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Abstract 

Fire is common in Australia grasslands, and it is becoming more frequent and serious 

due to climate change. Fire has significant impacts upon economy, human-health and 

ecology, so the management of bushfire is important. Degree of curing (C) and fuel 

moisture content (FMC) are applied as input variables in different fire prediction 

models in Australia to evaluate fuel conditions. Indirect satellite observations of FMC 

are based on the assumption that FMC is related to C. Studying the relationship between 

C and FMC helps understand fuel dynamics, improve fire prediction model and spectral 

indices. The relationship between C and FMC has been intensively discussed, despite of 

different options. Instead of field observation used in previous studies, C and FMC 

derived from satellite-based observation would be applied in this analysis.  

 

In this thesis, C and FMC estimated at a large-scale with high spatial resolution and 

temporal resolution were compared to study their relationship. Using satellite-observed 

C and FMC data, this study investigated the relationship between C and FMC across 

grasslands in Australia and over a time series. Moreover, this study aimed to investigate 

the relationship between C and FMC at smaller-scale to examine the influences of grass 

species, seasonal change, and fire histories on the correlation between C and FMC. It 

was hypothesised that there would always be a negative linear relationship between C 

and FMC in Australian grasslands regardless of grass species, fire history, or seasons. 

 

Results of this study confirmed that there were strong negative linear correlations 

between C and FMC across Australian grasslands; however, in different grasslands the 

correlation coefficients varied. The correlation between C and FMC was influenced by 

grass species, previous fire events, and seasonal change. In blue grass (Dichanthium) 

and tall bunch grass (Chrysopogon) tussock grasslands, temperate tussock grasslands, 

other tussock grasslands, and non-native grasslands, C and FMC had a very strong 

negative linear correlation. In other types of grasslands, the correlation between C and 

FMC was weaker. In areas with frequent fire events and during the extreme dry or rainy 

seasons, the correlations between C and FMC were also weaker. 

 

This study implicates that the correlation between C and FMC is grass species specific, 

so fire prediction models should also be developed using various grass species. Strong 

correlation between C and FMC in southern grasslands except for sedgelands, rushes, or 

reeds, confirmed that it is suitable to evaluate fuel condition by C.  FMC data should be 

included in fire prediction models for grasslands that do not have very strong significant 

correlations between C and FMC. Spectral indices that focused on the contrast between 

red and NIR were questioned by this study because C and FMC were not always very 

strongly negatively correlated in grasslands in Australia. 
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Chapter 1: Introduction 

 

1.1 Background 

Bushfires are a common environmental issue in Australia and have a long history 

in this country. Currently, approximately 5% of the Australian land surface is burned 

every year, which consumes up to 10% of net primary productivity (Pittock et al., 2003). 

Bushfires have major impacts on multiple aspects of Australian society, including the 

economy, ecology, human health, and heritage. Researchers evaluated the economic loss 

of the past five major extreme bushfires in Australia (including 1983 Ash Wednesday, 

2003 Canberra, 2005/06 Grampians, 2006/07 Great Divide, and 2009 Black Saturday) 

and found that each of these fires resulted in a net economic loss ranging from AUD 414 

million to AUD 3049 million (Table 1.1) (Stephenson et al., 2013). In addition, 825 

known civilian and firefighter fatalities have been recorded in 260 bushfires from 1901 

to 2011 (Blanchi et al., 2014). In the Australian Capital Territory, water quality in water-

supply reservoirs was compromised after fire events due to the erosion of bare soil on 

slopes and in riparian zones (Worthy and Wasson, 2004). Furthermore, the 2003 Canberra 

fire destroyed the Mount Stromlo Observatory that was built in 1924, causing a huge loss 

of heritage and cultural values (Pitman et al., 2007). Because fire events are frequent and 

can be costly, understanding the fire regime and factors for determining fire regimes are  

important because it helps predict and manage bushfires in Australia.  
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Table 1.1 Total quantified losses, total benefits, and net loss for the 
past five major extreme fire events in Australia (Stephenson 

et al., 2013) 

 

Fire event 1983 Ash 

Wednesday 

2003 

Alpine and 

Canberra 

2005/06 

Grampians 

2006/07 

Great 

Divide 

2009 Black 

Saturday 

Total loss 

(rounded to the 

nearest 

$000,000)  

1807 3659 455 2216 2939 

Net loss 

(rounded to the 

nearest 

$000,000)  

1196 3049 414 2038 942 

 

The risks of bushfires are aggravated by climate change. The probability of 

extreme fire risk is predicted to be consistently increasing to 2100 due to increasing 

temperatures and decreases in relative humidity (Pitman et al., 2007). Based on 

McArthur’s (1967) forest fire danger index, Beer and Williams (1995) estimated an 

increase in the frequency of bushfires in Australia because of increasing atmospheric CO2 

concentrations. Overall, the current global climate change increases the risk of bushfires; 

therefore, understanding the fire regime and factors for determining fire regimes are 

important for the improvement of fire prediction models and to help fire management in 

the future.  

Grasslands cover a large proportion of land in Australia, are distributed in large 

areas across different climatic zones, and contain many different grass species. 

Grasslands have important economic, conservation, tourism, and recreational values 

(Moore, 1970); therefore, it is important to study grassland fire regime in Australia to 

ensure better management of bushfires.  
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Due to increasing fire risks in the future, an effective fire prediction model is 

crucial for fire management and suppression in Australian grasslands because this will 

help predict fire risks and the rate of fire spread. Two important variables in fire prediction 

models are the fuel moisture content (FMC) and the degree of curing (C). C refers to the 

proportion of yellowed or dead material in the total fuel load in a grassland and is applied 

in fire prediction models to evaluate fuel moisture (Newnham et al., 2010), leading to the 

estimation of fire spread rate and fire risks (McArthur, 1966; McArthur, 1973; Cheney et 

al., 1998). Among all ground-based observation of C methods, visual assessment is the 

simplest and most cost-effective method; however, it also causes errors due to 

unexperienced observers and a period of “calibration” of the eyes (Anderson and Pearce, 

2003). Levy’s (1933) method is a more accurate and effective measurement of C in 

grasslands. FMC is defined as the proportion of water over dry materials (Paltridge and 

Barber, 1988; Yebra et al., 2008). Ground-based observations of FMC data are 

collected by plot sampling, weighing, and drying (Chuvieco et al., 2003). Many fire 

prediction models evaluate fuel conditions to estimate fire risks and fire spread directly 

from FMC (Burgan and Rothermel, 1984; Griffin and Allan, 1984; Burrows et al., 1991; 

Burrows et al., 2009). Thus, the relationship between C and FMC is important for 

assessing fuel conditions and developing fire prediction models. Studies of the 

relationship between C and FMC provide a better understanding of fuel conditions or fire 

regimes, so that they help improve fire prediction models. If it could be proven that there 

was always a clear correlation between C and FMC in grasslands, some fire prediction 

models that include both C and FMC as variables could be simplified. 

Relation between C and FMC are important for satellite based FMC observation. 

Spectral indices focused on contrast between Red and Near Infrared reflected chlorophyll 

concentration or C, and they were assumed to relate to FMC, although their association 

were questioned (Chuvieco et al., 2004; Gond et al., 1999). Indirect observations of FMC 
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were conducted through NDVI in different researches (Rouse Jr et al., 1974; Paltridge 

and Barber, 1988). Studying relation between C and FMC in grasslands helped test 

effectiveness of spectral indices that estimated FMC in grasslands.  

 The relationship between C and FMC had been intensively studied but get 

conflicting results. It has been hypothesised that there is a negative linear correlation 

between C and FMC, based on previous studies regarding the relationship between the 

normalised difference vegetation index (NDVI) and C, and the relationship between 

NDVI and FMC. NDVI reflects chlorophyll concentration and it is an accurate and 

effective index in C estimation because there is always a negative linear correlation 

between NDVI and C (Rouse Jr et al., 1974, Newnham et al., 2010). Data collected in the 

field-based observation in three sites in Victoria showed positive linear relations between 

NDVI and FMC; however, the coefficient also varied at different sites (Dilley et al., 

2004). A positive correlation between NDVI and FMC was also observed using field 

sampling data in Canada (Davidson et al., 2006). Therefore, there may be a negative 

linear relationship between C and FMC. 

In contrast, several studies have suggested a negative exponential correlation 

between C and FMC (Barber, 1990; Dilley et al., 2004). Based on data collected by 

McArthur (1966), Barber (1990) stated that C and FMC were directly related to a negative 

monotonic exponential relationship. Dilley et al. (2004) expressed the relationship 

between C and FMC in grasslands in Victoria as Equation 1.1 from Barber’s (1990) study: 

𝐶 = 15.5 + 97𝑒−
𝐹𝑀𝐶

75.3                    (Equation 1.1) 

However, other researchers have questioned whether there is a clear relationship 

between C and FMC. Kidnie et al. (2015) studied the relationship between FMC and C 

in Australian grasslands by classifying grass fuel components into four distinct fuel 
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categories: old dead, new dead, senescing, and green. The four categories had different 

moisture dynamics. The moisture contents of the old and new dead fuel were more related 

to environmental conditions, whereas the moisture contents of the senescing and green 

fuel were relatively stable (Kidnie et al., 2015). Although the change in C may alter the 

proportion of different fuel categories, it is not directly related to FMC because FMC 

might also be affected by weather conditions. In addition, previous fire events that 

changed the proportion of fuel categories in grasslands could influence the relationship 

between C and FMC. Wittich (2011) classified fuel in grasslands into dead grass and live 

grass to understand fuel dynamics and found that the FMC of the dead fuel was highly 

related to atmospheric humidity and it could change rapidly even within one day. For live 

grass, the relation between C and FMC was different in annual and perennial grasslands, 

with perennial grasses more tolerant to drought stress and stayed green longer than annual 

grasses (Wittich, 2011). Thus, the relationship between C and FMC in grasslands is 

specific to grass species. Gill (2006) stated that the C and FMC relation is species specific. 

However, Andrews et al. (2006) tested 14 sites in Australia and New Zealand and 

concluded that there was no clear relationship between the moisture content of live fuel 

and C at the sampling sites. Moreover, in addition to water stress, C is influenced by plant 

nutrient deficiency, disease, toxicity, and phonological stage (Larcher, 2003); therefore, 

there is not always a clear correlation between C and FMC in grasslands. 

All previous studies that have focused on the C and FMC relationship only tested 

this relationship at a few experimental sites. To overcome the limited sample size, remote 

sensing provides a large-scale, non-destructive, and instantaneous observation at various 

scales (Davidson et al., 2006). MOD09 is a MODIS surface reflectance product that 

provides reflectance values for every 500-m pixel every 8 days from seven bands (Table 

1.2) (Vermote, 2015). Other MODIS surface reflectance products, MCD43A4 and 

MCD43A2, provide 500-m resolution derived from a 16-day composite (Schaaf and 
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Wang, 2015). MCD43A4 data are calculated daily from 2000 to present (Schaaf and 

Wang, 2015). 

 

Table 1.2 Bands in MOD09 (Table obtained from Martin et al., 2015) 
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1.2  Aims of the study 

Based on the literature review, there are controversies regarding the relationship 

between C and FMC. Thus, the present study aimed to test for the correlation between C 

and FMC. Using satellite-observed C and FMC data, this study investigated the 

relationship between C and FMC at a large scale across grasslands in Australia and over 

a time series. The study also included smaller-scale samples to examine the influences of 

grass species, seasonal change, and fire histories on the correlation between C and FMC. 

It was hypothesised that there would always be a negative linear relationship between C 

and FMC in Australian grasslands regardless of grass species, fire history, or seasons.  

To address this hypothesis, two specific aims were studied: 

1. Test the correlation between C and FMC across grasslands over the whole of 

Australia.  

2. Investigate factors that might affect the correlation between C and FMC in 

Australian grasslands, including grass species, fire events, and seasonal climate 

change. 
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Chapter 2: Literature review  

2.1  Australian grasslands 

Moore (1970) defined the term ‘grassland’ as land used for domestic animal feeding 

and he classified Australian grasslands based on climate, physiognomy, and species. 

Grass species in Australia vary from tropical tallgrass to sub-alpine tussock grass (Moore, 

1970). Various grass species in Australian grasslands were investigated in the present 

study to test their influence on the relationship between C and FMC. The classification of 

grasslands and distribution of each grassland type was obtained from the National 

Vegetation Information System’s (NVIS) Major Vegetation Subgroup (MVS) products 

(Australian Government Department of the Environment and Energy, 2018). The latest 

MVS dataset—NVIS Version 5.1—was released in 2018 and it mapped the vegetation 

types in Australia with a 100 m × 100 m (1 ha) cell size that covered the whole of Australia 

by dividing the Australian vegetation into 85 subgroups. Native grasslands were classified 

based on climate, physiognomy, and grass species in this map (Australian Government 

Department of the Environment and Energy, 2018). NVIS’s MVS products were applied 

in the analysis because of their spatial and temporal accuracy. To prevent the influence 

from the canopy layer, only open grassland vegetation types were used (Australian 

Government Department of the Environment and Energy, 2018). NVIS’s MVS products 

mainly describe native grasslands and do not clearly map the distribution of non-native 

grasslands or modified pasture (Australian Government Department of the Environment 

and Energy, 2018). However, the locations of non-native grasslands were identified by 

combining NVIS’s MVS products and the Land Use of Australia 2010–11 dataset based 

on the Australian Bureau of Statistics’ 2010–11 agricultural census data with a 0.01-

degree pixel size (Australian Bureau of Agricultural and Resource Economics and 

Sciences, 2016). 
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2.2  Australian fire prediction models 

An effective, fast, and accurate prediction of fire behaviour is important for the 

management of bushfires in Australia. To develop effective suppression strategies, it is 

essential to raise public awareness, implement safely prescribed fires, and undertake fire 

risk analysis using fast and effective fire prediction models (Plucinski et al., 2017). 

Prediction methods of fire behaviours in Australian grasslands have been developed for 

decades. The prediction of fire risks started over 50 years ago with the adaption of the 

Canadian grassland fire danger tables (Gill et al., 2010). McArthur’s meters, which 

provided fire spread information for tactical and strategic planning, have commonly been 

used in Australia (McArthur, 1967; Beer, 1990). McArthur’s fire danger meters were 

applied to forecast the possibility of fire ignition, predict the rate of fire spread, and 

measure the difficulty of fire suppression (Noble et al., 1980). McArthur (1966) stated 

that C, air temperature, wind velocity, and relative humidity were relevant for estimating 

the possibility of ignition and the rate of fire spread. He listed fuel or weather conditions 

and the corresponding fire danger index and rate of fire spread in various tables, known 

as McArthur’s grassland fire danger meter Mark 3 (McArthur, 1966). The McArthur 

grassland fire danger meter Mark 4 (McArthur, 1973) (listed in Figure 2.1) model was 

developed from table form to rectangular slide rules and this meter is commonly applied 

in bushfire prediction in Australian grassland nowadays (Beer, 1991). Noble et al. (1980) 

summarised McArthur’s grassland fire danger meter and expressed it as Equation 2.1. 
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𝑭 = 𝟐𝒆−𝟐𝟑.𝟔+𝟓.𝟎𝟏×𝐥𝐧(𝑪)+𝟎.𝟎𝟐𝟖𝟏×𝑻−𝟎.𝟐𝟐𝟔×√𝑯+𝟎.𝟔𝟑𝟑×√𝑽            (Equation 2.1) 

𝑅 = 0.13 × 𝐹 

This equation includes the variables used in the calculation of the fire danger index and 

the forward spread rate of fire, where F is the fire danger index, C is the degree of curing, 

T is the air temperature, H is the relative humidity, V is the average wind velocity in the 

open at a height of 10 m, and R is the forward spread rate of fire. 

 

 

Figure 2.1 McArthur Mark 4 meter (McArthur, 1967) 
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McArthur’s grassland fire danger meter illustrates that fire behaviours are directly 

determined by fuel conditions and weather conditions. C was a variable used in 

McArthur’s meter to evaluate fuel conditions, which was based on the assumption that C 

was directly related to both live and dead FMC (Cruz et al., 2015). However, other 

researchers have shown that the relationship between C and FMC is influenced by other 

factors, including grass species (Gill, 2006; Wittich, 2011) and the proportion of different 

fuel categories (Andrews et al., 2006; Kidnie et al., 2015).  

Based on the original McArthur grassland fire danger meter Mark 4, the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) developed an 

uncapped grassland fire danger meter (Gill et al., 2010). In the current fire prediction 

models, Australian grasslands are classified into (i) southern grasslands, (ii) hummock 

Spinifex grassland, and (iii) tropical grassland, woodlands and open forests, with CSIRO 

recommending different fire prediction models for different grasslands (Cruz et al., 

2014).  

In southern grasslands, the uncapped grassland fire danger meter was developed 

based on McArthur’s grassland fire danger meter and included C, FMC, and weather 

conditions as input variables (Cruz et al., 2014). Based on the ground-based data from 

the Annabarroo experiments (Cheney et al., 1993), a new model was developed to predict 

the rate of spread in southern grasslands (Cheney et al., 1998). In this model, both dead 

FMC and C were considered as input variables to evaluate the fuel condition in 

grasslands.  

In hummock Spinifex grasslands, models that estimated the rate of spread were 

developed by Griffin and Allan (1984) and Burrows et al. (1991). CSIRO recommends 

the model described by Burrows et al. (2009) for bushfire prediction in hummock Spinifex 

grasslands (Cruz et al., 2014). All the models used in predicting the rate of fire spread in 
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hummock grassland selected FMC and Spinifex cover as the input variables to evaluate 

the fuel condition in hummock grasslands (Cruz et al., 2014). 

To predict fire spread in tropical grasslands, woodlands, and open forests, CSIRO 

recommends the CSIRO Fire Spread Meter for North Australia based on the grassland 

fire spread model developed by Cheney et al. (1998). 

Both C and FMC are key input variables in current fire prediction models used for 

fire prediction and management. The relationship between the two variables, C and FMC, 

provides a better understanding of fuel dynamic and fire prediction models. The 

determination of a relationship between C and FMC at different sites can help adjust the 

application range of a certain fire prediction model or simplify and improve fire prediction 

models. 

2.3 Curing data 

Remote sensing has the potential to collect curing data over the whole of Australia 

and many methods have been developed to collect C in grasslands using satellite data. 

Different spectral indices must be applied to calculate C from satellite data, including 

NDVI (Rouse Jr et al., 1974) and the Soil Adjusted Vegetation Index (SAVI) (Huete, 

1988). The equations for NDVI and SAVI are listed as Equation 2.2 and Equation 2.3, 

respectively. The effectiveness of these two different spectral indices in estimating C in 

grasslands was tested by Newnham et al. (2010). NDVI performed the best in natural 

grasslands or mixed grasslands, while SAVI normalised in time series reduced the 

influences from bare soil, and thus performed the best in improved pastures.  

𝑵𝑫𝑽𝑰 =
𝑵𝑰𝑹−𝑹𝒆𝒅

𝑵𝑰𝑹+𝑹𝒆𝒅
                             (Equation 2.2) 

𝑺𝑨𝑽𝑰 =
𝑵𝑰𝑹−𝑹𝒆𝒅

𝑵𝑰𝑹+𝑹𝒆𝒅+𝑳
(𝟏 + 𝑳)                              (Equation 2.3) 

 

where, L is the value applied to decrease soil noise. 
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C was derived from satellite data on a regional scale in Australia in many previous 

studies. Martin et al. (2015) compared 500-m MOD09A1 satellite data against field data 

collected from ground-based observations from October 2005 to January 2013 at 211 

grassland sites across Victoria to develop the MapVictoria satellite curing model. Chladil 

and Nunez (1995) used NDVI to collect C from the National Oceanic Atmospheric 

Administration/Advanced Very High Resolution Radiometer data in south-eastern 

Tasmania. In the Northern Territory, Allan et al. (2003) compared the relationship 

between C collected by ground-based observation and NDVI normalised in time series, 

concluding that there was a strong linear relationship at the black soil site and a strong 

curvilinear relationship at the red soil site.  

C in grasslands can be calculated with NDVI by using different methods. Dilley 

et al. (2004) declared an exponential relation between NDVI and C in south-eastern 

Australia. Conversely, Newnham et al. (2010) proposed a negative linear relationship 

between C and NDVI after comparing field estimation and satellite data in  25 field sites 

distributed across five states of Australia. In addition, NDVI collected from MODIS data 

was placed in time series to eliminate the errors caused by bare soil and evergreen 

vegetation, and thus to improve the accuracy, which is known as the relative greenness 

approach (Newnham et al., 2011). The time series should be long enough to include 

extreme NDVI values, but exclude land use change (Newnham et al., 2011).  

The effectiveness of three different methods (listed in Table 2.1) was tested by 

comparing the results obtained from satellite with field-based observations at 25 

grassland sites over 4 years within different climatic zones across Australia (Newnham et 

al., 2010). The root mean square error (RMSE) of each method was calculated to examine 

their effectiveness. The relative greenness regression model performed with the highest 

accuracy for estimating C across Australia, although it tended to underestimate C at high 
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levels (Newnham et al., 2010). C at high levels has high fire risks and rates of spread. 

Thus, NDVI methods are not suitable for extreme fire prediction because of the 

underestimation of C at high levels. Newnham et al.’s (2010) study also showed that the 

relationship between C and NDVI was likely to be a negative linear one rather than an 

exponential one. 

Table 2.1 RMSE of curing estimates derived from several methods 
based on a time series analysis of the NDVI (Newnham et al., 

2010). 

 

Method  Formula RMSE% 

Non-linear model 
𝐶 = −19.1 + 218e−

𝑁𝐷𝑉𝐼
0.434 

18.97 

Simple linear model 𝐶 = (1.03 − 𝑁𝐷𝑉𝐼) × 108.11 16.37 

Relative greenness 

regression model 
𝐶𝑖 = (1.24 −

𝑁𝐷𝑉𝐼𝑖 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛

𝑁𝐷𝑉𝐼𝑚𝑎𝑥 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛
) × 75.36 

15.90 

 

 Newnham et al. (2010) developed four different methods to calculate C from 

MODIS MOD09 surface reflectance over the whole of Australia (listed in Table 2.2). The 

accuracy of these four methods was tested by comparing C derived from satellite and 

ground observations at sites across Australia over 4 years (Newnham et al., 2010). The 

results showed that method B, multiple linear regression against NDVI and the ratio of 

bands 7 and 6, performed the best in estimating C in Australia (Newnham et al., 2010). 

Thus, C in subsequent analysis was collected from satellite data using method B. The C 

data product based on method B were downloaded from: 

 http://opendap.bom.gov.au:8080/thredds/catalog/curing_modis_500m_8-

day/aust/netcdf/b/catalog.html. 

 

 

http://opendap.bom.gov.au:8080/thredds/catalog/curing_modis_500m_8-day/aust/netcdf/b/catalog.html
http://opendap.bom.gov.au:8080/thredds/catalog/curing_modis_500m_8-day/aust/netcdf/b/catalog.html
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Table 2.2 RMSE of methods applied to estimate C in Australian 
grasslands from satellite data (Newnham et al., 2010). 

Methods Formula RMSE% 

Linear regression 

(NDVI) 
𝐶 = 124.71 − 121.4 × 𝑁𝐷𝑉𝐼 11.90 

Multiple linear 

regression (NDVI, 

R7/R6) 

𝐶 = 237.308 − 190.139 × 𝑁𝐷𝑉𝐼 − 142.655

×
𝑅7

𝑅6
 

10.54 

Normalised regression 

of NDVI 
𝐶 = 93.274 − 61.896 ×

𝑁𝐷𝑉𝐼 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛

𝑁𝐷𝑉𝐼𝑚𝑎𝑥 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛
 

13.26 

Normalised regression 

of SAVI 
𝐶 = 93.347 − 73.776 ×

𝑆𝐴𝑉𝐼 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛

𝑆𝐴𝑉𝐼𝑚𝑎𝑥 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛
 

12.97 

 

One limitation of satellite-based observations is the potential lack of data in some 

pixels due to poor atmospheric conditions. In addition, there might be some errors in these 

observations. NDVI values are underestimated in areas with clouds and aerosols (Feng et 

al., 2002). Moreover, the atmospheric influences of the zenith angle are more significant 

when this angle is large (Feng et al., 2002). Method B overestimates C if water is present, 

whereas it underestimates C if woody vegetation is present (Newnham et al., 2010). 

Exposed soils reduce the accuracy of C estimation based on NDVI (Huete et al., 1984). 

The effectiveness of different satellite curing models might change due to vegetation 

variations because they are fitted for different grass types.  

2.4  FMC data 

To overcome the limitations of ground-based observations, remote sensing is used 

to collect instantaneous FMC data (Davidson et al., 2006). Methods used to collect FMC 

data from satellite data products are well-developed and have been intensively discussed 

in previous studies. Water content differences are most reflected in near infrared (NIR) 

and shortwave infrared (SWIR) bands (Tucker, 1980; Bowman, 1989). The contrast 

between red and NIR bands reflect leaf chlorophyll content, which is assumed to correlate 
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with leaf moisture content (Davidson et al., 2006; Paltridge and Barber, 1988)Different 

methods have been developed to calculate FMC data in grasslands with these 

wavelengths, which are listed in Table 2.3. 

Table 2.3 Developed spectral indices for FMC estimation 

Methods Formula Reference 

Normalised 

Difference 

Vegetation 

Index (NDVI) 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 

(Rouse Jr et al., 1974) 

Soil Adjusted 

Vegetation 

Index (SAVI) 

𝑆𝐴𝑉𝐼 =
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 𝐿
(1 + 𝐿) 

(Huete, 1988) 

Enhanced 

Vegetation 

Index (EVI) 

𝐸𝑉𝐼 =
2.5(𝑁𝐼𝑅 − 𝑅𝑒𝑑)

𝑁𝐼𝑅 + 6𝑅𝑒𝑑 − 7.5𝐵𝑙𝑢𝑒 + 1
 

(Huete et al., 2002)) 

Global 

Environmental 

Monitoring 

Index (GEMI) 

𝐺𝐸𝑀𝐼 = η(1 − 0.25η) −
Red − 0.125

1 − Red
 

𝜂 =
2(𝑁𝐼𝑅2 − 𝑅𝑒𝑑2) + 1.5𝑁𝐼𝑅 + 0.5𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 0.5
 

(Pinty and Verstraete, 

1992) 

Visible 

Atmospheric 

Resistant Index 

(VARI) 

𝑉𝐴𝑅𝐼 =
𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑

𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒
 

(Gitelson et al., 2002) 

  

Structural 

Independent 

Pigment Index 

(SIPI) 

𝑆𝐼𝑃𝐼 =
𝑁𝐼𝑅 − 𝐵𝑙𝑢𝑒

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 

(Peñuelas and Inoue, 

1999) 

Modified 

Vegetation 

Index (MVI) 

𝑀𝑉𝐼 =
𝑁𝐼𝑅 − 1.2𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 (Paltridge and Barber, 

1988) 

Simple Ratio 

(SR) 
𝑆𝑅 =

𝑁𝐼𝑅

𝑅𝑒𝑑
 

(Jordan, 1969) 

Moisture Stress 

Index (MSI) 
𝑀𝑆𝐼 =

𝑆𝑊𝐼𝑅

𝑁𝐼𝑅
 

(Hunt Jr and Rock, 

1989) 
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Global 

Vegetation 

Moisture Index 

(GVMI) 

𝐺𝑉𝑀𝐼 =
(𝑁𝐼𝑅 + 0.1) − (𝑆𝑊𝐼𝑅 + 0.02)

(𝑁𝐼𝑅 + 0.1) + (𝑆𝑊𝐼𝑅 + 0.02)
 (Ceccato et al., 2002) 

Normalised 

Difference 

Water Index 

(NDWI) 

𝑁𝐷𝑊𝐼 =
𝑅2 − 𝑅5

𝑅2 − 𝑅5
 

(Gao, 1996) 

Normalised 

Difference 

Infrared Index 

(NDII) 

𝑁𝐷𝐼𝐼 =
𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅
 

(Hunt Jr and Rock, 

1989) 

 

 Researchers tested the accuracy of spectral indices for collecting FMC from 

satellite data in grasslands. Davidson et al. (2006) compared satellite FMC data with data 

collected using ground-based sampling in Canadian grasslands, concluding that spectral 

indices emphasised the contrast between the NIR and SWIR spectral regions (including 

NDII, MSI, and GVMI) and were more reliable in estimating FMC data than the contrast 

between red and NIR or between visible and SWIR. Chuvieco et al. (2010) suggested that 

the NIR–SWIR contrast could better reflect FMC change in grasslands and shrublands in 

Spain. Yebra et al. (2008) illustrated that the contrast between red and NIR reflecting the 

change in chlorophyll content was indirectly related to FMC change. Indices in NIR and 

SWIR wavelengths including bands with water absorption features had direct links with 

FMC (Yebra et al., 2008). Furthermore, indices that emphasised the red–NIR contract 

were related with C. Thus, these indices were not suitable for collecting FMC data in this 

experiment.  

Empirical methods based on fitting ground-observed FMC and satellite reflectance 

data are site or sensor specific; therefore, they are not suitable for collecting FMC over a 

large scale (Yebra et al., 2008). Simulation methods based on backwards simulation of 
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radiative transfer models (RTM) had direct links with FMC and the results were not 

influenced by different sensors or sites (Yebra et al., 2008). Spectral indices focus on 

NIR/SWIR contrast (NDII and GVMI) were selected in these models and an inversion 

process was achieved by iteratively running the model until a simulated reflectance 

produced from a set of input parameters was found that closely matched the reflectance 

values from the satellite data (Yebra et al., 2008). Compared with MOD09, MCD43 

improved the accuracy of RTM in estimating the FMC of grasslands (Jurdao et al., 2013). 

MCD43A4 was applied to estimate FMC, whereas MCD43A2 was used to remove pixels 

covered by clouds or with low data quality (Yebra et al., 2018). Because of these 

advantages of the RTM, FMC data in the subsequent analysis were derived from MODIS 

satellite data using RTM (Yebra et al., 2018), which were downloaded from 

http://dap.nci.org.au/thredds/remoteCatalogService?catalog=http://dapds00.nci.org.au/th

redds/catalog/ub8/au/FMC/c6/mosaics/catalog.xml. 

http://dap.nci.org.au/thredds/remoteCatalogService?catalog=http://dapds00.nci.org.au/thredds/catalog/ub8/au/FMC/c6/mosaics/catalog.xml
http://dap.nci.org.au/thredds/remoteCatalogService?catalog=http://dapds00.nci.org.au/thredds/catalog/ub8/au/FMC/c6/mosaics/catalog.xml
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Chapter 3: Methods 

3.1  Mapping the distribution of different grass species in Australia 

NVIS’s MVS products provided information about the attributes of different 

vegetation types in Australia with a 100 m × 100 m (1 ha) cell size from 2018. This map 

only reflects the dominant vegetation in a map unit and the less dominant vegetation is 

neglected (Australian Government Department of the Environment and Energy, 2018). 

This map differentiates Australia vegetation into 85 categories, 11 of which are related to 

open grasslands and were applied in subsequent analysis (Table 3.1). NVIS’s MVS 

products were downloaded from:  

http://environment.gov.au/fed/catalog/search/resource/downloadData.page?uuid=%7B3

F8AD12F-8300-45EC-A41A-469519A94039%7D 

 

Table 3.1 MVS number and MVS name in NVIS’ MVS products 

included in the present study 

MVS 

number 

Grasslands types 

33 Hummock grasslands  

34 Mitchell grass (Astrebla) tussock grasslands  

35 Blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock 

grasslands  

36 Temperate tussock grasslands  

37 Other tussock grasslands  

38 Wet tussock grasslands with herbs, sedges or rushes, herblands, or ferns  

39 Mixed chenopod, samphire, or forbs  

41 Saline or brackish sedgelands or grasslands  

63 Sedgelands, rushes, or reeds  

64 Other native grasslands  

99 Cleared, non-native vegetation, buildings  

 

 

http://environment.gov.au/fed/catalog/search/resource/downloadData.page?uuid=%7B3F8AD12F-8300-45EC-A41A-469519A94039%7D
http://environment.gov.au/fed/catalog/search/resource/downloadData.page?uuid=%7B3F8AD12F-8300-45EC-A41A-469519A94039%7D
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The first 10 types are all native grasslands (Table 3.1) and MVS 99 also includes 

non-native pasture and other land use types. To separate non-native grasslands from other 

land use types included in type 11, NVIS’s MVS products were combined with the Land 

Use of Australia 2010–11 dataset based on the Australian Bureau of Statistics’ 2010–11 

agricultural census data with a 0.01-degree pixel size (Australian Bureau of Agricultural 

and Resource Economics and Sciences, 2016). The Land Use of Australia 2010–11 

dataset was downloaded from: 

 http://data.daff.gov.au/anrdl/metadata_files/pb_luav5g9abll20160704.xml.  

The Land Use of Australia 2010–11 illustrates the distribution of grazing modified 

pastures and irrigated modified pastures, which help separate the non-native grasslands 

in type 11. The percentage of coverage by different types of grasslands in the Australian 

grasslands area was calculated according to the pixels covered by each grassland type. 

Hummock grasslands are defined as coarse xeromorphic grass with a mound-like 

form that is often dead in the middle (NVIS Technical Working Group, 2017) (Figure 

3.1). Hummock grasslands are dominated by perennial grasses and a large proportion of 

the ground surface is bare (Burrows et al., 2009). The discontinuous nature of the 

vegetation helps accumulate fuel load in hummock grasslands because fire cannot spread 

when fuel load is low (Burrows et al., 2009). Previous fire events have significant 

influences on the density, height, and form of hummocks (Burrows et al., 2009). 

Tussock grass is defined as discrete and open grasslands consisting of grasses with 

distinct individual shoots and include different grass species (NVIS Technical Working 

Group, 2017) (Figure 3.2 and Figure 3.3). Most tussock grass species are perennial, but 

annual tussock grass does exist (Beadle, 1981). Temperate tussock grasslands in south-

eastern Australia are typically dominated by perennial tussock grasses, while forbs, 

wildflowers, orchids, and other perennial or annual grasses co-exist in inter-tussock 

spaces (Carter et al., 2003) (Figure 3.4). Grazing of livestock is a major economic activity 

in tussock grasslands (White et al., 2014). Wet tussock grasslands with herbs, sedges or 

rushes, and herblands or ferns are dominated by non-woody or herbaceous species such 

as grasses, sedges, ferns, or a mixture of these, and the vegetation is continuous 

(Department of the Environment and Energy, 2017). 

In mixed chenopod, samphire, or forbs, chenopods are drought and salt tolerant, 

single or multi-stemmed, semi-succulent annual or perennial herbs, subshrubs or shrubs 

http://data.daff.gov.au/anrdl/metadata_files/pb_luav5g9abll20160704.xml
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(NVIS Technical Working Group, 2017) (Figure 3.5). Samphires are perennial succulent 

herbs and small shrubs that have articulated branches (Coleman, 1998) (Figure 3.6). Forb 

is a herbaceous or slightly woody plant that is annual or sometimes perennial (NVIS 

Technical Working Group, 2017). 

Examples of Australian sedgelands, rushes, or reeds are shown in Figure 3.7. Saline 

or brackish sedgelands are closely associated with coastal saltmarshes (Department of the 

Environment and Energy, 2017). 

Native grasslands under the family Poaceae, but without a distinctive tussock nor 

hummock appearance, are categorised as other grasslands (NVIS Technical Working 

Group, 2017). This category includes many different species of grasses. 

In most Australian temperate grassy ecosystems, grass species changed dramatically after 

European settlement (Prober and Thiele, 2005). Native kangaroo grass or snow tussock 

grass have been replaced by secondary native perennial grasses and non-native annual 

grass (Moore, 1970). Wallaby grass or spear grass communities and many native 

perennial forbs have been replaced by native and exotic annual grasses due to livestock 

grazing (Prober and Thiele, 2005). Non-native Hypochaeris radicata, Lolium spp., 

Bromus molliformis, and Echium plantagineum, and native Elymus scaber, Austrostipa 

scabra, Lomandra filiformis, and Bulbine bulbosa are frequently observed in these 

grasslands (Prober and Thiele, 2004). Figure 3.8 shows non-native grasslands or modified 

pasture in Australia. 

 

 

 

 

 

 

 

 

 

 



22 

 

Sheng Xuan  2019 

 

Figure 3.1 Hummock grasslands associated with stony landscapes, 
Kimberley, WA (Photo: M. Fagg) 

 

 

Figure 3.2 Mitchell tussock grassland, west of Blackall, QLD 
(Photo: M. Fagg) 

 

 

Figure 3.3 Blue grass (Dichanthium sericeum) tussock grassland, 
Springsure, QLD (Photo: D.W. Butler) 

 

 

Figure 3.4 Temperate tussock grasslands dominated by Stipa 
species, Cooma, NSW (Photo: M. Fagg) 
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Figure 3.5 Chenopod shrublands, Hay, NSW (Photo: M. Fagg) 

 

Figure 3.6 Samphire shrubland, Murray Sunset National Park, VIC 
(Photo: M. Fagg) 

 

  

Figure 3.7 Mire (typically comprising sedges and rushes), Newnes 
Plateau, NSW (Photo: D. Keith) 

 

 

Figure 3.8 Modified pasture with scattered eucalypts (Photo: M. 
Fagg) 
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3.2 Mapping previous fire events in Australian grasslands 

Previous fire events, including prescribed or natural fires, might affect the 

relationship between C and FMC in grasslands by changing the fuel load, fuel structure, 

and grass species (Ruprecht et al., 2013; Underwood and Christian, 2009; Dyer and 

Smith, 2003); therefore, the understanding of fire behaviour in grasslands is important for 

subsequent analysis. Fire history maps reflect the frequency and intensity of previous fires 

because several serious fire events or series of small fire events may have different 

influences on the relationship between C and FMC.  

Australia’s Environment Explorer dataset contains the times of fire occurrence and 

annual maximum fire intensity in Australia with a 2.5 km cell size from 2000 to 2018 

(Van Dijk and Summers, 2016). Fire occurrence and fire intensity data were downloaded 

from http://wald.anu.edu.au/australias-environment/#Download. Data from 2002 to 2014 

except 2008 and 2010 were selected for the present study because there was C data and 

FMC data every 8 days in these years. In 2008 and 2010, C data were missing in some 

seasons in the dataset, which might lead to an error in the calculation of the correlation 

coefficient for the entire year, so these were excluded from the study. The fire occurrence 

data and fire intensity data over 11 years were selected to create a fire history map. The 

fire occurrences in each year over a range of Australian grasslands were summarised to 

calculate the fire occurrence of the 11 years in each pixel. Moreover, the intensity of the 

most intensive fire event during the study period was regarded as the fire intensity of the 

research years in each cell. Considering that fire intensity and fire frequency can have 

distinct influences on the correlation between C and FMC, they were combined to 

illustrate previous fire behaviour. According to natural breaks, fire intensity and 

occurrence over the 11 years were classified into three categories. Then, they were 

combined to create nine fire history classes (Table 3.2) to illustrate the fire history in 

Australia during these years. Fire frequency was classified as low (1–7 fire events during 

the study period), middle (7–36 fire events during the study period), and high (36–441 

fire events during the study period) fire frequency, whereas fire intensity was classified 

as low (32–73 °C), middle (73–115 °C), and high (115–234 °C) fire intensity. Thus, fire 

events were classified as class 1 (low fire intensity/low fire frequency), class 2 (low fire 

intensity/middle fire frequency), class 3 (low fire intensity/high fire frequency), class 4 

(middle fire intensity/low fire frequency), class 5 (middle fire intensity/middle fire 

frequency), class 6 (middle fire intensity/high fire frequency), class 7 (high fire 

intensity/low fire frequency), class 8 (high fire intensity/middle fire frequency), and class 

http://wald.anu.edu.au/australias-environment/#Download
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9 (high fire intensity/high fire frequency). Grasslands that never burned were identified 

from the fire occurrence and fire intensity data. 

 

Table 3.2 Characters of previous fire events with nine fire classes 

 Fire occurrence 

(times) 

1–7 7–36 36–441 

Fire intensity 

(°C) 

Fire classes Low fire 

frequency 

Middle fire 

frequency 

High fire 

frequency 

32–73 Low fire intensity Class1 Class2 Class3 

73–115 Middle fire intensity Class4 Class 5 Class 6 

115–234 High fire intensity Class 7 Class 8 Class 9 

 

3.3  Testing the C–FMC relationship in grasslands 

The C data in Australia at 500 m resolution every 8 days were derived from 

MOD09A1 using method B, although the data in several pixels were missing due to 

atmospheric conditions (Newnham et al., 2010). RTMs estimated FMC data in Australia 

from MCD43A4; therefore, FMC data was derived from 16-day composites, but FMC 

was calculated every 4 days (Yebra et al., 2018). C and FMC data derived from method 

B and RTMs in previous studies were used in the present study. C and FMC data with the 

same median date were paired to correspondence and subsequently used for the 

comparison of C and FMC values. The intended study area in this thesis was the 

grasslands in Australia. During each year in research period (from 2002 to 2014 except 

2008 and 2010), 46 pairs of C and FMC values were collected from different pixels of 

Australian grasslands with an 8-day interval. The spatial resolution of C and FMC data 

were different; therefore, these two datasets could not be compared directly. To compare 

the two datasets, C and FMC data were downscaled to 0.05-degree resolution in the range 

from 10 °S to 44 °S and from 113 °E to 154 °E. Only grids with both validated C data 

and corresponding FMC data were included in the subsequent comparisons of the C and 

FMC values.  

The average C and FMC values in Australian grasslands on different dates were 

calculated and plotted in a time series for 11 years (from 2002 to 2014 except 2008 and 

2010) to investigate annual change or change in the longer term. Then, corresponding C 
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and FMC values for the entire study period were plotted in a scatter plot to analysis their 

relationship. There were 46 pairs of average C values and average FMC values in the 

sample sites in Australian grasslands every year. The average of these 46 pairs of data 

was calculated covering the 11 years of the study period. Then, the averaged values of 

these 46 pairs of data that represented the change of C and FMC in Australian grasslands 

over 12 months were plotted in a time series to observe the seasonal change of C and 

FMC data. Over 11 years, different dates had various average C values and corresponding 

average FMC values; therefore, a Pearson’s correlation analysis was conducted between 

average C and FMC values in Australian grasslands to test whether there was a clear 

linear relationship between C and FMC. C and FMC correlation can also be monotonic 

but not linear (Barber, 1990); therefore, it was necessary to conduct a Spearman’s 

correlation analysis between all average C and FMC data to test whether there was a 

monotonic correlation between C and FMC also. Table 3.3 lists the description of the 

strength of the correlation for the absolute value of r based on a guide suggested by 

(Evans, 1996). Therefore, the changes in average C and average FMC values in Australian 

grasslands were monitored every 8 days during the study period and the relationship 

between C and FMC in Australian grasslands was determined. 

To identify the regional differences in the C and FMC correlations, these correlations 

were tested in a time series in different regions and a map of was created of the Pearson’s 

correlation coefficient values in different regions in one year with a resolution of 0.025 

degrees. The Pearson’s correlation coefficient between corresponding C and FMC values 

was calculated in a grid on a different date in a single year. To eliminate the influences 

from limited data, only grids with over 10 pairs of C and FMC data were included. The r 

value, which represented the relationship between C and FMC in a 0.025 grid, was 

calculated and applied in mapping the C and FMC correlation in Australia. The map of 

the C and FMC correlation in Australia can help identify the regional differences in the 

C and FMC relationship. 
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Table 3.3 Description of the strength of the correlation for the 

absolute value of r 

Absolute value of r Description 

0.00–0.19 very weak  

0.20–0.39 weak  

0.40–0.59 moderate  

0.60–0.79 strong  

0.80–1.00 very strong  

 

3.4 Analysing how grass species influence C and FMC relations 

Grasslands with various grass species respond differently to FMC change (Gill et 

al., 2010; Wittich, 2011). Thus, the influence of grass species on the C and FMC 

correlation must be tested. Live or dead fuel have different fuel dynamics (Wittich, 2011; 

Kidnie et al., 2015). The FMC of dead fuel is closely related to atmospheric conditions, 

whereas the FMC of live fuel is relatively less influenced by weather change (Kidnie et 

al., 2015). Fire can influence fuel conditions by the removal of dead fuel or live fuel; 

therefore, unburned areas that conserve complete fuel categories influence dead and live 

fuel, and thus affect the relationship between C and FMC. Different types of grasslands 

contain various proportions of fuel categories; therefore, the change in C and FMC 

correlation among different grasslands is better reflected in unburned areas that preserve 

all fuel categories. In addition, unburned grasslands help control variables and eliminate 

the influence of rehabilitation time from the last fire event in grasslands. 

Australia’s Environment Explorer was used for the identification of unburned areas. 

The unburned areas in different types of grasslands were identified by clipping the 

unburnt areas by each type of grassland. This was then used to mask the C and FMC data. 

Areas covered by saline or brackish sedgelands or grasslands were too small to study. 

Other native grasslands contained many different grass species that might have different 

correlations between C and FMC; therefore, these were excluded from this analysis. Thus, 

the relationship between C and FMC were analysed in nine types of grasslands (Table 

3.1) in the present study. Subsequent analysis occurred as described previously.  
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3.5 Analysing how previous fire events influence C and FMC relations 

Earlier fire events can remove dead fuel materials in grasslands, which might result 

in changes in fire behaviour and correlation between C and FMC. Variation in previous 

fire events could lead to different fuel conditions in grasslands. Frequent fire events 

remove dry biomass (old dead fuel or new dead fuel) in grasslands (Ruprecht et al., 2013). 

Dead fuel and live or senescing fuel might have different moisture dynamics (Kidnie et 

al., 2015); therefore, the change in fuel composition can lead to a change in the 

relationship between C and FMC. Thus, it is important to investigate the influence of 

previous fire events and determine the impacts of different fuel composition on the 

relationship between C and FMC. However, the influence of fire history can be species 

specific because different types of grasslands have different fuel dynamics.  

In the present study, the influence of earlier fire events on the correlation between 

C and FMC were evaluated by analysing C and FMC in areas with different fire history 

classes in various types of grasslands. For this analysis, two major types of grasslands, 

hummock and non-native, were selected to measure the influence of previous fire events. 

This was because these two grassland types covered a large proportion of the total 

grasslands area in Australia and covered areas that have different fire history classes. 

Pixels with fire history class 3, class 6, and class 9 were very limited in these two types 

of grasslands; therefore, these three classes were excluded from the present study. 

Distribution of areas with different fire history and distribution of grassland types were 

combined to identify areas with different fire history classes in these two types of 

grasslands. Similar to the previous analysis, C data and corresponding FMC data were 

selected every 8 days and were downscaled to a 0.05-degree resolution in the study areas. 

The shapes of the areas with different fire history classes in hummock grasslands or non-

native grasslands were applied to mask the C and FMC data to identify the study areas. 

Average C and FMC of the study areas on different dates were calculated and plotted in 

a time series and scatter plots to study the relationship between C and FMC in areas with 

different fire histories. After that, the average C and FMC values in one specific day of a 

year over 11 years were calculated and plotted in a time series to observe seasonal 

changes. The correlation between C and FMC in areas with different fire histories were 

determined by conducting Pearson’s and Spearman’s correlation analyses. To study how 

previous fire events influenced the correlation between C and FMC in hummock 

grasslands and non-native grasslands, the correlation coefficients in different types of 

grasslands were plotted and compared. Areas with frequent or serious previous fire 
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events, which led to the loss of dead fuel, were compared with never burned grasslands 

to study the relationship between live FMC and C.  

3.6 Analysing how seasonal change influences C and FMC relations 

Previous studies have confirmed that grass species or previous fire events influence 

the correlation between C and FMC in Australian grasslands. However, the correlation 

between C and FMC in grasslands might change over different seasons. Seasonal climate 

difference might modify the correlation between C and FMC. Additionally, plant nutrient 

deficiency, disease, toxicity, and phonological stage are related to C (Larcher, 2003), 

which can all change seasonally.  

As shown in Figure 4.27 A, average C and FMC changed seasonally in non-native 

grasslands, which is a major grassland type in Australia. Additionally, it was confirmed 

that there was a very strong significant correlation between C and FMC over an entire 

year (p < 0.0001). Thus, the mean C and FMC of non-native grasslands were divided into 

12 groups by months. The average C and FMC data of non-native grasslands were plotted 

in months over 11 years in scatter plots. Pearson’s and Spearman’s correlation analyses 

were conducted for the correlation between average C and FMC. Comparing the scatter 

plots and correlation coefficient in different months helped determine any seasonal 

change in correlation between C and FMC. 
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Chapter 4: Results 

4.1  Maps of grassland types and fire history 

The distribution of open grasslands in Australia is shown in Figure 4.1 and the 

distribution of each type of grassland is shown in Figure 4.2. The percentage of areas 

covered by different grasslands types for the whole of Australia are listed in Figure 4.3. 

Approximately 50% of grasslands were classified as hummock grasslands, whereas 23% 

were non-native grasslands. Results suggested that hummock grasslands were the widest 

distributed grassland type. Non-native grasslands also covered a large area and were the 

second widest distributed grassland type. 

 

Figure 4.1 Distribution of grasslands in Australia in 2010–2011. 

 

Green areas represent grasslands used in the present study based on the NVIS’s 

MVS products released in 2018 and the Land Use of Australia 2010–11 dataset. 
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Figure 4.2 Distribution of different types of open grasslands in 
Australia. 

 

Coloured areas represent the distribution of 11 types of open grasslands based on 

the NVIS’s MVS products released in 2018 and the Land Use of Australia 2010–11 

dataset. 
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Figure 4.3 Proportion of covered area of different types of 
grasslands in Australian grasslands 
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4.2 Fire history map 

Grasslands that never burned during the 11 years of the study period are plotted in 

Figure 4.4. A fire history map showing previous fire events during the entire study period 

in Australian grasslands by classifying fire history into nine classes is shown in Figure 

4.5. 

 

Figure 4.4 Grasslands that were unburned over the 11 years of the 
study period.  

Green areas represent areas that never burned in Australian grasslands 
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Figure 4.5 Fire history map in Australian grasslands. Nine classes 
were categorised by different previous. 

Fire intensities and fire frequencies represented by the different coloured areas 
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4.3 Relationship between C and FMC in Australian grasslands 

Average C and FMC in Australian grasslands over the 11 years of the study period 

are plotted in Figure 4.6. Results showed that both average C and FMC changed 

throughout the years. In March or September, average FMC was relatively low whereas 

average C was relatively high. The two peaks in average FMC were possibly caused by 

distinct monthly climate in different districts because precipitation was high in March in 

tropical areas but the highest precipitation in temperate areas occurs in September. Both 

C and FMC changed consistently within each year. Time and amplitude of average C and 

average FMC change changed in different years. The changes in average C always 

corresponded with changes in the opposite direction of average FMC. 

To more clearly visualise the relationship between C and FMC, average C and FMC 

in Australian grasslands were plotted in a scatter plot (Figure 4.7). The results showed 

that average C and FMC of Australian grasslands were negatively correlated. 

Average C and FMC of different months over the 11 years were calculated and plotted in 

a time series to observe seasonal changes of C and FMC in Australian grasslands (Figure 

4.8). The results showed that seasonal change of average C of the entire Australian 

grasslands was slight, whereas the average FMC showed a more obvious seasonal change. 

Average FMC increased from June to September, or from December to March of the next 

year, but it decreased in other months. Oppositely, average C decreased slightly from June 

to September, or from December to March of the next year. Different types of grasslands 

or grasslands in different districts may have different average C and FMC values at 

different times, which led to two peaks in the average FMC during different seasons. 

Pearson’s and Spearman’s correlation analyses were conducted between pairs of 

average C and FMC in the entire Australian grasslands over 11 years. Results confirmed 

that there was a significantly strong negative linear correlation between C and FMC (r = 

-0.73314) and there was a significantly strong negative monotonical correlation between 

C and FMC (r = -0.73224) in Australian grasslands (p < 0.0001). 
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Figure 4.6 Average C and FMC values in Australian grasslands on 

different dates over 11 years (from 2002 to 2014 except 2008 and 

2010). 

Years are shown on the horizontal axis and average FMC (blue line) and C (red 

line) values are shown on the left and right vertical axes, respectively.  

 

 

Figure 4.7 Scatter plot of average C and corresponding average 

FMC in Australian grasslands on different date over 11 years (from 

2002 to 2014 except 2008 and 2010) 
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Figure 4.8 Monthly change in average C and FMC. 

Months are shown on the horizontal axis and average FMC (blue line) and C (red 

line) values are shown on the left and right vertical axes, respectively. 
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4.4  Relationship between C and FMC in different regions in Australian 

grasslands 

The results of Pearson’s correlation analysis between the C and corresponding FMC 

values at sample sites in grids covered by grasslands on different days in a single year 

over the 11 years of the study period are shown in different maps (Figure 4.9). The C and 

FMC correlation in different years were slightly different, but they also contained many 

common features. Different regions showed a changing relationship between C and FMC. 

There were always strong negative linear relationships between C and FMC in south-

eastern Australia, south-western Australia, and north-eastern Australia. In central 

Australia, which is covered by hummock grasslands, the correlation between C and FMC 

was weak, whereas in other areas in this region, C and FMC values were positively 

correlated. Therefore, the correlations between C and FMC were region specific, which 

was influenced by factors including various grass species, differences in previous fire 

events, and climatic variations. Thus, it is necessary to study the possible parameters that 

might influence C and FMC through more detailed studies. In addition, the C and FMC 

correlations changed among different years, confirming the existence of yearly variation, 

which must be tested in long-term studies (Figure 4.9). 
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Figure 4.9 Maps of Pearson’s correlation coefficient between C and 

FMC in different years in Australian grasslands. 

Different colours represent the variation in the correlation between C and FMC as 

listed in colour bars. 
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4.5 Relationship between C and FMC in different types of Australian grasslands 

Unburned areas in different types of Australian grasslands that preserve complete 

fuel structures were used to evaluate the relationship between C and FMC. The 

correlations between C and FMC in the nine types of grasslands over the 11 years studied 

varied. There was a significantly strong negative linear correlation between C and FMC 

in Blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock grasslands, 

temperate tussock grasslands, other tussock grasslands, and non-native grasslands. In 

these grasslands, compared with exponential functions, linear functions could better 

explain the relation between C and FMC. In other types of grasslands, the correlation 

between C and FMC was weaker. 

 

4.5.1 Hummock grasslands 

The areas covered by hummock grasslands are shown in Figure 4.10. The average 

FMC and C values in hummock grasslands over the 11 years studied were plotted in a 

time series plot and scatter plot (Figure 4. 11).  

Hummock grasslands are mainly distributed in central Australia (Figure 4.10). In 

hummock grasslands, the average FMC and C values were shown to have seasonal 

changes, although the amplitude was relatively small (Figure 4.11 A). The lowest average 

C appeared around March and increased gradually until December. The average FMC 

data reached the highest value around June and then decreased until November. In 

hummock grasslands, the average C ranged from 74.14% to 78.50% and the average FMC 

ranged from 59.44% to 64.72%. 

There were also variations in the changes in average C and FMC in the different 

years and the dates with extreme average C or FMC values did not correlate in each year 

(Figure 4.11 B). Therefore, the average C and FMC values during the study period 

underestimated the changes in C and FMC in hummock grasslands. The scatter plot did 

not show a clear relation between C and FMC in Australian hummock grasslands (Figure 

4.11 C). Both C and FMC changed slightly in hummock grasslands and their relationship 

was not clear. Overall, the results of Pearson’s (r = -0.48662) and Spearman’s (r = -

0.48625) correlation analyses illustrated that there was a significant moderate linear or 

monotonic correlation between average C and FMC of hummock grasslands during the 

study period (p < 0.0001).  
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Figure 4.10 Distribution of hummock grasslands (green areas) in 

Australia. 
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A 

 

B 

 

C 

 

 

Figure 4.11 Plots of the relationship between average C and FMC in 

Australian hummock grasslands. 

 (A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the Y-axis represents average C (blue line) and 
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FMC (red line) values. (B) Time series plot of average C and FMC over 11 years (from 

2002 to 2014 except 2008 and 2010). X-axis represents years and Y-axis represents 

average C (blue line) and FMC (red line) values. (C) Scatter plot of average C and 

corresponding average FMC on different dates over 11 years (from 2002 to 2014 except 

2008 and 2010). Average C is shown on the X-axis and average FMC is shown on the 

Y-axis. Blue dots represent average C and FMC on different dates. 
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4.5.2  Mitchell grass (Astrebla) tussock grasslands  

The distribution of Mitchell grass in Australia is shown in Figure 4.12. Figure 

4.13 A shows a time series plot reflecting the monthly change in average C and FMC in 

different years. The average FMC and C of Mitchell grass tussock grasslands over 11 

years are shown in a time series plot and scatter plot (Figure 4.13 B and C, respectively).  

Mitchell grasses grow in north-eastern inland Australia (Figure. 4.12). There were 

clear seasonal changes in average C and FMC of Mitchell grass tussock grasslands 

(Figure 4.13 A). Average FMC increased rapidly after December and reached a peak 

around March. After that, average FMC decreased rapidly until July and remained 

relatively stable during the following months. In contrast, average C was low in March 

and it changed the opposite to average FMC. FMC in Mitchell grass tussock grasslands 

ranged from approximately 35.18% to 96.74% in a year (Figure 4.13 A). In different 

years, the values and dates of the average FMC peak were slightly different (Figure 4.13 

B). The scatter plot (Figure 4.13 C) indicated that C and FMC were negatively correlated. 

Pearson’s correlation coefficient (r = -0.71705) and Spearman’s correlation coefficient (r 

= -0.44728) indicated that there was a significantly strong negative linear correlation 

between C and FMC in Mitchell grass (Astrebla) tussock grasslands (p < 0.0001). 

 

  

Figure 4.12 Distribution of Mitchell grass (Astrebla) tussock 

grasslands (green areas) in Australia. 
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A 

 

B 

 

C 

 

 

Figure 4.13 Plots of the relationship between average C and FMC in 

Mitchell grass (Astrebla) tussock grasslands in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 
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X-axis represents different months and average C (blue line) and FMC (red line) values 

were plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 years 

(from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the Y-axis 

represents the average C (blue line) and FMC (red line) values. (C) Scatter plot of 

average C and corresponding average FMC on different dates over 11 years (from 2002 

to 2014 except 2008 and 2010). Average C is shown on the X-axis and average FMC is 

shown on the Y-axis. Blue dots represent average C and FMC on different dates. 
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4.5.3  Blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock 

grasslands 

Figure 4.14 shows the distribution of blue and tall bunch grass tussock grasslands 

in Australia. Yearly average C and FMC changes in blue and tall bunch grass tussock 

grasslands were plotted in time series plots shown in Figure 4.15 A. The average C and 

FMC of Australian blue and tall bunch grass tussock grasslands over the study period 

were plotted in a time series plot and in scatter plot (Figure 4.15 B and Figure 4.15 C).  

This type of grasslands is located in north-eastern Australia (Figure 4.14). The 

seasonal changes in average C and FMC was similar to that of Mitchell grass tussock 

grasslands (Figure 4.15 A). However, the amplitude of both average C and FMC change 

was larger in this type of grasslands than that in Mitchell grass tussock grasslands (Figure 

4.15 A). The average FMC in a year ranged from approximately 28.57% to 133.83%. 

Figure 4.15 B shows the regular seasonal change of average C and FMC, but the 

amplitude of change was different in different years. The scatter plot shows a negative 

correlation between C and FMC (Figure 4.15 C). There was a significantly very strong 

negative linear relationship between C and FMC in blue grass (Dichanthium) and tall 

bunch grass (Chrysopogon) tussock grasslands (Pearson’s: r = -0.82362, Spearman’s: r = 

-0.62493) (p < 0.0001). Compared with an exponential function, the linear function could 

better represent the relationship between C and FMC in blue and tall bunch grass tussock 

grasslands because it had a smaller 𝑅2 value. The relationship between C and FMC can 

be shown as Equation 4.1. 

𝑭𝑴𝑪 = −𝟑. 𝟕𝟖𝟔𝟓𝑪 +  𝟑𝟔𝟔. 𝟎𝟒     (Equation 4.1) 

𝑅2 = 0.6784 

 



48 

 

Sheng Xuan  2019 

  

Figure 4.14 Distribution of blue grass (Dichanthium) and tall bunch 

grass (Chrysopogon) tussock grasslands (green areas) in 

Australia. 
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Figure 4.15 Plots of the relationship between average C and 

average FMC in blue grass (Dichanthium) and tall bunch grass 

(Chrysopogon) tussock grasslands in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 
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X-axis represents different months and the average C (blue line) and FMC (red line) 

values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents the years and 

the average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) 

Scatter plot of average C and corresponding average FMC on different dates over 11 

years (from 2002 to 2014 except 2008 and 2010). Average C is shown on the X-axis 

and average FMC is shown on the Y-axis. Blue dots represent average C and FMC on 

different dates. 
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4.5.4  Temperate tussock grasslands 

Temperate tussock grasslands were mainly located in south-eastern Australia and 

Tasmania, as shown in Figure 4.16. Monthly average C and FMC of temperate tussock 

grasslands periods were plotted in time series plots (Figure 4.17 A) and average FMC and 

C in temperate tussock grasslands over the study period were plotted in a time series plot 

and scatter plot in Figure 4.17 B and Figure 4.17 C, respectively.  

In temperate tussock grasslands, average C and FMC changed seasonally. 

Average FMC was low in summer and increased rapidly after February, reaching a peak 

of 152.36% around September. After that, the average FMC decreased rapidly until 

February in the next year (Figure 4.17 A). In contrast, the average C was low in winter 

and high in summer (Figure 4.17 A). The amplitude of the C and FMC change in 

temperate tussock grasslands was larger than the change in other types of grasslands 

mentioned above (Figure 4.17 A). In temperate tussock grasslands, the average FMC 

ranged from approximately 46.88% to 152.36% in a year (Figure 4.17 A). In different 

years, the change in the amplitude and time of average FMC and C was slightly different 

(Figure 4.17 B). The scatter plot showed that C and FMC were negatively correlated 

(Figure 4.17 C). Results of the correlation coefficient indicated that there was a 

significantly very strong negative linear correlation between C and FMC in temperate 

tussock grasslands (Pearson’s: r = -0.92919, Spearman’s: r = -0.91371) (p < 0.0001). The 

trend line in the scatter plot confirmed that a linear function could better explain the 

relationship between C and FMC in temperate tussock grasslands, which can be expressed 

as Equation 4.2. 

𝑭𝑴𝑪 =  −𝟑. 𝟗𝟓𝟗𝟓𝑪 +  𝟑𝟒𝟐. 𝟓𝟕    (Equation 4.2) 

𝑅2 = 0.8634 
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Figure 4.16 Distribution of temperate tussock grasslands (green 

areas) in Australia. 
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C 

 

 

Figure 4.17 Plots of the relationship between average C and FMC in 

temperate tussock grasslands in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 
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X-axis represents different months and the average C (blue line) and FMC (red line) 

values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 

average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FMC on different dates. 
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4.5.5 Other tussock grasslands 

Other tussock grasslands contained different tussock grass species and their 

location is mapped in Figure 4.18. The monthly average C and FMC of other tussock 

grasslands were plotted in a time series plot for each year (Figure 4.19 A). The average 

FMC and C values of the other tussock grasslands measured during the study period are 

plotted in a time series plot and scatter plot (Figure 4.19 B and Figure 4.19 C, 

respectively).  

Other tussock grasslands, which included grasslands dominated by different 

tussock grass species, cover large areas of Australia (Figure 4.18). There were two peaks 

in the average FMC value of other tussock grasslands in March and September, with C 

and FMC values changing in opposite directions (Figure 4.19 A). Other tussock 

grasslands in various regions and dominated by different grass species might have a 

different seasonal change in the C and FMC values. In different years, the seasonal change 

in average C and FMC was different (Figure 4.19 B). The scatter plot indicated that C 

and FMC were negatively correlated (Figure 4.19 C) and results of the correlation 

coefficient indicated that there was a significantly very strong negative linear correlation 

between C and FMC in temperate tussock grasslands (Pearson’s: r = -0.85214, 

Spearman’s: r = -0.84781) (p < 0.0001). Equation 4.3 can be used to better explain the 

relation between C and FMC in other tussock grasslands than that of exponential 

functions. However, there were different grass species in other tussock grasslands, which 

might have different correlations between C and FMC. Thus, further study is required to 

determine the relation between C and FMC in grasslands dominated by different tussock 

grass species. 

𝑭𝑴𝑪 = −𝟑. 𝟐𝟒𝟐𝟔𝑪 + 𝟑𝟎𝟗. 𝟏𝟐     (Equation 

4.3) 

𝑅2 = 0.7261 
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Figure 4.18 Distribution of other tussock grasslands (green areas) 

in Australia. 
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  A 

 

  B 

 

  C 

 

 

Figure 4.19 Plots of the relationship between average C and FMC in 

other tussock grasslands in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the average C (blue line) and FMC (red line) 
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values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 

average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FCM on different dates 
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4.5.6 Wet tussock grasslands with herbs, sedges or rushes, herblands or ferns  

Figure 4.20 shows the distribution of wet tussock grasslands with herbs, sedges 

or rushes, herblands or ferns in Australia. Monthly average C and FMC values of this 

type of grasslands are plotted in time series plots (Figure 4.21 A) and average FMC and 

C during the study period are plotted in a time series plot and scatter plot (Figure 4.21 B 

and Figure 4.21 C, respectively). 

This type of grasslands is usually located in north-eastern Australia or central 

Australia (Figure 4.20). Average FMC values reached a peak around March and then 

decreased constantly until November (Figure 4.21 A). Average C changed in the opposite 

direction; however, the amplitude of change was small (Figure 4.21 A). The amplitude of 

the average FMC change was significantly distinct over different years (Figure 4.21 B). 

The scatter plot showed a negative correlation between C and FMC in these grasslands 

(Figure 4.21 C). Results of the correlation analyses indicate that there was a significantly 

strong negative linear relationship between C and FMC in wet tussock grasslands with 

herbs, sedges or rushes, herblands or ferns in Australia (Pearson’s: r = -0.64729, 

Spearman’s: r = -0.64163) (p < 0.0001).  

 

 

Figure 4.20 Distribution of wet tussock grasslands with herbs, sedges 

or rushes, herblands or ferns (green areas) in Australia. 
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Figure 4.21 Plots of the relationship between average C and FMC in 

wet tussock grasslands with herbs, sedges or rushes, herblands or 

ferns in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the average C (blue line) and FMC (red line) 
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values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 

average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FCM on different dates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 

 

Sheng Xuan  2019 

4.5.7  Mixed chenopod, samphire, or forbs 

Mixed chenopod, samphire, or forbs were widely distributed in Australia (Figure 

4.22). The monthly change in average C and FMC were plotted for mixed chenopod, 

samphire, or forbs (Figure 4.23 A) and the average FMC and C during the study period 

are shown in a time series plot and scatter plot (Figure 4.23 B and Figure 4.23 C, 

respectively).  

In mixed chenopod, samphire, or forbs, the average FMC and C changed 

constantly in a year, with several peaks and valleys (Figure 4.23 A). Average C reached 

a valley around March and then increased gradually until June. After that, average C 

decreased to its lowest value in August and then increased gradually until November, 

reaching its highest value. Afterwards, average C value decreased until March in the next 

year. The change in average C corresponded with an opposite change in average FMC. 

The average C and FMC changes over the 11 years studied were slightly different in 

amplitude (Figure 4.23 B). The scatter plot showed a negative correlation between C and 

FMC in mixed chenopod, samphire, or forbs in Australia (Figure 4.23 C). The results of 

Pearson’s and Spearman’s correlation analyses illustrated that there was a significantly 

strong correlation between average C and FMC of mixed chenopod, samphire, or forbs 

during the study period (Pearson’s: r = -0.75318, Spearman’s: r = -0.70005) (p < 0.0001). 

 

Figure 4.22 Distribution of mixed chenopod, samphire, or forbs 

(green areas) in Australia. 
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Figure 4.23 Plots of the relationship between average C and FMC in 

mixed chenopod, samphire, or forbs in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the average C (blue line) and FMC (red line) 

values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 
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average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FCM on different dates. 
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4.5.8 Sedgelands, rushes, or reeds  

Sedgelands, rushes, or reeds are mainly distributed in south-eastern Australia or 

Tasmania (Figure 4.24). The yearly average C and FMC of this type of grasslands periods 

were plotted in time series plots (Figure 4.25 A) and the average FMC and C during the 

study period are shown in a time series plot and scatter plot (Figure 4.25 B and Figure 

4.25 C, respectively).  

In sedgelands, rushes, or reeds, both average FMC and C changed constantly in a 

single year (Figure 4.25 A). These values fluctuated several times in a single year and 

there was no clear seasonal change and they also varied yearly (Figure 4.25 B). Extreme 

average C and FMC data were reached on different days; therefore, the yearly average C 

and FMC of Australian sedgelands, rushes, or reeds could not reflect seasonal change. 

The scatter plot did not show a clear negative linear or monotonic correlation between C 

and FMC in sedgelands, rushes, or reeds (Figure 4.25 C). The correlation coefficients 

(Pearson’s: r = -0.60992, Spearman’s: r = -0.56163) illustrate that there was a moderate 

correlation between average C and FMC for sedgelands, rushes, or reeds during the study 

period (p < 0.0001). 

 

 

 

Figure 4.24 Distribution of sedgelands, rushes, or reeds (green 

areas) in Australia. 
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Figure 4.25 Plots of the relationship between average C and FMC in 

sedgelands, rushes, or reeds in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the average C (blue line) and FMC (red line) 
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values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 

years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 

average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FCM on different dates. 
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4.5.9 Non-native grasslands 

Non-native grasslands are mainly distributed in modified pasture or irrigated 

pasture in eastern Australia or south-western Australia (Figure 4.26). The monthly 

average C and FMC of this type of grasslands are plotted in a time series plot (Figure 4.27 

A) and the average FMC and C of Australia non-native grasslands during the study period 

are shown in a time series plot and scatter plot (Figure 4.27 B and Figure 4.27 C, 

respectively).  

The results indicated that average C and FMC of Australia non-native grasslands 

had significant seasonal change (Figure 4.27 A). Average FMC reached a minimum of 

50.25% in February and it reached a peak of 142.35% around September. Average C 

performed in the opposite direction. Average FMC changed dramatically from 

approximately 50.55% to 142.35% in one year (Figure 4.27 A). The change in average C 

and FMC was similar in different years, although slight differences existed (Figure 4.27 

B). Some extreme values in the time series plot were possibly caused by pixels being 

missed due to atmospheric conditions or poor data quality over several days. The scatter 

plot showed a clear negative linear correlation between C and FMC in non-native 

grasslands in Australia (Figure 4.27 C). Results of the correlation analyses (Pearson’s: r 

= -0.91793, Spearman’s: r = -0.92085) confirmed that there was a very strong correlation 

between average C and FMC in non-native grasslands during the study period (p < 

0.0001). A linear function explains the relation between C and FMC better in non-native 

grasslands than an exponential function, which is shown in Equation 4.4. 

𝑭𝑴𝑪 = −𝟑. 𝟖𝟑𝟑𝟏𝑪 + 𝟑𝟑𝟖. 𝟏𝟔     (Equation 

4.4) 

𝑅2 = 0.8426 
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Figure 4.26 Distribution of non-native grasslands (green areas) in 

Australia. 
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Figure 4.27 Plots of the relationship between average C and FMC in 

non-native grasslands in Australia. 

(A) Time series plot of average C and FMC over 12 months. Average C and FMC 

were calculated from the data obtained from 2002 to 2014, except 2008 and 2010. The 

X-axis represents different months and the average C (blue line) and FMC (red line) 

values are plotted on the Y-axis. (B) Time series plot of average C and FMC over 11 
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years (from 2002 to 2014 except 2008 and 2010). The X-axis represents years and the 

average C (blue line) and FMC (red line) values are plotted on the Y-axis. (C) Scatter 

plot of average C and corresponding average FMC in temperate tussock grasslands in 

Australia on different dates over 11 years (from 2002 to 2014 except 2008 and 2010). 

Average C is shown on the X-axis and average FMC is shown on the Y-axis. Blue dots 

represent average C and FCM on different dates. 
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Grasslands dominated by different grass species had different degrees of 

correlation between C and FMC (Figure 4.28). Annual changes in C and FMC values 

were significant in different types of grasslands. There was a moderate relationship 

between C and FMC in hummock grasslands. C and FMC were strongly negatively 

correlated in Mitchell grass (Astrebla) tussock grasslands; wet tussock grasslands with 

herbs, sedges or rushes, herblands or ferns; mixed chenopod, samphire, or forbs; and 

sedgelands, rushes, or reeds. In blue grass (Dichanthium) and tall bunch grass 

(Chrysopogon) tussock grasslands, temperate tussock grasslands, other tussock 

grasslands, and non-native grasslands, there was a strong negative linear correlation 

between C and FMC.  
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B 

 

Figure 4.28 Results of Pearson’s correlation analysis and 

Spearman’s correlation analysis 

Results of Pearson’s correlation analysis (A) and Spearman’s correlation analysis 

(B) for the relationship between C and FMC in different types of grasslands (p < 

0.0001). 
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4.6 Relationship between C and FMC in areas with different previous fire events  

4.6.1 Hummock grasslands 

The distribution of hummock grasslands with different fire history classes are 

shown in Figure 4.29. To study the seasonal changes, the monthly changes of average C 

and FMC were plotted in a time series plot (Figure 4.30). Average FMC and C values of 

hammock grasslands with different fire histories over 11 years were plotted as a time 

series plot and a scatter plot (Figure 4.31 and Figure 4.32, respectively). Pearson’s and 

Spearman’s correlation analyses were performed to investigate the relationship between 

average C and FMC values of areas with different fire histories in hummock grasslands 

over 11 years (Figure 4.33) 

In hummock grasslands, areas with middle fire frequency (class 2, class 5, and 

class 8) were mainly distributed in northern Australia (Figure 4.29). There was no obvious 

change in average C and FMC in hummock grasslands except for areas with fire history 

class 2 and class 5. In these areas, average FMC value reached a peak around March and 

kept decreasing afterwards until November. After that, average FMC values continuously 

increased until March in the next year (Figure 4.30). Conversely, C changed in the 

opposite direction to that of FMC. The changes in average C and FMC in different years 

were distinct in amplitude and date of change (Figure 4.31). Scatter plots indicated that 

the change of average C and FMC was minimal in areas with low fire frequency (class 1, 

class 4, and class 7), whereas the change was relatively obvious in areas with middle fire 

frequency (class 2, class 3, and class 4) (Figure 4.32). Scatter plots also indicated that 

average C and FMC of class 2 and class 5 areas were negatively correlated (Figure 4.32). 

However, in hummock grasslands with other history fire classes, the relationship between 

C and FMC was not clear. Results of Pearson’s and Spearman’s correlation analyses 

between average C and FMC in areas with distinct fire history illustrated that C and FMC 

were significantly very strongly negatively correlated in hummock grasslands with fire 

history class 2 (p < 0.0001) and were significantly strongly negatively correlated in 

hummock grasslands with a fire history class 5 (p < 0.0001) (Figure 4.33). In hummock 

grasslands that have never been burned before and with other fire history classes, the 

negative correlation between C and FMC was moderate or weak (p < 0.0001).  
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Figure 4.29 Distribution of hummock grasslands with different fire 
history classes in Australia. 

Various colours represent different historical fire events, with the colour scheme 

listed in the legend. 
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Unburned hummock grasslands

 

 

Hummock grasslands with fire history class 1

 

Hummock grasslands with fire history class 2

 

Hummock grasslands with fire history class 4

 

Hummock grasslands with fire history class 5 

 

Hummock grasslands with fire history class 7

 

Hummock grasslands with fire history class 8

 

Figure 4.30 Time series plots showing average C and FMC in areas 

with different fire history classes for Australia hummock 

grasslands over 12 months. 

Red lines represent FMC and blue lines represent C. 
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Unburned hummock grasslands

 

 

Hummock grasslands with fire history class 1

 

Hummock grasslands with fire history class 2

 

Hummock grasslands with fire history class 4

 

Hummock grasslands with fire history class 5 

 

Hummock grasslands with fire history class 7

 

Hummock grasslands with fire history class 8

 

 

Figure 4.31 Time series plots showing average C and FMC of areas 

with different fire history classes within Australian hummock 
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grasslands during the entire study period (from 2002 to 2014 except 

2008 and 2010). 

The X-axis represents years and the Y-axis is the average C (blue line) and FMC 

(red line).  
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Unburned hummock grasslands

 

 

Hummock grasslands with fire history class 1

 

Hummock grasslands with fire history class 2

 

Hummock grasslands with fire history class 4

 

Hummock grasslands with fire history class 5 

 

Hummock grasslands with fire history class 7

 

Hummock grasslands with fire history class 8

 

 

Figure 4.32 Scatter plot showing average C and corresponding 

average FMC of areas with different fire history classes within 
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Australia hummock grasslands on different dates over the study 

period (from 2002 to 2014 except 2008 and 2010). 

Each dot represents average C and FMC on different dates. 

A 

 

 

B 

 

Figure 4.33 Results of Pearson’s correlation analysis and 

Spearman’s correlation analysis 

Results of Pearson’s correlation analysis (A) and Spearman’s correlation analysis 

(B) for the relationship between C and FMC in areas with different fire history classes 

for hummock grasslands (p < 0.0001). 
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4.6.2  Non-native grasslands 

A map of non-native grasslands with different fire history classes in Australia is 

shown in Figure 4.34. Monthly changes in average C and FMC over 11 years are shown 

in Figure 4.35. The average FMC and C of areas with different fire history classes in non-

native grasslands on different dates throughout the study period were plotted in time series 

plots and scatter plots (Figure 4.36 and Figure 4.37, respectively). Figure 4.38 shows 

Pearson’s and Spearman’s correlation coefficients between average C and FMC.  

In non-native grasslands, areas with high fire frequency or intensity were mostly 

located in north-eastern Australia (Figure 4.34). There were clear seasonal changes in the 

average C and FMC values, although the degree of changes varied in areas with different 

fire history classes (Figure 4.35). In areas that had never been burned, class 1 and class 4 

areas, average C and FMC changed in opposite directions. Average FMC values reached 

a maximum around September. In class 2 areas, there were two peaks in average FMC in 

March and September. In class 5, class 7, and class 8 areas, average C and FMC also 

changed in opposite directions, but the average FMC value reached a peak around March. 

Non-native grasslands with distinct fire history classes were distributed in different areas 

in Australia; therefore, the differences in the seasonal change of the average C and FMC 

in these grasslands might be attributed to the differences in seasonal precipitation change 

or distinct climate change in different regions of Australia.  

Changes in average C and FMC were slightly different in different years (Figure 

4.36). The scatter plots indicate that C and FMC were negatively correlated in non-native 

grasslands with different fire history classes (Figure 4.37). A comparison was made 

between plots presenting areas with low fire frequency and corresponding plots 

representing grasslands with middle fire frequency but the same previous fire intensity. 

The change in average C was similar, but the areas with middle fire frequency had a 

smaller average FMC change. Results of Pearson’s and Spearman’s correlation analyses 

between average C and FMC of areas with distinct fire histories over 11 years confirmed 

that C and FMC had a very strong negative correlation in unburned or fire class 1 areas 

(p < 0.0001) (Figure 4.38). In areas with other fire history classes, there were significantly 

strong negative correlations between C and FMC (p < 0.0001).  
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Figure 4.34 Distribution of non-native grasslands with different fire 

history classes in Australia. 

Various colours represent different historical fire events, with the colour scheme 

listed in the legend. 
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Unburned non-native grasslands

 

 

Non-native grasslands with fire history class 1

 

Non-native grasslands with fire history class 2

 

Non-native grasslands with fire history class 4

 

Non-native grasslands with fire history class 5

 

Non-native grasslands with fire history class 7

 

Non-native grasslands with fire history class 8

  

Figure 4.35 Time series plot showing the average C and FMC of 

areas with different fire history classes in Australia non-native 

grasslands over 12 months. 

Red lines represent FMC and blue lines represent C. 
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Unburned non-native grasslands

 

 

Non-native grasslands with fire history class 1

 

Non-native grasslands with fire history class 2

 

Non-native grasslands with fire history class 4

 

Non-native grasslands with fire history class 5

 

Non-native grasslands with fire history class 7

 

Non-native grasslands with fire history class 8

 

 

Figure 4.36 Time series plots showing the average C and FMC of 

areas with different fire history classes in Australia non-native 

grasslands over 11 years (from 2002 to 2014 except 2008 and 2010) 
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The X-axis represents the years and the Y-axis is the average C (blue line) and 

FMC (red line).  
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Unburned non-native grasslands

 

 

Non-native grasslands with fire history class 1

 

Non-native grasslands with fire history class 2

 

Non-native grasslands with fire history class 4

 

Non-native grasslands with fire history class 5

 

Non-native grasslands with fire history class 7

 

Non-native grasslands with fire history class 8

 

 

Figure 4.37 Scatter plots showing the average C and corresponding 

average FMC of areas with different fire history classes in non-
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native grasslands on different dates over the study period (from 

2002 to 2014 except 2008 and 2010). 

Each dot represents C and FMC on different dates 

A 

 

B 

 

 

Figure 4.38 Results of Pearson’s correlation analysis and 

Spearman’s correlation analysis 

Results of Pearson’s correlation analysis (A) and Spearman’s correlation analysis 

(B) for the relationship between C and FMC in areas with different fire history classes 

for non-native grasslands. 
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4.7 Relationship between C and FMC in different seasons 

The average FMC and C of non-native grasslands in different months throughout 

the study period are plotted in Figure 4.39. The shape indicates a negative correlation 

between C and FMC in non-native grasslands. In January, average C was high and 

average FMC was low while it was the opposite in August. Pearson’s and Spearman’s 

correlation coefficient were then calculated between average C and FMC (Figure 4.40). 

The correlation analysis was consistent with the trend shown in the scatter plot and there 

was always a very strong negative linear correlation between C and FMC in non-native 

grasslands in different months except January and August (p < 0.0001). In January and 

August, there were strong negative linear correlations between C and FMC in non-native 

grasslands (p < 0.0001). Correlation between C and FMC was weaker in January and 

August than during the other months. 

 

 

 

Figure 4.39 Scatter plot showing the average C and corresponding 

average FMC of Australia non-native grasslands in different 

months over 11 years. 

Various coloured dots represent FMC and C in different months. 
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A 

 

B 

 

Figure 4.40 Results of Pearson’s correlation analysis and 

Spearman’s correlation analysis 

Results of Pearson’s correlation analysis (A) and Spearman’s correlation analysis 

(B) for the relationship between C and FMC in different months in non-native 

grasslands (p < 0.0001) 
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Chapter 5: Discussion 

The present study confirmed that there was a strong negative linear correlation 

between C and FMC at the whole Australian grasslands scale, although their correlation 

was regionally specific or grass species-specific. Further studies regarding C and FMC 

correlation in different types of grasslands showed that the correlation between C and 

FMC was moderately negatively linear in hummock grasslands. Moreover, there was a 

strong negative linear correlation between C and FMC in Mitchell grass (Astrebla) 

tussock grasslands; wet tussock grasslands with herbs, sedges or rushes, herblands or 

ferns; mixed chenopod, samphire, or forbs; and sedgelands, rushes, or reeds. There was a 

very strong negative correlation between C and FMC in blue grass (Dichanthium) and tall 

bunch grass (Chrysopogon) tussock grasslands, temperate tussock grasslands, other 

tussock grasslands, and non-native grasslands. The results confirmed the statement that 

the correlation between C and FMC in grasslands is grass species-specific (Gill et al., 

2010; Wittich, 2011). Previous fire behaviours modified the correlation between C and 

FMC. Fire removes dead fuel, whereas FMC in live or senescing fuel is relatively stable. 

Therefore, frequent fire events lead to a weaker correlation between C and FMC. 

Moreover, in dry or rainy seasons, the correlation between C and FMC is weaker, which 

might be caused by uncertainty in the estimation of C or the phonological stage of grasses. 

Moreover, the correlation between C and FMC might be weak when C is too high or too 

low.  

5.1 C and FMC in different types of grasslands  

The results of the correlation analysis between average C and FMC suggested that 

they are species-specific. In southern temperate zones, except for sedgelands, rushes, or 

reeds, average C and FMC had a very strong negative significant linear correlation, while 

in other areas, a very strong significant correlation between C and FMC only existed in 

blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock grasslands.  

The seasonal change in C and FMC suggested that grasslands with significant 

seasonal FMC and C variations had a very strong correlation between C and FMC. This 

included blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock 

grasslands, temperate tussock grasslands, and non-native grasslands. Seasonal change of 

FMC was weaker in Mitchell grass (Astrebla) tussock grasslands; therefore, the 

correlation between C and FMC was relatively weaker (r = -0.71705). In other grasslands, 
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C and FMC remained constant during different seasons because (i) C and FMC were 

always constant throughout the study period (in hummock grasslands), or (ii) average 

FMC and C were obviously changing, but C and FMC changed irregularly on different 

dates in different years (in mixed chenopod, samphire, or forbs; and in sedgelands, rushes, 

or reeds). Different seasonal change of C and FMC in grasslands can be attributed to 

variations in climate or the formation of grasslands. Variations in climate or grasslands 

might result in a higher correlation between C and FMC. For grasslands with obvious 

seasonal change, a larger amplitude in FMC change meant a larger amplitude in C change, 

which resulted in a higher correlation between C and FMC. Other tussock grasslands that 

contained different species were not discussed because the seasonal change of FMC and 

C could be different in grasslands dominated by different grass species. The average value 

of all grasslands under this category may not reflect the real situation in differentiated 

grasslands. 

The results from the present study challenged the idea by Wittich (2011) that C and 

FMC correlation was distinct in grasslands dominated by annual grasses and perennial 

grasses because they have different tolerances towards meteorological changes. Both 

perennial tussock grasslands and annual non-native grasslands had a very strong negative 

linear correlation between C and FMC, but other perennial grasslands did not show a 

strong correlation between C and FMC. Therefore, the relationship between C and FMC 

is not related to whether the grasslands are perennial or annual. 

Blue grass (Dichanthium) and tall bunch grass (Chrysopogon) tussock grasslands, 

temperate tussock grasslands, other tussock grasslands, and non-native grasslands had a 

very strong correlation between C and FMC and were continuous. The discontinuous 

hummock grasslands and mixed chenopod, samphire, or forbs grasslands did not show a 

very strong correlation between C and FMC. C in discontinuous hummock grasslands 

might be influenced by exposed bare soil. Exposed soils resulted in increases in the Red 

bands and reduction in the NIR, and red soil in hummock grasslands would have even 

more influences (Huete et al., 1984). Furthermore, exposed water or woody vegetation 

also influences C estimation (Newnham et al., 2010). Sedgelands, rushes, or reeds were 

continuous; however, C and FMC did not have a very strong linear correlation in 

sedgelands, rushes, or reeds. Therefore, C and FMC relation are not simply determined 

by continuous or discontinuous of grasslands. 
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5.2  C and FMC in areas with different fire histories 

Fire removes both live and dead fuel in grasslands, but unburned areas preserve all 

fuel categories. After fire events, grass re-grows and creates new green or senescing fuel. 

Analysis of the influence of previous fire events on the relationship between C and FMC 

helped to understand the role of different fuel categories for determining C and FMC. 

In hummock grasslands, the relationships between C and FMC in areas with low 

fire frequency and areas with middle fire frequency were significantly different. Strong 

or very strong negative linear C and FMC correlations and clear seasonal changes in FMC 

or C were observed in areas with middle fire frequency (grasslands with fire history class 

2 or class 4). Burrows et al. (2009) stated in their study that Spinifex hummock grasslands 

were discontinuous and two-thirds of the ground surface was bare. Bare ground 

influences the accuracy of C estimation based on NDVI (Newnham et al., 2010). 

Inaccurate C data leads to misinterpretation of C and FMC correlations. Positive 

correlations between C and FMC in the time series in some grids might be caused by 

inaccurate C data in hummock grasslands. FMC was the main factor limiting the ignition 

and sustained fire spread in continuous fuels but in patchy hummock grasslands, fire 

cannot spread until the flames from the burning hummocks breach the inter-hummock 

space and ignite the adjacent hummock (Gill et al., 1995). Discontinuous Spinifex 

hummock grasslands do not have the potential to burn within 5–7 years after a fire event 

because it takes time to recover the fuel load to enable a fire to spread (Burrows et al., 

2009). Thus, hummock grasslands with a middle fire frequency, 7–36 fire events during 

the study period, should be more continuous or include co-occurring species. Thus, in 

these areas, the proportion of bare ground was smaller than that in other areas in hummock 

grasslands, which would enhance fire risks and the spread of fires. Different formation of 

grasslands or grass species results in significantly different C and FMC correlations in 

these grasslands.  

Hummock grasslands with a low fire frequency and high fire frequency can be 

significantly different; therefore, it is necessary to observe them separately. In hummock 

grasslands with different previous fire intensities, the correlation between C and FMC 

was slightly different. In grasslands with low previous fire frequency, previous fire 

intensity variation did not lead to changes in average C and FMC. Results of the 

correlation analysis indicated that higher previous fire intensity resulted in weaker 

correlations between C and FMC. In areas with middle fire frequency, the higher the 

historical fire intensity, the lower the amplitude of C change. Fire intensity variations 
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were always correlated with a change in correlation between C and FMC. Conversely, in 

grasslands with higher previous fire intensity, the correlation between C and FMC was 

weaker. Although higher fire intensity is related to lower C and FMC correlation, the role 

of fuel dynamics remains unknown. The fire intensity of hummock grasslands is 

influenced by the fuel load and weather condition (Griffin and Allan, 1984; Burrows et 

al., 1991; Burrows et al., 2009). There are no direct links between fire intensity and fuel 

load or fuel structure; therefore, it is difficult to analyse the influences of different fuel 

categories for grasslands with different previous fire intensities. 

In non-native grasslands, varying seasonal C and FMC changes indicated that areas 

with different fire history classes were located in different regions. Areas with lower fire 

frequency or intensity were located in southern temperate zones, whereas areas with 

higher fire frequency and fire intensity were mostly located in north-eastern Australia. 

Distinct weather conditions in different regions introduce uncertainties when evaluating 

the influences of previous fire events. The results of the correlation analysis indicated that 

the correlation between C and FMC was relatively weaker in areas with more intensive 

previous fire events. Furthermore, frequent previous fire events modified the correlation 

between C and FMC, as C and FMC correlation is weaker in areas with higher fire 

frequency. Similar to hummock grasslands, more intensive previous fire events are 

related to a weaker correlation between C and FMC in grasslands with low fire frequency. 

Conversely, in areas with middle fire frequency, higher previous fire intensity has a 

stronger correlation between C and FMC. Therefore, due to a lack of knowledge regarding 

the influences of previous fire intensity on fuel condition, it is not clear how previous fire 

intensity modifies the correlation between C and FMC in non-native grasslands. The 

scatter plots showed that compared to low frequently burned grasslands, C change was 

similar whereas FMC was relatively more stable in grasslands with middle fire frequency 

(Figure 6.9). A previous study showed that the FMC of senescing or live fuel was 

relatively stable, whereas the FMC of dead fuel was highly influenced by weather 

conditions (Kidnie et al., 2015). Therefore, frequent bushfires result in the removal of 

fuel in these grasslands. The dead fuel is completely depleted while the remaining live 

and senescing fuel re-develop and maintain a stable FMC. However, the greenness is 

changing with metrological changes, resulting in a weaker correlation between C and 

FMC.   
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5.3  C and FMC in different seasons 

The present study confirmed that there was always a very strong negative linear 

correlation between C and FMC in non-native grasslands in different months except for 

January and August. In January, C was high and FMC was relatively low in non-native 

grasslands. In August, the average FMC of non-native grasslands increased rapidly from 

approximately 120.86% to 142.35% (Figure 4.27 A). Accumulated water in grasslands 

from precipitation might result in an overestimation of the C value (Newnham et al., 

2010). In January, C might achieve 100% in some grids, thus FMC changed continuously 

without any corresponding C change. For some species, chlorophyll concentration 

decreases due to the phenological status of the vegetation, but the water content remains 

constant (Gond et al., 1999). It is possible that C value changes due to the phenological 

stage of grasses instead of water stress, so change in C are not related with change in 

FMC in January or August. The results of the present study validate the statement in the 

study by Ceccato et al. (2001) that FMC is not always directly related to the chlorophyll 

concentration. Moreover, C and FMC might not be correlated when C is too high or too 

low.  

 

5.4 Implications for fire management and fire prediction models 

The results of the present study suggested that the correlation between C and FMC 

was grass species-specific. It validated recommendation from CSIRO that three different 

grass classes fit different fire prediction models based on a different assumption regarding 

the relation between C and FMC (Cruz et al., 2014). Fire prediction models recommended 

for southern grasslands were developed based on McArthur’s grassland fire danger meter 

that assumed that C and FMC were related (Cruz et al., 2014). This model can effectively 

predict fire risks and fuel conditions in southern grasslands except for areas covered by 

sedgelands, rushes, or reeds due to a significantly very strong negative linear or 

exponential correlation between C and FMC in grasslands (temperate tussock grasslands, 

other tussock grasslands, and non-native grasslands) in this region. Models that use C as 

the input variable can be developed in blue grass (Dichanthium) and tall bunch grass 

(Chrysopogon) tussock grasslands and non-native grasslands in north-eastern Australia, 

which show a significant very strong negative linear or exponential correlation between 

C and FMC. Moisture content data is still important after the C value reaches 100 in 

summer and linear functions fit better for FMC and C rather than an exponential function. 
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Relationships between C and FMC are slightly different in grasslands that are dominated 

by different species; therefore, developing different fire prediction models for different 

grasslands can help improve accuracy. Models that predict the rate of spread in grasslands 

with both C and FMC can be simplified using C values lower than 100 as an input 

coefficient because there is always a very strong negative linear correlation between C 

and FMC in southern grasslands except for in sedgelands, rushes, or reeds (Cheney et al., 

1998). However, previous fire events and observation time may influence the accuracy 

of these fire prediction models. 

The results also support the fact that FMC should be an input variable for models 

developed to estimate fire behaviour in hummock Spinifex grasslands. C cannot infer 

FMC in hummock grasslands because C and FMC are only moderately negatively 

correlated. FMC should be used as an input variable in these grasslands for current fire 

prediction models.  

The results illustrated that the very strong correlation between C and FMC is 

specific to grass species, fire history, and season; therefore, FMC may not directly relate 

to chlorophyll concentration. Indirect observation of FMC via spectral indices focusing 

on NIR and red contrast can be inaccurate in some situations. These results support the 

statements by Yebra et al. (2008) and Davidson et al. (2006) that compared spectral 

indices to the contrast between NIR and red to illustrate chlorophyll concentration or 

greenness, and showed that the models that focused on contrast between NIR and SWIR 

better reflected FMC change because they have direct links with FMC. Observing FMC 

with spectral indices focusing on NIR and red was more effective in grasslands with a 

very strong correlation between C and FMC (e.g. in blue grass (Dichanthium) and tall 

bunch grass (Chrysopogon) tussock grasslands, in temperate tussock grasslands, in other 

tussock grasslands, and in non-native grasslands). However, they were not suitable for 

observing FMC in hummock grasslands or other grasslands for which the correlation 

between C and FMC is weaker. These spectral indices cannot be used to observe FMC in 

areas with intensive or frequent fire events and they are inaccurate in drought or rainy 

seasons because the correlation between C and FMC is weaker in burned areas and during 

extreme drought or the rainy season. 

The proportion of dead fuel influences the correlation between C and FMC in 

grasslands. Frequent fire events that remove dead fuel in grasslands weaken the 

correlation between C and FMC.  
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5.5 Limitations  

Although the present study determined the relationship between C and FMC in 

different regions and seasons, some limitations might cause uncertainties in the results. 

There are many irrigated pastures in the areas alongside the Murray River in 

northern Victoria and southern New South Wales that can significantly change the C and 

FMC relationship in Australian grasslands (Bethune and Armstrong, 2004). The irrigation 

season is different between regions (Bethune and Armstrong, 2004). Irrigation water 

immediately changes the moisture content of dead fuel from the equilibrium moisture 

content that is determined by meteorological factors and fuel types. While the change in 

C in grasslands remains relatively slow, irrigation changes the C and FMC correlation. 

In addition to irrigation, grazing is another factor that might cause inaccuracy in 

the present study. Grazing is an important economic activity in Australian grasslands; 

however, it can influence fire behaviour and the relationship between C and FMC by 

changing the fuel composition. Davies et al. (2016) suggested that winter grazing reduced 

the herbaceous fuel load and increased FMC. Schmelzer (2009) also agreed that grazing 

and clipping in pasture reduced the fuel loads in grasslands. The fuel composition in 

unburned grasslands can be influenced by grazing. Therefore, the grazing intensity 

differences in different districts interfere with the results of the present study. 

FMC and C data, derived from MCD43A4 and MOD09A1, respectively, 

represent surface reflectance during different periods. Although FMC was paired with C 

that had the same median date in the present study, they represented different periods. 

FMC data were derived from MCD43A4, which is a 16-day composite (Schaaf and Wang, 

2015), while C data were derived from MOD09A1, which is an 8-day composite 

(Vermote, 2015). In addition, in RTMs, FMC data in cloudy areas are removed (Yebra et 

al., 2018); therefore, FMC and C in cloudy pixels are hard to estimate and they are 

neglected in this study. Furthermore, arid areas that are less likely to be covered by cloud 

are more influential in this analysis. This research covers the data collected over 11 years, 

so land use changes, the changes in distribution or population of different grass species 

(Williams et al., 2007), and the invasion of exotic species (Brown and Carter, 1998; Lenz 

et al., 2003) could have occurred within this period. This will change the structure, fuel 

condition, and fire behaviour of grasslands (McGranahan et al., 2013; Setterfield et al., 

2013). Thus, differences exist between MVS released in 2018 and the actual distribution 

of grassland types that change consistently during the study period. Australia’s 

Environment Explorer provided the annual fire occurrence and fire intensity over the 
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study period. Nonetheless, fire events that happened before 2002 or in 2008 and 2010 

would still influence fuel dynamics and previous fire events might have long-term 

impacts on the grasslands because of the change in soil quality (Úbeda et al., 2005). 

Impacts from fire that occurred outside the study period were not evaluated.  

NVIS’s MVS only provides information about the dominant vegetation types in a 

pixel, although variation exists in the observation scale (Australian Government 

Department of the Environment and Energy, 2018). Australia’s Environment Explorer 

generates fire behaviours in a pixel; however, fire behaviour can be uneven within a pixel. 

Areas with different fire histories are located in different regions; therefore, 

climate differences or co-occurring vegetation differences can introduce errors into the 

analysis of the influence of fire history. Moreover, the distributions of fire events and 

grass species are highly influenced by the local climate, which influences the relationship 

between C and FMC. When analysing the influence of fire history and grass species, the 

impact of climate on C and FMC correlation must be considered. For average C and FMC, 

some pixels in C and FMC data were missing due to atmospheric conditions or poor data 

quality; therefore, average C and FMC data on different days were collected in slightly 

different areas. 

In the present study, the correlation between C and FMC was discussed within 

different types of grasslands and areas with different fire classes. The relationship 

between C and FMC might be different at the research scale and these differences were 

neglected. In some types of grasslands or areas with a particular fire history, the 

correlation between C and FMC could have slight variation in different grids, which were 

not reflected in the present study.  

 

5.6 Future research 

In the present study, it was confirmed that fire intensity influenced the correlation 

between C and FMC. However, the influence of fuel load and fuel composition in areas 

with different fire intensities remain unclear. Field-based observations in areas before and 

after fire events with different fire intensities should be conducted for better 

understandings regarding the linkage between fire intensity and fuel load or fuel 

composition in different grasslands. This would help explain how previous fire intensity 

influences the correlation between C and FMC. Furthermore, it would help determine the 

influence of different fuel composites in grasslands on C and FMC correlation.  
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Correlation analysis between C and FMC in different pixels in a time series revealed that 

the correlation changed in different years. This yearly difference can be attributed to long-

term climate change, including El Nino or global warming that significantly changes 

precipitation or temperature. Long-term studies would be useful for identifying the causes 

of these yearly changes.  

Non-native grasslands in Australia include different grass species (Morgan, 

1999), which may result in different relationships between C and FMC. Further studies 

should focus on mapping the distribution of non-native grass species in Australian 

grasslands and analyse the correlation between C and FMC in grasslands containing 

different non-native grass species. 

As mentioned in Section 5.5, irrigation and grazing have significant influences on 

the correlation between C and FMC. Future studies should identify the irrigated and 

grazed areas and these areas should be excluded to reduce their influence on C and FMC. 

In addition, ground observations of C and FMC should be conducted in pastures to 

identify the influences of grazing and irrigation on different grass types.  
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Chapter 6: Conclusion 

The present study confirmed that there were strong negative linear correlations 

between C and FMC at the whole of Australian grasslands scale; however, there were 

obvious differences in the correlation coefficients in different types of grasslands. The 

correlation between C and FMC was influenced by grass species, previous fire events, 

and seasonal change. In blue grass (Dichanthium) and tall bunch grass (Chrysopogon) 

tussock grasslands, temperate tussock grasslands, other tussock grasslands, and non-

native grasslands, C and FMC were very strongly negatively linearly correlated. In 

other types of grasslands, the correlation between C and FMC was weaker. Compared 

with exponential functions, linear functions better represented the relationship between 

C and FMC. In areas with frequent fire events and during the dry or rainy seasons, the 

correlations between C and FMC were weaker. 

This study supports the assumption of the fire prediction model recommended by 

CISRO for southern grasslands because C and FMC are very strongly significantly 

correlated in grasslands in this area except for sedgelands, rushes or reeds. In sedgelands, 

rushes or reeds, models that directly use FMC as an input should be developed because 

C is not related to FMC in this area. Moreover, FMC should be used as an input variable 

in fire prediction models for hummock grasslands. Overall, FMC data should be included 

in fire prediction models for grasslands that do not have very strong significant 

correlations between C and FMC.  

This study questioned the indirect observations of FMC using spectral indices 

that focused on the contrast between red and NIR. These were developed based on the 

assumption that C was always related to FMC. However, C and FMC are not always 

very strongly negatively correlated in grasslands and their correlation can be affected by 

grass species, previous fire events, and seasons. Spectral indices focusing on the 

contrast between C and FMC can be inaccurate in some situations. Spectral indices that 

focus on the contrast between NIR and SWIR would better reflect FMC. 
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Appendix 1: Python Script Developed For 
Data Analysis 

import netCDF4 as nc 

import time,os 

import pandas as pd 

import numpy as np 

from osgeo import gdal,ogr 

import matplotlib.pyplot as plt 

import scipy.stats as stat 

 

fmc_file=r"C:\UserData\xuans\Downloads\fmc\fmc_c6_****.nc"  

#This is the netCDF document for FMC of **** year 

dirr="C:\\UserData\\xuans\\Downloads\\c\\****\\"   

#This is the folder that contains netCDF document for C of **** year  

curing = nc.Dataset(r"C:\UserData\xuans\Downloads\c\****\curing_modis-method-

b_8day_500m_aust_********_********.nc").variables 

#This is one of the netCDF document for curing 

shapefile =r"X:\shpfile\***.shp"   

#This is the shpfile that represents the study area 

aus = r"X:\GIS\aus.nc" 

aus1 = nc.Dataset(aus).variables 

land =aus1["land"][:] 

 

def makeMask(lon,lat,res): 

    source_ds = ogr.Open(shapefile) 

    source_layer = source_ds.GetLayer() 

    mem_ds = gdal.GetDriverByName('MEM').Create('', lon.size, lat.size, 

gdal.GDT_Byte) 

    mem_ds.SetGeoTransform((lon.min(), res, 0, lat.max(), 0, -res)) 

    band = mem_ds.GetRasterBand(1) 

    gdal.RasterizeLayer(mem_ds, [1], source_layer, burn_values=[1]) 

    array = band.ReadAsArray() 

  

    mem_ds = None 

    band = None 

    return array 
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fmc = nc.Dataset(fmc_file).variables 

lat = np.arange(-10, -44, -0.05) 

lon = np.arange(113, 154, 0.05) 

lat_fmc = fmc["latitude"][:] 

lon_fmc = fmc["longitude"][:] 

 

y_fmc = [list(abs(i - lat_fmc)).index(np.min(list(abs(i - lat_fmc)))) for i in lat] 

x_fmc = [list(abs(i - lon_fmc)).index(np.min(list(abs(i - lon_fmc)))) for i in lon] 

lat_curing = curing["latitude"][:] 

lon_curing = curing["longitude"][:] 

 

cellsize_curing = lon_curing[:][1] - lon_curing[:][0] 

 

y_curing = [list(abs(i - lat_curing)).index(np.min(list(abs(i - lat_curing)))) for i in lat] 

x_curing = [list(abs(i - lon_curing)).index(np.min(list(abs(i - lon_curing)))) for i in lon] 

 

for r,w in zip(os.listdir(dirr),np.arange(1,92,2)): 

    curing1=nc.Dataset(dirr+r).variables 

    curing_DDD = curing1["curing"][:] 

    fmc_DD=fmc["fmc_mean"][w] 

    maskshp_curing = makeMask(lon_curing,lat_curing,cellsize_curing) 

    curing_DD = np.ma.masked_where(maskshp_curing==0,curing_DDD) 

    curing_data,fmc_data=[],[] 

    for i in y_curing: 

        for k in x_curing: 

            b=curing_DD[i][k] 

            curing_data.append(b) 

 

    for i in y_fmc: 

        for k in x_fmc: 

            b=fmc_DD[i][k] 

            fmc_data.append(b) 

 

    curing_data=np.ma.array(curing_data, mask=False) 

    fmc_data=np.ma.array(fmc_data, mask=False) 

    bad=~np.logical_or(np.isnan(curing_data),np.isnan(fmc_data)) 

    curing_in=np.compress(bad,curing_data) 

    fmc_in=np.compress(bad,fmc_data) 

    T=time.localtime(fmc["time"][w]) 

    t=str(T[0])+"-"+str(T[1])+"-"+str(T[2]) 
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    C=np.mean(curing_in) 

    F=np.mean(fmc_in) 

    print("zen-kuaon",t, "curing",C, "seh-du",F)  # There will output date, average C and 

average FMC 

 

curing_data=np.ma.array(curing_data, mask=False) 

ran=~np.isnan(curing_data) 

curing_data[ran]= 0 

R=np.reshape(curing_data,(len(lat),len(lon))) 

extent=[min(lon),max(lon),min(lat),max(lat)] 

plt.imshow(land,extent=extent,cmap="twilight") 

plt.imshow(R,extent=extent,cmap="summer") 

plt.grid() 

plt.xlabel('longitude',fontsize=10) 

plt.ylabel('latitude', fontsize=10) 

plt.tick_params(labelsize=10) 

plt.savefig("***.png", dpi=350, bbox_inches='tight')   

#This is the image that represent the distribution of research area 

plt.show()    

 

 

import netCDF4 as nc 

import time,os 

import pandas as pd 

import numpy as np 

import matplotlib.pyplot as plt 

from osgeo import gdal,ogr 

 

t1 = time.time() 

fmc_file=r"C:\UserData\xuans\Downloads\fmc\fmc_c6_****.nc"  

#This is the netCDF document for FMC of **** year 

dirr="C:\\UserData\\xuans\\Downloads\\c\\****\\"   

#This is the folder that contains netCDF document for C of **** year  

curing = nc.Dataset(r"C:\UserData\xuans\Downloads\c\****\curing_modis-method-

b_8day_500m_aust_********_********.nc").variables 

#This is one of the netCDF document for curing 

shapefile =r"X:\shpfile\***.shp"   

#This is the shpfile that represents the study area 

aus = r"X:\GIS\aus.nc" 

aus1 = nc.Dataset(aus).variables 
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land =aus1["land"][:] 

 

def makeMask(lon,lat,res): 

    source_ds = ogr.Open(shapefile) 

    source_layer = source_ds.GetLayer() 

    mem_ds = gdal.GetDriverByName('MEM').Create('', lon.size, lat.size, 

gdal.GDT_Byte) 

    mem_ds.SetGeoTransform((lon.min(), res, 0, lat.max(), 0, -res)) 

    band = mem_ds.GetRasterBand(1) 

    gdal.RasterizeLayer(mem_ds, [1], source_layer, burn_values=[1]) 

    array = band.ReadAsArray() 

     mem_ds = None 

    band = None 

    return array 

fmc = nc.Dataset(fmc_file).variables 

lat = np.arange(-10, -44, -0.025) 

lon = np.arange(113, 154, 0.025) 

lat_fmc = fmc["latitude"][:] 

lon_fmc = fmc["longitude"][:] 

cellsize_fmc = lon_fmc[:][1] - lon_fmc[:][0] 

y_fmc = [list(abs(i - lat_fmc)).index(np.min(list(abs(i - lat_fmc)))) for i in lat] 

x_fmc = [list(abs(i - lon_fmc)).index(np.min(list(abs(i - lon_fmc)))) for i in lon] 

lat_curing = curing["latitude"][:] 

lon_curing = curing["longitude"][:] 

y_curing = [list(abs(i - lat_curing)).index(np.min(list(abs(i - lat_curing)))) for i in lat] 

x_curing = [list(abs(i - lon_curing)).index(np.min(list(abs(i - lon_curing)))) for i in lon] 

TT=np.ones((1,len(lat)*len(lon))) 

RR=np.ones((1,len(lat)*len(lon))) 

for r,w in zip(os.listdir(dirr),np.arange(1,92,2)): 

    print("leh-soe di%stsah ven-jie"%w) 

    curing1=nc.Dataset(dirr+r).variables 

    curing_DD=curing1["curing"][:] 

    fmc_DDD=fmc["fmc_mean"][w] 

    maskshp_fmc = makeMask(lon_fmc,lat_fmc,cellsize_fmc) 

    fmc_DD = np.ma.masked_where(maskshp_fmc==0,fmc_DDD) 

    curing_data,fmc_data=[],[] 

    for i in y_curing: 

        for k in x_curing: 

            b=curing_DD[i][k] 

            curing_data.append(b) 
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    for i in y_fmc: 

        for k in x_fmc: 

            b=fmc_DD[i][k] 

            fmc_data.append(b) 

 

    curing_data=np.ma.array(curing_data, mask=False) 

    fmc_data=np.ma.array(fmc_data, mask=False) 

    TT=np.vstack((TT,curing_data)) 

    RR = np.vstack((RR, fmc_data)) 

t2=time.time() 

np.delete(TT,0,axis=0) 

np.delete(RR,0,axis=0) 

print(TT) 

RRR=[] 

for u in range(np.shape(TT)[1]): 

    a=[TT[x,u] for x in range(np.shape(TT)[0]) ] 

    b = [RR[x, u] for x in range(np.shape(TT)[0])] 

    rrr=pd.Series(a).corr(pd.Series(b),min_periods=10) 

    RRR.append(rrr) 

RRR=np.reshape(RRR,(len(lat),len(lon))) 

print(RRR) 

extent=[min(lon),max(lon),min(lat),max(lat)] 

plt.imshow(land,extent=extent,cmap="twilight") 

plt.imshow(RRR,extent=extent,cmap="rainbow") 

plt.xlabel('longitude',fontsize=10) 

plt.ylabel('latitude', fontsize=10) 

plt.tick_params(labelsize=10) 

plt.colorbar() 

plt.grid() 

plt.savefig("****.png", dpi=350, bbox_inches='tight')   

#This is the map of correlation between C and FMC for year **** 

plt.show() 

 


