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Abstract 
EMISSIONS OF the greenhouse gases carbon dioxide (CO2), nitrous oxide (N2O) 
and methane (CH4) from sugarcane crops at Murwillumbah (NSW) and Mackay 
(Qld) have been measured continuously over whole growing seasons (342 days 
and 292 days respectively) using chambers and micrometeorological techniques. 
The second-ratoon crop at Murwillumbah was burnt before harvest, and was 
grown on an acid sulfate soil (ASS). Green-cane harvesting was practised at 
Mackay where the crop was in its fifth ratoon. The soil was a Pioneer, non-calcic 
brown soil. Urea fertiliser was applied to both crops at the start of the 
measurement period at rates of 160 kgN/ha at Murwillumbah and 150kgN/ha at 
Mackay. The rates of assimilation of CO2 were 80t/ha at Murwillumbah and 
66t/ha at Mackay and were comparable with other tropical crops. At both sites, a 
large proportion of the CO2 assimilated by the crop came from soil respiration, 
35% or 28t/ha at Murwillumbah and 16% or 10t/ha at Mackay. Emissions of 
N2O at Murwillumbah were large and prolonged, totalling 45.9 kgN/ha over the 
342 days and persisting at substantial rates for 5 months. At Mackay, N2O 
emissions were much smaller totalling 4.7 kgN/ha for the season, most of which 
was emitted in less than 3 months. Emission factors for N2O were 21% at 
Murwillumbah and 2.8% at Mackay. The Murwillumbah site was a strong 
source of CH4 with rates of emission of the same order as those from rice or 
wetlands, but the net emission over the whole season at Mackay was essentially 
zero. The sequestering of 51.5 t/ha of CO2 by the crop from the atmosphere at 
Murwillumbah was partially offset by the emission to the atmosphere of 23 t/ha 
CO2-e through N2O and CH4. At Mackay, the crop sequestered 55.8 t/ha of CO2, 
but emitted only 2t/ha CO2-e. 

Introduction 
Research over the last decade has shown that there can be substantial exchanges of 

the greenhouse gases carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) between 
sugarcane crops and the atmosphere. Weier (1998), for instance, estimated that sugarcane 
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assimilated as much as 135 t CO2/ha/y. Based on short-term measurements, he estimated that 
fertilised, uncovered cane soils emitted around 13 kg N2O-N/ha/y while trash-blanketed soils 
emitted around 11 kg N2O-N/ha/y, and that trash-blanketed soils might consume about 0.3 kg 
CH4/ha/y. 

Denmead et al. (2006) reported short-term measurements of emissions of these 
greenhouse gases from a burnt-cane acid-sulfate soil (ASS), which were equivalent to 32 t 
CO2/ha/y, 35.5 kg N2O-N/ha/y and 32 kg CH4/ha/y. Not only are these exchange rates high in 
comparison with other cropping systems, but they indicate also considerable variation 
between soils, cultural practices and seasons. 

In particular, N2O emissions from the ASS soils of northern NSW appear to be much 
higher than from other sugarcane soils, and burnt-cane systems on ASS may be sources of 
atmospheric CH4 while trash-blanketed soils appear to be sinks. 

The annual emission estimates listed above are based on short-term measurements 
that cover only a few days and are not representative of the whole of the growing season. 
This paper reports the results of a project to determine the whole-of-season magnitudes and 
patterns of exchange of CO2, N2O and CH4 for ASS and non-ASS Australian sugarcane soils. 

Continuous measurements of emissions of these gases have been made over the 
growing seasons of ratoon crops at Murwillumbah, NSW in 2005/2006 and at Mackay, Qld in 
2006/2007. Micrometeorological and chamber techniques were employed to measure 
emissions at both sites. 

In a companion paper, Wang et al. (2008) describe simultaneous studies of N2O 
emissions from different N fertilisers and trash management systems made with manual 
chambers at the same sites 

Methods 

Sites and crop management 
The measurements at Murwillumbah were made on the farm of W. Stainlay at Blacks 

Drain within the Condong Mill District. The soils on the farm that are used for cane 
production are classified as ASS and during periods of high rainfall, are often inundated. 
They are characterised by a surface organic horizon, a strongly acidic A2 horizon (pH<4), 
and a reduced B horizon. The acidic A2 horizon is formed from the oxidation of pyrite. 

Emission measurements were made in a block of second-ratoon cane that had been 
burnt before harvest. The micrometeorological techniques employed here and at Mackay 
require large, uniform source areas. Hence the measurement block was surrounded by other 
blocks of burnt cane harvested at the same time and receiving the same fertiliser treatment. 
Measurements commenced on October 14 2005 just prior to the application of urea fertiliser 
on October 18. 

The application rate was equivalent to 160 kgN/ha and the fertiliser was applied in 
slits cut to a depth of 10–15 cm on each side of the stool and then covered with soil. At that 
time, the mean height of the plants was 0.44 m. The measurements reported here are for the 
342 days between October 14 2005 and September 20 2006. By the end of the investigation, 
the cane had grown to a height of 4 m. Rainfall for the period was 1879 mm and the mean air 
temperature was 20.8 oC 

At Mackay, emissions were measured in a block of fifth ratoon cane. The rate of 
fertiliser application was150 kgN/ha, just less than that at Murwillumbah, but fertiliser was 
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applied with a 3–row stool splitter providing only one band of fertiliser instead of two. 
Measurements commenced on November 08 2006 and fertiliser was applied on November 19 
2006. 

At the start of the measurement period, the plants were 0.45 m high. Measurements 
continued until September 7 2007 when the plants were 4.1 m high, and the block was 
harvested on October 5 2007. Rainfall during the measurement period totalled 1924 mm and 
the mean air temperature was 22.6 oC 

Emission measurements 
The measurement techniques employed in these studies have been described by 

Denmead et al. (2006, 2007). At both sites, the flux of CO2 from atmosphere to crop was 
measured every ½-hour by a micrometeorological eddy covariance technique. 

At Murwillumbah, the seasonal flux of CO2 from the soil surface was estimated from 
measurements at the site made at intervals of a few days with manual chambers, whereas at 
Mackay, soil CO2 fluxes were measured continuously with 6 automatic chambers. Fluxes of 
N2O and CH4 above the crop were measured continuously with a micrometeorological flux-
gradient technique at Murwillumbah. 

We assume that there was no absorption of these gases by the crop and that the above 
crop fluxes represent those from the soil surface. Fluxes of N2O from small unfertilised 
control plots were estimated from manual chamber data (Wang et al., 2008).  

At Mackay, the fluxes from fertilised and unfertilised soils were measured with 
automatic chambers. Emissions for periods when data were missing due to equipment failure 
or unfavourable weather were estimated by interpolation procedures. This was necessary on 
66 days at Murwillumbah and 55 at Mackay. 

Results and discussion 
Denmead et al. (2007) provide a detailed analysis of the daily and seasonal patterns 

of the emissions at Murwillumbah. In the present paper, we compare emissions at 
Murwillumbah and Mackay. 

CO2 exchange 
Cumulative fluxes of CO2 from the soil and from the air above the canopy are shown 

in Figure 1. The difference between the two measurements represents CO2 assimilated by the 
crop. 

Net assimilation by the crop at Murwillumbah was rather more than at Mackay, 
80t/ha at Murwillumbah and 66t/ha at Mackay. This could reflect the different ages of the 
ratoons and the longer growing season at Murwillumbah. At both sites a large proportion of 
the CO2 assimilated by the crop over the season came from the soil, 35% or 28t/ha at 
Murwillumbah and 16% or 10t/ha at Mackay. 

The almost 3 to 1 difference in soil respiration is interesting because the soil surface 
had only a light trash covering at Murwillumbah, but it was covered by a trash blanket at 
Mackay. It might have been expected that the blanket would be a substantial source of CO2 as 
it decomposed. 

Perhaps the supply of available carbon in the Murwillumbah soil was still greater 
than at Mackay, and it may be also that a substantial proportion of the carbon in the trash was 
converted into soil organic matter at Mackay in accordance with the model predictions of 
Vallis et al. (1996). 
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Fig. 1–Cumulative fluxes of CO2 from soil and atmosphere for the whole of the 
growing season at the Murwillumbah and Mackay sites. 

Emissions of N2O 
Equipment failure at Mackay resulted in loss of data from the automatic chambers for 

29 days at a critical time of N2O emission, starting some 25 days after fertiliser had been 
applied and just 4 days after a rainfall event of 39 mm. During this period, emissions were 
estimated from measurements by Wang et al. (2008) with manual chambers. The latter were 
operated for around 1 hour per day between 9:15 and 10:45 at intervals of a few days. 
Emissions for the automatic chambers for the 29 days of missing data were estimated from 
the regression of the 1-h manual chamber measurements on the 24-h automatic chamber 
measurements on both sides of the period. Daily emissions of N2O for the whole growing 
season, including the interpolated data for the missing 29 days, are shown in Figure 2. 

It is evident from Figure 2 that a simpler linear interpolation over the period of 
missing data would have yielded a substantially smaller estimate of the total emission for the 
growing season. In fact it would have yielded a seasonal total of 3.2 kgN/ha compared with 
4.7 kgN/ha from the interpolation procedure that was employed. The acceptability of the 
latter procedure was checked by repeating the observations with the automatic chambers for 
the period following fertilisation in a neighbouring block of 1st ratoon cane in the 2007–08 
season. 

A comparison of emissions for the two seasons is given in Figure 3. At the time of 
writing, only data for the first 42 days of 2007–08 were available. Microclimatic conditions 
over this period were similar for the 2 seasons: precipitation over the first 42 days after 
fertilising was 99 mm in 2006–07 and 74 mm in 2007–08, the average soil temperature at 10 
cm was 25.3 oC in 2006–07 and 25.6 oC in 2007–08, and the average soil moisture content at 
10 cm was 28% in 2006–07 and 18% in 2007–08. Although the soil moisture condition was 
somewhat more favourable for N2O production in 2006–07, the N2O emissions for the 
2 seasons over this initial period were not very different, agreeing to within 14%. This 
suggests that the interpolation procedure employed in 2006–07 was acceptable. 
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Fig. 2—Daily emissions of N2O through the 2006–07 growing season at Mackay. 
The dashed line indicates data that was interpolated from manual chamber 
measurements for 29 days when the automatic chambers were inoperable. 

Fig. 3—Cumulative emissions of N2O after fertiliser application on neighbouring 
blocks at Mackay in 2006–07 and 2007–08. 

The whole-of-season emissions of N2O for the Murwillumbah site in 2005–06 and 
the Mackay site in 2006–07 are compared in Figure 4. At Murwillumbah, N2O emissions 
were large and sustained. They increased to very high rates after fertilising and remained high 
for 5 months. The total emission for the growing season was 45.9 kg N/ha. Emissions from 
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the unfertilised control plots were also large. They amounted to 12.2 kg N/ha which is a slight 
change from the figure of 11.3 kgN/ha quoted in Denmead et al. (2007) due to a re-evaluation 
of the manual chamber data. Emissions at Mackay were much smaller and were shorter-lived 
than those at Murwillumbah: emissions from the fertilised soil totalled 4.7 kgN/ha and from 
the unfertilised soil, 0.45 kgN/ha. 

 

Fig.4—Cumulative emissions of N2O for the whole of the growing season at the 
Murwillumbah and Mackay sites. 

 
A principal aim of the Australian Greenhouse Office program under which this work 

has been conducted is to derive local emission factors for various agricultural enterprises. The 
emission factor is the proportion of the N in applied fertiliser that is emitted as N2O. Table 1 
lists emission factors that have been derived from recent Australian work. The present default 
value for sugarcane adopted by the National Greenhouse Gas Inventory (NGGI, 2007) is 
1.25%, which is intermediate between values for other crops, but our investigation at 
Murwillumbah gave a much larger value of 21% on an ASS. 

The emission factor from the present work at Mackay was 2.8% which is much 
closer to the default value, but still higher. Wang et al. (2008) arrive at lower emission factors 
for both Murwillumbah and Mackay. Reasons for the difference are being explored. 
Possibilities include spatial variability, different source areas, different frequencies of 
sampling, different sensors and precision requirements for the different techniques, and 
different filtering and interpolation procedures. Table 1 shows that emission factors for 
sugarcane are also higher than those for other cropping systems in Australia. We note that the 
high emission rates that we have measured for both soil types agree well with the short-term 
rates observed previously by Weier et al. (1996) and Denmead et al. (2006) for ASS and by 
Weier et al. (1996) and Weier (1998) for other sugarcane soils. Just why the emission factor 
should be so large for ASS is still to be determined. Undoubtedly, the high porosity and high 
carbon content of the soil coupled with frequent rainfall leading to high soil moisture contents 

0

10

20

30

40

50

0 50 100 150 200 250 300 350
Days after fertilising

N
2O

 e
m

is
si

on
 (k

gN
 h

a-1
)

Murwillumbah fertilised

Murwillumbah unfertilised

Mackay fertilised

Mackay unfertilised



Denmead OT et al.                              Proc Aust Soc Sugar Cane Technol Vol 30 2008 
___________________________________________________________________________________ 
 

111 

are important drivers, but we are investigating the possibility that N2O is also formed through 
processes of chemo-denitrification because of the low soil pH. Alternative pathways through 
sulfide or ferrous iron have been suggested. 
 

Table 1—Emission factors for N2O for various Australian cropping systems. 

Crop Emission factor 
% Reference 

Non-irrigated crops 0.3 Galbally et al. (2005) 
Pasture 0.4 Galbally et al. (2005) 
Cotton 0.5 Galbally et al. (2005) 
Sugarcane 1.25 NGGI (2007)
Sugarcane 2.8 This paper
Sugarcane on ASS 21 This paper
Horticulture and vegetables 2.1 Galbally et al. (2005) 
Irrigated crops 2.1 Galbally et al. (2005) 

 
The emission factors derived for the two sites permit a reappraisal of the magnitude 

of N2O emissions from Australian sugarcane soils. Weier (1998) estimated a total production 
of 4.5 kt N2O-N/year. Using the areas of sugarcane soils in Qld and NSW listed by Weier 
(1998), assuming an annual application to all soils of 160 kgN/ha and applying the ASS 
emission factor of 20% to all NSW soils and the non-ASS factor of 2.8% to all Queensland 
soils, gives annual emissions of 0.5 kt N2O-N for the NSW soils and 1.6 kt for the 
Queensland soils for a total Australian figure of 2.1 kt. This is a very approximate 
calculation. First, it is based on only one season of measurement for each soil type and 
second, the areas of ASS producing sugarcane in both states are not properly delineated. 
Nonetheless, the calculation suggests that N2O production from Australian sugarcane soils 
might be much smaller than the previous estimate by Weier (1998), perhaps only one-half, or 
around 7% of national emissions from agricultural soils (Dalal et al., 2003). Further, it 
indicates that although ASS constitute only about 5% of Australia’s sugarcane soils, they 
could contribute about 25% of the national N2O emissions from sugarcane. 

Emissions of CH4 
Figure 5 shows the cumulative emissions of CH4 measured over the growing seasons 

at both sites. Our micrometeorological measurements at Murwillumbah provided convincing 
evidence that the region was a strong source of CH4 although the indications were that the gas 
may have been produced in the many drains in farmers’ fields rather than in the fields 
themselves (Denmead et al., 2007). 

We estimated a net emission for the season of 52.5 kg/ha which is 2 to 10% of the 
rates reported for rice or wetlands. Our study at Mackay, however, indicated that there was 
essentially no net flux of CH4 at that site. The very small uptake in the 2 months after 
fertiliser was applied was balanced by small emissions occurring over the next 2 months, and 
there was virtually no uptake or emission subsequently. This contrasts with the conclusions of 
Weier (1996) that trash-blanketed soils might be significant CH4 sinks. 

Net greenhouse gas exchange 
Our measurements allow us to construct greenhouse emissions balance sheets for the 

crop in which emissions of the three gases are weighted by their various global warming 
potentials (GWP): 1 for CO2, 310 for N2O and 21 for CH4. Thus, for CO2, the net exchange 
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with the atmosphere was calculated by multiplying the average daily CO2 flux from the 
atmosphere to the crop by the number of days in the growing season, and then by the GWP 
for CO2. 

For N2O, the same procedure was followed except that the emissions of N2O-N were 
first converted to emissions of N2O by multiplying them by the ratio of the molecular weights 
of N2O and N2, 44/28. For CH4, the procedure was the same as for CO2. The balance sheet is 
shown in Table 2. 

 

Fig.5—Cumulative emissions of CH4 for the whole of the growing season at the 
Murwillumbah and Mackay sites. Note the change in scale from Murwillumbah to 

Mackay. 

It is usually assumed that crops are CO2 neutral: what they sequester from the 
atmosphere eventually returns there, regardless of the pathway. 

Assuming this to be so in the present case, the net greenhouse gas emissions to the 
atmosphere at Murwillumbah were 23 t/ha of CO2 equivalents (CO2-e) through N2O and CH4, 
and only 2.3 t /ha of CO2-e as N2O at Mackay. 

 
Table 2—Greenhouse gas emissions for the growing seasons at Murwillumbah 

(342 days) and Mackay (290 days) 

Gas Source of 
emission 

Emission rate 
kg/ha/d 

Net emission to atmosphere 
CO2 equivalents, t/ha 

  Murwillumbah Mackay  Murwillumbah Mackay 
      

CO2 Soil 82 35   
 Crop –150 –186 –51.5 –55.8 
      
N2O-N Unfertilised soil 0.039 0.0015   
 Fertilised soil 0.134 .0.016 22.4 2.3 
      
CH4 Fertilised soil 0.154 0 1.1 0 
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Conclusions 
The Murwillumbah site has proved to be a rich source of greenhouse gases. 

Emissions of CO2 from the soil under the crop were almost three times those at Mackay; 
emissions of N2O were extraordinarily large for agricultural soils, and were almost 10 times 
those at Mackay; and emissions of CH4 were 2 to 10% of those expected from rice or 
wetlands, whereas at Mackay, CH4 exchange over the growing season was virtually zero. 

The greater soil emission of CO2 at Murwillumbah is particularly interesting because 
the system of burnt-cane harvesting was employed there, while green-cane harvesting was 
employed at Mackay. 

The greater emission may have been due simply to the greater organic carbon content 
of the surface soil at Murwillumbah and perhaps to significant sequestration of carbon in the 
trash into soil organic matter at Mackay as predicted by Vallis et al. (1996). 

The mechanism of enhanced N2O production in the ASS at the Murwillumbah site is 
not well understood. The high porosity and high carbon content of the soil coupled with 
frequent rainfall leading to high soil moisture contents are seen as important drivers Wang et 
al. (2008) discuss other possibilities. 

Bearing in mind the inordinately large contribution of ASS to N2O emissions from 
the whole sugar industry, the problem warrants further research. 

We suggest that the large emissions of CH4 at Murwillumbah come from the many 
drains in the vicinity of the measurement site. It is perhaps of more significance that the net 
exchange of CH4 for the season for the trash-blanketed soil at Mackay was essentially zero. 
This does not support previous suggestions that trash-blanketed sugarcane soils might 
consume significant amounts of CH4. 

The greenhouse budget for the growing season at Murwillumbah showed that the net 
sequestering of CO2 by the crop from the atmosphere of 51.5 t/ha was offset by the emission 
to the atmosphere of 23 t/ha CO2-e through N2O and CH4. At Mackay, the crop sequestered 
55.8 t/ha of CO2, but emitted only 2 t/ha CO2-e as N2O. These figures are pertinent to current 
interest in the production of greenhouse gases in all industry sectors. 
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