
 

We would like to thank both reviewers for their time and for the detailed comments that they have 
provided.  As a result of these comments we have made a number of changes to the paper. The 
major alterations to the paper have been: a re-written paragraph in the discussion highlighting the 
methodological differences between our study and others, why it is difficult to compare them and a 
suggestion of how to tackle this problem; the addition of a sampling plot design figure; and the 
addition of a schematic of the combustion analysis setup in the supplementary material.   We have 
also added sentences or short passages where the reviewers have suggested they are required and 
we believe these changes improve the accuracy and readability of the paper.  We have sought to 
address all the individual comments of the reviewers and have made corrections and clarifications 
where necessary.  We have reproduced the reviewers’ comments in italics below and our reply to 
each comment can be found underneath in blue font.  A marked-up version of the revised 
manuscript is attached to the end of this document 
 
 
Reviewer One 
 
General comments 
This paper presents a study that measured emission factors (EF), fuel load, and carbon content for 
different fuel types from a temperate forest (Eucalyptus) in south-eastern Australia. The 
measurements are used to estimate direct carbon emissions due to the application of prescribed fire. 
The carbon emission estimates derived from the studies measurements are compared to estimates 
based on less specific input and other methods.  
 
Emission ratios (Table S3) and emission factors (Table 4) for the pooled species (CH4, NMHC and PM) 
are dramatically at odds all of the biomass burning EF literature of the last 20-30 years!  
First, the pooled species are described as the sum of CH4, PM and non-methane hydrocarbons 
(NMHC), however the in the analysis used the pooled species represent all carbon containing species 
other than CO2 and CO, organic compounds (volatile and semi-volatile organic compounds) and PM. 
In biomass smoke a significant fraction of emitted carbon is present in oxygenated organic 
compounds (e.g. methanol, formaldehyde, furan, …, ) that are not hydrocarbons (see Akagi et al., 
2013) and the authors should have described the gas portion of the pooled species as VOC or simply 
organic compounds.  
 
Improper terminology aside, the pooled EF (g-C/g-C) reported in this study are for the most part far 
higher than that inferred from virtually all previous studies that I am familiar with (e.g. ….).  
The median of the EFpooled reported in Table 4 is 0.23 g-C/g-C with maximum of 0.97 gC/g-C. The 
pooled emissions account for 24% of carbon emitted on average with a maximum of 43% (leaf litter – 
Oliver). For comparison one may use the laboratory measurements reported in Yokelson et al. (2013). 
This study combined multiple instruments and methods (open path FTIR spectrometer, proton-
transfer-reaction mass spectrometry (MS), proton-transfer ion-trap MS, negative-ion proton-transfer 
chemical ionization MS, and gas chromatograpghy with MS to measure emissions of over 300 
compounds for large scale laboratory burns of forest and chaparral fuels. The supplemental material 
for Yokelson et al. (2013) supplemental includes EF for CO2, CO, CH4, over 300 organic gases, and 
PM2.5 for 25 lab burns of forest fuels. Following conversion of these EF from units of g/kg to units g-
C/g-C it may be found that the sum of the EF for PM2.5, CH4, and all organic gases (>300 species) has 
a median of 0.039 g-C/g-C with a range of 0.008 to 0.139 g-C/g-C. The percent of emitted carbon 
contained in PM2.5, CH4, and all organic gases averaged 3.8% with a range of 0.7% to 13.6%. The EF 
data from Table 4 of the manuscript and from the supplemental material of Yokelson et al. (2013) are 
summarized in Table 1 below.  
 



 

In this manuscript the pooled EF and the fraction of emitted carbon in pooled species are far higher 
than observed in the comprehensive study of Yokelson et al. (2013). The Yokelson et al. (2013) is 
consistent with previous and subsequent EF reviews (Andreae & Merlet, 2001; Akagi et al., 2011; 
Urbanski 2014) and field and laboratory studies (e.g. Burling et al. 2010; Burling et al., 2011; Akagi et 
al. 2013). For a wide range of biomass burning, the fraction of carbon emitted in species other than 
CO2 and CO is typically < 5% and rarely greater than 10%. In this manuscript the fraction of emitted 
carbon attributed to species other than CO2 and CO is on average 24% (with maximum of 43%) and 
far exceeds what is found the previously published literature. The fact that the MCE of the burns 
reported in this study are relatively high (average =0.96) and therefore indicative of high efficiency 
burns with low PM and VOC emissions makes the pooled EF even less believable.  If the authors were 
to conduct a similar comparison against EF data from other studies / reviews they would arrive at 
similar results. The authors simply made a comparison versus Hurst et al (1994b) and concluded 
without any justification that the discrepancies were due to PM. The authors clearly failed in their 
duty to seriously compare their findings to previously published work. I can only conclude that 
significant errors were made in the calculation of the pooled EF and this study is therefore seriously 
flawed and I recommend that is rejected for publication.  
 
Table 1. 
 

  EF pooled1  
(g-C/g-C)  

 Average  
MCE 

Median  Minimum  Maximum  

Table 4  0.962  0.24  0.00  0.97  

Yokelson et al. 
(2013)3  

0.935  0.039  0.008  0.139  

 

1Labeled as sum of CH4, NMHC, PM in manuscript and is the sum of PMm2.5, CH4, and > 300 organic 
gases for Yokelson et al. (2013)  
2MCE = ΔCO2/(ΔCO + ΔCO2) and was calculated from Supplemental Table 3  
3Derived from EF reported in the Supplemental Material for 25 forest fuel burns 

We would like to thank the reviewer for the in-depth comparison of our pooled EF data to that of the 
literature.  However, the primary aim of this manuscript was not to specifically discuss the form that 
the carbon was lost as (i.e CO2, CO, VOCs or PM).  The aim was to estimate the total carbon lost from 
south-east Australian forests because of prescribed fire, and how variable they can be when the 
amount of information you have changes.    Specific emission factors for the prescribed burning sites 
were not available so we had to generate our own.  These EFs were then used to create bounds for 
the random setting of EFs in two of the scenarios in the Monte-Carlo simulations, which are then 
summed to estimate the total carbon loss (Eqns. 4 and 5).  Therefore, what is more important in this 
study is the total C loss through the sum of the different EFs rather than any one particular EF and we 
already demonstrate those sums as ΣCemit/Cfuel in Table 3.    

With regard to the pooled data, we acknowledge that, yes, there does appear to be some major 
differences among the pooled values with those from the literature but the comparison the reviewer 
has made is a not direct one and not necessarily valid.   The EF values for our study relate to different 
fuel components (twigs, litter, grass, etc.) while many of the published studies, and the reviews that 
have compiled them, have calculated their EFs based on laboratory studies of complete 
reconstructed fuel beds (e.g. Burling et al. 2010), and field based studies either on the ground (e.g. 



 

Burling et al., 2011) or from aircraft (e.g. Akagi et al., 2013).  Therefore, it is entirely plausible that the 
values recorded for some components of the total fuel may record higher than the aggregated values 
measured with complete fuel beds, either in the lab or field.  Indeed, our values do overlap with the 
aggregated values but have a different distribution to the Yokelson et al. (2013) study, which is based 
upon fuels from range of US forest types measured in both the field and laboratory.  Hence, we have 
included in the discussion how the methodological differences of our work make it difficult to 
compare with other Australian forest studies and that there is a need for measurements from south-
east Australia to be made in a similar manner to Yokelson et al. (2013) to reconcile laboratory and 
field measurements (see page 15, L11-28 of the revised manuscript).   

With regard to the comparison with Hurst et al. (1996), it was done because, at the time of 
submission, this was the closest study to ours that was on Australian forests.   Indeed, a number of 
the studies the reviewer cites compare results among the same ecosystems within the United States.  
The reviews by Akagi et al. (2011) and Andreae and Merlet (2001) show that there are considerable 
differences between ecosystems and south-east Australian Eucalypt forests, by extension, are likely 
to be varied to.  Of course, we acknowledge that the environment plays a role in the EF measured, 
which is why a laboratory bench top study was chosen to control for these environmental effects, as 
well as to produce some unique, site specific EFs.   We have included in the discussion a statement 
that there is a need for more comprehensive emissions measurements specifically for south-east 
Australian forests.  As previously mentioned, if these measurements are conducted in a manner 
similar to those for the south-eastern and south-western US (e.g. Yokelson et al., 2013), field and 
laboratory measurements may be reconciled (see page 15, L11-28 of the revised manuscript).   

As a minor comment, we would also like to point out a typographical error in the reviewer’s table 
that could potentially be misleading for readers of this discussion because it is reporting incorrect 
values from our Table 4.  The maximum value from Table 4 would be 0.46, producing a median value 
of 0.22.   

The revised paragraph, which also addresses the above comments and the comment regarding 
P13826, L11 -14 (below), reads as follows (see page 15, L11-28 of the revised manuscript): 
 
“Across the four sites, the mean proportion of fuel carbon lost to the atmosphere relative to the total 

amount of carbon (Cemit/Cfuel) was 86%.  This is less than the 97% suggested by Hurst et al. (1996) for 
the one planned burn they measured in a south-east Australian forest.  However, a direct 
comparison of this study with the Hurst et al. (1996) study cannot be made due to the significantly 
different methodological approaches taken that they may bias either study.  These methodological 
differences include factors such as: the measurement of aggregated emissions from naturally 
structured fuels taken using an aircraft, compared to individual fuel components measured at a very 
small scale in the laboratory; and neither study measures the same range of compounds.  Indeed, 
these methodological differences also prevent direct comparison of emission factors, not just with 
Hurst et al. (1996) but also the recent work of Paton-Walsh et al. (2014) who made ground-based 
emission measurements from planned fires in temperate south-east Australian fires.  There are large 
variabilities in emission factors for certain compounds among different ecosystems (see reviews by 
Andreae and Merlet (2001) and Akagi et al. (2011)).  This demonstrates the need for more 
comprehensive emissions measurements for specific ecosystems and regions, including south-east 
Australian forests.  If these measurements are conducted in a manner similar to those for the south-
eastern and south-western US (e.g. Yokelson et al., 2013), field and laboratory measurements may 
be reconciled.” 

 

Additional Comments  



 

Combustion analysis method  

I find it very uncertain that the combustion analysis employed is a reasonable proxy for the following 
reasons:  

For many of the fuel components (twigs, ground layer, understory, overstory) filling a 10 cm × 10 cm × 
3 cm sample holder seems to be a great distortion of the structure and arrangement of the natural 
fuelbeds which should have a significant impact on the manner in which the fuel burn and the 
subsequent emissions.  

We acknowledge that there will be a distortion of the structure and arrangement of the fuel and this 
could be a potential source of error in terms of the subsequent emission factors.    As mentioned 
previously, we have added a comment about this to the discussion. The small nature of the 
laboratory bench top testing equipment precludes us burning multiple components in their original 
configuration. However, for the purposes of this comparative study, every sample would have been 
treated and combusted in exactly manner and would carry the same intrinsic error. 

The samples were combusted at a fixed irradiance of 25kW/m2 it is unclear how this approach 
replicates a natural free burning fire. It seems as though this approach could shift the combustion 
process towards flaming relative to natural fires.  

The capacity to alter the flux used during combustion of samples using the MLC is limited. Regardless 
of this, work by Cruz et al. (2011) and Silvani et al. (2009) indicate that irradiances of 25 kW m-2 are 
achievable during a natural fire at the fire front and can remain that high for some time once the 
front has passed. This period of time is comparable to the length of time each burn was conducted 
(300 to 600 seconds).   

Cruz, M. G., Butler, B. W., Viegas, D. X., and Palheiro, P.: Characterization of flame radiosity in shrubland fires, 
Combust. Flame, 158, 1970-1976, 10.1016/j.combustflame.2011.03.002, 2011. 

Silvani, X., and Morandini, F.: Fire spread experiments in the field: Temperature and heat fluxes measurements, 
Fire Saf. J., 44, 279-285, 10.1016/j.firesaf.2008.06.004, 2009. 

 

2.3 Combustion analysis  

A diagram of the combustion analysis set-up is needed.  

A diagram has been added to the supplementary material (Supplementary Figure 1) and a reference 
to this figure has been added to page 7, line 26-27. 

It is stated that the mass of the samples were before burning and the mass of the residue after 
burning were recorded (P13817, L11-12). Was the carbon content of the fuel and residue also 
measured? It is unclear, but the laboratory combustion analysis should measure the mass and carbon 
content of fuel prior to burning and the mass and carbon content of the post fire residue to derive 
ΣCemit/Cfuel for the carbon emission factor calculations (Eq. (1)). 

Yes, it was. This was stated on P13819, L4-6. (also see page 9, L7-9 of the revised manuscript) 

Specific Comments  
P13811, L26-28: The authors should discuss more broadly factors that affect fuel accumulations such 
as disturbance history (previous land use, fire, insects, etc.), topography, and soils.  
 



 

We have added these factors into this paragraph.  That part of the paragraph now reads: “Even so, 
fuel accumulation varies widely in space and time as a result of the interaction of many factors such 
as topography, soils, disturbance history (e.g. previous land use, insects, fire) and climate (e.g. due to 
variations in rainfall patterns; Bradstock, 2010); hence, remote sensing techniques will require 

intensive calibration.”  (see page 2, L30 to page 3, line 1 of the revised manuscript) 
 
P13814, L14-15: The three fuel sampling plots at each were selected to have “similar slope and 
aspect”. I suspect slope and aspect may have an important influence on the fuel loading as well as 
burning efficiency and possible fire severity. It seems that randomly locating the plots within the burn 
units to capture the variability of slope and aspect would have provided a better representation of the 
natural variability of emissions from prescribed fires in these forest types. Please comment.  
 
This was a mistake on our part.  It should have read that the three selected plots had similar slope 
and aspect due to the narrow elevation change of the general study area (64 m).  We have changed 
the sentence to read: 
“Within each study site, three permanent circular plots were established at least 500 m apart in 
similar vegetation type prior to planned burning.  Due to the small elevation change of the of the 

general study area, all study sites had similar slope and aspect.”  (see page 5, L3-5 of the revised 
manuscript) 
 
 
P13814 – 13815: Sampling Protocol.  
The ground layer and forest floor (decomposing litter, twigs, leaf litter) was sampled using destructive 
/ disruptive methods and separate post-fire quadrants would be required to estimate fuel 
consumption. Please describe where the post-fire quadrants were located relative to the pre-fire 
quadrants. I recommend including a diagram showing the sampling design.  
 
We have included a diagram showing the sample design.  This is now Figure 1 (page 27 of the revised 
manuscript and referred to at page 5, L7).  The position of the post-fire quadrats is now addressed 
with the following sentence added to section 2.2.1:  “The mass of ground layer vegetation, twigs and 
litter (see below) remaining after prescribed burning was measured in the same way using quadrats 
positioned 2-3 m from the position of the original quadrat to avoid the influence of biomass removal 
prior to prescribed burning.”  (See page 5, L32 to page 6 L1-3 of the revised manuscript.) 
 
Please note if the “decomposing litter” included unidentifiable decomposing organic matter in the 
upper layer of soil that could be consumed by fire? I’m thinking of the ‘duff’ layer or organic soil layer 
typically found in Northern Hemisphere temperate and boreal forests. Is such a layer present and 
important in the forest examined in this study or Australian temperate forest in general? Please 
comment.  
 
No observable duff layer was present in these forests, therefore explaining its absence from this 
study. 
 
P13818: Define DeltaCO2, DeltaCO, etc. including units. Presumably these are molar mixing ratios as 
in Hurst et al. (1994b) but this must still be defined.  
 
Yes, they are mixing ratios and a definition has been added.  (See page 8, L12-14 of revised 
manuscript.) 
 
P13818 L10-13: Define DeltaX and give units. 



 

The definition has been added.  (See page 8, L17 of revised manuscript.) 
 
 
P13818: NMHC should be VOC (volatile organic compounds) as a significant fraction of emitted 
carbon is present in oxygenated organic compounds (e.g. methanol, formaldehyde, furan, …, ) that 
are not hydrocarbons (see Akagi et al., 2013).  
 
NMHC has been changed to VOC throughout the manuscript and the supplementary material. 
 
P13826, L11 -14: “Across the four sites, the mean proportion of fuel carbon lost to the atmosphere 
relative to the total amount of carbon (ΣCemit/Cfuel) was 86 %. This is significantly less than the 97% 
suggested by Hurst et al. (1996). Hurst et al. (1996) based their analysis on the assumption that the 
carbon content of ash was constant at 6 %.”  
It seems that this is an invalid comparison as the Hurst et al. (1996) numbers alluded include forest 
fires of all types – clearing, prescribed, and wild while the current study examines only prescribed 
fires. 

With hindsight, the comparison with Hurst et al. (1996) and the very recently published Paton-Walsh 
et al. (2014) values cannot be directly compared because of the different methodologies.  The Hurst 
et al. (1996) study was an aircraft study and the Paton-Walsh et al. (2014) study was a series of 
ground based measurements.  Therefore, both studies have measurements made on aggregated 
fuels rather than individual components.  We have changed this paragraph to reflect this caveat and 
to also highlight the need for work similar to that of Yokelson et al. (2013) for south-east Australian 
forests.  These revisions also address the reviewer’s general comments and the revised paragraph 
can be read towards the end of that section (above).  (Also see page 15, L11-28 of the revised 
manuscript.) 

Technical Corrections  
P13812, L2: Volkova and Weston (2013) reference missing from bibliography  
Missing reference added.  (Volkova, L., and Weston, C.: Redistribution and emission of forest carbon 
by planned burning in Eucalyptus obliqua (L. Herit.) forest of south-eastern Australia, Forest Ecology 
and Management, 304, 383-390, 10.1016/j.foreco.2013.05.019, 2013.)  (See page 22, L11-13 of the 
revised manuscript.) 
 
P13812, L19: change “whether” to “demonstration that”  
Change made.  (See page 3, L19 of the revised manuscript.) 
 
P13812, L23: change “shorter” to “longer”  
Change made.  (See page 3, L22 of the revised manuscript.) 
 
P13812, L27 insert “that” between “burning” and “reduces”  
This sentence has been re-written. (See page 3, L25-27 of the revised manuscript.) 
 
P13815, L26-28: The sentence beginning with “sample” does not makes sense the text “and a 
subsample of pre-fire fraction ground” seems out of place. Insert “were” between “fraction” and 
“ground”?  

Change made.   (See page 6, L14 of the revised manuscript). 
 
P13862, L22: Eq. (4) predicts emissions not emission factors. Is this a typo? Should it cite Eq. (1)?  
This is a typographical mistake and the re-writing of this paragraph now omits referring to this 
equation (See page 15, L11-28 of the revised manuscript). 



 

 
 

Reviewer 2 

General comments 

This manuscript presents a study of carbon (C) emissions from prescribed fire from a temperate forest 
in south-eastern Australia. The authors measured emission factors, fuel load, and carbon content for 
different fuel types from four field sites to estimate direct C emissions after a prescribed fire. They 
used Monte-Carlo simulations to generate probability density functions of the parameters to account 
for low quality of data when calculating C emissions. Their results show that the uncertainty in their 
estimates of C emission declines with declining information quantity and coarse woody debris’ 
inclusion in estimates increases the median C emissions and overall uncertainty in C emissions. 

 
Specific Comments: 
Abstract 
L1: remove “of” before emissions 

 
Removed. (see page 1, line 11 of revised manuscript.) 
 
L10: effect of what on what? Please rephrase. 
 
This has been rephrased to:  “In order to assess the effect of declining information quantity and the 
inclusion of coarse woody debris when estimating emissions, Monte-Carlo simulations were used to 
create seven scenarios where input parameters values were replaced by probability density 
functions.”  (See page 1, L19-20 of the revised manuscript.) 

 
Introduction 
P13812 L21-24: Check to make sure this is correct, ”Return frequencies of wildfires in extra-tropical 
(temperate) forests in Australia are typically shorter than that of tropical grassland and savanna and 
are often decadal compared to annual and biannual (Russell-Smith et al., 2007).” I could not find this 
claim in Russell-Smith et al 2007. 
 
We have used an incorrect reference here and have changed the citation to Bradstock (2010) and 
Adams (2013).  Both citations are already in the reference list.  Also, the return frequency has been 
changed to ‘longer’ (see Reviewer one’s comment).  (See page 3, L21-23 of the revised manuscript.) 
 
P13812 L24-25: Strange sentence structure, “In addition, and on an annual basis,”please rephrase, 
doesn’t make sense. 
 
We changed the sentence to: “In addition, the total area of temperate forest burnt on an annual 
basis is considerably smaller (Russell-Smith et al., 2007), notwithstanding large single fire events 
(Adams, 2013).”  (See page 3, L23-25 of the revised manuscript.) 
 
P13812 L26-28: “On the other hand, planned or prescribed burning reduces fuel loads in temperate 
forests is used at moderate return frequencies (e.g. 7–10 years) to mitigate risks to life and property 
from wildfires (Penman et al., 2007; McCaw, 2013).” Rephrase and look at multiple verbs in this 
sentence. 
 



 

We have rephrased the sentence so it now reads: “Planned or prescribed burning in temperate 
forests to mitigate risks to life and property from wildfires is used at moderate return frequencies 
(e.g. 7 – 10 years) (Penman et al., 2007; McCaw, 2013).”  (See page 3, L25-27 of the revised 
manuscript.) 
 
What is TC, Tons of C?   
It is metric tonnes of carbon but we have changed the units to megagrams (Mg) where one Mg 
equals one metric tonne throughout the manuscript. 
 
P13812, L2: Volkova and Weston (2013) reference is missing from the references. 
The reference has been added.  (See page 22, L11-13 of the revised manuscript.) 

 
Materials and Methods 
Study sites 
P13818, L5: Cfuel is defined as “the total mass of carbon contained in fuel that is burnt”, this does not 
corresponds to the caption of table 3, “Cfuel is the initial carbon content of fuel”. 
 
The definitions have been changed to match (initial C content of the fuel). (See page 8, L11 of the 
revised manuscript.) 
 
P13818 L1-8: Define DeltaCO2, DeltaCO, DeltaCH4, Delta PM and DeltaSigmaNHMC and give units. 
As per Reviewer One’s comments the definition has been added. (See page 8, L12-14 of revised 
manuscript.) 
 
P13818 L10-13: Define DeltaX and give units. 
As per Reviewer One’s comments the definition has been added.  (See page 8, L17 of revised 
manuscript.) 
 
P13862, L22: Eq. (4) predicts emissions not emission factors. Is this a typo? Should it cite Eq. (1)? 
Due to re-writing of this paragraph, the reference to the equation has been removed.  (See page 15, 
L11-28 of revised manuscript.) 
 

Results 
Table 1 and 2 both have Carbon Content listed but different values and unit. Table 1 
shows carbon content varying from 0-1 and it is a unitless number. Table 2 has unit in % 
dry weight and value is mostly >1. Are you referring to different things? 
 
The definition in Table 1 has been changed to match that of Table 2.  (See pages 23 and 24 of revised 
manuscript.) 
 
Table 3-What is the rationale for assuming the same ΣCemit/Cfuel for twigs and CWD? 
CWD was defined as woody material greater than 25 mm in diameter.  ‘Twigs’ was the term given to 
woody material (twigs, wood and bark) that was between 10-25 mm in diameter.  Both are 
effectively the same material, just different sizes.     
 
Figure 1 – Change the y axis label to “Proportion of total biomass (%)” because you are showing both 
pre and post burn measurements. Correct the legend as well. 
Changes have been made to now read ‘proportion of total biomass (%)’.  (This is now Figure 2 - see 
page 28 of revised manuscript.) 
 



 

Figure 2-Describe 7 scenarios, all figures and tables should be stand alone. 

The scenarios were original described in the legend but during the technical review the Editor asked 
us to reduce the length of caption and describe them in a Table. 
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Abstract 10 

We estimated emissions of carbon, as CO2-equivalents, from planned fire in four sites in a 11 

south-eastern Australian forest.  Emission estimates were calculated using measurements of 12 

fuel load and carbon content of different fuel types, before and after burning, and 13 

determination of fuel-specific emission factors.  Median estimates of emissions for the four 14 

sites ranged from 20 to 139 Mg CO2-e ha
-1

.  Variability in estimates was a consequence of 15 

different burning efficiencies of each fuel type from the four sites.  Higher emissions resulted 16 

from more fine fuel (twigs, decomposing matter, near-surface live and leaf litter) or coarse 17 

woody debris (CWD; >25 mm diameter) being consumed.  In order to assess the effect of 18 

declining information quantity and the inclusion of coarse woody debris when estimating 19 

emissions, Monte-Carlo simulations were used to create seven scenarios where input 20 

parameters values were replaced by probability density functions.  Calculation methods were: 21 

(1) all measured data were constrained between measured maximum and minimum values for 22 

each variable; (2) as for (1) except the proportion of carbon within a fuel type was constrained 23 

between 0 and 1; (3) as for (2) but losses of mass caused by fire were replaced with burning 24 

efficiency factors constrained between 0 and 1; and (4) emissions were calculated using 25 

default values in the Australian National Greenhouse Accounts (NGA), National Inventory 26 

Report 2011, as appropriate for our sites.  Effects of including CWD in calculations were 27 

assessed for calculation Method 1, 2 and 3 but not for Method 4 as the NGA does not 28 

consider this fuel type.  Simulations demonstrate that the probability of estimating true 29 

median emissions declines strongly as the amount of information available declines. Including 30 



 2 

CWD in scenarios increased uncertainty in calculations because CWD is the most variable 1 

contributor to fuel load. Inclusion of CWD in scenarios generally increased the amount of 2 

carbon lost.  We discuss implications of these simulations and how emissions from prescribed 3 

burns in temperate Australian forests could be improved. 4 

 5 

1 Introduction 6 

Fire affects the carbon balance of terrestrial biomes by immediately releasing carbon dioxide 7 

(CO2), carbon monoxide (CO), methane (CH4), volatile organic compounds (VOCs) and 8 

particulate matter (PM) into the atmosphere through the consumption of fuel (e.g. Urbanski et 9 

al., 2009) and by modifying carbon stocks in post-fire vegetation.  Immediate modification of 10 

carbon stocks results from combustion of fuels while post-fire changes are due to alteration in 11 

activity of microorganisms responsible for decomposition of organic matter and uptake of 12 

CO2 via photosynthesis by vegetation regrowth.  Over the period 1997-2009, global fire 13 

emissions were estimated to contribute, on average, 2 Pg C yr
-1

 to the atmosphere, with 15% 14 

of those emissions coming from extra-tropical fires (van der Werf et al., 2010). Australia 15 

contributes about 6.7% of the global fire emissions, the fourth largest contributor behind 16 

Africa (51.6%), South America (14.5%), and Equatorial Asia (9.5%) (van der Werf et al., 17 

2010).  A recent study estimated that fires in Australia contribute 127 Tg C yr
-1

 to the 18 

atmosphere, about 6% of the net primary productivity with the greatest contribution coming 19 

from fires in tropical and savanna bioclimatic regions (Haverd et al., 2013).  In contrast, 20 

contributions from cool and warm temperate bioclimatic regions to total annual fire emissions 21 

were limited except during severe bushfire seasons (Haverd et al., 2013).  22 

Emissions from fires are still widely estimated as products of fuel load, burning efficiency, 23 

area burnt and emission factors for gases and particles of interest (Seiler and Crutzen, 1980; 24 

Langmann et al., 2009).  Uncertainties in any of these variables can lead to a wide range of 25 

estimates for different gases.  In large part these uncertainties are a function of burning 26 

efficiency and vegetation characteristics (e.g. Stropiana et al., 2010), and spatial and temporal 27 

scales of measurement (e.g. Urbanski et al., 2011). Techniques such as LIDAR are being used 28 

to improve estimates of fuel load (e.g. Loudermilk et al., 2009).  Even so, fuel accumulation 29 

varies widely in space and time as a result of the interaction of many factors such as 30 

topography, soils, disturbance history (e.g. previous land use, insects, fire) and climate (e.g. 31 

due to variations in rainfall patterns; Bradstock, 2010); hence, remote sensing techniques will 32 



 3 

require intensive calibration.  In Australia, estimates of emissions from forest fires are based 1 

on fine fuels (e.g. grass, leaves, bark and twigs) and tend to ignore fuel types such as coarse 2 

woody debris (CWD) or understorey fuels (Volkova and Weston, 2013).  A more 3 

comprehensive set of fuel load measurements is required to develop reliable fuel load models.  4 

A major source of uncertainty in estimates has been emission factors as they invariably 5 

contain large uncertainties (Andreae and Merlet, 2001; Akagi et al., 2011; Urbanski et al., 6 

2011).  Published emission factors for forests in south-east Australia are few.  One study 7 

developed emission factors for a small set of gases directly using aircraft-based sampling 8 

(Hurst et al., 1996), while another used Fourier transform infrared spectroscopy at ground 9 

level (Paton-Walsh et al., 2014).  Ground-based spectrometry or satellite-derived 10 

enhancement ratios have also been used to derive emission factors (Paton-Walsh et al., 2004; 11 

Paton-Walsh et al., 2005; Young and Paton-Walsh, 2011; Glatthor et al., 2013).  These non-12 

direct methods often use as a reference, an emission factor for CO.  However, that factor too 13 

is often assumed rather than measured.  Compared to emission measurements made for 14 

savanna and grassland in Australia (e.g. Hurst et al., 1994a; Hurst et al., 1994b; Paton-Walsh 15 

et al., 2010), emission factors from Australian temperate forests are usually aggregated for all 16 

fuel types and do not account for factors such as fire severity and patchiness (cf. Russell-17 

Smith et al., 2009).  There have been no studies of seasonal variation in emission factors in 18 

Australian forests or demonstration that such variation is minimal, as found for savanna in 19 

Australia for certain trace gases (Meyer et al., 2012).   20 

Return frequencies of wildfires in extra-tropical (temperate) forests in Australia are typically 21 

longer than that of tropical grassland and savanna and are often decadal compared to annual 22 

and biannual (Bradstock, 2010; Adams, 2013).  In addition, the total area of temperate forest 23 

burnt on an annual basis is considerably smaller (Russell-Smith et al., 2007), notwithstanding 24 

large single fire events (Adams, 2013).  Planned or prescribed burning in temperate forests to 25 

mitigate risks to life and property from wildfires is used at moderate return frequencies (e.g. 7 26 

– 10 years) (Penman et al., 2007; McCaw, 2013).  Bennett et al. (2013) recently demonstrated 27 

that in a mixed species eucalypt forest, repeated prescribed burning at shorter intervals (e.g. 3 28 

- 5 years) reduces tree-based carbon stocks.   The generality of such findings requires further 29 

research, as does the fate of the carbon released during combustion. Among the few indirect 30 

analyses of emissions from temperate forests (based on changes in litter and biomass C), 31 

Volkova and Weston (2013) estimated that 6.7 Mg C ha
-1

 was emitted to the atmosphere from 32 
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prescribed burning in Eucalyptus obliqua forests in south-east Australia. However, there 1 

remains a general paucity of direct empirical data on emissions, and this impedes efforts to 2 

calibrate indirect estimates.  3 

Here we present emission factors for different fuel types from a temperate Eucalyptus forest 4 

in south-east Australia and use these in conjunction with measurements of fuel load and 5 

carbon content to estimate emissions from this forest type.  We compare our estimates to 6 

those made using more restricted datasets and based upon the methodology described in the 7 

Australian National Greenhouse Gas Inventory Report 2011 (DIICCSRTEE, 2013) and 8 

discuss the merits of the different approaches. 9 

 10 

2 Materials and methods 11 

2.1 Study sites 12 

The general study area was located in East Gippsland, Victoria, Australia (37°42′ 0″ S, 148° 13 

27′ 0″).  The elevation of study sites range from 56 to 124 m above sea level and the study 14 

area has an average annual precipitation of 850 mm.  Sites were selected using the Victorian 15 

Department of Environment and Primary Industries (DEPI; Victoria, Australia) fire 16 

operations plans for the area.  Three sites west of Orbost were burnt in planned fires in 2011 17 

and one site east of Orbost was burnt in a planned fire in 2012.  The selected sites were named 18 

according to the nearest crossroad or location: Oliver, Pettmans, South Boundary and Upper 19 

Tambo.  All sites are classified as Lowland Forest (Ecological Vegetation Class 16; Victoria 20 

Department of Sustainability and Environment, 2004).  Sites varied in overstorey tree species 21 

composition although all were dominated by Yellow Stringybark (Eucalyptus muelleriana 22 

A.W.Howitt), White Stringybark (E. globoidea Blakely) or Yerchuck (E. consideniana 23 

Maiden).  The understorey vegetation in the western sites (Pettmans, South Boundary and 24 

Upper Tambo) is dominated by Sunshine Wattle (Acacia terminalis (Salisb.) J.F.Macbr.), 25 

Black Wattle (A. mearnsii De Wild.) and Burgen (Kunzea ericoides (A.Rich.) Joy Thomps.) 26 

with Bracken (Pteriduim esculentum (G.Forst.) Cockayne) as the most common groundcover 27 

species.  The eastern site (Oliver) was selected primarily because the understorey composition 28 

differed from the western sites.  Here the understorey is dominated by Forest Geebung 29 

(Persoonia silvatica L.A.S.Johnson) and Sunshine Wattle (A. terminalis) with Wire Grass 30 

(Tetrarrhena juncea R.Br.) as groundcover.  Soils at all sites were formed on Pliocene (2-5 31 

Ma) sands and gravels (Hendrickx et al., 1996; Van den Berg et al., 1996). 32 
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2.2 Sampling protocol 1 

2.2.1 Overstorey and understorey biomass 2 

Within each study site, three permanent circular plots were established at least 500 m apart in 3 

similar vegetation type.  Due to the small elevation change of the general study area, all study 4 

sites had similar slope and aspect.  Plots were located close to the road (20-50 m) to ensure 5 

they were burnt during the planned fire and were circular in shape (22.5 m radius; 1590.4 m
2
).  6 

A schematic of the plot and sampling design is shown in Figure 1.  All pre-fire data were 7 

collected 1-3 months prior to the planned burning and post-fire data were collected within 1 8 

month of burning.  Diameter at breast height over bark (DBHOB; 1.3 m) and number of 9 

individuals of trees in two size classes (≥2 cm to <20 cm; ≥20 cm) were measured for all 10 

overstorey (whole plot) and understorey tree species found in four circular subplots (radius = 11 

5 m) located 5 m along the north-south and east-west axes of each of the larger plots, as 12 

measured from the centre point.  At least six trees per plot were measured for tree height to 13 

provide a representative stand height. 14 

To determine aboveground biomass and carbon stocks represented by overstorey and 15 

understorey trees (equivalent to overstorey and intermediate tree canopy fuel layers, 16 

respectively in Gould et al., 2011), Understorey allometric equations were developed for 17 

Yellow Stringybark (E. muelleriana; n = 10 individuals harvested) and Silver Wattle (Acacia 18 

mearnsii; n = 11 individuals harvested) using destructive harvesting.  When species-specific 19 

allometric equations were not available or could not be developed by destructive sampling 20 

(i.e. overstorey), equations from Bi et al. (2004) for the species with the most similar size and 21 

growth form were used instead.  Tree diameter and density were measured before planned 22 

burning.  Data for overstorey species of Eucalyptus were pooled to represent a single biomass 23 

component (hereafter referred to as ‘Overstorey’) and data for all other tree species were 24 

pooled to form a second biomass component (hereafter referred to as ‘Understorey’). 25 

Ground layer vegetation (ground cover of grasses and Bracken; equivalent to the near-surface 26 

live fuel layer in Gould et al., 2011) together with any scattered small shrubs (equivalent to 27 

the elevated fuel layer in Gould et al., 2011), was collected by pruning at ground level four 1 28 

m
2
 quadrats, each located 17.5 m along the north-south and east-west axes of each plot, as 29 

measured from the centre point.  Samples were dried to constant weight at 70°C and 30 

subsamples were ground and analysed for total carbon content (% dry weight) by combustion 31 

analysis (Elementar Vario Max CNS, Analysensysteme GmbH, Hanau, Germany).  The mass 32 
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of ground layer vegetation, twigs and litter (see below) remaining after prescribed burning 1 

was measured in the same way using quadrats positioned 2-3 m from the position of the 2 

original quadrat to avoid the influence of biomass removal prior to prescribed burning. 3 

 4 

2.2.2 Litter and coarse woody debris 5 

Litter on the forest floor (<25 mm diameter; equivalent to the surface fuel layer in Gould et 6 

al., 2011) was collected from the same quadrats used for sampling near-surface live biomass.  7 

Samples were carefully collected from the soil surface to avoid contamination from the 8 

underlying mineral soil. Samples were dried to constant weight at 70°C, weighed and sorted 9 

into size fractions. Fractions included plant material that was <10 mm diameter (hereafter 10 

referred to as ‘Decomposing litter’); twigs, wood and bark that was 10-25 mm diameter 11 

(hereafter referred to as ‘Twigs’), and partial or whole leaves between 10-25 mm diameter 12 

(hereafter referred to as ‘Leaf litter’).  Samples were collected pre- and post-fire, dried at 13 

70°C to constant weight and  subsamples of the pre-fire fraction were ground and analysed for 14 

total carbon content (% dry weight) by combustion analysis (Elementar Vario Max CNS, 15 

Analysensysteme GmbH, Hanau, Germany). 16 

The volume of CWD was determined using the line intersect method (Van Wagner, 1968), 17 

where the north-south and east-west axes of each plot were used as transects (45 m each).  18 

The diameter and length and state of decomposition (sound or rotten) of all pieces of CWD 19 

(>25 mm diameter) intersecting each transect was measured.  Subsamples of sound and rotten 20 

CWD were used to determine specific gravity (Ilic et al., 2000) and dried pre-fire subsamples 21 

ground and analysed for total carbon content (% dry weight) by combustion analysis 22 

(Elementar Vario Max CNS, Analysensysteme GmbH, Hanau, Germany). The volume of 23 

CWD was determined before and after planned burning. 24 

 25 

2.3 Combustion analysis 26 

A ventilation-controlled Mass Loss Calorimeter (MLC; Fire Testing and Technology, East 27 

Grinstead, UK) with a porous holder was used for the combustion analysis.  The MLC 28 

consisted of a conical heater and a load cell to measure the change in mass of a sample over 29 

time.  The cone heater and load cell were contained within a stainless steel enclosure, which 30 

was supplied with compressed air at a known flow rate of 140 L min
–1

.  A 90 cm tall, 12 cm 31 
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diameter stainless steel chimney on top of the enclosure contained a gas sampling ring probe 1 

mounted 60 cm above the enclosure.  Air was drawn through the gas sampling ring at 2 L 2 

min
–1

 into a stainless steel housing (Model H130; Head line Filters, Aylesford, UK) 3 

containing a silica-bonded borosilicate glass microfibre filter (Head Line Filters, Aylesford, 4 

UK) and heated to 200°C to remove PM from the airstream.  Air movement continued from 5 

the heated filter via a heated line (200°C) into a sampling manifold.  Air in the sampling 6 

manifold was diluted with ambient air, filtered through a 1 micron PTFE filter (Pall Australia 7 

Pty. Ltd., Cheltenham, Australia) and pumped into the manifold to ensure that gas 8 

concentrations in the manifold were within the linear range of the various analysers used.  9 

Flow rates from the sample and dilution line were controlled by mass flow controllers 10 

(Aalborg, Orangeburg, US).  The air temperatures in the manifold and stainless steel chimney 11 

were measured at 1 Hz using type K thermocouples connected to a digital acquisition board 12 

(Model NI USB-9211A; National Instruments, Sydney, Australia). 13 

Mixing ratios of CO2 and CO were measured at 1 Hz using non-dispersive infra-red gas 14 

analysers (Models 410i and 48i; Thermo Fisher Scientific Australia Pty. Ltd., Melbourne, 15 

Australia) and were calibrated using high purity CO2 or CO diluted in zero air (BOC Ltd., 16 

North Ryde, Australia). 17 

In the MLC, a sample holder (10 × 10 × 3 cm) with a porosity of 27% was used to allow 18 

diffusion of air through the samples.  For all material, samples were trimmed to fit the holder 19 

to uniformly fill the sample holder so that the sample thickness was maintained at 20 

approximately 3 cm.  The mass of the samples were recorded before burning and the mass of 21 

the residue after burning.  The bulk density of the sample (kg m
-3

) was calculated as the initial 22 

sample mass divided by the volume of the sample holder.  The moisture content (MC) of 23 

combusted samples (dry weight basis), determined by drying at 70°C until constant weight, 24 

ranged between 2-14%.  Samples were combusted in triplicate at an irradiance of 25 kW m
-2

 25 

and a 10 kV spark ignitor was used to provide piloted ignition.  A schematic of the equipment 26 

used for the combustion analysis is provided in Supplementary Figure 1. 27 

 28 

2.4 Emission factors 29 

Emission factors for the gas species CO2 (EFCO2) and CO (EFCO) from each fuel (biomass) 30 

type were calculated in g kg
-1

 dry fuel burnt.  The mass of CO2 or CO released was calculated 31 
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by summing products of excess CO2 or CO concentrations and flow rate measured at each 1 

time step for the duration of the burn.   2 

Using the carbon-mass balance method approach described by Radke et al. (1988) and 3 

outlined in Hurst et al. (1994b), emission factors for each fuel type were also expressed 4 

relative to elemental carbon content of dry fuels (g C g C
-1

). The EFCO2 was calculated from 5 

the fraction of total fuel carbon released to the atmosphere during combustion and CO2-6 

normalised emission ratios of CO, CH4, non-methane hydrocarbons (VOC) and PM.  EFCO2 7 

was calculated as: 8 
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where ΣCemit is the mass of carbon released to the atmosphere during burning and Cfuel is the 10 

initial carbon content of the fuel.  Therefore, ΣCemit/ Cfuel represents the fraction of fuel carbon 11 

that is burned and released to the atmosphere during combustion.  Δ represents the excess 12 

molar mixing ratio of a species (CO2, CO, CH4, ΣVOC and PM) over the background (the 13 

difference between its mixing ratios in smoke and clean air) (Hurst et al., 1994b). Emission 14 

factors (g C g C
-1

) for carbon-based species other than CO2 were calculated as: 15 

2

2
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          (2) 16 

where ΔX is the excess mixing ratio of species X (CO, CH4, ΣVOC or PM) and n is the 17 

number of carbon atoms per molecule of species X.  By definition, the sum of the emission 18 

factors for the carbon gases and PM, when measured on a g C g C
-1

 basis, will equal ΣCemit/ 19 

Cfuel. 20 

Emission factors measured relative to elemental carbon content can be converted to emission 21 

factors (g kg
-1

 dry fuel) using Equation (3): 22 
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where Mwx is the molecular weight (g mol
-1

) of chemical species X and 12 is the molecular 24 

weight of carbon. 25 
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In this study, CH4, VOC and PM concentrations were not measured and hence the CO2-1 

normalised emission ratios of these compounds are not available for the direct calculation of 2 

EFCO2 according to Equation (1).  Using EFCO2 (g CO2 kg
-1

), EFCO2 (g C g C
-1

) was solved 3 

for each fuel type by re-arranging Equation (3).  This allowed for calculation of EFCO (g C g 4 

C
-1

) using Equation (2) and known [CO]/[CO2] ratios.  As the sum of emission factors for 5 

carbon gases and PM, when measured on a g C g C
-1

  basis, will equal ΣCemit/ Cfuel, CH4, 6 

VOC and PM were treated as pooled species (Σ(CH4, VOC, PM)).   ΣCemit/ Cfuel ratios were 7 

measured for each fuel fraction by subtracting the mass of carbon remaining in the ash after 8 

combustion from the amount of carbon measured before combustion.  The excess Σ(CH4, 9 

VOC, PM) to excess CO2 ratio was then solved through optimisation (MS Excel v.14; 10 

Microsoft Corporation, Redmond, US) in order to make the sum of EFCO2, EFCO and 11 

EFΣ(CH4, VOC, PM) equal to the measured ΣCemit/ Cfuel.  This method assumes that the value 12 

of n used in Equation (2) in order to calculate EFΣ(CH4, VOC, PM) is equal to one. 13 

 14 

2.5 Emission calculations 15 

Emissions, in terms of CO2-equivalents (Ej; Mg CO2-e ha
-1

), from each plot at each site (j) 16 

were calculated as the sum of the emissions from each fuel (biomass) class (k) for each carbon 17 

species (x): 18 

   66.3
xk

postprejkfuelxjkj jkjk
mmCEFE       (4) 19 

where mpre and mpost are the fuel loads (Mg ha
-1

) before and after burning and 3.66 is a 20 

conversion factor from C to CO2.  Cfuel for CWD was assumed to equal that measured from 21 

twigs (<25 mm diameter).   22 

Emissions can also be calculated using Equation (4) but by substituting mpre - mpost with the 23 

product of the pre-fire fuel load and a burning efficiency factor (BEF).   24 

  66.3
xk

jkprejkfuelxjkj BEFmCEFE
jk

      (5) 25 

The BEF is defined as the mass of fuel that is exposed to fire that is pyrolysed (Russell-Smith 26 

et al., 2009).  It is determined from the mass of fuel (mpre) before combustion and the mass of 27 

the unburnt fuel residue and ash remaining after combustion (mpost): 28 
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pre

post

m

m
BEF 1            (6) 1 

Equation (5) was used to calculate emission estimates for the sites as described in the 2 

Australian National Greenhouse Gas Inventory Report 2011 (AUSNIR; DIICCSRTEE, 2013) 3 

for a prescribed burn.  Default values for the parameters in Equation (5) are described in 4 

AUSNIR as: emission factors are taken from Hurst et al. (1996) (ΣCemit/Cfuel = 0.9684), Cfuel is 5 

0.5, BEF is 0.42 and the fuel load is 17.9 Mg ha
-1

. 6 

 7 

2.6 Uncertainty analysis of emission calculations 8 

We completed seven different Monte-Carlo simulations for each site, in which input 9 

parameters were replaced by normally distributed probability density functions (PDFs).  Table 10 

1 outlines for the seven different scenarios the equation used to do the calculations (Equation 11 

4 or Equation 5), the range of the values used for each input parameter (for each fuel fraction 12 

and site) and whether coarse woody debris was included in the calculations.   Scenario 7 used 13 

the default fuel load applicable to these sites from the Australian National Greenhouse 14 

Accounts, National Inventory Report 2011 (DIICCSRTE, 2013).  A priori analysis of the 15 

initial number of iterations for each Monte-Carlo simulation needed to produce an analysis 16 

where the true mean of the distribution lies within 1% of the estimate were made before each 17 

simulation.  The maximum estimated number of simulations for any one set of sites and 18 

scenario was 71,233.  The true error of the estimated mean for each site and scenario was 19 

always less than 1%.  Results of the simulations are expressed as 95% uncertainty ranges 20 

defined by the 2.5 and 97.5 percentiles.  The simulations were performed using Microsoft 21 

Excel 2010 (Microsoft Corporation, Redmond, WA, USA). 22 

 23 

2.7 Statistics 24 

Linear mixed models (IBM SPSS Statistics, v. 21.0; IBM, Armonk, US) were used to analyse 25 

effects of fire on fuel (biomass) type; with site, plot and fuel type as subject variables and 26 

time as the repeated variable.  Time, site and time × site interactions were used as fixed 27 

effects.  Fuel loads for the different types of fuel (i.e. twigs, decomposing matter, near-surface 28 

live, leaf litter, CWD, understorey and overstorey), before and after burning, carbon content, 29 

ΣCemit/Cfuel, and emission factors were analysed with linear mixed models where site, plot and 30 
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fuel type were subject variables.  Site, fuel type and site × fuel type interactions were used as 1 

fixed effects.  The Bonferroni test was used for pairwise comparisons of the site and fuel type 2 

factors.  Carbon content, ΣCemit/Cfuel, and the emission factors were arc-sine transformed to 3 

meet assumptions of normality and homogeneity of variance.   4 

 5 

3 Results 6 

3.1 Fuel load and carbon content 7 

Total fuel load before planned burning ranged from 61.7 ± 15.3 Mg ha
-1

 (mean ± standard 8 

deviation) at South Boundary to 111.3 ± 26.2 Mg ha
-1

 at Upper Tambo but were not 9 

significantly different among sites (Linear mixed model; P = 0.303).  There was 10-fold more 10 

CWD than all other fuel types at all sites (P <0.001; Table 2). Masses of all remaining fuel 11 

types at each site were similar (less than 8 Mg ha
-1

; P = 1.000) and there were no significant 12 

site × fuel type interactions (P = 0.692).  After burning, total fuel loads at all sites were 13 

significantly reduced (P <0.001) and ranged from 20.1 ± 7.2 Mg ha
-1

 at Upper Tambo to 97.2 14 

± 24.7 Mg ha
-1

 at Oliver (Table 2). Reductions in fuel load due to burning were not consistent, 15 

resulting in significant time × site (P = 0.025) and time × fuel type interactions (P = 0.003; 16 

Table 2; Fig. 1).  Time × site interactions resulted mainly from an 80% reduction in total fuel 17 

load at Upper Tambo, but only a 10% reduction at Oliver (Fig. 1).  Fuel loads at Pettmans 18 

were reduced by an average of 28% and at South Boundary by 40% (Fig. 1).   A significant 19 

time × fuel type interaction was expected given small reductions in CWD mass after burning 20 

compared to other fuel types (P = 0.002; Table 2; Fig. 1).  Even so, there were significant 21 

differences in amounts of CWD burnt among sites.  At Oliver, Pettmans and South Boundary, 22 

amounts of CWD biomass consumed were significantly less than at Upper Tambo (P = 0.017; 23 

Table 2; Fig. 1).   24 

Twig mass (up to 8 Mg ha
-1

 pre-burn) was significantly reduced by burning (P <0.001) with 25 

an average loss of close to 5 Mg ha
-1

.  There were no time × site interactions (P = 0.656) but 26 

the mass of twigs measured at Oliver was significantly greater than at Upper Tambo both 27 

before and after burning (P = 0.05; Table 2; Fig. 1).  Burning significantly reduced the mass 28 

of decomposing matter at all sites (up to 7 Mg ha
-1

 pre-burn) by almost 5 Mg ha
-1

 (P <0.001).  29 

Reductions in mass were greater at Pettmans, South Boundary and Upper Tambo than at 30 

Oliver.  Again, there was a significant time × site interaction (P = 0.007). 31 
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Fuel loads represented by the ground layer vegetation (up to 0.6 Mg ha
-1

 pre-burn for 1 

Pettmans, South Boundary and Upper Tambo) were significantly less after burning (P = 2 

0.002; Table 2; Fig. 1).  There were significant site × time interactions (P = 0.004) as a 3 

consequence of substantially greater amounts of such vegetation at Oliver before burning (3 4 

Mg ha
-1

) than any of the other sites. None or very little of this fuel type remained after 5 

burning.  Fire strongly reduced the mass of leaf litter and there were no major differences 6 

among sites before and after burning (2-9 Mg ha
-1

; P = 0.398; Table 2).     7 

Understorey biomass was not significantly different after burning compared to before burning 8 

at all sites (P = 0.392), but was significantly different among sites (P = 0.001). Understorey 9 

biomass at Oliver was significantly greater (nearly 2 Mg ha
-1

 pre-burn) than at any of the 10 

other sites before and after burning (P = 0.001 to 0.013).  Overstorey biomass was 11 

significantly different among sites before (ranging from 6-15 Mg ha
-1

; P <0.001) and after 12 

burning (ranging from 2-12 Mg ha
-1

; P = 0.009).   There was no interaction between site and 13 

time (P = 0.167).  Understorey fuel loads at all sites decreased after burning by a little more 14 

than 1 Mg ha
-1

. 15 

Mean carbon contents of decomposing matter (30 ± 2%) were significantly less than of other 16 

fuel types at all sites (Linear mixed model; P <0.001; Table 2). Carbon contents of all other 17 

fuel types were in a narrow range (45-56%) resulting in significant site × fuel type 18 

interactions (P = 0.009; Table 2). 19 

3.2 Emission factors 20 

Amounts of carbon lost to the atmosphere relative to amounts held in aboveground biomass 21 

(the so called ‘fuel carbon’) were similar among the four sites (Linear mixed model; P = 22 

0.456; ΣCemit/Cfuel; Table 3).  For the four sites, the mean proportion of fuel carbon lost to the 23 

atmosphere was 86% with a 95% confidence interval range of 77-95%.  There were 24 

significant differences among different fuel types (P <0.001).  Σ(Cemit/Cfuel) was significantly 25 

less in decomposing matter compared to other fuels (P <0.001; Table 3).  Twigs, CWD and 26 

understorey biomass had statistically similar Σ(Cemit/Cfuel) (P >0.05).  These Σ(Cemit/Cfuel) 27 

were all less than those for ground layer, overstorey and leaf litter (P <0.04).  The latter three 28 

fuel types had statistically similar Σ(Cemit/Cfuel) (P >0.05).   29 

For the four sites, the mean proportion of carbon lost to the atmosphere in the form of CO2 30 

was 71% with a range of 65-80% (Table 4).  In contrast, proportions of carbon lost to the 31 

atmosphere as CO were much smaller (2-4%).  Emission factors for CO2 were similar among 32 
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the four sites (P = 0.456) albeit with significant differences among different fuel types (P 1 

<0.001).  Emission factors for CO2 ranged from 0.43-1.00 g C g C
-1

among the different fuel 2 

types.  Twigs and leaf litter produced significantly smaller emission factors than decomposing 3 

matter and overstorey biomass (P <0.05).   Emission factors for ground layer and understorey 4 

biomass were similar to those for twigs and leaf litter.  Emission factors for CO were 5 

dependent on site × fuel type interactions (P = 0.026; Table 3).  At South Boundary and 6 

Upper Tambo, emission factors for CO were greater for decomposing matter and ground layer 7 

fuels relative to the other types (P <0.05; Table 3).  In contrast, at Oliver and Pettmans, 8 

decomposing material had greater emission factors for CO than other fuel types (P <0.026; 9 

Table 3). 10 

Pooled emission factors for CH4, VOC and PM (Σ(CH4, VOC, PM); Table 4) were 11 

significantly different among sites (P = 0.002) and fuel types (P <0.001).  Emission factors 12 

for Σ(CH4, VOC, PM) for fuel collected from Upper Tambo were significantly less than fuels 13 

of other sites (P <0.049).  As a consequence, the average proportion of carbon lost to the 14 

atmosphere as Σ(CH4, VOC, PM) from the four sites ranged widely (13-23%).  Differences in 15 

emission factors among fuel types was due to lesser emission factors for decomposing matter 16 

relative to all other fuel types and greater emission factors for leaf litter relative to understorey 17 

and overstorey biomass (P <0.017).   18 

Carbon content of the different fuel types and ash (from the calorimeter) (Table S1), initial 19 

bulk density and residual mass fractions (Table S2), excess CO/CO2 and excess Σ(CH4, VOC, 20 

PM)/CO2 ratios (Table S3) used to calculate the emission factors, on both a mass of 21 

compound released per unit of fuel mass burnt and on a carbon mass balance basis, can be 22 

found in the supplementary material. 23 

3.3 Emission estimates 24 

Results of the Monte-Carlo simulations of estimated emissions from the four sites, using 25 

seven different calculation scenarios, are shown in Fig. 2. Scenario 1 produced symmetrically 26 

distributed estimates, with median estimates ranging from close to 20 Mg CO2-e ha
-1

 for Oliver 27 

to 139 Mg CO2-e ha
-1

 for Upper Tambo.  If CWD was omitted (Scenario 2), distributions were 28 

narrower and median estimates were reduced.  The reduction in the median estimate varied 29 

among sites; for Oliver the reduction was 3%, Pettmans 34%, South Boundary 38% and 30 

Upper Tambo 71%. 31 
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Scenario 3 produced positively skewed distributions for all sites and reduced median 1 

estimates (by 40-54% from Scenario 1).  Outputs of Scenario 4 (Scenario 3 excluding CWD) 2 

were similarly positively skewed, but more narrowly distributed.  Relative to Scenario 1, 3 

excluding CWD lowered median estimated emissions by 53-83%.  Relative to Scenario 3, 4 

such exclusion lowered median estimates by 4-69%.  Scenario 5 produced the most positively 5 

skewed distributions for Oliver, Pettmans and South Boundary (Fig. 2). Consequently, the 6 

median estimate for Oliver was 90% greater than that of Scenario 1.  Median estimates for 7 

other sites were between 16 and 76% less. When the same calculation method (Scenario 5) 8 

was applied, but excluding CWD data (Scenario 6), the distribution was still positively 9 

skewed but with a much narrower range (Fig. 2).  The omission of CWD data in Scenario 6 10 

resulted in a median estimate (relative to Scenario 1) being reduced by between 36 and 91% 11 

across all sites. 12 

 Simulations for sites using default fuel load, carbon content and emission factors from 13 

the Australian National Greenhouse Accounts, National Inventory Report 2011 (AUSNIR; 14 

DIICCSRTE, 2013; hereafter referred to as Scenario 7) were highly positively skewed, with a 15 

median estimate of 4.5 Mg ha
-1

.  This is some 77-97% less than median estimates for the four 16 

sites from Scenario 1.  The 95% confidence range of Scenario 7 ranged from 0.05 Mg ha
-1

 to 17 

more than 35 Mg ha
-1

 with a mean value of close to 8 Mg ha
-1

.  Using default values in 18 

AUSNIR, estimated mean total emission across all sites was 13.3 Mg ha
-1

.  This is in the 19 

upper quartile of estimates for Scenario 7.   20 

Based on Scenario 7, the probability that emissions are less than the median calculated using 21 

Scenario 1 was 88% for Oliver, 96% for Pettmans and 97% for South Boundary.  For Upper 22 

Tambo, emission estimates based on Scenario 1 were outside the range of those calculated 23 

under Scenario 7. 24 

 25 

4 Discussion 26 

There were large differences in mass (biomass plus litter) lost among the four sites due to 27 

prescribed fire.  These differences were due to the differing abundances, and consumption 28 

during fire, of the different fuel types.  Given planned burning aims especially to reduce the 29 

loads of fine fuels (e.g. twigs, decomposing matter, ground layer vegetation and leaf litter), 30 

the fires studied here achieved this goal with only small changes in understorey and 31 

overstorey biomass.  Losses of mass from CWD accounted for much of the variation among 32 
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sites, especially when considered in proportion to losses from finer fuels.  When expressed in 1 

terms of carbon content, losses of carbon from CWD at Pettmans and South Boundary (18-2 

24%) were greater than from Eucalyptus obliqua forests of south-east Australia (Volkova and 3 

Weston, 2013), but consistent with the model results of Hollis et al. (2011).  In contrast, fine 4 

fuel and CWD accounted for 79% of the C lost at the Upper Tambo site.  The site east of 5 

Orbost (Oliver) lost the least amount of mass (and C), retaining most of its fine fuels and 6 

showing no appreciable change in CWD.  Estimation of fuel load is a major source of 7 

uncertainty in any estimation of potential or actual fire emissions, and the large variability in 8 

burning efficiency across the sites used in this study is consistent with variability described by 9 

Stropiana et al. (2010) and Urbanski et al. (2011). 10 

Across the four sites, the mean proportion of fuel carbon lost to the atmosphere relative to the 11 

total amount of carbon (Cemit/Cfuel) was 86%.    This is less than the 97% suggested by Hurst 12 

et al. (1996) for the one planned burn they measured in a south-east Australian forest.  13 

However, a direct comparison of this study with the Hurst et al. (1996) study cannot be made 14 

due to the significantly different methodological approaches taken that they may bias either 15 

study.  These methodological differences include factors such as: the measurement of 16 

aggregated emissions from naturally structured fuels taken using an aircraft, compared to 17 

individual fuel components measured at a very small scale in the laboratory; and neither study 18 

measures the same range of compounds.  Indeed, these methodological differences also 19 

prevent direct comparison of emission factors, not just with Hurst et al. (1996) but also the 20 

recent work of Paton-Walsh et al. (2014) who made ground-based emission measurements 21 

from planned fires in temperate south-east Australian fires.  There are large variabilities in 22 

emission factors for certain compounds among different ecosystems (see reviews by Andreae 23 

and Merlet (2001) and Akagi et al. (2011)).  This demonstrates the need for more 24 

comprehensive emissions measurements for specific ecosystems and regions, including south-25 

east Australian forests.  If these measurements are conducted in a manner similar to those for 26 

the south-eastern and south-western US (e.g. Yokelson et al., 2013), field and laboratory 27 

measurements may be reconciled.   28 

Monte-Carlo simulations clearly demonstrated the significance of availability of data to 29 

accurate calculations of likely emissions.  If only fuel load (before and after burning) is 30 

known and default values from AUSNIR are used, estimated emissions could vary from true 31 

emissions by as much as 100%.  One characteristic common across all simulations was that 32 
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when data for CWD is included, the range of emissions increased strongly, as a result of large 1 

variation in mass of CWD among sites.  In addition, there was wide variation among sites in 2 

consumption of CWD during prescribed fires .  Emissions estimated using Scenarios 1, 2, 3 3 

and 4, where fuel loads were known before and after burning, had greatly reduced variance.  4 

Distributions of estimated emissions were more positively skewed as the amount of data 5 

available declined.  In other words, the probability of an estimate being in the low portion of 6 

the distribution is greatly increased, in addition to the diminished probability that the estimate 7 

matches the true emission.  This is amply demonstrated by the distribution of estimates 8 

calculated using Scenario 7 (AUSNIR default values) which encompassed the median 9 

emissions estimate of Scenario 1 for three of the four sites.   There was, at most, only 12% 10 

probability of matching values.  For the fourth site, Scenario 7 could not produce a 11 

distribution that overlapped with that calculated using Scenario 1. 12 

This study has shown that even within a single, well-defined vegetation type, there is wide 13 

variability in emissions principally because of different burning efficiencies among sites and 14 

fuel types.  In order to improve both the accuracy and precision of estimated emissions from 15 

planned burning, the use of a single efficiency factor, as described in AUSNIR, is clearly 16 

insufficient.  The methodology used to predict emissions from savanna and grassland, where 17 

burning efficiencies are described as a function of fuel type and fire severity (Russell-Smith et 18 

al., 2009), is only effective if fuel loads are accurately known (Stropiana et al., 2010; 19 

Urbanski et al., 2011). Spatial variability in fuel loads (Burgan et al., 1998; Keane et al., 20 

2001) and the spatio-temporal variability in fuel conditions (Clinton et al., 2006) mitigate 21 

against such a scenario.  We have shown that in addition to the mass of different fuel types, 22 

their carbon content plays a significant role in potential emissions. The Australian National 23 

Greenhouse Gas Inventory Report 2011 (DIICCSRTEE, 2013) assumes a 50% default value 24 

for carbon content of forest fuels.  Fuel types in this study, with the exception of decomposing 25 

matter, had carbon contents ranging between 45% and 56%, mostly close to the default value.  26 

However decomposing matter had a much lower C content (average 30%). Combustion of 27 

fuels with low carbon contents could lead to overestimation of carbon loss.  Considerable 28 

improvements in emissions estimates from temperate forests in south-eastern Australia could 29 

be made if a greater number of emission factors were available for different fuel types. This 30 

would eliminate current reliance on site-aggregated values and would aid in the development 31 

of predictive models for emission factors, particularly if different combustion conditions such 32 

as fuel moisture content, fuel load, fuel arrangement and fire intensity could be incorporated 33 
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(Yokelson et al., 1999; Andreae and Merlet, 2001; Possell and Bell, 2013).  Field studies are 1 

still required to verify laboratory determined emission factors. 2 

5 Summary 3 

Planned fires in a temperate Eucalyptus forest in south-east Australia released between 20 to 4 

139 Mg CO2-e ha
-1

.  Variability in the range of emissions was a consequence of different 5 

burning efficiencies among investigated fuel types, with greater emissions when appreciable 6 

amounts of CWD were burnt.  Simulation of emissions showed that as the amount of 7 

information available to calculate emissions is reduced, the probability of estimating true 8 

emissions greatly diminishes.  Ideally, measurement of fuel load and carbon content of 9 

different fuel types should be made before and after fire.  In conjunction with emission factors 10 

for a greater range of fuel types and conditions, our ability to estimate of carbon loss from 11 

forests via prescribed burns would be greatly improved and would provide invaluable data on 12 

carbon apportionment for the calibration of fuel models.    13 
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Table 1. Summary of parameters and range of values used to calculate emission estimates for seven different scenarios by Monte Carlo 1 

simulation.  Max. to min. refers to the maximum and minimum values recorded for each fuel type and site.  CWD is coarse woody debris.  See 2 

text for further details of the equations used.   3 

4 

Scenario  
Calculation 

equation 
 Parameters 

    
Carbon content 

(%)  
 

Emission factors 

(g C g C
-1

) 
 

Mass loss  

(Mg ha
-1

) 
 

Pre-burn fuel 

loads (Mg ha
-1

) 
 

Burning 

efficiency 

factor 

 
CWD 

included? 

1  4  Max. to min.  Max. to min.  Max. to min.  -  -  Yes 

2  4  Max. to min.  Max. to min.  Max. to min.  -  -  No 

3  4  0 – 100  0 – 1  Max. to min.  -  -  Yes 

4  4  0 – 100  0 – 1  Max. to min.  -  -  No 

5  5  0 – 100  0 – 1  -  Max. to min.  0 – 1  Yes 

6  5  0 – 100  0 – 1  -  Max. to min.  0 – 1  No 

7  5  0 – 100  0 – 1  -  17.9  0 – 1  No 
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Table 2. Fuel load and pre-burn carbon content of a range of fuel types measured before and after fire in four forest sites in East Gippsland, 1 

south-eastern Australia.  Values are mean ± standard deviation (n = 3). 2 

3 

  Oliver  Pettmans 

Fuel type 
 

Fuel load (Mg ha
-1

)  
Carbon content 

(% dry weight) 

 
Fuel load (Mg ha

-1
)  

Carbon content 

(% dry weight) 

  Pre-burn  Post-burn  Pre-burn  Pre-burn  Post-burn  Pre-burn 

Twigs  7.75 ± 1.65  3.70 ± 1.58  49.67 ± 0.15  5.23 ± 1.31  0.01 ± 0.01  48.78 ± 0.88 

Decomposing matter  3.11 ± 0.57  2.03 ± 2.01  29.79 ± 6.04  5.69 ± 1.36  0.02 ± 0.01  23.87 ± 7.05 

Ground layer  3.31 ± 1.57  0.02 ± 0.03  46.68 ± 0.08  0.62 ± 0.33  0  46.74 ± 1.36 

Leaf litter  1.85 ± 0.59  1.25 ± 0.17  54.95 ± 0.31  2.80 ± 0.29  0.27 ± 0.13  52.35 ± 1.92 

Coarse woody debris  75.91 ± 19.64  76.43 ± 21.73  49.67 ± 0.15  61.14 ± 55.33  53.11 ± 58.08  48.78 ± 0.88 

Understorey  1.78 ± 1.50  1.69 ± 1.48  53.53 ± 0.36  0.80 ± 0.54  0.76 ± 0.49  53.53 ± 0.36 

Overstorey   14.87 ± 4.32  12.08 ± 3.17  54.95 ± 0.31  3.73 ± 1.40  3.38 ± 1.80  54.95 ± 0.31 

  South Boundary  Upper Tambo 

Twigs  5.32 ± 0.67  0.07 ± 0.03  49.59 ± 0.42  5.91 ± 0.68  0.06 ± 0.02  49.14 ± 1.26 

Decomposing matter  6.89 ± 0.23  0.05 ± 0.02  32.13 ± 2.69  5.94 ± 1.05  0.03 ± 0.01  35.42 ± 2.06 

Ground layer  0.33 ± 0.18  0   47.72 ± 1.85  0.11 ± 0.06  0  47.57 ± 0.94 

Leaf litter  4.25 ± 0.82  0.37 ± 0.11  53.55 ± 2.45  9.49 ± 10.56  0.30 ± 0.18  53.70 ± 1.69 

Coarse woody debris  41.66 ± 16.39  33.35 ± 15.00  49.59 ± 0.42  83.70 ± 37.29  14.56 ± 5.99  49.14 ± 1.26 

Understorey   0.52 ± 0.37  1.01 ± 0.22  53.53 ± 0.36  0.10 ± 0.17  0.29 ± 0.49  53.53 ± 0.36 

Overstorey   2.78 ± 1.41  2.12 ± 0.91  54.95 ± 0.31  6.07 ± 1.95  4.89 ± 1.40  54.95 ± 0.31 
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Table 3. Proportion of the fuel carbon burned emitted into the atmosphere from different fuel types from forest sites in East Gippsland, south-1 

eastern Australia.  Cemit is the total carbon emitted into the atmosphere through combustion and Cfuel is the initial carbon content of fuel.  2 

Coarse woody debris was assumed to have the same values as twigs.  Values are mean ± standard deviation (n = 3). 3 

  Oliver  Pettmans  South Boundary  Upper Tambo 

Fuel type  ΣCemit/Cfuel 

Twigs  0.882 ± 0.015  0.819 ± 0.043  0.844 ± 0.026  0.857 ± 0.060 

Decomposing matter  0.710 ± 0.177  0.558 ± 0.342  0.751 ± 0.136  0.632 ± 0.090 

Ground layer  0.978 ± 0.009  0.960 ± 0.017  0.948 ± 0.058  0.986 ± 0.009 

Leaf litter  0.957 ± 0.013  0.975 ± 0.025  0.956 ± 0.035  0.915 ± 0.019 

Understorey   0.859 ± 0.054  0.859 ± 0.054  0.859 ± 0.054  0.859 ± 0.054 

Overstorey   0.942 ± 0.014  0.942 ± 0.014  0.942 ± 0.014  0.942 ± 0.014 

 4 
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Table 4. Emissions factors for CO2, CO and pooled CH4, volatile organic compounds (VOC) and particulate matter (PM) for different fuel 1 

types from forest sites in East Gippsland, south-eastern Australia, that were combusted in a mass-loss calorimeter.  Coarse woody debris was 2 

assumed to have the same values as twigs.  Values are mean ± standard deviation (n = 3). 3 

4 
  Oliver  Pettmans 

  Emission factor [g C g C
-1

]  Emission factor [g C g C
-1

 ] 

Fuel type 
 

CO2  CO  
ΣCH4, VOC, 

PM 
 CO2  CO  

ΣCH4, VOC, 

PM 

Twigs  0.59 ± 0.03  0.02 ± 0.01  0.28 ± 0.05  0.58 ± 0.03  0.02 ± 0.01  0.23 ± 0.04 

Decomposing matter  0.87 ± 0.13  0.06 ± 0.02  0.05 ± 0.08  1.00 ± 0.08  0.06 ± 0.01  0 

Ground layer  0.62 ± 0.02  0.03 ± 0.01  0.35 ± 0.02  0.58 ± 0.04  0.03 ± 0.01  0.37 ± 0.05 

Leaf litter  0.53 ± 0.03  0.02 ± 0.01  0.42 ± 0.02  0.56 ± 0.07  0.03 ± 0.01  0.40 ± 0.06 

Coarse woody debris  0.59 ± 0.03  0.02 ± 0.01  0.28 ± 0.05  0.58 ± 0.03  0.02 ± 0.01  0.23 ± 0.04 

Understorey  0.66 ± 0.19  0.02 ± 0.02  0.20 ± 0.15  0.66 ± 0.19  0.02 ± 0.02  0.20 ± 0.15 

Overstorey   0.79 ± 0.06  0.03 ± 0.01  0.14 ± 0.06  0.79 ± 0.06  0.03 ± 0.01  0.14 ± 0.06 

  South Boundary  Upper Tambo 

Twigs  0.47 ± 0.02  0.02 ± 0.01  0.36 ± 0.02  0.70 ± 0.06  0.02 ± 0.01  0.15 ± 0.07 

Decomposing matter  0.68 ± 0.05  0.03 ± 0.01  0.07 ± 0.08  0.89 ± 0.17  0.05 ± 0.01  0 

Ground layer  0.69 ± 0.18  0.04 ± 0.01  0.23 ± 0.12  0.74 ± 0.03  0.05 ± 0.01  0.22 ± 0.03 

Leaf litter  0.65 ± 0.07  0.02 ± 0.01  0.29 ± 0.10  0.68 ± 0.04  0.03 ± 0.01  0.22 ± 0.04 

Coarse woody debris  0.59 ± 0.03  0.02 ± 0.01  0.28 ± 0.05  0.58 ± 0.03  0.02 ± 0.01  0.23 ± 0.04 

Understorey  0.66 ± 0.19  0.02 ± 0.02  0.20 ± 0.15  0.66 ± 0.19  0.02 ± 0.02  0.20 ± 0.15 

Overstorey   0.79 ± 0.06  0.03 ± 0.01  0.14 ± 0.06  0.79 ± 0.06  0.03 ± 0.01  0.14 ± 0.06 
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Figure 1.  Plot layout for data and sample collection.   2 

3 
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Figure 2. Proportion of the total biomass for each fuel type, at each site, before and after 2 

planned burning.  The sites are: Oliver (OLI), Pettmans (PETT), South Boundary (SB) and 3 

Upper Tambo (UT).  Each section of each bar represents the mean proportion measured from 4 

three plots within each site.  ‘Pre’ and ‘post’ refer to measurements made before and after the 5 

planned burn. 6 

7 
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Figure 3. Estimates of CO2-equivalent emissions from four forest sites in East Gippsland, 2 

south-eastern Australia using Monte-Carlo simulations of seven different scenarios.  Sites are 3 

(a) Oliver, (b) Pettmans, (c) South Boundary, and (d) Upper Tambo.  See Table 1 for 4 

description of the seven scenarios.  Crosses represent the median emission as determined by 5 

the Monte Carlo simulations (n ≤71,233).  The error bars represent the 95% confidence 6 

intervals of the Monte Carlo simulations. 7 
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