and NIR methodologies), and described the challenges 380 

encountered when measuring and analysing these data. Estimating L for fuel elements larger than 381 

50 mm (the heavy size fraction of the CFI, ERF and NIR methodologies) becomes even more 382 

challenging. Estimating the surface loads of these size classes is more difficult than for fine fuels, 383 

and directly measuring the time rate of input with accuracy has not yet been achieved. Russell-384 

Smith et al. (2009b) and Yates et al. (2015) conclude that the variability in field observations taken 385 

at defined points in time are too great to reveal any significant trend of fuel load with respect to 386 

time since fire for fuels greater than 6 mm in diameter. This is largely due to the difficulty in 387 

applying a spatially and temporally adequate sampling procedure suitable for isolated large pieces 388 

of woody debris and the inability for that sampling procedure to be informed by other drivers 389 

influencing each data point, such as the intensity of recent fires. 390 

However, the modelling approach described in Cook et al (2016) and outlined here provides a 391 

solution that overcomes the limitation of interpreting field data for the larger fuel size classes. 392 

2.1.1 Overall approach for partial carbon accounting in earlier national greenhouse 393 

gas accounts 394 

With regard to savanna burning, the National Greenhouse Gas Inventory as modified in 2012 395 

(Meyer 2011) applies the fuel accumulation approach described by Olson (1963): 396 

𝑑𝑊

𝑑𝑡
= 𝐿 − 𝑘𝑡 1 397 

Where: 398 

W= Fuel load (t ha-1) 399 

L= Litterfall rate (t ha-1 y-1) 400 

k = turnover (or decomposition) constant (y-1) 401 

t = time from the last fire (y) 402 

Olson solved this differential equation to estimate fuel loads for the initial condition,𝑊 = 0 𝑎𝑡 𝑡 =403 

0 giving 404 
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𝑊 = 𝑊𝑚𝑎𝑥[1 − 𝑒−𝑘𝑡] 2 405 

Where: 406 

Wmax = Equilibrium fuel load (t ha-1), and 407 

𝑊𝑚𝑎𝑥 =  
𝐿

𝑘
 3 408 

This model assumes that there is no fuel remaining after each fire. However, this assumption 409 

makes this approach inconsistent with known fire patchiness and known incomplete combustion 410 

of all fuels, particularly coarse and heavy fuels (Cook et al. 2016). Nevertheless, this approach was 411 

acceptable to use for the partial carbon accounting, and adopted in the 2012 / 2013 CFI savanna 412 

burning methods and the 2015 ERF savanna fire management method. 413 

However, the approach is not consistent with the full carbon accounting adopted by the Australian 414 

Government from 2015 (the 2013 NIR) onwards that accounts for carbon stock change in 415 

grasslands, including savannas 416 

2.1.2 Approach for full carbon accounting currently implemented in the national 417 

greenhouse gas accounts 418 

A full carbon accounting approach must consider known ecological processes so that carbon 419 

stocks are ‘balanced’ and accounted for through time and space. Carbon stock changes in all fuel 420 

size classes must represent known ecological processes and observations in fire affected regions.  421 

Therefore, the assumption that fuel is always completely consumed in each fire needs to be 422 

abandoned. Instead the fuel residue remaining after each fire, resulting from the uniformity 423 

(patchiness) of burning and incomplete burning efficiencies, needs to be explicitly accounted for. 424 

This requires Equation 1 to be solved with the initial condition, 𝑊 = 𝐿  𝑌0 𝑎𝑡 𝑡 = 0, where Y0 is the 425 

residual fuel load normalised to L = 1. This makes the intercept independent of L and produces a 426 

general curve dependent on the fire regime but independent of the fuel type and fuel 427 

availability.  This allows the general curve to be applied across large regions where the regime is 428 

known but where L varies to facilitate mathematical analysis. The solution for estimating fuel loads 429 

at time, t, with constant L, k and Y0 is 430 

𝑊 = 𝑊𝑚𝑎𝑥[1 − (1 − 𝑘𝑌0)𝑒−𝑘𝑡] 4 431 

At the landscape scale, as distinct from the point scale, Y0 is dependent on the fire regime, i.e. fire 432 

frequency, fire seasonality and the seasonal variation in burning efficiency and fire uniformity. It is 433 

also dependent on k.  434 

For the 2013 NIR, Meyer et al. (2015), solved the model stochastically for annual time steps. From 435 

the results, an empirical function was developed that relates Y0 to fire frequency and the mean 436 

fraction of annual fires occurring in the early dry season (EDS). Cook et al. (2016) subsequently 437 

presented this analytical solution, and this now forms the basis of the draft 2018 ERF savanna 438 

methodologies. Implementing this model was a major departure from the fuel load 439 

parametrisation in previous version of the NIR savanna methodology where fuel loads were based 440 

entirely on the empirical field observations collected by the research team at Bushfires NT, with 441 

the support of the CSIRO Land and Water’s Darwin laboratory. The parameter Y0, with its 442 
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dependence of fire frequency and seasonality, introduced a significant level of spatial variability 443 

into the NIR savanna accounts. 444 

Remote sensing fire products enable the estimation of the fire frequency and the fraction of fires 445 

in the EDS throughout the Australian savannas (Figure 3). From this information, it is possible to 446 

estimate Y0 spatially using the approach described in Cook et al (2016).  447 

 448 

Figure 3. A: Fire frequency (per year) and B: the percentage of fires occurring in the Early Dry Season as estimated 449 
from the Landgate (WA) time series of Fire Affected Area, 1988-2014. Grey is not savanna or rangelands. 450 

Using these spatially derived Y0 values, and spatial estimates of L and k, a simple model for fuel 451 

accumulation can be derived that is specific for each region and vegetation stratum in the NIR (i.e. 452 

Western Australia, Northern Territory & Queensland and four defined vegetation classes in the 453 

high rainfall zone, five defined vegetation classes in the low rainfall zone, and for areas not 454 

containing defined vegetation classes in each rainfall zone).  455 

A

B
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2.2 Modelling of fine fuel accumulation using the full carbon 456 

accounting model 457 

2.2.1 Implementing the full carbon accounting model for fine fuels  458 

Fine fuels consist of tree litter and grass, and fuel loads are known to vary within years due to 459 

seasonal effects of tree litter fall and grass dynamics. This contrasts to there being no evidence in 460 

the scientific literature of seasonal variability in the coarse and heavy fuel load dynamics. To 461 

implement the full carbon accounting model in fine fuels it is necessary to understand the 462 

variability in accumulation (L) and decomposition (k) rates in both tree litter and grasses within 463 

each year, in addition to time since fire. 464 

2.2.2 Tree litter inputs into fine fuels for implementing the full carbon accounting model 465 

Our best direct knowledge of tree litter fuel input rates comes from the measurement of tree 466 

litterfall into litter traps. Cook (2003), Cuff and Brocklehurst (2015) and others have confirmed 467 

that there is a strong relationship between tree leaf litter deposition rate, L, and ecosystem total 468 

basal area (TBA). Various studies have demonstrated relationships between TBA and water 469 

availability and soil composition. These can be used to estimate TBA spatially, and hence derive 470 

tree litter deposition rates spatially. For example, from the data presented by Cuff and 471 

Brocklehurst (2015), the following equation can be fitted: 472 

𝐿 = 0.376 + 0.248 ∗ 𝑇𝐵𝐴 + 0.00140 ∗ 𝑅  5 473 

Where TBA is Total Basal Area and R is mean annual rainfall. 474 

Further, Williams et al. (1996) have shown that TBA can be estimated from mean annual rainfall 475 

and the clay fraction (C) of savanna topsoil. 476 

𝑙𝑛(𝑇𝐵𝐴) =  0.519 + 0.0012 ∗ 𝑅 − 0.00037 ∗ 𝐶2  6 477 

The coefficients of determination (R2) reported for Equations 5 and 6 were 0.77 (for n = 18) and 478 

0.35 (for n =940 respectively. Equations 5 and 6 provide a spatial model that is potentially suitable 479 

for the regional scale resolution of the NIR. Mean annual rainfall was calculated from the 0.05o x 480 

0.05o gridded Bureau of Meteorology data for the period 1988 to 2013. Soil clay content was 481 

derived from the Australian Collaborative Rangelands Information System (ACRIS). The spatial 482 

range of TBA and L estimated from these equations are shown in Figure 4. 483 
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 484 
Figure 4. Spatial distribution of A: total basal area and B: tree litterfall rate in the Australian savannas based on 485 
equations 5 & 6. The site locations of litterfall measurement reported by Cuff and Brocklehurst, 2015 are indicate by 486 
black points. 487 

2.2.3 Grass litter inputs for implementing the full carbon accounting model for fine fuels 488 

Grass fuels also contribute to the fine fuel loads, but there is no published equation equivalent to 489 

Equation 5 that can be used to estimate L for grass fuels. Instead as a practical solution for the 490 

2013 NIR, it was assumed that, for each vegetation class, grass litter contributed to fine fuel loads 491 

in proportion to the mean ratio of fine fuel load to grass fuel load. 492 

2.2.4 Tree litter turnover in fine fuels for implementing the full carbon accounting model 493 

Fuel turnover is a result of microbial and fungal decay, consumption by invertebrates (particularly 494 

termites), mechanical and chemical breakdown and grazing by vertebrates. Excepting the last 495 

mechanism, k can be measured directly from the weight change in litterbags. However 496 

A

B
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measurements of k for the savannas are very sparse; the only data we have to hand are the 497 

published measurements of Cook (2003) for Kapalga, and an unpublished set of measurements 498 

made along the rainfall gradient from Darwin to Tennant Creek (Cook unpublished data). Neither 499 

set of measurements show substantial spatial or seasonal variation. Therefore, as a first 500 

approximation, k was assumed to be a constant value across the landscape and through time. 501 

It is worth noting that uncertainties associated with parameterising k can be reduced as further 502 

field sampling and data analysis is completed. The model approach remains robust, and can 503 

accommodate improvements to estimates of k. 504 

2.2.5 Model validation 505 

It is possible to validate the model by comparing model predictions and observations of tree litter 506 

deposition LL. Cuff and Brocklehurst (2015) measured TBA and L across a rainfall gradient in the 507 

NT, at locations shown in Figure 4. We compare their observations with the corresponding 0.05o x 508 

0.05o pixel values calculated from Equations 5 and 6 in Figure 5. Due to the mismatch in scale 509 

between the two estimates (< 1ha for the field measurements vs ~ 2500 ha per pixel) this is a 510 

severe test; the coefficients of determination (R2) were 0.73 for TBA and 0.3 for L for n=17, the 511 

predications were slightly overestimated, 20% for TBA and 15% for L. 512 

 513 
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 514 

Figure 5 Comparison between predicted and measured values of total basal area of trees (A) and mean annual tree 515 
litterfall (B) for sites in northern Australia. Measured data is from Cuff and Brocklehurst (2015). Predicted TBA was 516 
calculated with Equation 6. Litterfall was calculated with Equation 5 517 

 518 

An additional validation test for the developed model is to compare the consistency between the 519 

predicted fuel loads and field observations. This requires fitting the model to a set of field 520 

observations. The field observation data sets available for this exercise were (1) in the high (> 1000 521 

mm mean annual rainfall) rainfall zone there were approximately 320 transects each 100 m long 522 

from Western and Central Arnhem land in the Northern Territory (Russell-Smith et al. 2009b; 523 

Yates et al. 2015) and (2) in the low (600 mm – 1000 mm mean annual rainfall) rainfall zone there 524 

were approximately 1200 transects mostly from the Gulf region of the NT and Queensland and the 525 

Kimberley region of WA (Russell-Smith et al. 2009b; Yates et al. 2015). The data supplied for our 526 
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analyses were not georeferenced and therefore a point-to-point comparison was not possible. 527 

However, if the data are unbiased samples of the population both in time and in space, it should 528 

be possible to estimate mean annual L for each vegetation class by fitting equation 4 to the 529 

observations.  530 

To do this, we prescribed the values of Y0 and k and adjusted L to minimise residual sum of square. 531 

There was further complication; in the high rainfall zone, fuel load the observations of tree leaf 532 

litter and grass litter were combined and reported as “fine fuel”. This was not the case in the low 533 

rainfall zone observations; grass litter and tree litter were reported separately in this zone. 534 

Consequently, while it is possible to compare predicted L for tree leaf litter for each of the low 535 

rainfall vegetation classes, with L for tree leaf litter obtained by fitting Equation 4 to the observed 536 

field data, in the high rainfall zone, the closest we could get to a comparison of like-to-like was to 537 

compare L for tree leaf litter estimated using equations 5 and 6 with L for fine fuel estimated by 538 

fitting equation 4 to the field observations. Since fine fuel, contains grass litter, L estimated from 539 

fitting equation 4 to fine will give an overestimate of tree leaf litter L. By how much will depend on 540 

the fraction of fine fuel that is grass. Reports range from 15% to 50% grass in open forest and 541 

woodland but the judgement of the researchers directly involved in the field campaigns is that 542 

25% - 30% grass is reasonable average figure (Cook and Williams, personal communication). The 543 

comparisons between mean annual L for each vegetation class in the Northern Australian Savanna 544 

estimated using equations 5 and 6, with mean annual L for each vegetation class estimated from 545 

the field observations of fuel loads are presented in Table 1. Given the broad assumptions implicit 546 

in such a comparison, the general agreement between the two classes of estimates suggested that 547 

there was reasonable consistency between the fuel load values prescribed in the NIR prior to the 548 

2015 revision (the 2013 NIR), and the current fuel load estimates which are based on equation 4 549 

with Y0 and L estimated from the spatial functions. This was an important finding because step 550 

changes in national emissions estimates in successive National Inventory reports is always cause 551 

for concern, regardless of whether such changes are due to improvements in the science. 552 

  553 
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Table 1 Comparison between mean annual litterfall rates estimated using the spatial model (Equation 5) and mean 554 
annual litterfall rates estimated by fitting Equation 4 to the observed fuel loads 555 

Vegetation class Mean Annual Litterfall rate (t ha-1 y-1) 

  Spatial estimates (from 

Equation 5) 
Model estimates (from Equation 4) 

   Tree litter Fine fuel 

1 hOFM 4.54  3.93 

2 hWMi 4.04  3.81 

3 hWHu 3.88  4.35 

4 hSHH 4.59  4.72 

5 lWTu 2.70 2.54  

6 lWMi 2.61 1.69  

7 lWHu 2.63 2.28  

8 lOWM 2.43 2.03  

9 lSHH 2.54 1.23  

 556 

 557 

In summary, the current NIR calculates fine fuel loads using mean L and Y0 that have been 558 

estimated for each state and vegetation class using spatial information and k sourced directly from 559 

the limited available field observations and the stochastic model developed to solve equation 1. 560 

Although not relevant for this report, which is concerned only with the fine fuels, the 2013 NIR 561 

methodology also applies equation 4 to the coarse (6 mm- 50 mm) and heavy (>50 mm) fuel size 562 

classes; for these L was estimated by fitting equation 4 to the field observations of fuel loads. 563 

Because estimates of mean annual carbon stocks in fuel can be derived from these curves, it is 564 

now possible to estimate the national CO2 losses and gains in savanna dead organic matter (i.e. 565 

the coarse and heavy fuels), thus remaining consistent with the inclusion of carbon stock change in 566 

savannas introduced in 2015 (the 2013 NIR) to estimate Australia’s emissions from savannas.  567 

The dynamics modelled in fine, coarse and heavy fuels that contribute to estimates of annual 568 

emissions from savanna fires used in the NIR also apply to the draft ERF methodologies. 569 

  570 



26   |  Seasonal variation in fine fuel accumulation in savannas 

 571 

Part 2 Analysis and outputs 572 

Report 2 of the Departmental brief 573 

 574 
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3 Introducing seasonality. 575 

This section describes the approach and results from introducing seasonality into the fine fuel 576 

accumulation curves used for the two draft 2018 ERF savanna methods. This approach remains 577 

consistent with the current NIR approach.  578 

3.1 Modelling of fine fuel accumulation and seasonality in earlier ERF 579 

methodologies 580 

The offset integrity standards in s133 of the CFI Act 2011 require that emissions avoidance and 581 

sequestration achieved at a project scale under the Emissions Reduction Fund is reflected in the 582 

national accounts.   583 

In the 2012 and 2013 savanna burning methodologies (Commonwealth of Australia 2012) a fine 584 

fuel accumulation table was presented covering each of the four defined vegetation classes. It 585 

presented mean annual fine fuel loads for increasing times since the last fire. No data were 586 

included for any difference between the early and late dry season. These tables were derived 587 

according to the partial carbon accounting model used at the time in the national inventory for 588 

estimating emissions for savanna fires. 589 

The 2015 ERF savanna fire management methodology (Commonwealth of Australia 2015a) 590 

introduced seasonality into the fine fuel accumulation tables. Yates et al. (2015) identified that 591 

most of the field sampling was undertaken in the early dry season – from May to July, with only a 592 

few samples taken during August and September. They therefore assumed that the average 593 

observed fuel loads used to derive the mean annual fine fuel accumulation table in the 2012 and 594 

2013 methodologies were in essence EDS fuel loads, not mean annual fuel loads. LDS fine fuel 595 

loads are expected to be higher than those in the early dry season, as peak litterfall occurs in 596 

approximately July – August. Yates et al (2015) argue that, to a first approximation, the late dry 597 

season (LDS) fuel loads can be estimated as the EDS fuel load plus a seasonal fuel load difference, 598 

i.e.  599 

𝑊𝐿𝐷𝑆(𝑡) =  𝑊𝐸𝐷𝑆(𝑡) + 𝑆𝑒𝑎𝑠𝑜𝑛𝑎𝑙_𝑐ℎ𝑎𝑛𝑔𝑒 7 600 

To determine the seasonal change in the high rainfall vegetation classes, Yates et al. (2015) used 601 

the seasonal differences in litterfall rate observed in savanna open forests at Kapalga (Cook, 2003). 602 

Under annual burning in the Kapalga experiment, fine fuel loads were approximately 1.7 t ha-1 603 

greater in field samples collected in late September than samples collected in early June (Williams 604 

et al. 2003a). As an initial approximation, Yates et al (2015) assumed fuels collected in June were 605 

representative of those in the EDS, and those collected in September were representative of the 606 

LDS. They also assumed the absolute change observed at Kapalga approximated the seasonal 607 

change in all high rainfall vegetation types. For the low rainfall (600-1000 mm) vegetation classes, 608 

Yates et al. (2015) estimated the offset for the low rainfall savanna to be 0.26 t ha-1 based on the 609 

difference in total seasonal litterfall between the EDS and the LDS measured by Cuff and 610 

Brocklehurst (2015). 611 
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The fuel dynamics at Kapalga is described in Appendix A . 612 

Equation 7 cannot be applied in the draft 2018 ERF savanna methods for several reasons which 613 

will be discussed later, and consequently seasonal variation in fine fuel was not included in the 614 

draft. Feedback on the 2018 draft ERF methodology from the public consultation, however, was 615 

unequivocal; the view of those undertaking ERF savanna projects (project proponents) was that 616 

seasonality in fine fuel loads was an essential component of the 2018 methodology. Additionally, it 617 

was clear that many proponents considered that the field observations which comprise the data 618 

set summarised by Russell-Smith et al. (2009a) and Yates et al. (2015) to be the closest 619 

approximation to “fuel load reality” obtained to date and they required that the method for 620 

introducing seasonal fine fuel dynamics be fully consistent, and ideally calibrated, against that data 621 

set.  622 

Within those constraints, the following approach is proposed. 623 

3.2 Defining the seasonal tree litter and grass dynamics used to 624 

estimate seasonal fine fuel loads  625 

Fine fuel is composed of two independent components: leaf and twig litter from trees and large 626 

shrubs, and grass (Equation 10) 627 

𝑊𝐹(𝑡) = 𝑊𝐿(𝑡) +  𝑊𝐺(𝑡) 8 628 

Where WF, WL and WG are respectively the total fine fuel load, the tree litter fuel load and the 629 

grass fuel load.  630 

Litter inputs L are known to vary seasonally, and are often described by continuous mathematical 631 

function. Several forms have been applied; for example, Cook (2003) and Cuff and Brocklehurst 632 

(2015) describe the seasonal pattern of tree litterfall in savannas by a periodic function, e.g. 633 

𝐿(𝑡) =  𝑎 (𝑠𝑖𝑛 (𝜋
𝜙

12
+ 𝜃) + 𝜏) 9 634 

Where φ is the month of the year, θ is the month of minimum litterfall, and a and τ are constants 635 

It is possible to numerically solve Equation 1 (with the initial condition, 𝑊 = 𝐿  𝑌0 𝑎𝑡 𝑡 = 0) and L 636 

described by a function such as equation 9 to a high degree of accuracy; but it is complex.  637 

Nevertheless, our brief requires the following: 638 

1. Solve Equation 1 with L described by a seasonal function. Because the seasonality of tree 639 

litter and for grass litter are likely to be independent, Equation 1 must be solved for both 640 

these components of the fine fuel. 641 

2. Calibrate the predicted fuel loads against the field observations using the second approach 642 

discussed in 2.2.5. This is required to comply with the feedback from the public 643 

consultation that the empirical observations of fuel load are the “truth” and the fine fuel 644 

load model must reflect that fact. We will discuss this view later in this report. 645 

The problem becomes tractable with following assumptions: 646 

 k is constant through time. Measurements of decomposition of fine fuel at Kapalga and 647 

along the rainfall gradient from Darwin to Tennant Creek suggest that there is negligible 648 
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seasonal difference in decomposition rates. Currently there is insufficient quantitative 649 

evidence in the scientific literature suggesting intra-annual variability in k. The modelled 650 

approach can accommodate seasonal variability in k, should evidence for it emerge in the 651 

future. (See Section 2.2.4) 652 

 Y0 (from Equation 1) is constant through time for a defined fire regime. This will be the true 653 

if “fire regime” is defined by fire frequency and seasonality. If either change then so will 654 

 𝑌0 . Whether this is significant in practice requires a detailed sensitivity analysis that is 655 

beyond the scope of this report. From our experience, however, the assumption is 656 

reasonable. 657 

 Y0 is independent from L. This is consistent with known ecological processes; particularly 658 

that (a) burning efficiency and fire patchiness vary with fire intensity which is only partially 659 

determined by fuel load, but mostly by wind-speed, humidity and fuel moisture (Noble et 660 

al. 1980), and (b) that average litterfall rate is largely independent of the fire regime (Cook 661 

2003).  662 

 Litterfall rate is approximated by the discrete function: 663 

𝐿𝜑 =  𝐿 ̅𝑥 𝑆𝜑 10 664 

Where:  665 

𝐿𝜑 is the litterfall rate in month φ, 𝐿 ̅ is the mean annual litterfall rate and Sφ is the 666 

proportion of mean annual litterfall falling in month φ. i.e. ∑ 𝑆𝜑
𝜑=𝑑𝑒𝑐
𝜑=𝑗𝑎𝑛 =1.  667 

With these assumptions, Equation 1 was solved numerically for monthly time steps in Microsoft 668 

Excel using the Runge-Kutta RK4 algorithm. 669 

Grass and tree litter fuel loads from field sampling were reported separately for the five 670 

vegetation classes in the low rainfall (600 mm -1000 mm) zone (Yates et al. 2015) but not for the 671 

four vegetation classes in the high rainfall (> 1000 mm) zone (Russell-Smith et al., 2009). Using 672 

explicit observations of WG and WL from Yates et al. (2015), it is possible to solve Equation 1 673 

separately for �̅�𝐺  and �̅�𝐿 (where �̅�𝐺  and �̅�𝐿 are the mean annual grass and tree litter productions 674 

respectively) and hence solve equation 8 for monthly WF. However, if observations are only 675 

available for WF we need an additional constraint to define the mean annual litterfall. We define 676 

mean fine fuel litterfall �̅�𝐹 as  677 

�̅�𝐹 = �̅�𝐺 + �̅�𝐿 11 678 

Based on known ecological processes, it is reasonable to assume that the ratio of mean annual 679 

grass and mean annual litter fall rates are approximately equal to the ratio of the mean grass and 680 

litter fuel loads:  681 

�̅�𝐺

�̅�𝐿
⁄ ≈  

�̅�𝐺

�̅�𝐿
⁄   12 682 

This is a reasonable approximation for fine fuel dynamics, because if kG and kL are similar (𝑘𝐺 ≈683 

 𝑘𝐿), then �̅�𝐺 �̅�𝐿 =⁄  𝑊𝑚𝑎𝑥𝐺 𝑊𝑚𝑎𝑥𝐿⁄ . If kG and kL are also large (e.g. ~0.8) then WG and WL 684 

approach their equilibrium loads (WmaxG and WmaxL) within 3-4 years and hence �̅�𝐺 and �̅�𝐿 685 

averaged over a 5 year time period also tend to be close to WmaxG and WmaxL. For coarse and 686 
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heavy fuels which have turnover rates an order of magnitude smaller than fine fuels, the 687 

assumption would be arguable. 688 

The litter ratio FL is defined as 689 

𝐹𝐿 =  
�̅�𝐹

�̅�𝐿
⁄  13 690 

3.3 Determining seasonal estimates of litterfall rate 691 

Monthly fine fuel loads (WF) can be estimated using Equations 1, 8 and 10 -13. The model was 692 

coded in Excel. Grass (WG) and tree leaf litter (WL) fuel accumulation were calculated by solving 693 

Equation 1 with monthly time steps using the Runge-Kutta RK4 algorithm. WF was be fitted to the 694 

field observations by adjusting �̅�𝐹 to minimise the sum of squares of the residuals using the Excel 695 

solver function. 696 

The parameter values were sourced as follows: 697 

 The seasonal cycles of litterfall, as a proportion of mean annual litterfall, were sourced as 698 

follows: 699 

a. Observations of monthly tree litterfall in the Australian savannas are few. The only 700 

comprehensive data currently published are for Kapalga in Kakadu National Park by 701 

Cook (2003). Monthly litterfall has also been measured in Litchfield National Park 702 

(Maier, pers. comm.), but the data were not available to the authors at the time of 703 

writing. However a supplied graph of the data indicates that the seasonality of litterfall 704 

at Litchfield Park is similar to that at Kapalga. The data of Cuff and Brocklehurst (2015) 705 

were measured at irregular intervals too far apart to derive valid estimates of monthly 706 

variation. The time series Sφ for litter is given in Table 2 707 

b. The seasonal cycle of input to the pool of grass fuel is approximately (but not exactly) 708 

the annual cycle of grass curing. Since the savanna grasses, particularly spinifex burn 709 

when green, the cycle of curing is more an indicator of the decline in grass production 710 

than the transformation of live grass into dead fuel. The seasonal cycle of grass litterfall 711 

are provided by Auscover at http://www.auscover.org.au/purl/modis-grassland-curing. 712 

For our analysis, we assume grass curing occurs in April and May – 70% in April and 713 

30% in May (Table 2), that is, that all the live grass biomass is available as fuel by the 714 

beginning of June.  715 

 The observation data set for fine fuel loads is sourced from the  Western and Central Arnhem 716 

land study sites for the high rainfall zone (Russell-Smith et al. (2009b) from the Gulf country 717 

sites in NT and Qld, and the Kimberley sites in WA for the low rainfall zone (Yates et al. (2015). 718 

These are the same data sets that were used to fit equation 2 to derive the EDS fine fuel 719 

accumulation tables used in the 2015 ERF savanna method. As provided, the individual 720 

observations are classified by vegetation class and time since the most recent fire, but not by 721 

geographic location or date of observation. Yates et al. (2015) report that the majority of the 722 

measurements for the high and low rainfall zones were collected between May and July. 723 

Therefore, for this analysis, it was assumed that the fuel observations are on average 724 

representative of fuel loads at the midpoint of this interval, June.  725 

http://www.auscover.org.au/purl/modis-grassland-curing
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 The turnover constant k, was estimated with litter bags in open woodland savannas at Kapalga 726 

(Cook 2003). The mean value is 0.8 y-1. 727 

 Y0 was calculated for each vegetation class by Meyer et al. (2015) for the NT. The decision to 728 

focus on the NT rather than the complete extent of the northern Australian savannas (i.e. NT, 729 

WA and Qld), was consistent with the majority of fuel load observations being from the 730 

Northern Territory. The values are presented in Table 3. Estimating �̅�𝑭 by fitting the seasonal 731 

Olson curves to field data. R2 is the Coefficient of Determination and RMSE is the Root Mean 732 

Square Error. 733 

 The litter fraction FL in the low rainfall zone is estimated from the mean ratio of fine fuel to 734 

litter fuel observed in the low rainfall zone (Yates et al., 2015). In the high rainfall zone (hOFM, 735 

hWMi, hWHu), based on observations from Kapalga, in the open forest and woodlands of it is 736 

assumed that FL= 1.3 (i.e. that tree litter comprises approximately 75% of total fine fuel). In the 737 

absence of published quantitative data, we use on our expert judgement to apply a value of 2 738 

to the vegetation class hSHH. 739 

The sensitivity of the model to the assumptions listed above is important, and is the subject of 740 

further study. However, we first need to assess whether the model is a plausible description of the 741 

available data, and therefore, applying the assumptions and approximations and we fit Equation 1 742 

to the observed field data to derive optimal estimates of �̅�𝐹, �̅�𝐺  and �̅�𝐿 . The estimates are 743 

presented in Table 3.  744 

 745 

Table 2. Mean seasonal cycle of Sϕ for litter and grass 746 

    

Proportion of mean annual 
litterfall 

(Sφ) 

Month Season Litter Grass 

    

1 EDS 0.001 0 

2 EDS 0.016 0 

3 EDS 0.048 0 

4 EDS 0.090 0.70 

5 EDS 0.130 0.30 

6 EDS 0.158 0 

7 EDS 0.166 0 

8 LDS 0.151 0 

9 LDS 0.119 0 

10 LDS 0.076 0 

11 LDS 0.036 0 

12 LDS 0.009 0 

 747 

  748 
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 749 

Table 3. Estimating �̅�𝑭 by fitting the seasonal Olson curves to field data. R2 is the Coefficient of Determination and 750 
RMSE is the Root Mean Square Error. 751 

Vegetation 
class 

Y0 

(y) 

Turnover 
rate  
(y-1) 

Tree leaf litter 
fraction 

(𝐹𝐿) 

Mean Annual litterfall 
rate 

(t ha-1 y-1) 
R2 

𝑅𝑀𝑆𝐸𝐿   
+ 

𝑅𝑀𝑆𝐸𝐺 
Litter 
(𝑘𝐿) 

Grass 
(𝑘𝐺) 

Litter 
(�̅�𝐿) 

Grass 
(�̅�𝐺) 

Fine 
fuel 
(�̅�𝐹) 

1 hOFM 0.35 0.80 0.80 1.30 3.06 0.92 3.98 0.44  

2 hWMi 0.37 0.80 0.80 1.30 2.57 0.77 3.34 0.64  

3 hWHu 0.37 0.80 0.80 1.30 3.36 1.01 4.37 0.57  

4 hSHH 0.41 0.80 0.80 2.00 3.03 3.03 6.07 0.33  

5 lWTu 0.26 0.80 0.80 1.68 2.63 1.79 4.41 0.48 1.22 

6 lWMi 0.25 0.80 0.80 1.58 1.43 0.84 2.27 0.07 0.89 

7 lWHu 0.26 0.80 0.80 2.06 1.89 2.00 3.89 0.03 2.46 

8 lOWM 0.25 0.80 0.80 2.88 1.14 2.14 3.28 0.53 0.65 

9 lSHH 0.27 0.80 0.80 3.13 1.00 2.12 3.11 0.05 1.09 

 752 

 753 

3.4 Comparison of field observations with modelled fine fuel 754 

accumulation 755 

Figure 6 shows a comparison of field observations and modelled fine fuel accumulation for the 756 

four high rainfall vegetation classes. For these high rainfall vegetation classes, there was not 757 

separate field observations for the grass and tree litter components of fuel so only total fine fuel 758 

could be compared. The results indicate that the modelling was a good fit for the forest and 759 

woodlands vegetation classes (hOFM, hWMi, hWHu). The comparison is less satisfactory for the 760 

shrubland (hSHH) and this is discussed below. The comparison of the modelled dynamics of grass, 761 

tree litter and total fine fuel for the low rainfall vegetation classes (Figure 6 to Figure 11) indicate 762 

reasonable agreement. 763 
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Figure 6. Comparison of annual and seasonal fuel dynamics models with observations for the four high rainfall 766 
vegetation fuel classes (1=hOFM, 2=hWMi, 3=hWHu, 4=hSHH). Error bars are ±1 standard deviation. 767 
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Figure 7. Comparison of modelled annual and seasonal fuel loads with observations of grass, tree litter and total 770 
fine fuel for vegetation fuel class 5 (lWTu). Error bars are ±1 standard deviation. 771 

 772 
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Figure 8. Comparison of modelled annual and seasonal fuel loads with observations of grass, tree litter and total 775 
fine fuel for vegetation fuel class 6 (lWMi). Error bars are ±1 standard deviation. 776 

 777 
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Figure 9. Comparison of modelled annual and seasonal fuel loads with observations of grass, tree litter and total 780 
fine fuel for vegetation fuel class 7 (lWHu). Error bars are ±1 standard deviation. 781 

 782 
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Figure 10. Comparison of modelled annual and seasonal fuel loads with observations of grass, tree litter and total 785 
fine fuel for vegetation fuel class 8 (lOWM). Error bars are ±1 standard deviation. 786 

 787 
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Figure 11. Comparison of modelled annual and seasonal fuel loads with observations of grass, tree litter and total 790 
fine fuel for vegetation fuel class 9 (lSHH). Error bars are ±1 standard deviation. 791 

3.5 Optimising field observations with modelled fine fuel 792 

accumulation 793 

In the results presented so far (section 3.4) the turnover rates of grass and tree litter are defined 794 

as equal. Field observations for k at Kapalga were from a mixed sample comprising 50 g of tree 795 

litter and 20 g of grass and the results did not distinguish the turnover rates between the two 796 

fractions. It is therefore possible that this assumption may be wrong. Unpublished data from a 797 

separate study suggests that 𝑘𝐺  is greater than 𝑘𝐿 (Cook unpublished data). Since hOFM, hWMi 798 

and hWHu fine fuel is largely tree leaf litter, an error in 𝑘𝐺 is unlikely to significantly affect the 799 

model fits.  800 

In contrast hSHH is a spinifex heathland with dead leaves being mostly retained within the 801 

hummock structure. Unlike grasses in the other vegetation classes, spinifex is flammable to some 802 

degree throughout its life. As spinifex fuels comprise living and dead material isolated from the 803 

soil, its turnover rate could be significantly less than tree or shrub litter which is mostly in contact 804 

with the soil. The observed slower, prolonged accumulation of fine fuels in hSHH (Figure 6) 805 

supports this possibility.  806 
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Therefore, the robustness of our assumption that k = 0.8 y-1 in each vegetation class was tested. 807 

For this, two additional analytical scenarios, in which both k and L were optimised, proved to be 808 

informative. We will term the model fits in section 3.4 scenario 1. The addition scenarios are: 809 

 scenario 2 prescribes kL, and fits predicted WF to the field observations optimising both �̅�𝐹 810 

and 𝑘𝐺  and  811 

 scenario 3 fits predicted WF to the field observations optimising LL, kG and kL, with kG = kL. 812 

The optimum values of �̅�𝐹 (and hence �̅�𝐿 and�̅�𝐺) for the scenario 2 are presented in Table 4. The 813 

R2 for hSHH, lWTu and lOWM improved substantially by constraining both �̅�𝐿 and kG. Whether this 814 

indicates a true improvement in predictive power can be assessed by examining whether the litter 815 

and grass fuel accumulation curves also improve. 816 

The root mean square error (RMSE) for litter and grass (i.e. the mean square of the variances in 817 

the residuals for the grass and litter curves) for lWTu and lOWM increased from scenario 1 to 2 818 

(Table 3). This indicated that for these two vegetation fuel types, the accuracy of fit for the grass 819 

and litter was reduced, rather than improved by allowing kG to vary.  820 

Table 4. Estimating �̅�𝑭 and kG by fitting the seasonal Olson curves to field data.  821 

 822 

Scenario 3 fitted predicted 𝑊𝐹 to the field observations and optimised �̅�𝐿, kG and kL, with kG = kL 823 

(Table 5). This also improved the R2 for hSHH, lWTu and lOWM while reducing the RMSE for lWTu 824 

and lOWM compared to scenario 1 (Table 3). This supports the hypothesis that k could vary across 825 

all low rainfall vegetation classes, however independent measurements of turnover rate will be 826 

required to confirm it. 827 

  828 

Vegetation class 

Turnover rate 
(y-1) 

Mean Annual litterfall rate  
(t ha-1 y-1)  

𝑅𝑀𝑆𝐸𝐿   
+ 

𝑅𝑀𝑆𝐸𝐺 
Litter 
(𝑘𝐿) Grass(𝑘𝐺 

Litter  
(�̅�𝐿) 

Grass  
(�̅�𝐺) 

Fine fuel 
(�̅�𝐹) R2 

1 hOFM 0.80 0.16 2.11 0.63 2.74 0.53  

2 hWMi 0.80 0.96 2.66 0.80 3.45 0.64  

3 hWHu 0.80 0.04 2.16 0.65 2.81 0.88  

4 hSHH 0.80 0.04 1.05 1.05 2.10 0.84  

5 lWTu 0.80 0.14 1.61 1.10 2.71 0.91 3.22 

6 lWMi 0.80 1.00 1.53 0.89 2.42 0.07 0.89 

7 lWHu 0.80 1.60 2.47 2.61 5.08 0.04 2.77 

8 lOWM 0.80 0.35 0.75 1.42 2.17 0.88 1.28 

9 lSHH 0.80 0.19 0.48 1.02 1.50 0.17 1.99 
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 829 

Table 5. Estimating �̅�𝑭, kL and kG by fitting the seasonal Olson curves to field data.  830 

Vegetation class 

Turnover rate  
(y-1) 

Mean Annual Litterfall rate 
(t ha-1 y-1)  

𝑅𝑀𝑆𝐸𝐿  
+ 

𝑅𝑀𝑆𝐸𝐺 
Litter 
 (𝑘𝐿) 

Grass 
(𝑘𝐺) 

Litter 
 (�̅�𝐿) 

Grass  
(�̅�𝐺) 

Fine fuel  
(�̅�𝐹) R2 

1 hOFM 0.33 0.33 1.58 0.47 2.05 0.52  

2 hWMi 0.90 0.90 2.83 0.85 3.67 0.64  

3 hWHu 0.06 0.06 1.03 0.31 1.34 0.93  

4 hSHH 0.06 0.06 0.67 0.67 1.35 0.85  

5 lWTu 0.29 0.29 1.38 0.94 2.33 0.93 0.78 

6 lWMi 0.95 0.95 1.64 0.95 2.59 0.08 0.89 

7 lWHu 0.78 0.78 1.85 1.96 3.80 0.03 2.46 

8 lOWM 0.42 0.42 0.72 1.36 2.08 0.89 0.51 

9 lSHH 0.28 0.28 0.47 0.99 1.46 0.15 1.08 

 831 

It is also important to compare the �̅�𝐿 values obtained by fitting the fuel accumulation model to 832 

field data, with independent direct measurements of �̅�𝐿. For convenience, the vales are 833 

summarised in Table 6. From field data, Cuff and Brocklehurst (2015) report mean annual litterfall 834 

rates across all vegetation classes, �̅�𝐿 , of 5.0 t ha-1y-1 in the high rainfall savanna and 2.9 t ha-1y-1 in 835 

the low rainfall zone. These values are comparable to the average rates estimated from TBA 836 

(Equation 5) of 4.3 t ha-1y-1 for the high rainfall zone and 2.6 t ha-1y-1 for the low rainfall zone 837 

(Table 1).  In contrast, the optimal values of �̅�𝐿 for hOFM, hWMi and hWHu estimated by model 838 

fitting summarised in Table 3 (kG = kL = 0.8 y-1) average 3.0 t ha-1y-1, which is 30% less than the 839 

estimates derived from applying Equations 5 and 6 to spatial data of soil texture and rainfall (Table 840 

1). Similarly, in the low rainfall zone all estimates of �̅�𝐿 estimated by model fits are substantially 841 

lower than �̅�𝐿 estimated either from applying Equations 5 and 6 or from the measurements of Cuff 842 

and Brocklehurst (2015).  843 

  844 
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 845 

Table 6. Summary of Litterfall rates estimated using the spatial model (Equations 5 and 6), and curve-fitting  846 

Vegetation 
class 

�̅�𝐿 
Spatial 

Estimate 
(Table 1 

Fit �̅� using annual 
fuel accumulation 

model 
(Table 3) 

Fit �̅� and 𝑘𝐺  using 
seasonal fuel 
accumulation 

model 
(Table 4) 

Fit �̅�, 𝑘𝐺s and 𝑘𝐿 using 
seasonal fuel 

accumulation model 
(Table 5) 

 

Litter 
 (�̅�𝐿) 

Fine fuel  
(�̅�𝐹) 

Litter 
 (�̅�𝐿) 

Fine fuel  
(�̅�𝐹) 

Litter 
(�̅�𝐿) 

Fine fuel 
(�̅�𝐹) 

1 hOFM 4.54  3.98  2.74  2.13 

2 hWMi 4.04  3.34  3.45  3.97 

3 hWHu 3.88  4.37  2.81  1.37 

4 hSHH 4.59  6.07  2.10  1.36 

5 lWTu 2.70 2.63  1.61  1.38  

6 lWMi 2.61 1.43  1.53  1.64  

7 lWHu 2.63 1.89  2.47  1.85  

8 lOWM 2.43 1.14  0.75  0.72  

9 lSHH 2.54 1.00  0.48  0.47  

 847 

How do we reconcile these different estimates of �̅�?  848 

Wmax provides the greatest leverage when fitting the modelled accumulation curves to the field 849 

observations. The turnover rate, k, determines the slope of the fuel accumulation curve. If k is 850 

varied in order to improve the slope of the curve, then because 𝑊𝑚𝑎𝑥 = �̅�
𝑘⁄  , �̅� must change 851 

proportionally with k. Hence there are limitations on the extent to which the values of k and �̅� can 852 

be varied to improve a curve fit while remaining within known observed ecological bounds. 853 

Measurements of kL from Kapalga and down the rainfall transect from Darwin to Tennant Creek 854 

(Cook, unpublished data) together with other data from eastern Arnhem Land (Cook 2012), 855 

indicate a value of about 0.8 to 1.0 y-1 is reasonable. Although the R2 value increases for hOFM, 856 

hWMi and hWHu as k is varied from these values, in most instances this resulted in the values for 857 

�̅� moving further away from our independently measured values. This suggests that the baseline 858 

scenario (Table 3) yields the parameter estimates which are most consistent with observed 859 

ecological processes for these three vegetation classes. 860 

For hSHH both scenario 2 (Table 4) and scenario 3 (Table 5) give substantial improvements in R2. 861 

Since there are no independent measurements of the turnover rate for spinifex, and it has been 862 

noted that most of the spinifex litter remains intact and not in contact with the soil, there is no 863 

reason to assume that the litter turnover rate is similar to the rates measured at Kapalga, 864 

Therefore, scenario 2 (Table 4Table 4) is likely to give the more robust parameter values for this 865 

vegetation class.  866 

The optimised �̅�𝐿 values from model fits for all the low rainfall vegetation classes are substantially 867 

lower than independent estimates or measurements. A reasonable explanation for this is to 868 

assume the possibility that there may be some unintentional biases in one or other of the data 869 

sets. The fits indicated that turnover rates (k) of 0.8 y-1 were plausible for lWMi, lWHu and lSHH. 870 

For lWTu and lOWH lower kL and kG values appeared to be more plausible. Values of k between 871 
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0.3 y-1and 0.5 y-1 have been observed in other Australian ecosystems and the model fits are 872 

substantially improved with kL and kG set to lower values. This also improves the estimates of �̅�𝐿 In 873 

these vegetation classes compared to field observations. Therefore, Table 5 probably gives the 874 

more robust parameter estimates for lWTu and lOWH.  875 

Applying this logic, our best-estimate parameter set is summarised in Table 7.  876 

Table 7. The optimised parameter set used to estimate monthly and seasonal EDS and LDS fine fuel loads  877 

Vegetation class 

Y0 

Turnover rate 
(y-1) 

Tree leaf litter 
fraction 

(𝐹𝐿) 

Mean Annual litterfall rate 
(t ha-1 y-1) Source  

 

Litter 
 (𝑘𝐿) 

Grass 
(𝑘𝐺) 

Litter 
 (�̅�𝐿) 

Grass  
(�̅�𝐺) 

Fine fuel  
(�̅�𝐹)  

1 hOFM 0.35 0.80 0.80 1.30 3.06 0.92 3.98 Table 3 

2 hWMi 0.37 0.80 0.80 1.30 2.57 0.77 3.34 Table 3 

3 hWHu 0.37 0.80 0.80 1.30 3.36 1.01 4.37 Table 3 

4 hSHH 0.41 0.80 0.04 2.00 1.05 1.05 2.10 Table 4 

5 lWTu 0.26 0.29 0.29 1.68 1.38 0.94 2.33 Table 5 

6 lWMi 0.25 0.80 0.80 1.58 1.43 0.84 2.27 Table 3 

7 lWHu 0.26 0.80 0.80 2.06 1.89 2.00 3.89 Table 3 

8 lOWM 0.25 0.42 0.42 2.88 0.72 1.35 2.08 Table 5 

9 lSHH 0.27 0.80 0.80 3.13 1.00 2.12 3.11 Table 3 

 878 
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4 Estimating seasonal fine fuel loads based on the 879 

known distribution of fire activity. 880 

The draft 2018 methodology defines two lookup tables for fine fuel accumulation, one for the EDS 881 

and one for the LDS. We now address the issue of applying the seasonal fuel accumulation model 882 

to derive the fuel load estimates to populate these tables. 883 

The NIR and ERF savanna methods calculate emissions of greenhouse gases as follows: 884 

For CH4:  885 

𝐸𝑖 =  ∑ ∑ ∑ 𝐴𝑣,𝑠,𝑡𝑈𝑣,𝑠𝑡 ∑ 𝑊𝑣,𝑠,𝑓,𝑡𝐵𝐸𝐹𝑣,𝑠,𝑓𝐶𝐶𝑣,𝑓𝐸𝐹𝑖,𝑓,𝑓𝑠𝑣  14 886 

For N2O: 887 

𝐸𝑖 =  ∑ ∑ ∑ 𝐴𝑣,𝑠,𝑡𝑈𝑣,𝑠𝑡 𝐹 ∑ 𝑊𝑣,𝑠,𝑓,𝑡𝐵𝐸𝐹𝑣,𝑠,𝑓𝐶𝐶𝑣,𝑓𝑁𝐶𝑣,𝑓𝐸𝐹𝑖,𝑓,𝑐𝑠𝑣  15 888 

Where: 889 

i is the greenhouse gas species 890 

v is vegetation class 891 

s is fire season (EDS, LDS) 892 

t is fuel age 893 

f is fuel size class  894 

E is annual emissions 895 

A is fire affected area 896 

U is Uniformity (often called patchiness) 897 

W is fuel load 898 

BEF is burning efficiency 899 

CC is carbon content 900 

NC is the nitrogen to carbon ratio 901 

EF is emission factor 902 

The 2013 NIR calculates methane (Equation 14) and nitrous oxide (Equation 15) emissions at an 903 

annual time step using an average annual fuel load relative to the time since last burnt. The 904 

seasonal variation in emissions comes from the seasonality in burning efficiency and uniformity 905 

(patchiness). To include the additional seasonality in emissions caused by seasonal differences in 906 

fine fuel loads we must create two lookup tables for fine fuel accumulation, one for each of the 907 

seasons. However, fine fuel load is not constant within each season but varies month by month in 908 

an annual cycle. How do we reduce a periodic function to a discrete function of two elements? A 909 

simple average of the monthly fuel loads in each season will not suffice, because this describes the 910 

average amount fuel carbon on the ground, when what we need is the fuel carbon that potentially 911 

could be emitted should a fire occur in the season.  For that we need to know both the fuel load in 912 

each month and whether or not it is burned. Therefore, to accurately calculate seasonal emissions 913 

we first need to calculate emissions for each month and then sum the results across each season. 914 

This requires an additional subscript, month (m), in Equations 14 and 15. Hence, for i = CH4,  915 



44   |  Seasonal variation in fine fuel accumulation in savannas 

 916 

𝐸𝑖 =  ∑ ∑ ∑ ∑ 𝐴𝑣,𝑡,𝑚𝑚 𝑈𝑣,𝑠𝑡 ∑ 𝑊𝑣,𝑓,𝑡,𝑚𝐵𝐸𝐹𝑣,𝑠,𝑓𝐶𝐶𝑣,𝑓𝐸𝐹𝑖,𝑓,𝑓𝑠𝑣  16 917 

 918 

or, for a specified vegetation class (v), season (s) and fuel size-class (f)  919 

 920 

𝐸𝑖,𝑣,𝑠,𝑓 = ∑ ∑ 𝐴𝑣,𝑡,s,𝑚𝑚 𝑈𝑣,𝑠𝑡 𝑊𝑣,𝑓,𝑡,s,𝑚𝐵𝐸𝐹𝑣,𝑠,𝑓𝐶𝐶𝑣,𝑓𝐸𝐹𝑖,𝑓  17 921 

A similar derivation can be completed for nitrous oxide from Equation 15. 922 

Noting that the sum of the monthly fire areas is the seasonal fire area 923 

𝐴𝑣,𝑡,𝑠 = ∑ 𝐴𝑣,𝑡,𝑠,𝑚
𝑚

 924 

 925 

Equation 17 can be rearranged to give  926 

𝐸𝑖,𝑣,𝑠,𝑓 = ∑ 𝐴𝑡,𝑣,𝑠,𝑡  𝑈𝑣,𝑠 𝐵𝐸𝐹𝑣,𝑠,𝑓 𝐶𝐶𝑣,𝑓 𝐸𝐹𝑖,𝑓  ∑
𝐴𝑡,𝑚,𝑣,𝑠

𝐴𝑡,𝑣,𝑠
𝑊𝑡,𝑚,𝑣,𝑓𝑚  18 927 

Where: 928 

𝐴𝑡,𝑣,𝑠 is the area burnt with a defined time since last fire of t years. 929 
𝐴𝑡,𝑚,𝑣,𝑠

𝐴𝑡,𝑣,𝑠
 is the frequency of fires in age class t burned in month m. 930 

 931 

The last term in Equation 18, is the average weighted seasonal fuel load, where the weights are 932 

the monthly fire frequencies for the defined season – that is, for a defined season, vegetation class 933 

and f = “fine fuel” 934 

 935 

𝑊𝑡,𝑣,𝑠 = ∑
𝐴𝑡,𝑚,𝑣,𝑠

𝐴𝑡,𝑣,𝑠
𝑊𝑡,𝑚,𝑣,𝑠𝑚  19  936 

Equation 19 requires fine fuel loads for each vegetation class, fuel age (i.e. 12 tables); and the 937 

seasonal weights must be recalculated each year. This is entirely feasible but more complex than 938 

the methodologies in either the 2015 ERF Determination, or the draft 2018 ERF Determinations. 939 

These define average fine fuel accumulation curves for each vegetation class, and implement the 940 

emissions equation by season. The table values do not change from year to year, which means 941 

that we need a vector of monthly weights averaged over many years, in other words the vector of 942 

monthly fire probability. The Landgate (http://srss.landgate.wa.gov.au/fire.php) fire affected area 943 

dataset records monthly fire affected area from 1988 to 2015. This was used to approximate the 944 

probability distribution that a fire will occur in month m and fuel age class t, as: 945 

𝑃𝑟𝑣,𝑠(𝑚, 𝑡) =
1

28
∑

𝐴𝑡,𝑚,𝑣,𝑠

𝐴𝑡,𝑣,𝑠

2015
1988  20 946 

It should be noted that there are other data sets of fire occurrence in Northern Australia derived 947 

from other satellite sensors and analysis algorithms which may be more accurate than the 948 

Landgate time series (Fisher and Edwards 2015). However, their timeseries are 10 - 12 years 949 

shorter than the Landgate data set. 950 
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As it has been demonstrated that the probability of a fire is independent of the fuel age (Russell-951 

Smith et al. 2007), Equation 20 can be simplified to the probability of a fire occurring in month m 952 

of season s: 953 

𝑃𝑟(𝑚) =  
𝐴𝑚,𝑣,𝑠

∑ 𝐴𝑚,𝑣,𝑠𝑚
≅

𝐴𝑡,𝑚,𝑣,𝑠

𝐴𝑡,𝑣,𝑠
 21 954 

Substituting Equation 21 into Equation 19, yields the average seasonal fuel loads for each 955 

vegetation class 956 

𝑊𝑡,𝑣,𝑠 = ∑ 𝑃𝑟 (𝑚)𝑊𝑡,𝑚,𝑣,𝑠𝑚  22 957 

Table 8 shows for each vegetation class the average proportion of the total annual area burnt that 958 

occurs in each month. These data can be combined into monthly weights (Pr(𝑚)) for the EDS and 959 

the LDS (Table 9Table 9). The assumptions involved in deriving Equations 20-22 are easily testable 960 

but it is outside the scope of the present work to do so.  961 

To recapitulate, to estimate seasonal average fine fuel loads we need to calculate not the average 962 

of the monthly fuel that could exist in each season, but the average of the fuel that is likely to 963 

burn. This requires both the seasonal pattern of fuel load change and the seasonal pattern of fire 964 

probability to be taken into account.  965 

 966 
 967 

Table 8. Mean proportion of annual fires that occur in each month for the period 1988 to 2015 derived using the 968 
Landgate Fire Affected Area data product (rounded to 3 significant figures). 969 

Vegetation class 

Mean percentage of annual fire area (1988 -2015) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 hOFM 0.1 0.1 0.0 0.8 5.9 10.3 13.4 21.2 26.2 17.6 3.9 0.5 

2 hWMi 0.1 0.1 0.0 1.7 10.1 13.6 13.1 15.0 17.6 17.3 9.4 2.0 

3 hWHu 0.4 0.0 0.0 3.2 12.4 13.0 9.0 12.3 19.3 19.5 9.2 1.7 

4 hSHH 0.2 0.0 0.1 2.8 13.5 14.4 12.4 13.7 17.1 16.4 8.3 1.2 

5 lWTu 0.3 0.1 0.1 8.0 16.2 8.1 5.4 14.4 18.7 16.1 10.8 1.9 

6 lWMi 0.4 0.5 0.4 4.0 12.1 6.7 5.8 10.4 17.2 20.1 17.7 4.8 

7 lWHu 1.1 0.3 0.2 1.8 5.1 3.7 4.8 6.1 12.2 18.6 38.0 8.3 

8 lOWM 0.4 0.4 0.4 5.0 12.7 7.1 6.0 9.3 17.0 21.0 16.2 4.6 

9 lSHH 0.6 0.2 0.4 5.3 13.0 8.5 8.2 11.4 16.4 19.0 13.2 3.9 

 970 

  971 
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Table 9. Monthly weights (P(𝒎)) required to calculate EDS and LDS fine fuel loads (rounded to 3 significant figures). 972 

Vegetation 
class 

Mean percentage of total seasonal fire area (1988 -2015) 

EDS LDS 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 hOFM 0.2 0.2 0.1 2.6 19.2 33.8 43.9 30.6 37.8 25.3 5.6 0.7 

2 hWMi 0.3 0.2 0.1 4.4 26.1 35.1 33.8 24.4 28.7 28.2 15.4 3.2 

3 hWHu 0.9 0.0 0.1 8.4 32.8 34.3 23.6 19.8 31.1 31.4 14.9 2.8 

4 hSHH 0.5 0.0 0.1 6.3 31.1 33.3 28.7 24.1 30.2 29.1 14.6 2.1 

5 lWTu 0.6 0.2 0.4 21.0 42.4 21.3 14.1 23.3 30.2 26.1 17.4 3.0 

6 lWMi 1.4 1.6 1.5 13.4 40.4 22.4 19.3 14.8 24.5 28.6 25.3 6.8 

7 lWHu 6.2 1.7 0.9 10.9 30.2 22.0 28.1 7.3 14.6 22.4 45.7 10.0 

8 lOWM 1.2 1.2 1.3 15.6 39.6 22.2 18.8 13.6 25.1 30.8 23.7 6.8 

9 lSHH 1.5 0.7 1.1 14.7 36.0 23.5 22.6 17.9 25.6 29.8 20.7 6.1 

 973 

4.1.1 Calculating seasonally weighted fuel loads: Two worked examples 974 

Figure 12 and Figure 13 illustrate the way Equation 22 is implemented for the high rainfall open 975 

forest (hOFM) and the low rainfall mixed woodland (lWMi) vegetation classes. The pale blue and 976 

orange lines in upper panel of each figure show the seasonal fuel accumulation curve in the early 977 

and late dry seasons respectively. The probability of a fire occurring in each month is shown in the 978 

lower panels; the EDS and LDS fire probabilities are shown in blue and brown respectively. Most of 979 

the EDS fires occur in June and July, while in the LDS, fires peak in September. Multiplying the 980 

monthly fuel loads by the probability of a fire, and summing the results, as described in Equation 981 

22, gives the weighted seasonal fuel loads. These are shown in Panel A for the main EDS (dark 982 

blue) and LDS (brown) months. A minor fraction of fires occurs between December and March. For 983 

example, ~1% in hOFM and ~6% in lWMi. Through the application of Equation 22 these months 984 

contribute negligibly to the weighted fuel loads for each season. As the fire season coincides only 985 

with the upper half of the annual fuel cycle, the yearly difference between the mean weighted EDS 986 

and LDS fuel loads is much smaller than the amplitude of the seasonal fuel load cycle. In detail, the 987 

form of the seasonal fuel load cycles differs between vegetation classes due to the different 988 

degrees to which the litter and grass seasonal cycles add to produce the fine fuel cycle. Combined 989 

with difference in monthly fire probability, in some cases this results in LDS fuel loads that are 990 

lower than in the EDS, as in Figure 13.  991 

 992 

  993 
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Figure 12. The accumulation of fuel loads and weightings for hOFM 995 
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Figure 13. The accumulation of fuel loads and weightings for lWMi 998 
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  1000 
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4.1.2 Recommended fuel accumulation tables 1001 

The approach above provides for the derivation of the fine fuel loads at the time of fire for the EDS 1002 

and the LDS as a function of time since fire. Table 7Table 7 lists the optimal values for k and L for 1003 

each vegetation class to be applied in Equation 1 to calculate monthly fuel load. These are then 1004 

combined with seasonal fire probabilities (Table 9) in Equation 22 to give the weighted average 1005 

EDS and LDS fine fuel loads for each age class (Table 10 and Table 11).   1006 

 1007 

Table 10. Mean weighted fine fuel loads for the Early Dry Season (t ha-1) 1008 

EDS Fuel Age (y) 

Vegetation Class 1 2 3 4 5 6 7 8 9 10 >10 

1 hOFM 4.26 4.81 5.06 5.17 5.22 5.24 5.25 5.26 5.26 5.26 5.26 

2 hWMi 3.56 4.01 4.22 4.31 4.35 4.37 4.38 4.38 4.38 4.38 4.38 

3 hWHu 4.59 5.19 5.47 5.59 5.64 5.67 5.68 5.68 5.69 5.69 5.69 

4 hSHH 3.02 3.65 4.07 4.37 4.58 4.73 4.84 4.93 4.99 5.03 5.13 

5 lWTu 3.41 4.62 5.52 6.20 6.71 7.08 7.37 7.58 7.74 7.86 8.13 

6 lWMi 2.35 2.71 2.88 2.95 2.98 3.00 3.00 3.01 3.01 3.01 3.01 

7 lWHu 4.22 4.82 5.09 5.21 5.26 5.29 5.30 5.30 5.31 5.31 5.31 

8 lOWM 3.03 3.81 4.32 4.65 4.88 5.02 5.12 5.18 5.22 5.25 5.29 

9 lSHH 3.65 4.10 4.30 4.39 4.43 4.45 4.46 4.46 4.46 4.46 4.46 

 1009 

Table 11. Mean weighted fine fuel loads for the Late Dry Season (t ha -1) 1010 

LDS Fuel Age (y) 

Vegetation Class 1 2 3 4 5 6 7 8 9 10 >10 

1 hOFM 4.60 5.06 5.26 5.35 5.39 5.41 5.42 5.42 5.42 5.42 5.43 

2 hWMi 3.85 4.21 4.37 4.45 4.48 4.49 4.50 4.50 4.50 4.50 4.50 

3 hWHu 5.05 5.52 5.73 5.82 5.87 5.89 5.89 5.90 5.90 5.90 5.90 

4 hSHH 3.10 3.66 4.03 4.30 4.49 4.63 4.73 4.81 4.87 4.91 5.00 

5 lWTu 3.89 4.98 5.80 6.41 6.86 7.21 7.46 7.65 7.80 7.90 8.15 

6 lWMi 2.49 2.76 2.88 2.93 2.96 2.97 2.97 2.98 2.98 2.98 2.98 

7 lWHu 4.14 4.56 4.76 4.84 4.88 4.90 4.91 4.91 4.91 4.91 4.91 

8 lOWM 3.08 3.74 4.18 4.47 4.65 4.78 4.86 4.91 4.95 4.97 5.01 

9 lSHH 3.36 3.70 3.85 3.91 3.94 3.96 3.96 3.97 3.97 3.97 3.97 

 1011 

 1012 
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5 Consistency with the CFI Offset Integrity 1013 

Standards 1014 

The analysis described in this report provides a robust approach to account for the seasonal 1015 

impacts of litter fall and grass dynamics on fine fuel accumulation rates that is consistent with the 1016 

2013 NIR and the approach to account for sequestered carbon in the two draft 2018 ERF savanna 1017 

methodologies. It is acknowledged that the modelling approach is robust as it is based on known 1018 

ecological processes, although the parameterisation of the model could be improved following the 1019 

collection and analysis of additional field data. 1020 

The analysis described in this report suggests that it is inappropriate to re-apply the approach to 1021 

account for seasonality in fine fuels used in the 2015 ERF savanna fire management method to the 1022 

two draft 2018 ERF methods. Doing so would be inconsistent with the approach adopted from 1023 

2015 (the 2013 NIR) onwards to account for carbon stock change in grasslands, including 1024 

savannas, in Australia’s greenhouse gas accounts.  Adopting the earlier approach for accounting 1025 

for seasonality in fine fuels would therefore contravene the requirement that all ERF 1026 

methodologies must meet all the Integrity Offset Standards listed in the CFI Act 2011, including 1027 

that all emissions accounted for in ERF methods must be counted towards Australia’s emissions 1028 

reduction targets. In particular, the analysis has demonstrated that the approach used in the 2015 1029 

ERF savanna fire management determination is inconsistent with the Integrity Offset Standards 1030 

requiring  1031 

 The provision of “an estimate, projection or assumption should be conservative” (s133(1)(g) of 1032 

the CFI Act); 1033 

 That estimates “should be supported by clear and convincing evidence” (s 133(1)(d) of the CFI 1034 

Act 2011); 1035 

 That “the removal, reduction or emission, as the case may be, should be measurable and 1036 

capable of being verified (s133(1)(b)(iii) of the CFI Act 2011); and 1037 

In addition, the CFI Act requires that all abatement credited under the ERF must contribute to 1038 

Australia’s greenhouse gas accounts (Carbon Credits (Carbon Farming Initiative) Act 2011 (Cth). 1039 

Therefore, the approach used in the 2015 ERF methods, consistent with partial carbon accounting 1040 

used in the national inventory prior to 2015 (the 2013 NIR), does not reflect the full carbon 1041 

accounting approach adopted in 2015 by Australia’s national inventory and reported on in the 1042 

2013 NIR. 1043 

Although based on the best information available at the time, it is now evident that the 1044 

seasonality of fuel loads in the fuel accumulation tables of the 2015 ERF Determination are not 1045 

consistent with the Offset Integrity Standards and the requirement in the CFI Act 2011 that 1046 

abatement must be reflected in the national greenhouse gas accounts. The tables were derived 1047 

using numerous assumptions and the best understanding of the processes at the time. However, 1048 

several of these are now unlikely to be valid and would not be consistent with the Offsets Integrity 1049 

Standards. The approach described in this report addresses these inconsistencies when developing 1050 
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an appropriate approach for the two draft 2018 ERF methodologies. Table 12 presents a critique 1051 

of the assumptions in the 2015 ERF method, as outlined in earlier sections of this report, and 1052 

revisions to ensure compliance with the ERF Offsets Integrity Standards (CFI Act 2011). 1053 

 1054 
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Table 12. A critique of assumptions in the handling of seasonal differences in fine fuel loads in the 2015 ERF savanna fire management methodology and revised approaches 

implemented in the 2013 NIR and the two draft 2018 ERF methodologies that overcome problems in those assumptions 

Assumption in 2013 ERF 

savanna method 

Critique Inconsistency 

with Offset 

Integrity 

Standard in 

the CFI Act 

2011 

Revised approach adopted in the draft 

2018 ERF savanna methods 

1. That all fuels are 

consumed during all fire 

events  

Savanna fires result from incomplete 

combustion (noted in burning efficiency 

values) and have unburnt patches 

(patchiness). These are accounted for in 

emissions calculations through the 

patchiness and burning efficiency 

parameters (Yates et al, 2015) in equations 

16 and 17. The assumption in the 2015 ERF 

method that no fuel remains after fire is 

inconsistent with this premise. 

It is not clear whether forcing the fuel 

accumulation table through zero at time = 

0 will result in conservative estimates of 

abatement. 

S133(1)(d) The new approach accounts for fuels remaining after 

fire consistent with equation 4 

2. It is assumed that the 

observed difference in 

fuel loads between June 

and September in 

annually burnt plots in 

open forests in Kapalga is 

The amplitude between EDS and LDS fuel 

loads declines with increasing time since 

fire, and this is not accounted for in the 

approach (See Appendix A). This means 

that applying an observation in annual 

burnt plots to all times since fire results in 

S133(1)(g) 

S133(1)(d) 

The modelled approach estimates the amplitude 

between EDS and LDS fine fuel loads for all times 

since fire. The model spatially determines fine fuel 

dynamics separately for each vegetation class, 

accounting for canopy cover, soil conditions and total 

basal area (See Appendix A and Section 2.2.2). 
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representative of the 

amplitude of the seasonal 

change (equation 7) in 

fine fuel loads across all 

vegetation fuel types in 

the high rainfall zone.  

 

an over-estimation of the seasonal 

difference in fine fuel loads in later years 

(See Figure 15). 

 

Seasonal offsets are calculated for each time since 

fire from a process-based fuel accumulation model 

using inputs and decomposition rates and resolved at 

monthly time steps. 

 

3. It is assumed that it is 

appropriate to extend a 

seasonal offset derived in 

a productive vegetation 

fuel type in a productive 

region of the high rainfall 

zone to all high rainfall 

vegetation types. 

 

The open forests at Kapalga have a greater 

canopy cover than some other high rainfall 

vegetation classes, Applying the amplitude 

of change to all vegetation classes will 

result in non-conservative estimates of 

abatement. 

The magnitude of the seasonal offset will 

vary according to the productivity of each 

site and the extent of tree canopy cover. 

Kapalga has a relatively high rainfall and its 

litter production will be greater than those 

of most of the >1000 mm savanna 

vegetation classes (see Figure 6b).  

The approach in the 2015 ERF method 

does not provide clear and convincing 

evidence as to exactly how the seasonal 

offset estimate for the 600 – 1000 mm 

savannas was calculated. It is not clear why 

the seasonal offsets were deemed to be 

constant for systems as diverse as tussock 

grass woodlands and shrublands with few 

trees. 

S133(1)(g) 

S133(1)(d) 

Applying a constant seasonal adjustment, derived 

from an above average productive site and 

vegetation type, to all vegetation types and to less 

productive sites will not result in a conservative 

estimate of abatement 

In the modelling approach the magnitude of the 

seasonal adjustment is dependent on known 

ecological processes for each vegetation class and 

the time since fire. Due to the diversity in vegetation 

structure and tree to grass ratios between vegetation 

classes it is not appropriate to apply a single 

adjustment factor across vegetation classes and 

through time. 
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4. It was assumed that the 

EDS fine fuel load at the 

time fires burnt equated 

to the average of field 

data collected over 

multiple months in the 

early dry season.  

1. Fuel loads were measured mostly 

between May and 

August/September with the 

timing and number of samples in 

each month dictated by logistics 

rather than the timing of the 

seasonal fuel cycle.  In the 2015 

ERF methodologies, the EDS 

extends from 1 January to 31 July 

inclusive, and it is unclear 

whether the assumption to 

include a small number of 

observations from the late dry 

season in an estimated average 

EDS fuel load results in 

conservative estimates of 

abatement. 

2. The acknowledgement of 

seasonal effects of tree litter fall 

and grass dynamics indicates 

monthly variation in fuel loads. 

Averaging observations across all 

months, without weighting by the 

number of observations in each 

month does not provide a robust 

indication of the average fuel load 

across all months in the fire 

season. 

3. There is no link to known fuel 

accumulation and decomposition 

dynamics. Thus, results in at best 

the calculated value being 

weighted to the months that 

occur late in the EDS, and the 

S133(1)(d) 

S133(1)(b)(iii) 

S133(1)(g) 

The modelled approach determined monthly fuel 

loads incorporating litter input and decomposition 

estimates at a monthly scale.  

Fuel loads for each month in each fire season are 

then weighted by the proportion of all fires in that 

season that occur in that month (See Section 4). This 

provides a reasonable estimate of fuel loads at the 

time fires occur, and is supported by fire history data 

and monthly fine fuel accumulation and 

decomposition dynamics. The model is derived from 

scientifically confirmed (peer reviewed) ecological 

principles and fitted to field observations   

This weighting approach provides a more robust 

representation of fine fuel loads, and results in a 

more conservative estimate of the seasonal 

difference between fine fuel loads, as fire incidence is 

greatest in months with similar fuel loads (See 

Section 4). 



 

Seasonal variation in fine fuel accumulation in savannas  |  55 

months with a large number of 

observations. 

4. Averaging all observations 

provides an estimate of fuel loads 

over the observation period, but 

does not provide a robust 

estimate of the fuel load at the 

time fires occur, as fire incidence 

varies within the fire season. 

5. Impacts of grass growth 

and curing are not 

accounted for in 

estimates of seasonal fine 

fuel loads.  As these are 

known ecological 

processes, the estimates 

of emissions are not 

supported by the 

evidence nor are 

verifiable. 

 

Grass growth shows an annual cycle of 

growth and curing. This affects the amount 

of grass available for burning in any 

month. The annual grass cycle of growth 

and curing differs to that for tree litter.  

The 2015 ERF method approach assumed a 

constant annual grass input to reflect grass 

fuel loads through time. This is 

inconsistent with known ecological 

processes, as there is evidence that grass 

litter accumulation rates peak in about 

April / May in most regions of the 

savannas and decline thereafter. Assuming 

constant contribution of grass litter to the 

fine fuel loads will result in a non-

conservative estimate of abatement, 

S133(1)(d) 

S133(1)(g) 

Seasonal variation in both tree litter and grass litter 

(growth and curing) are accounted for in the 

modelled approach. (See Section 2) 

6. It was assumed that it 

was reasonable to 

extrapolate field 

observations across the 

whole of the northern 

Australian savanna 

region. It is assumed that 

Field observations from the Three Parks 

data set in the NT and low rainfall plots 

were extrapolated to the same vegetation 

types across the whole northern Australian 

savanna region. The approach assumed 

that the main data relied upon, and 

collected in E. tetrodonta systems in the 

S133(1)(d) 

 

Existing assumptions have been retained as there is 

insufficient evidence to support an anecdotal 

observation of seasonal variation from west to east in 

fine fuel dynamics. Recommend pursuing additional 

research and analysis to identify and quantify 

regional variability in fine fuel dynamics, if variability 

exists. 
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there is no east-west 

variation in seasonality of 

litterfall 

NT, is representative of the whole of 

Australia’s northern savannas. The limited 

published data from northern Queensland 

suggest Queensland savannas may show a 

different seasonal pattern. 

With the paucity of data in other regions 

this provided a first approximation. 
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6 Discussion 

This report presents a modelling approach by which seasonality in fine fuel loads can be 

introduced into the algorithm for savanna emissions accounting in the two draft 2018 ERF savanna 

methods. It implements an internationally accepted model of fuel dynamics (Olson 1963) modified 

to account for the fuel residue that remains after each fire (Cook et al. 2016). The seasonal fuel 

accumulation curves are constrained by the extensive field observations of fine, grass and tree leaf 

litter fuel loads summarised in the publications of Russell-Smith et al (2009a) and Yates et al. 

(2015). Model accuracy is assessed by comparing derived model parameter values for LL and LF 

with both field observations of these parameters, and values calculated from an independent 

spatial model. This is a slightly different approach to that applied in the 2013 NIR savanna 

methodology (Meyer et al, 2015) outlined in Section 2, but maintains a close link between the 

modelled fuel loads and the fuel load descriptions based on empirical data applied in previous 

savanna ERF and CFI Determinations. The model we present in this report appears to be 

sufficiently robust for application in an inventory accounting methodology, but not without some 

caveats, which we now present.  

The rates of fuel accumulation, L, and decomposition, k, have been optimised to best represent 

known ecological processes and relationships observed in the literature and available field data. 

Nevertheless, the data is sparse. Litterfall rate has been measured at less than 30 known locations 

in the Australian savanna vegetation with most being in the NT; measured turnover rates for litter 

and grass in the savannas are fewer and measurements of the monthly cycle of litterfall and 

turnover rate are less again. Nevertheless, these measurements are of processes rather than of a 

system state, and, therefore with sufficient metadata to place the parameter values in context, 

can be applied beyond the locations of their observations.  

The largest dataset, in terms of data points at least comprises the fuel load observations (Russell-

Smith et al. 2009a; Yates et al. 2015). These data are observations of the system state defined in 

time and space, but even at several thousand data points, the spatial coverage is small. Each data 

point is the average of 5m2 sampled along a 100m transect and therefore the 15 years of 

observations have directly measured approximately 2.5 hectares out of the 150 million hectares of 

the Australian savanna. Although a huge effort in time and expense, it is, nevertheless, a very 

small sample of the total savanna system. The logistical and timing challenges of conducting field 

campaigns in remote Australia are significant and ensuring that the dataset is a random sample of 

the savanna is not a trivial task. The observational data to which we had access were the data 

published in summary form by Russell-Smith et al. (2009a) and Yates et al. (2015) from which fuel 

accumulation curves were derived for the 2015 ERF determination. These data do not present the 

date or location of individual observations. Without this information, it is difficult to confirm 

whether observations are unbiased estimates of the total population. For this study it is assumed 

the data set is unbiased; if this is incorrect, then the calibration of our model parameters will be in 

error. 

We have prescribed the normalised fuel remaining after a fire, Y0 from Meyer et al. (2015) to 

ensure consistency with the 2013 National Inventory Report. These were computed for each 
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vegetation class from stochastic implementation of the model of Cook et al. (2016). Y0 is 

dependent on fire frequency, fire seasonality, burning efficiency, patchiness and k, all of which 

were prescribed. A more complete analysis that removes this constraint requires the development 

of a complete stochastic version of the model presented above. This is in development, but 

beyond the time constraints of this report. However, any errors caused by prescribing Y0 are likely 

to be small because it depends mainly on fire patchiness and burning efficiency. 

To the extent that we can test them, the model parameter values are generally consistent with 

independent observations. However, the accuracy of our conclusions rests on the accuracy of the 

input data and therefore it is important not to lose sight of the uncertainties in both observed data 

and the derived curves. The analysis presented here is but one more step on a long path of 

towards improved accuracy and reduced uncertainties. 

One issue this analysis has highlighted, is that there are risks from interpreting the system state of 

a single location and time to be representative of the entire region and system through time. This 

approach was used in Equation 7 to derive seasonal fine fuel loads accounting for limitations in 

existing data sets at the time. The current analysis uses the field data in conjunction with known 

ecological relationships between litter fall and turnover rates and known differences between 

vegetation classes. The reanalysis of the fuel dynamics at Kapalga (Appendix A and Figure 15) 

illustrates this point. The magnitude of difference in fuel load observed by Williams et al. (2003b) 

is only applicable in the ERF savanna method approach if: 

 Fires predominantly occur in June and September, so these fuel loads are representative of 

fuel loads at the time of fire in each fire season (early and late dry season respectively). For a 

general application, the changing fuel loads would need to be weighted by the likelihood of a 

fires within months in each season; 

 Fires occurred annually– the difference between seasonal fine fuel loads decreases as time 

since the most recent fire increases (Figures 12, 13 and 15). The plot data from Kapalga 

represented annually burnt plots; 

 All vegetation classes in the high rainfall zone and across northern Australia had similar litter to 

grass ratios, and the same productivity (or accumulation rates) of grass and tree litter as the 

eucalyptus open forest at Kapalga. Each vegetation class has its own ratio of grass to leaf litter 

in the fine fuel component, and its own rate of fuel accumulation based on tree density in the 

stand and other factors. These relationships need to be known to derive the curve for each 

vegetation type based on its own productivity.  

Finally, additional field data collected over a diversity of regions and vegetation classes 

experiencing different fire regimes would assist in accounting for the spatial variation in fine fuel 

dynamics across northern Australia. 

Areas where future research could improve the robustness of fine fuel load estimates derived 

using the approach presented here include: 

 Measuring the seasonal cycle of litterfall rate and grass curing in all the vegetation 

classes and regions of northern Australia; 

 Measuring annual turnover rates of litter and grass in all the vegetation classes defined 

in the NIR and ERF savanna methodologies; 
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 Determining whether turnover rates vary seasonally for each vegetation class, and if so, 

defining and quantifying the seasonal cycle. Anecdotal reports suggest that turnover 

rates may be seasonal. It is important to quantify the cycle for each vegetation class 

and determine whether the seasonal cycle is in or completely out of phase with the 

cycle of litterfall. Although the currently available measurements do not confirm these 

reports, current knowledge of decay and turnover processes suggest that further 

investigation is required. Since the amplitude and attenuation of the seasonal 

difference in fine fuel load is highly sensitive to the nature of the seasonal cycles, 

improving our knowledge of fuel turnover rates should be a priority for ongoing 

research. 

 Confirming that the field observations of fuel load are free from spatial and temporal 

bias. 

The approach presented here to estimate seasonal fine fuel loads is consistent with known 

ecological processes, although due to the paucity of observational data, it may not provide entirely 

accurate estimates of fine fuel loads in each vegetation class, region and time since fire.  It does, 

however, provide a sound approach suitable for use in the draft 2018 ERF methods, likely to 

provide conservative estimates for emissions abatement and can be refined in the future with 

additional data and analysis.  
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Appendix A  Seasonality of litterfall at Kapalga 

Because field observations of the seasonal cycle in fuel loads are few, validation of the predicted 

seasonal cycle by comparison with field observations presents a challenge. However, the Kapalga 

experiments went some way towards that goal by measuring the fuel load increase between two 

points in the annual cycle. Kapalga is located within Kakadu National Park to the east of Darwin in 

NT (Figure 14). 

 

Figure 14 Location of Kapalga and of the fire treatments within Kapalga. 

Williams et al. (2003a) measured fine fuel loads each year in early June and late September in 

plots within annually burnt open forest dominated by Eucalyptus miniata and E. tetrodonta (Open 

forest (hOFM) in the ERF savanna method). They recorded a mean fine fuel load of 3.24 t ha-1 in 

early-June and 4.99 t ha-1 in late-September, with a difference of 1.75 t ha-1. This value has been 

referred to previously in this report because 1.7 t ha-1 is used as the seasonal change parameter 

value in Equation 7 for the high rainfall zone, applied in the 2015 ERF Determination. However, is 
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this value also predicted by the solution to Equation 1, solved with values of L and k observed at 

Kapalga? As we show below, it is. 

As a separate exercise within the Kapalga fire experiment, Cook (2003) developed a fine fuel 

accumulation model with monthly resolution using the approach of Olson (1963) and 

parameterised it with quantification of grass and tree litter input rates and measured rates of 

decomposition. In this study, he found negligible differences in decomposition rates between the 

dry and wet season. More recently, Cook et al. (2016) showed that the assumption of Cook (2003) 

in his fitting of the Olson model that there was negligible fine fuel remaining after a fire was 

incorrect. Accordingly Meyer et al. (2015) and Cook et al. (2016) developed an approach to rectify 

this problem by quantifying the unburnt fuel remaining as a result of both fire patchiness and 

incomplete combustion of burnt areas. This approach is presented earlier in this report as 

Equation 4. As well, the sine curve fitted to the bimonthly tree litterfall data by Cook (2003) 

required correction because the time shown for each litter sampling inadvertently represented the 

date the sample was collected rather than the midpoint of the sampling interval. This has been 

corrected in the analysis here. 

The mean annual input of fine fuel in the open forest savannas at Kapalga was 6.1 t ha-1 with grass 

inputs of 1.7 t ha-1 of that total (Cook 2003). Although the vegetation at Kapalga is within the 

definition of an open forest according to the ERF determination, its productivity is higher than the 

average for this vegetation class across northern Australia (4 – 4.5 t ha-1, Table 6). As well it is 

within a vegetation class with higher tree litter production than many other locations. Therefore, 

the magnitude of the fuel accumulation curve at Kapalga should not be taken as representative of 

this vegetation or all vegetation classes across northern Australia, although the fuel accumulation 

processes do apply generally to other savanna vegetation classes.  

The revised fine fuel accumulation curve starting in January of the first year after a fire (Time 0) is 

given in Figure 15. This gives fuel loads in early June and late September of the first year since the 

most recent fire of 3.6 t ha-1 and 5.3 t ha-1 respectively, with a difference of 1.6 t ha-1. This value 

closely matches that observed by Williams et al. (2003b) using separate data collected at different 

times in different plots within the Kapalga experiment. Therefore, the fuel accumulation model, 

produced by Cook (2003) and modified according to the approach of Cook et al. (2016) can 

satisfactorily reproduce the seasonal differences in fine fuel loads. 

Fine fuel inputs were also measured at woodland savanna sites within Kapalga with total and 

grassy fine fuel production values being 4 t ha-1 and 2 t ha-1 respectively. Figure 15 also shows the 

fuel accumulation curve for the woodland system. It can be seen that the difference in fine fuel 

load between early June and late September (c. 0.7 t ha-1) is much less for this system than for the 

open forest.  

Figure 15 shows clearly that while a difference between fine fuel loads in early June and late 

September may be about 1.6 t ha-1, if fires were at other times the magnitude of the difference 

would change. To calculate a spatial average fuel load for early dry season and late dry season 

fires would require knowledge of the likelihood of fires in each month. This is the approach taken 

in section 4 of this report.  
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Figure 15 Modelled fuel accumulation after a fire in open forest and woodland savanna at Kapalga. The time of field 

collection of EDS (early June) and LDS (late September) fuel load data from annually burnt plots is shown; the data 

from the open forest was used to derive the seasonal change values for the 2015 ERF method. 
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