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Current assessments of anthropogenic land degradation and its impact on 

vegetation at regional scales are prone to large uncertainties due to the lack of an 

objective, transferable, and spatially and temporally explicit measure of land degradation. 

These uncertainties have resulted in contradictory estimates of degradation extent and 

severity and the role of human activities. The uncertainties limit the ability to assess the 

effects on the biophysical environment and effectiveness of past, current, and future 

policies of land use. The overall objective of the dissertation is to assess degradation in a 

semi-arid region at a regional scale (14 million hectares), where the process of 

anthropogenic land degradation is evident. Net primary productivity (NPP) is used as the 

primary indicator to measure degradation. It is hypothesized that land degradation 

resulting from human factors on the landscape irreversibly reduces NPP below the 

potential set by environmental conditions. It is also hypothesized that resulting reductions 

in NPP are distinguishable from natural, spatial and temporal, variability in NPP. The 

specific goals of the dissertation are to (1) identify the extent and severity of degradation 

using productivity as the primary surrogate, (2) compare the degradation of productivity 

to other known mechanisms of degradation, and (3) relate the expression of degradation 

to components of vegetation and varying environmental conditions. This dissertation 

employed the Local NPP Scaling (LNS) approach to identify patterns of anthropogenic 

degradation of NPP in the Burdekin Dry Tropics (BDT) region of Queensland, Australia 

from 2000 to 2013. The difference in units of mass of carbon and percentage loss were 

the measure of degradation. Degradation is then compared to non-green components of 

vegetation (e.g. wood, stems, leaf litter, dead biomass, etc.) to determine their 

relationship in space and time. Finally, the symptoms of degradation are then compared 

to land management patterns and the environmental variability (e.g. drought, non-drought 

conditions). Nearly 20% of the region was identified as degraded and another 7% had 

significant negative trends. The average annual reduction in NPP due to anthropogenic 

degradation was -17% of the non-degraded potential, although the severity of degradation 

varied substantially through the region. Non-green vegetation cover was strongly 

correlated with the inter-annual and intra-annual temporal trends of degradation. The 

dynamics of degradation in drought and non-drought years provided evidence of multiple 

stables states.  
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Chapter 1 Introduction 
1.1. Background 

Drylands, consisting of land areas in tropical and temperate regions where the 

mean annual precipitation is less than two thirds of potential evaporation (aridity index of 

less than 0.65), cover approximately 40% of terrestrial Earth with over 38% of the global 

population, including much of the world’s most impoverished populations [3-5]. The 

poor economic state of many inhabitants of drylands only exacerbates local dependency 

on ecosystem services [6]. Poor land use management such as overgrazing and 

unmanaged fire have been reported in some drylands with far reaching effects. 

Rangelands are defined in this dissertation as grazing land (both commercial and 

non-commercial) in dryland areas. Rangelands undergoing poor management resulting in 

land degradation may experience deleterious effects on the function of key 

biogeophysical processes [7]. These effects also disrupt several key landscape processes, 

causing physical and chemical changes in soil characteristics (e.g. soil texture), disruption 

of the water and energy balances, diminished production and vegetation cover (e.g. 

pasture and agricultural yield), reduced carbon sequestration, increase in woody species 

(including unpalatable shrubs), increase in unpalatable species, and decreases in surface 

litter ultimately inducing soil erosion [8-14]. In rangelands, each process is considered a 

symptom of land degradation. 

Land degradation resulting from human factors, including poor land management, 

is not well understood, in part due to uncertainty in defining the term. Various definitions 

for land degradation have been put forth in specific regions (e.g. Australian drylands, 

[15,16] and globally [4,17-19]. Common among these definitions are the processes 

resulting in reduced biological productivity, caused by various factors including climatic 
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variations and human activities. In this study, productivity is interpreted as net vegetation 

production. Thus, land degradation as investigated in this study refers to the process by 

which less productive conditions emerge over several consecutive seasons due directly, 

or indirectly, to anthropogenic influence on the landscape.  

An example of widespread land degradation can be seen in the drylands of the 

Australian continent. Distinct alterations in land cover due to land use change in Australia 

have characterized the continent since European settlement [20]. Livestock grazing is 

Australia’s most extensive land use, occupying 58% of the continent 

(www.brs.gov.au/landuse). In many grazing areas, reports suggest land condition has 

become degraded, as indicated by reduced pasture productivity and land surface water, 

sediment, and nutrient loss [16,21-24] often flowing into coastal waters [25]. An example 

of the regional effects of degradation is in the Burdekin catchment in Queensland, 

Australia which is linked to the silting up and death of corals in the Great Barrier Reef 

lagoon. The Australian Government has allocated $200 million (Australian dollars) 

through the Reef Rescue package to help rangeland managers improve grazing land 

management strategies that increase pasture cover and reduce the erosion 

(http://www.nrm.gov.au/funding/2008/reef-rescue.html). Yet this investment is based on 

an assumption that regional land management causes catchment degradation and large 

scale sediment transport, which has yet to be proved anywhere globally [26]. The causes 

of poor landscape condition in Australian rangelands are known in Great Barrier Reef 

catchments (e.g. the Burdekin catchment): overgrazing, unmanaged fire, drought, and 

conversion of feral land to agriculture [1,27-29]. 
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Similar to the Burdekin catchment area, estimates of the global extent, areas 

relevant for assessments at continental levels, of degradation have varied significantly. 

Despite estimates suggesting 50% to upwards of 70% of rangelands exhibiting symptoms 

of degradation, many question methods that have been used to map dryland degradation 

[30]. Even regional scale, areas comprising several million square hectares, estimates of 

the extent of land degradation are subject to uncertainty from varying interpretations [31-

34] and reinterpretations [35-37]. Only at the local scale, areas comprising less than 100 

hectares, are the dynamics of land degradation reliably monitored, often with in-situ 

measurements, but the relevance of these studies to the regional scale is unknown and 

likely to be low. The true extent of regional degradation has eluded reliable measurement 

[32,38-40]. Uncertainties in spatial and temporal patterns of degradation at the regional 

scale continue to limit the ability to assess the effectiveness of past, current, and future 

policies of land use [41].  

Despite the aforementioned limitations, monitoring of land degradation has still 

been carried out throughout the world using various techniques. These have been 

undertaken at a wide variety of scales, from global to regional to local (see Appendix 1), 

including North America [42], China [43], the Mediterranean/Middle East [44-46], 

African drylands [32,47,48], and Australia [39,49], among others. Wide-ranging 

evaluations of global land degradation have varied [30,50-54]; providing contradictory 

interpretations of degradation extent and severity and the role of human influence. 

1.2. The nature and measurement of degradation 

1.2.1. The nature of degradation 

Irreversible land degradation is indicated by the inability of vegetation to respond 

to favorable weather as well as similar land subject to less intense land utilization for 

grazing and farming. The return of favorable weather, for example increased rainfall after 
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previously dry years, at degraded locations will distinguish those locations which have 

low productivity owing to unfavorable weather (e.g. drought) from those which have low 

productivity irrespective of changes in weather (degraded over the long term). Recent 

increases in rainfall in some drylands, especially in the African Sahel and parts of 

Australia, are helping to distinguish short-term fluctuations and long term degradation. 

Persistent reductions in productivity after degrading factors are statistically controlled 

(normalized) are characteristic of the irreversible nature of the type of land degradation 

that is given the term “desertification” [7,55]. 

Exploration of the primary environmental factors related to natural differences in 

vegetation production will identify how much natural variability in vegetation production 

can be attributed to environment. The approach of this dissertation will be to minimize 

variation which can be explained through natural phenomena (e.g. spatial variations in 

soil type, inter-annual variation in weather patterns). Residual variation in productivity 

may indicate the presence of anthropogenic influence on the landscape. The presence of 

reduced vegetation production – that is, production below the expected in the absence of 

human action thus not related to natural factors, along with documented land use history 

will help assess the role of non-natural factors in influencing distributions of vegetation 

production. Relating indicators of land management with differences in vegetation 

production will give an indication of possible human activity related to reductions in 

productivity. 

Anthropogenic degradation, the topic of this project, differs between land use type 

and intensity, such as livestock grazing and dryland farming. High land use intensity, for 

example overstocking on pasture, frequently cause soil compaction, removal of plant 
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cover; reducing satellite based measurements of NPP and changing species composition, 

sometimes to the extent of woody encroachment.  

This dissertation aims to provide an indication of the natural and human factors 

related to reductions in vegetation productivity. Monitoring and mapping of land 

degradation is necessary to obtain estimates of the extent, severity, and possible 

contributing human factors related to human induced land degradation. Monitoring will 

also provide an indication of ongoing land degradation while mapping will provide an 

indication of past and present extent of land degradation. 

Attempts have been made to monitor land degradation using vegetation 

characteristics; however, there are inadequacies in previous methods which limit 

objectivity, repeatability, and transferability of land assessments.  The conflicting 

accounts of degradation extent further emphasize the need for effective monitoring of 

land degradation. Furthermore, the deleterious impacts associated with human-induced 

land degradation have the prospect for undermining efforts aimed at promoting favorable 

rangeland management. Monitoring of human induced land degradation, in both time and 

space, is necessary to improve understanding of the mechanisms resulting in unfavorable 

vegetation change and the associated effects on the biophyiscal realm. There remains an 

oppurtunity to improve regional monitoring of land degradation, within Australian 

drylands and throughout the world, using repeatable methods based upon quantitative 

measues of vegetation which emphasize objectivity.  

1.2.2. Measurement of degradation 

1.2.2.1. Spatial scale of vegetation monitoring 

Monitoring of degradation is needed at regional scales (≥ 1 million hectares) for 

relevance in policy decisions that extend beyond the local scale of single grazing 
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enclosures. In fact, some have argued that long term degradation is only usefully 

monitored at regional scales [7,55]. Many current studies however are performed at local 

scales (e.g. sub-hectare). At the local scale, degradation mapping has been investigated at 

field and hillslope scales, at hectare and sub-hectare areas respectively, for example, in 

Australia (Figure 1.1; [22,28,56-59]). These assessment scales only capture local 

conditions of vegetation and land management and are often difficult to extrapolate to 

regional scales [27].  

 

1.2.2.2. Qualitative Vegetation monitoring 

Qualitative (e.g. Figure 1.1; [1,16]) monitoring of land condition has drawbacks. 

Much of the difficulty stems from varying interpretations of what constitutes poor land 

 
Figure 1.1 Land-cover conditions in the Burdekin Dry Tropics region of Queensland, Australia (images adapted 
from Karfs et al.[1]). The Grazing Land Condition Framework for ‘Goldfields Country on red soils’ uses a land 
condition ranking system; (a) Very Good, (b) Good, (c) Poor, (d) Degraded. Factors used in visual evaluation 
include grazing pressure, erosion features, deposited materials, pasture density, ground cover, surface litter, 
yield, basal area (live & dead).  
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condition (e.g. livestock production, crop yield, changes in biodiversity, woody plant 

encroachment, reduced forage palatability, increased susceptibility to erosion). Reynolds 

et al. (2007) presented an examination of the consequences of land degradation measured 

qualitatively in both anthropogenic and biophysical realms [60]. Underlying qualitative 

reporting and anecdotal accounts is inherent uncertainty associated with local monitoring 

techniques and the lack of uniformity in land assessment over large areas that are relevant 

to long term degradation. While local expertise is an invaluable component in vegetation 

assessment, without truly objective methods, assessments are susceptible to bias [27], and 

these monitoring efforts are difficult to replicate in other ecosystems.  

1.2.2.3. Quantitative Indicators of vegetation condition 

Difficulty in the regional quantification of productivity is a result of variable 

approaches of measurement [39,48,57,59,61-65]. Prince [7] hypothesizes that deleterious 

changes in vegetation structure, vegetation dynamics, species composition, and soil 

properties reduce observed vegetation production. Net primary productivity (NPP) is the 

accumulation of primary production after costs of plant respiration have been deducted 

through time. The Normalized Difference Vegetation Index (NDVI) has proved strongly 

correlated with NPP [66-69], particularly in semi-arid and arid regions [70-74]. 

Seasonally integrated NDVI (ΣNDVI), reduced primary productivity and reduced plant 

cover have been used as measureable symptoms of degradation in regional studies. 

Previous efforts assessing the character of variations in productivity have used NDVI as 

an objective indicator of vegetation dynamics in drylands [32,34,75-80]. ΣNDVI derived 

from satellite remote sensing data will be used as a proxy for NPP in this study. 

Moreover, the proposed use of regional satellite remotely sensed datasets will allow for 

an objective measure of vegetation production independent of local experience or agro-
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Figure 1.2 Illustrative figure of theoretical relationship 
between CAI (y-axis) and NDVI (x-axis) for 3 components of 
vegetation cover: Photosynthetic - Green; Non-
Photosynthetic - Red; Bare Soil - Blue. Figure adapted from 
Guerschman et al. [2]. 

economic models. While evaluation of remotely sensed data products is often difficult at 

regional scales, it does provide a quantitative component previously missing.  

While NPP is commonly used for studies of vegetation condition, there are other 

techniques that have been used to monitor vegetation. Sites with minimal grass cover 

compared with otherwise similar sites over several years may also indicate degradation; 

however, land cover types may vary in expected cover.  

Ground cover, the vegetation (living and dead) that covers an otherwise exposed 

soil surface [81], has a significant 

impact on the retention of soil carbon 

and the ability of vegetation to 

respond to rain after episodic drought 

[57,62]. Local measures of ground 

cover have been investigated in land 

condition studies, particularly in 

Australia, at local scales (≤ 100 ha; 

[56,58,59,62,65,82-85]. In this study, 

changes in cover will provide a 

second, measureable, indicator of 

land degradation.  

The presence of non-photosynthetic herbaceous vegetation, either as standing 

dead plant or detached plant litter, cover may indicate landscape resistance to erosion, 

changes in the surface water and energy balances, and changes to surface soil structure 

[16,86]. Dry surface litter is measurable in dry dead vegetation by remote sensing 
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through the detection of cellulose and lignin. Cellulose has a distinct absorption spectrum 

of solar radiation at 2000nm, 2100nm, and 2200nm. The cellulose absorption index (CAI; 

[87-91]) discriminates dry litter from dry soil using this relationship.  

The use of CAI has been limited by the lack of remotely sensed measurements in 

the appropriate short-wave infrared parts of the spectrum. Currently the data from only 

one satellite instrument is entirely suitable (ASTER), but it is very difficult to acquire the 

desired temporal and spatial coverage for this application. However, recent data sets 

which are correlated with the CAI have become available for the entire continent of 

Australia, and it is proposed in this dissertation to use this to aid discrimination of non-

photosynthetic vegetation from bare soil as an additional metric of land function.  

Recently, Guerschman et al. (2009) have made a surrogate index for CAI using MODIS 

surface reflectance data in different wavebands [2]. The ratio of MODIS bands SWIR3 

and SWIR2 (2200nm and 1600nm, respectively) corresponded well to CAI calculated 

using hyper-spectral data [2]. Soils can be spectrally differentiated from vegetation by the 

relatively flat reflectance spectra in the SWIR region. Extensive field evaluation was 

performed in mixed tree-grass ecosystems throughout Australia, including much of the 

Queensland. The relationship between CAI and NDVI has been used to distinguish bare 

soil (low CAI, low NDVI), non-photosynthetic vegetation (high CAI, low NDVI), and 

photosynthetic vegetation (intermediate CAI, high NDVI) (Figure 1.2, [2]). This method 

may provide additional understanding of regional vegetation production in instances of 

degradation. 

Production and productivity are closely related vegetation properties, and 

production has also been used as an indicator of degradation in drylands [48,49,92-95]. 
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Productivity is defined as the rate at which carbon is sequestered and converted into plant 

material in each area (e.g. kg ha-1 month-1), whereas production is the accumulation per 

area (e.g. kg ha-1) result of productivity. While below-ground production is an important 

component of the global carbon budget [8,14,96-104], it is difficult – often impossible, to 

measure using a non-destructive method (e.g. remote sensing). Additionally, fluctuations 

in above-ground production are the more readily observable vegetation dynamic and by 

far the biggest dependency to secondary production (e.g. livestock). In this dissertation, 

biomass refers to the above-ground production. This use of biomass differentiates it from 

NPP and allows for independent comparisons between vegetation properties.  

The use of observations of productivity and production, remotely sensed or 

surveyed, are subject to scattered removal from herbivories or management. Mechanistic 

modeling of biomass, on the other hand, may provide a systematic relationship between 

productivity and production. A key difficulty in previous degradation assessments are the 

limits in knowledge regarding management practices [27]. The linkages between land 

condition and management is an ongoing investigation in Australian rangelands 

[65,93,95,105-108], resulting in the development of highly parameterized models 

[109,110]. In fact, few other models have ingested more management properties (e.g. 

stocking rate, stock type) than those operated in Australia. Monitoring land condition (via 

biomass) through the integration of both human and natural factors is essential for 

building a science for degradation in drylands [7,60,111]. 

1.2.2.4. Temporal scale of vegetation monitoring 

A key difficulty in assessing land degradation is distinguishing anthropogenic 

degradation from natural variability in NPP caused by differences in weather. Insufficient 

consideration has been given to the temporal persistence of the land degradation. To 
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identify degraded regions, long term NPP data are needed. Field surveys carried out in 

one or a few years cannot detect temporally defined conditions such as persistent 

degradation or trends characteristic of land degradation. Short-term fluctuations in 

production may be caused by spatial variability in weather and are normally termed 

droughts. Long term trends in productivity, however, may represent other processes, 

possibly human in origin, influencing vegetation condition. Changes in patterns of land 

use and/or returns toward more favorable climate regimes may not result in the land 

regaining former productivity under degraded conditions [7].  

The use of satellite derived NDVI data in the proposed study will allow for 

monitoring of vegetation production and identifying locations with low productivity over 

multiple seasons. Seasonally summed-NDVI (ΣNDVI), used as a proxy for NPP, is 

derived from satellite remote sensing data. Regionally relevant satellite data records, 

which are available in various forms, for up to 32 years, extend from the early 1980s 

(AHVRR 1km) and 2000s (MODIS 250m). MODIS sensors have proved an 

improvement to earlier sensor systems (e.g. AVHRR) in producing more reliable 

measurements of surface reflectance at finer spatial and temporal resolutions. MODIS 

NDVI data have shown better agreement with in-situ measurements of NDVI in drylands 

than AVHRR GIMMS NDVI [112].  

1.2.2.5. Establishment of reference locations 

Land degradation is a relative concept, defined through a comparative assessment 

between distinct states of the land [4]. Potential productivity refers to the productivity 

(i.e. an also production) of the land in the absence of human influence. Comparing 

degraded conditions with the potential productivity gives an indication of the severity of 

the degradation.  



 
 

12 
 

Estimation of potential NPP from undisturbed reference sites will be used for 

assessment of land degradation. Previous studies have quantified reductions in NPP 

through spatial comparison with reference locations using satellite data [48]. These 

techniques will be used in this study to estimate potential NPP at the regional scale using 

sites with high productivity.  Reduced vegetation productivity will be measured by the 

difference between its observed NPP and the potential NPP in the absence of land 

management.  

1.2.2.6. Normalization of the environment 

The natural environment may influence estimates of the extent and severity of 

land degradation. Differences in the environment may mask measureable patterns in NPP 

which result from biophysical differences not related to degradation, e.g. soil type, soil 

hydraulic properties, topography, and weather. For example, NPP at sites with 

significantly different rainfall regimes (e.g. differing seasonal accumulation or rain 

periodicity) will result in over-estimation of non-degraded NPP values. The interpretation 

of NPP loss would then reflect rainfall gradients rather than differences in land use 

intensity. This may lead to overestimation of land degradation extent and severity in areas 

only experiencing national gradients in rainfall.  

Topographic features may also influence NPP. Differences in the intensity of 

solar radiation and availability of moisture (in both air and soil) for vegetation on north-

facing slopes, as opposed to south-facing slopes, may alter productivity [citation]. Thus it 

may be expected that NPP will vary with aspect and slope degree. Even subtle changes in 

topography greatly influence microclimate and can promote or reduce productivity (e.g. 

hillslope erosion, [86]). Important differences in terrain have been neglected in current 
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studies of land degradation partly due to the limited availability of digital global datasets 

of topography at useful scales.  

1.2.2.7. Mapping of land degradation 

The Local Net production Scaling (LNS) Procedure  

An approach used for the mapping of past and present extents of land degradation 

is the Local Net production Scaling (LNS) method, which has been used in the African 

Sahel as well as in South Africa [47,64] and Zimbabwe [48]. LNS allows for the spatial 

representation and quantification of sites with consistently low productivity relative to 

sites with observed high productivity. 

The benefit of the LNS technique is that it allows for the spatial comparison of 

deviations in observed NPP from the potential NPP in a diverse regional environment. 

The heart of the LNS method is the identification of pixels that are subject to identical 

biophysical conditions but which have lower NPP than pixels identified as at the potential 

for the environment. This is achieved by a detailed stratification using all available data 

on factors that may influence NPP, other than anthropogenic. The aim is to create strata 

in a way that maximizes internal homogeneity of the biophysical variables that control 

NPP in each one. Polygons of pixels belonging to each stratum may be disconnected 

from each other. These strata are referred to as land capability classes (LCCs).  

Potential NPP is estimated using spatial comparison within a LCC. For each 

homogeneous LCC, the NPP of non-degraded sites is calculated as the mean for an upper 

percentile of the observations (generally 85%, but adjustable in specific applications after 

examination of the frequency distribution for each LCC). This removes the effects of 

spurious high NPP values that can result from inadequate stratification, for example 
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including a riparian area in dry grassland. This new, adjusted, maximum NPP (mNPPr) 

value is the estimate of the potential NPP (pNPP).  

  (1.1) 

Within a LCC, a frequency distribution of pixel NPP values is used to estimate 

the condition of each pixel (spatial resolution= 250m2) relative to the potential NPP. NPP 

loss is calculated as the difference between the potential NPP (pNPP) and observed NPP 

(oNPP). This actual loss in NPP is recorded in units of gC*m-2*yr-1. The lower values 

(i.e. sites with negative deviations in NPP) from the frequency distribution are the pixels 

that may have suffered degradation. The proportional change in NPP may also be 

recorded. This is the percent difference in observed NPP (oNPP) from the potential NPP 

(pNPP) which may be compared across the LCC. 

  (1.2) 

 
 

(1.3) 

Annual LNS results within the LCC are then summarized through the duration of 

the study period. This is done by averaging each estimate of relative NPP loss at each 

pixel through all years investigated.  

The preceding steps are then repeated for all LCC within the study region. This 

procedure results in the generation of a spatial representation (e.g. a map) of mean NPP 

loss for all years assessed. Regional patterns of land degradation may be compared across 

classes using the proportional change in NPP. The total NPP loss, recorded in units of 

gC*m-2*yr-1, is calculated within each land cover class and across the study region.  

Interpretation of results obtained using the LNS approach is dependent on identification 

of appropriate reference sites. This requires comprehensive investigation (e.g. field 
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assessment or against similar measures of potential) of sites estimated as potential NPP, 

as spuriously high values may result from the erroneous inclusion of areas where NPP is 

influenced by environmental factors not normalized in the definition of regional 

environments (e.g. wetland and riparian ecosystems and commercial irrigation). High 

spatial resolution satellite and aerial photographs (<30m2) can be used in this assessment. 

1.4. Study Area 

 

For this dissertation, the process of reduced vegetation production will be studied 

in the Burdekin Dry Tropics (BDT) region. An extensive degradation history in the 

Burdekin exemplifies the sensitivity of vegetation in the wake of poor land use 

management [22]. The nearly uniform land use practice of livestock grazing in the BDT 

allows for comparisons of the effects of varied land use intensity [29,113]. Examination 

 
Figure 1.3 Location of the Burdekin Dry Tropics (BDT, in red in first image) region in the State of Queensland, 
Australia, the six major river basins, and major roads and towns. Blue area in first image represents the extent of 
the Great Barrier Reef.  
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of temporal trends derived from the Enhanced Vegetation Index (EVI) from MOD13Q1, 

suggest the Burdekin  is exhibiting sustained negative trends in overall plant greenness 

[114]. The variety of soil and vegetation types as well as the steep climatic gradients 

across the region makes the BDT representative of other Australian grazing lands. This 

will allow for the extrapolation of findings to similar dryland areas throughout Australia 

and the world.  

The BDT region, covering approximately 133,432km2, consists of a largely flat 

terrain slowly increasing in elevation inland with major rivers flowing largely into the 

Burdekin River and ultimately eastward toward the Pacific coast [113,115,116]. Six large 

river basins are contained in the BDT (Figure 1.3): The Upper Burdekin (2.26x106 km2), 

Belyando (2.08 x106 km2), Cape Campaspe (1.18x106 km2), Suttor (1.07x106 km2), 

Bowen Broken Bogie (0.63x106 km2) and Lower Burdekin (0.23x106 km2). More than 

70% of rainfall falls during summer months (December-February), runoff variability is 

high [117,118], and discharge from rivers and creeks are characterized by large pulses of 

water of short duration associated with wet season rains [119]. Seasonal rainfall totals 

show great range, 400-1500mm annually. Although regular winter rainfall is experienced 

throughout the BDT, a sharp decreasing gradient in seasonal rainfall exists away from the 

coast [115]. During the study from 2000 to 2013, years with low (e.g. 2002-2007 & 2013; 

≤ 500mm year-1) and high (e.g. 2000-2001 & 2008-2012; ≥ 600mm year-1) accumulations 

occurred. The variation in weather provides an opportunity to determine how well 

fundamental factors related to reduced productivity can be separated (i.e. anthropogenic 

and natural).  
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In the BDT, NPP is strongly influenced by regional variations in moisture 

availability (Hutley et al., 2000), fire frequency (Beringer et al., 2007), and soil 

properties. Native vegetation varies from dense to sparse forest to shrub-land and open 

grassland. Approximately 83% of the BDT is savanna consisting of mixed grass and 

trees. There are smaller areas that consist exclusively of shrubs (1%), grasses (8%), or 

rain-fed crops (8%). The ratio of tree-to-grass cover is a defining attribute that 

differentiates local environments in savanna ecosystems [120]. The croplands, both 

irrigated and rain-fed, are found in northeastern, higher rainfall areas.  

Table 1.1 Regional survey of land management practices in the Burdekin Dry Tropics region in Y2001-2. Grazing 
land management was evaluated and assigned to one of four categories: Good management indicates sustainable 
land use. Poor management indicates sustainable land use. Poor management indicates land use likely to damage 
land condition and lead to degradation. Current land management suggests possibility for more sites to enter poor 
land condition. Modified from www.brs.gov.au/landuse. 

Burdekin Dry Tropics Grazing Land Management Categories 

 Good Above 
Average 

Below 
Average 

Poor 

Number of grazing rangeland owners 46 271 406 104 

Percentage of grazing rangeland owners 6% 33% 49% 12% 
 

Livestock grazing has been the major land use, accounting for between 85-90% of 

the land use in sub catchments within the BDT, since European settlement and is 

dominated by extensive grazing (primarily cattle) on natural, unimproved pastures [113].  

An estimated 827 landholders graze cattle on 128,000km2 (Table 1.1; [113]). 

Approximately 12% of these graziers, on rangeland occupying over 16,192km2, use 

management practices reported by the Australian government as likely to result in land 

degradation (Table 1.1; www.brs.gov.au/landuse). In addition, nearly 23% of surveyed 

graziers self-report significant symptoms of degradation in Y2001-Y2002 (ABARE), 

suggesting future scenarios of land degradation (C or D; [1]). 

http://www.brs.gov.au/landuse
http://www.brs.gov.au/landuse)
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1.4. Research Goals 

The overall goal of the dissertation is to assess reductions in NPP in a semi-arid 

region at a regional scale (14 million hectares), which are associated with the process of 

anthropogenic land degradation. It is hypothesized that land degradation resulting from 

human factors on the landscape may irreversibly reduce NPP below the potential set by 

environmental conditions.  

Identifying spatially explicit patterns of reduced productivity at regional scales is 

expected to provide an indicator of the current state of rangeland systems. Persisting 

reductions in pasture productivity will be detected through the mapping of spatial 

distributions of NPP from Y2000 to Y2013. Locations exhibiting significant and 

persistent reductions in production from its potential may be indicative of degradation, 

natural or otherwise. It is also hypothesized that resulting anthropogenic reductions in 

NPP are distinguishable from natural, spatial and temporal, variability in NPP. 

Examining vegetation responses to inter-annual weather patterns will distinguish 

the short-term effects of weather (e.g. rainfall, temperature) from long term trends of 

vegetation condition. Potential vegetation production will be used to provide a reference 

for vegetation response to weather. Deviations in NPP from this reference response of 

vegetation to weather will be used to identify and quantify reduced productivity. 

Exploration of long term trends in deviations in NPP may reveal distinct transitions in 

vegetation condition. Persistent negative trends will be used to indicate active land 

degradation.   
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The relationship between 

degradation and fractional 

vegetation cover is not well 

understood and will be explored. 

As a key characteristic of land 

surface function, fractional 

vegetation cover will improve the 

understanding of degradation 

extent and severity. Fractional 

cover may also inform about 

rehabilitation and/or mitigation 

strategies for areas undergoing 

degradative processes. Fractional cover was used to distinguish land areas with live and 

dead cover from those that were bare. The presence of dead, brown vegetation, as 

opposed to bare exposed soil, has numerous beneficial properties including the 

deceleration of erosion. Here it is hypothesized live, green vegetation cover will have the 

strongest correlation to remotely sensed measurements of NPP and modeled estimates of 

degradation. Furthermore, it is hypothesized that the spatial and temporal extents of dead, 

brown vegetation cover will be positively correlated to degradation.  

Degradation that is measured using NPP as its proxy has implications for both 

above and below ground carbon storage. However, the impact that degradative processes 

have on above ground vegetation production (i.e. vegetation biomass) holds the most 

relevance to secondary biological production, food availability, and ultimately regional 

 
Figure 1.4 Rainfall variation in the Burdekin Dry Tropics region in 
Queensland, Australia. Note: Rainfall from during drought years 
(i.e. 2004 to 2007) and during non-drought years (i.e. 2008 to 2011) 
were investigated (symbolized with darkened bars).  Dashed line 
represents 14-year average. 
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management. A highly parameterized mechanistic model will be used to simulate 

biomass under varying degradation conditions (i.e. non-degraded and degraded). 

Therefore, vegetation biomass and its accumulation over time are important indicators of 

degradation severity. Here it is hypothesized that biomass and its accumulation in time 

will be strongly correlated with varying severities of degradation. Additionally, coupled 

environment and degradation relationships are not well understood but are crucial to 

understanding land condition. The interaction between degradative processes and 

controlling environmental factors (e.g. rainfall) are essential for proper characterization 

of vegetation degradation. It is hypothesized that a relationship between degradation and 

controlling environmental factors (e.g. rainfall) exists wherein degradation characteristics 

(e.g. severity, extent) will respond to the variability in environment factors.  

 Human factors are predicted to show a relationship with reductions in NPP not 

related to the natural environment. Indicators of land management type and intensity will 

be explored at these sites. Land use pressure and spatial and temporal NPP loss will be 

compared. Those comparisons may aide in the diagnosis of broad land use management 

practices present at sites which have undergone the process of land degradation.  

1.5. Research Strategy 

The goals of the dissertation are to (1) identify the extent and severity of degradation 

using productivity as the primary surrogate, (2) compare the degradation of productivity 

to other known mechanisms of degradation, and (3) relate the expression of degradation 

to components of vegetation and varying environmental conditions. The following 

questions and objectives will be addressed: 

 Research Question 1: Is there evidence of human-induced degradation of NPP? 

o Objective 1 (O1): Identify potential NPP within environmentally 

homogeneous regions using spatially explicit references. 
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o Objective 2 (O2): Identify and characterize the spatial extent of persistent 

reductions in NPP at the regional scale.  

o Objective 3 (O3): Classify and quantify the states and trends of 

anthropogenic degradation. 

 Research Question 2: Are non-green components of vegetation sensitive to 

degradation?  

o Objective 4 (O4): Compare components of fractional cover to 

degradation extent, severity and trends. 

o Objective 5 (O5): Quantify spatial reductions in fractional cover and link 

to management practices. 

 Research Question 3: Are the effects of degradation on NPP related to land use 

and do environmental factors interact?  

o Objective 6 (O6): Correlate simulations of biomass and pasture growth 

with anthropogenic degradation.  

o Objective 7 (O7): Investigate characteristics of degradation under drought 

and non-drought conditions.  

The overall information flow and strategy of the dissertation is presented in 

Figure 1.5. While the major research questions are addressed throughout the dissertation, 

the goals correspond to dissertation chapters (i.e. Goal 1 to Chapter 2, Goal 2 to Chapter 

3, and Goal 3 to Chapter 4).  

 

 

 
 

1.6. Outline of Dissertation  

This dissertation consists of five chapters. The first chapter presents an exhaustive 

background regarding the state and nature of degradation, including current estimates of 

 
Figure 1.5 Simplified schematic of research plan. Research objectives O1, O2, & O3 are addressed in Question 
1; objectives O4 & O5 in Question 2, and objectives O6 & O7 in Question 3. 
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its’ global extent and severity, conflicting definitions and indicators and background on 

phenomena in Australian rangelands. Finally, the research plan is presented with three 

major research questions and their associated objectives and goals.  

 In Chapters 2 to 4, three studies are presented that improve the current 

understanding of degradation and its dynamics. Each chapter corresponds to a major 

research goal (presented in 1.5).  

In Chapter 2, the degradation of net primary production is identified, mapped and 

analyzed. This study employs the Local NPP Scaling (LNS) approach to identify patterns 

of anthropogenic degradation of NPP in the Burdekin Dry Tropics (BDT) region of 

Queensland, Australia from 2000 to 2013. The method starts with land classification 

based on the environmental factors presumed to control (NPP) to group pixels having 

similar potential NPP. Then, satellite remotely sensing data is used to compare actual 

NPP with its potential. The difference in units of mass of carbon and percentage loss 

were the measure of degradation. The entire BDT (7.45x106 km2) was investigated at a 

spatial resolution of 250x250m.  

In Chapter 3, other components of vegetation are investigated and compared to 

degradation of NPP. This chapter attempts to address the lack of information regarding 

the effect of degradation on the non-photosynthetic components of vegetation (e.g. wood, 

stems, leaf litter) and the relationship between photosynthetic vegetation (PV), non-

photosynthetic vegetation (NPV), and bare soil under degraded conditions. The major 

objective of the study is to evaluate regional patterns of fractional cover (i.e. PV, NPV, 

BS) under degraded and non-degraded NPP conditions in a managed rangeland in north 

Queensland, Australia, with specific emphasis on five example locations. Homogenous 
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environmental conditions were identified and each of NPP, PV, NPV, and BS are scaled 

according to their potential, reference values.  

In Chapter 4, a prognostic model is used to compare biomass and pasture growth 

to degradation. Live and dead components of biomass are explored for their response to 

degradation throughout the growth cycle. The effects of management are also tracked 

through known land management patterns and utilization parameters that are included in 

simulations of biomass. The study is conducted in a single grazing property where 

management practices are uniform. Also, the symptoms of degradation are investigated 

under varying rainfall conditions (i.e. drought and non-drought).  

In Chapter 5, a synthesis of all the research findings is presented. The chapter 

begins with providing the context for the assessment of degradation. Key findings and a 

recapitulation of research questions are presented next. An in-depth discussion regarding 

the science of degradation monitoring follows. Finally, possible directions for future 

work are outlined.   
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Chapter 2 Degradation of Net Primary Production 
2.1. Introduction 

Land degradation is a deleterious process in which unfavorable conditions for 

humans occur [3,5,49,61] as a result of direct and indirect human and natural processes. 

In drylands (aridity index < 0.65), poor land management such as excessive cultivation, 

overgrazing and unmanaged fires have far reaching effects on biogeophysical processes 

[7]. While degradation is always undesirable, there is evidence that, in some cases, it 

cannot be reversed [121] when the causes are removed – a much more serious outcome. 

However, it is not known how widespread this condition is. There are many other aspects 

of dryland degradation that are little understood, including its location, severity and 

actions needed for remediation [60,111] or, at least, to prevent a net increase [122,123]. 

The extent of soil or pasture degradation through overgrazing, anywhere in the world, has 

been estimated by experts’ subjective opinion, rather than systematic quantitative criteria 

[124]. 

‘Degradation’ implies an undesirable condition compared with a starting point 

[121] but degraded compared to what? To detect a relative condition, a reference is 

needed, in this case not degraded [36,65,125,126] without which states of degradation 

have no meaning. However, the detection of non-degraded reference sites that are at their 

potential is problematic [63]. There are several approaches that seem reasonable but have 

severe limitations, particularly when applied to large areas: visual assessment of satellite 

imagery is entirely subjective and therefore unrepeatable; field surveys, such as the 

National Resources Inventory [127], are limited to small areas [47,128,129] that can be 

assessed by an evaluator on the ground; process modeling of potential production 
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followed by comparison with actual production [130,131] suffers from the need for data 

and parameters that are generally not available [7].  

The particular type of degradation investigated here is anthropogenic reduction of 

net primary production (NPP) which, in addition to its own importance, is an indicator of 

a wider range of degradative processes [7] such as soil compaction, salinization, water 

and wind erosion that generally also reduce NPP [55,61]. The objective of this study was 

to identify and characterize the extent and severity of degradation of vegetation 

productivity in the extensive rangelands, in excess of 10,000 km2, of the Burdekin Dry 

Tropics (BDT) in Queensland, Australia. The Local NPP Scaling (LNS) method 

[47,48,64] was used to address the problem of identification of reference sites. LNS starts 

with classification of the region into land capability classes (LCCs) in which the 

biogeophysical environment is, as near as possible, the same, so assessments are made 

with areas of the same type and potential. The reference NPP is identified as the 

maximum value in each LCC, then the comparisons are made with this standard. 

Inaccuracies and even invalidity of the LNS technique can arise under certain conditions, 

although some methods are available that can minimize these, but they can never be 

entirely prevented. On the other hand, bearing in mind the fundamental requirement for 

non-degraded comparison, and also that there is currently no other method available, 

LNS was used.  

Specifically, this study: (1) identified the spatial extent of non-degraded and 

degraded land; (2) distinguished significant land trends in inter-annual reductions in NPP; 

and (3) linked total NPP reductions to specific land processes and states in the BDT.  
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2.2. Materials and Methods 

2.2.1 Study area 

The entire BDT was investigated for 

degradation. Six large river basins are 

contained in the BDT (Figure 2.1): the 

Upper Burdekin (2.26x106 km2), 

Belyando (2.08 x106 km2), Cape 

Campaspe (1.18x106 km2), Suttor 

(1.07x106 km2), Bowen Broken Bogie 

(0.63x106 km2) and Lower Burdekin 

(0.23x106 km2). During the study from 

2000 to 2013, years with low (e.g. 

2002-2007; ≤ 500mm year-1) and high 

(e.g. 2008-2012; ≥ 600mm year-1) 

accumulations occurred (Figure 2.2). 

2.2.1 Land capability classification 

 Land capability classes (LCCs) are areas that are homogeneous with respect to the 

selected environmental factors. The factors used here were meteorological, soil, and 

vegetation. The Australian Bureau of Meteorology distributes daily, synoptic weather 

reports consisting of rainfall [132], minimum and maximum temperature, water vapor 

pressure deficit at 9am and 3pm, and solar exposure [133], gridded at 5x5km spatial 

resolution. Daily inputs were summed for the growing season from November to April 

and rescaled to 250x250m using a nearest-neighbor interpolation. Data from three 

national scale, 1x1km, gridded, soil property maps [134]were used: (1) plant available 

water-holding capacity, calculated as the sum of the water-holding capacity of the A and 

 
Figure 2.1 Location of the Burdekin Dry Tropics (BDT) region 
in the State of Queensland, Australia, the six major river 
basins, and major roads and towns. 
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B soil horizons (0 to 1m); (2) clay content (0 to 0.3m); and (3) soil bulk density (0 to 

0.3m, spanning A and B horizons) as a measure of porosity. Foliage projective cover 

(FPC) was obtained from Danaher et al. [135] although it was only available for one year 

prior to the study period. Pixels with over 50% FPC (mostly dense tropical forest) were 

not included. 

A k-means unsupervised clustering was used to classify meteorological data, soil 

properties, and FPC for each growing season. To ensure equal numerical weighting, all 

environmental data were normalized prior to clustering. The environmental data were 

then partitioned using unsupervised clustering (n=50, maximum iterations = 100, change 

threshold = 0.05%, minimum of 1,000 pixels), which resulted in 50 clusters. These are 

referred to as UMD Land Capability Classes (UMDLCC). The pixels found within each 

homogeneous UMDLCC were examined using linear regression and Person correlation to 

determine if any underlying relationships remained between NPP and the environmental 

data used to create them. Only LCCs where the correlation was below 0.4 were included 

in the final UMDLCC for that year. Pixels with correlations above 0.4 were reclassified. 

This procedure was repeated for each year.  

Few maps exist that could be used for validation of the homogeneity of LCCs in 

the BDT. One such is the Grazing Land Management (GLM) Land Types [136,137] 

which classifies areas based on vegetation, soil, and terrain characteristics to create static 

types within which the response to grazing pressure is similar. Since the principles used 

to create GLM were similar to those of the UMDLCCs, an additional LNS was 

performed using GLM land types (GLMLCC). The vector GLM map was converted to a 

raster format at a 250x250m spatial resolution. GLM land types consisting of fewer than 
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1,000 pixels were removed, 

resulting in 50 GLMLCCs – the 

same number of LCCs as the 

UMDLCC.  These were compared 

with the UMDLCC. 

 

The two LCCs were 

compared using the mean square 

variance of their maximum NPP to 

determine the extent to which each reduced within-LCC variance and maximized 

between-LCC variance. Inter-annual wet season rainfall (Nov to Apr) was averaged 

throughout the BDT (Figure 1.3), and then compared with the two variance components 

of both UMDLCC and GLMLCC. A paired t-test was used to determine whether there 

were significant differences in within-LCC and between-LCC variance in maximum NPP 

for the two LCCs.  

A second comparison was made using the Vegetation Assets, States and 

Transitions (VAST) classification of Australia, version 2 [138]. VAST is a national level 

map of changes to vegetation since European settlement, which began in 1750, showing 

the degree of anthropogenic modification of native vegetation until 2011. VAST uses the 

following classes: wilderness, biophysical naturalness, land use, land cover, and extent of 

native vegetation. There are four classes of increasing human modification: 1-‘modified’, 

2-‘tranformed’, 3-‘replaced’, and 4-‘removed’. Areas without naturally occuring native 

vegetation are designated 5-‘bare’ and areas with no change as 0-‘residual’.  

 
Figure 2.2 Annual average rainfall in BDT for 2000-2013. The 
dashed line is the 14-year average. 
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Erosion is strongly linked to land degradation in drylands [8,139], and this is the 

case in Australian rangelands [140-144]. A datbase of erosion was used to better 

understand the nature of the degradation that was detected. Four environmental variables 

related to natural and human-related erosion processes were used: sediment load at 

500x500m [145]; soil erodibility, rainfall erosivity and hillslope erosion, each at 

250x250m [146]; and gully density at 500x500m [147]. Gully density and sediment load 

were downscaled from their original spatial resolutions to 250x250m using a nearest-

neighbor interpolation.    

 

Figure 2.3 Example of the use of the frequency distribution of NPP of pixels in a single LCC to calculate LNS 
values. The vertical line denotes the reference NPP at the 85 percentiles of the distribution. The abscissa is 
labelled in LNS, NPP, and percent LNS units. 
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2.2.2. Measurement of NPP using satellite data 

Moderate Resolution Imaging Spectrometer (MODIS) NPP data (MOD17A3) 

[148] were obtained from the Land Processes Distributed Active Archive Center satellite 

data archives (http://modis.gsfc.nasa.gov/data/; accessed 06/05/2014). These data have 

1x1km resolution and so, to maintain the highest possible spatial resolution, the data were 

rescaled to 250x250m using coefficients of the regression of growing season 250x250m 

NDVI (MOD13Q1) on 1x1km, NDVI (MOD13A2).  

LNS is spatially and temporally scale-dependent since the NPP in a pixel is the 

sum of its finer scale components, similarly for the individual years in the 14 years that 

were studied may be different. Therefore, in this application, degradation at finer spatial 

and temporal scales than 250x250m and 14 years may have been missed, as would any 

pattern of LNS at finer scales (such as confinement of degradation to small, but repeated 

ridges in a tributary). While this might be a drawback for fine scale applications, such as 

the effects of livestock congregation at water and gates, in the BDT, livestock 

management is normally applied to areas large enough to contain at least several 

250x250m pixels. Other limitations for which there are no perfect solutions include the 

effect of gradients in environmental factors, such as meteorological variables, that are 

dissected by the classification into arbitrary ranges. Pixels are more likely to be selected 

as the potential sites if they are in the most favorable part of the gradient, often at the 

edge of LCC. While this effect is minimized using a large number of LCCs, it cannot be 

removed entirely. A warning situation would be if reference pixels were confined to one 

part of an LCC. In all of these cases, care is needed to review the LCCs using alternative 

sources such as high-resolution imagery that can provide visual warning. Additional 

limitations can arise if small features occur that are not large enough to be placed in a 

http://modis.gsfc.nasa.gov/data/
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different LCC, also the situation where the entire LCC is degraded or entirely non-

degraded. Various methods can be used to minimize these and other problems, but they 

cannot all be entirely prevented and in some cases the extent of the effect cannot be 

measured.  

2.2.3. Local net primary production scaling (LNS) 

LNS values are the difference between each pixel and its reference NPP (Figure 

1.3). It is therefore zero (equal to the reference NPP, i.e. not degraded) or negative (below 

the reference, i.e. degraded). The LNS values can be expressed as the actual reduction of 

NPP in gC m-2 year-1 or as a percentage of the reference. LNS was calculated for each 

year (2000-2013), producing 14 LNS maps, using both the UMDLCC and GLMLCC 

maps.   

The potential, non-degraded reference NPP was obtained using the frequency 

distribution of NPP in each LCC (Figure 2.3). The 85th percentile was arbitrarily selected 

as the best estimator. Pixels with NPP higher than the reference, possibly caused by 

residual pixels with high NPP in areas that were not typical of the rest of the LCC, were 

omitted. A possible limitation of LNS is if no pixels are at their maximum; then the 

reference would be below the true potential. Masking rivers, open water, roads, human 

settlements, and other human land features not representative of the LCC minimized this 

effect, but it cannot be entirely eliminated and so interpretation of the results must take 

this into account. 

LNS percent values were averaged from 2000 to 2013 to determine the mean NPP 

reduction for each pixel over the 14 years. To facilitate discussion, values that were ≤ -

30% were arbitrarily classified as ‘degraded’. All other pixels, those where LNS was 

between 0% and -29% were classified as ‘non-degraded’. A time-series of annual LNS 
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percent values for every pixel was used to identify significant (α<0.10) inter-annual 

trends in LNS over the 14-years. Pixels were classified according to their trends into 

three categories: (1) no significant inter-annual trends (‘no LNS trend’); (2) significant 

positive inter-annual trends (‘positive LNS trend’); and (3) significant negative inter-

annual trends (‘negative LNS trend’). The trend classification was combined with the two 

levels of degradation to create six classes: (1) ‘non-degraded and positive LNS trends’, 

(2) ‘non-degraded and no LNS trend’, (3) ‘non-degraded and negative LNS trend’, (4) 

‘degraded and positive LNS trend’, (5) ‘degraded and no LNS trend’, and (6) ‘degraded 

and negative LNS trend’. 

Spatial agreement between average LNS values and ecological indicators related 

to land condition (e.g. hillslope and gully erosion) or susceptibility to poor condition (e.g. 

rainfall erosivity and soil erodibility) were examined using Cohen’s kappa (k) fuzzy 

numeric [149]. This elaboration of the simple kappa test includes ‘near misses’ and 

accounts for coincidences that occur by chance. Values range from 0.0 to 1.0 with 

increasing agreement. All kappa calculations were performed using the Map Comparison 

Kit [150].   

2.3. Results 

2.3.1. UMDLCC 
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Figure 2.4 Mean square variance in reference NPP (MgC m-2 year-1) for UMDLCC and GLMLCC in relation to rainfall; 
(a) ‘within-LCC’ and (b) ‘between-LCC’ with best-fit regression lines for each year 2000 to 2013. 

The average number of pixels per UMDLCC varied each year from 3,182 

(0.01x106 km2) in 2004 to 141,690 (0.56x106 km2) in 2013. Their locations differed each 

year owing to inter-annual differences in weather patterns. Approximately half were non-

contiguous, interspersed between other LCCs, but generally in no more than two river 

basins. Most reference pixels were selected in more than one year and a small number 

were selected in all years. 

The inter-annual, between-LCC variance in reference NPP was higher for 

UMDLCC compared with GLMLCC. Conversely, within-LCC variance for UMDLCC 

was lower than for GLMLCC, indicating that the pixels selected as reference within 

UMDLCCs were more homogeneous than GLMLCC and more distinct between. A 

paired t-test showed that these differences were significant (Table 2.1),  
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Inter-annual rainfall was significantly related to between-LCC and within-LCC 

variance in reference NPP for both LCCs (Figure 2.4), accounting for nearly equal 

proportions of within-LCC variance in reference NPP for UMDLCC and GLMLCC 

(Figure 2.4b), but between-LCC variance was better accounted for by UMDLCC (81%) 

than for GLMLCC (66%; Figure 2.4a).  

 
Table 2.1. Mean, standard deviation, and t-test of mean square variance of reference NPP (gC m-2 year-

1) for UMDLCC and GLMLCC, partitioned into between-LCC and within-LCC.  

Mean square 
variance 

UMDLCC GLMLCC 
Significance level 

Mean Std deviation Mean Std deviation 

Between 
LCCs 

4.15 x 108 1.1 x 108 1.76 x 108 0.5 x 108 t 13=12.6 p<0.0001 

Within LCCs 4.38 x 104 1.1 x 104 7.71 x 104 2.3 x 104 t13 = 9.6  p<0.0001  
 

 

Table 2.2. Average LNS (Mg C m-2 year-1) in the Burdekin Dry Tropics (BDT) region for all six 

combinations of degraded and non-degraded LNS conditions and three inter-annual LNS trends – no 

trend, positive and negative trends. The percentage of BDT area in each land condition is shown in 

parentheses. 

Trend category 
Degradation condition (Mg C m-2 year-1) 

Non-degraded LNS Degraded LNS Average 

No LNS trend -1.70 (65.3%) -3.85 (14.1%) -2.08 (79.4%) 

Positive LNS trend -1.90 (10.0%) -3.95 (3.6%) -2.44 (13.6%) 

Negative LNS 
trend 

-1.48 (5.0%) -4.14 (2.0%) -2.24 (7.0%) 

Average -1.71 (80.3%) -3.90 (19.7%) -2.14 (100%) 
 

  

 
Table 2.3. Area and percentage of Burdekin Dry Tropics in each LNS range. 

Degradation 
Condition 

LNS Range 
Total area (km2) and 

percent of BDT 
Total reduction in NPP (GgC) 

Non-
degraded 

0 to -9% 1.12x106 (15.8%) 

-1.9 (80.3%) -10 to -19% 2.40x106 (33.9%) 

-20 to -29% 2.10x106 (29.6%) 

Degraded 

-30 to -39% 0.96x106 (13.6%) 

-1.1 (19.7%) 
-40 to -49% 0.35x106 (5.0%) 

-50 to -59% 0.10x106 (1.5%) 

-60 to -69% 0.03x106 (0.4%) 
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-70 to -79% 0.01x106 (0.1%) 

< -80 0.00x106 (<0.0%) 
 

 

The comparison of UMDLCC and the VAST land classification, albeit based on 

different data and aims, provided an independent comparison. 35.8% of UMDLCC 

reference pixels were in the VAST ‘residual’ class that has, theoretically, been 

undisturbed since 1750. The remaining 64.2% were in classes with varying degrees of 

vegetation changes from native pasture: 1-‘modified’ (29.6%); 2-‘transformed’ (19.2%); 

and 3-‘replaced’ (15.3%). The remaining reference sites, less than one percent, were in 

the 4-‘removed’ or 5-‘bare’ classes with LCCs where all pixels were degraded, or have 

been caused by inadequate or inaccurate data used to create the LCCs, errors in the 

VAST classification, or a result of re-gridding VAST pixels from 1x1km to 250x250m 

spatial resolution.   

2.3.2. LNS 

The -30% LNS percent value used to differentiate ‘degraded’ areas from ‘non-

degraded’ areas was equivalent to an average annual reduction in NPP of -169.6 gC m-2 

year-1 (standard deviation=25.5). Between 2000 and 2013 the average annual LNS across 

the entire BDT, including both ‘degraded’ and ‘non-degraded’ areas, was -2.14 MgC m-2 

year-1 (Table 2.2). The average reduction in ‘degraded’ areas was more than twice that in 

the ‘non-degraded’ areas and the LNS of the positive LNS trend class was lower than the 

negative and no LNS trends.  
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Figure 2.5 LNS in BDT (a) & enlargements of the areas indicated in (a): (b) high/low LNS on either side of a station 
boundary; (c) variation within a single station showing gradients from low to high; (d) low LNS in eroded drainage 
area; (e) hillslope erosion resulting in bare surface with little to no vegetation cover; (f) area of tree removal with 
visible erosion and reduced cover. Black lines are the boundaries of river basins and red lines are station 
boundaries.  

 

The sum of LNS values for an entire class, as opposed to the LNS value per unit 

area, revealed the importance of class size in contributing to the overall reduction in NPP. 

The ‘degraded’ class had a total reduction in NPP of -1.1 GgC from 2000 to 2013 and 

occupied 1.46x106 km2 (Table 2.3). The larger area occupied by the ‘non-degraded’ class 

resulted in a greater total reduction in NPP (-1.9 GgC; Table 2.3), although much less 

severe reduction in NPP per unit area (Table 2.2). In the same way, non-degraded areas 
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with no LNS trend were by far the greatest total reduction in NPP owing to the large area 

occupied by this class. 

The majority of degraded pixels had LNS values between -30% and -49%, with 

only a small proportion below -50%. The largest number of the non-degraded pixels were 

in the -10% to -29% LNS classes. For the degraded pixels, the average LNS in NPP units 

was less than half that of the non-degraded pixels (Tables 2.4 & 2.5). Similarly, 

reductions in NPP as a percent of the reference were lower (more severe) for degraded 

than non-degraded pixels.  

 
Table 2.4. Degraded LNS class. Area, severity, and variation in LNS and LNS percent. sd – standard 

deviation 

River basin (in 
decreasing order 

of area) 

Total area in km2 
and percent of the 

class 

Average LNS in 

gC m-2 year-1 

Average LNS as a 
percentage of 
reference NPP 

Upper Burdekin 2.28x105 (16%) -225.3 (sd=42.8) -36% (sd=6) 

Belyando 6.60x105 (45%) -200.2 (sd=47.5) -40% (sd=8) 

Cape Campaspe 2.05x105 (14%) -205.3 (sd=45.6) -39% (sd=9) 

Suttor 3.17x105 (22%) -215.3 (sd=52.0) -40% (sd=9) 

Bowen Broken 
Bogie 

0.33x105 (2%) -225.7 (sd=45.7) -36% (sd=7) 

Lower Burdekin 0.25x105 (2%) -226.7 (sd=55.1) -38% (sd=8) 

Entire BDT region 14.79x105 (100%) -209.1 (sd=48.7) -39% (sd=8) 
 

 

2.3.3. Spatial variation in LNS 

The extent of ‘degraded’ and ‘non-degraded’ areas varied between the six major 

river basins (Tables 2.4 & 2.5). Two of these, Belyando and Suttor, comprised 67% of all 

‘degraded’ areas in the entire BDT while the Bowen Broken Bogie had the lowest (2%) 

(Table 2.4). Despite being the first and third largest basins in the BDT (‘degraded’ plus 

‘non-degraded’ pixels) the Upper Burdekin and Cape Campaspe had only the third and 

fourth most ‘degraded’ pixels (Table 2.4), respectively. However, ‘non-degraded’ area 

decreased with decreasing size of each river basin (Table 2.5).  
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The severity of reductions in NPP, indicated by the average LNS, varied 

surprisingly little between river basins (Tables 2.4 & 2.5). The most severely degraded 

were in the Lower Burdekin, Bowen Broken Bogie, and Upper Burdekin (Table 2.4). The 

Upper Burdekin also had the most severe reductions of non-degraded pixels (Table 2.5). 

The Belyando and Cape Campaspe had the least severe reductions in NPP of degraded 

and non-degraded pixels, respectively. The average LNS and its percentage of the 

reference NPP for degraded and non-degraded pixels, however, were all within one 

standard deviation; suggesting that the reductions in NPP for each river basin did not 

differ substantially.   

Table 2.5. Non-degraded LNS class. Area, severity, and variation in LNS and LNS percent. sd – 
standard deviation 

River basin (in 
decreasing order 

of area) 

Total area in km2 
and percent of the 

class 

Average LNS in  
gC m-2 year-1 

Average LNS as a 
percentage of 
reference NPP 

Upper Burdekin 20.34x105 (34%) -105.3 (sd=45.0) -17% (sd=7) 

Belyando 14.15x105 (24%) -92.2 (sd=39.2) -18% (sd=7) 

Cape Campaspe 9.74x105 (16%) -88.3 (sd=41.2) -16% (sd=8) 

Suttor 7.57x105 (13%) -97.4 (sd=41.2) -18% (sd=8) 

Bowen Broken 
Bogie 

6.01x105 (10%) -99.6 (sd=49.8) -15% (sd=7) 

Lower Burdekin 2.03x105 (3%) -95.4 (sd=49.5) -15% (sd=8) 

Entire BDT region 59.83x105 (100%) -97.5 (sd=43.9) -17% (sd=7) 
 

Among degraded areas there was evidence of managed grazing, including abrupt 

differences in LNS along station boundaries (Figure 2.5b), but there were also gradients 

of LNS within a single station (Figure 2.5c), and others with low LNS spread across 

multiple boundaries (Figure 2.5d). Other areas with evidence of management included 

forest clearing (Figure 2.5e) near station boundaries. There were also locations classified 

as degraded with little evidence of direct grazing management such as between the 

drainage lines of streams (Figure 2.5f). 
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2.3.4. Inter-annual trends in LNS 

Across the entire BDT there was substantial inter-annual variation in LNS, 

particularly in areas with low values (Figure 2.6a). In years with high rainfall (e.g. 2000, 

2008, 2009 and 2011) compared with low rainfall (e.g. 2003, 2005 and 2013), there were 

fewer pixels with low LNS, but the severity of reductions was greater. In areas with little 

topographic variation, such as the central BDT, there was more spatial variation in low 

values between years. Positive trends were found predominately in the western and 

southern Upper Burdekin and southern Belyando basins. Negative trends were most 

common in the northern Belyando, central Upper Burdekin, and southern Suttor river 

basins. 79.4% of the BDT had no significant trend in LNS. 

 

 

Figure 2.6 Time-series of maps of the Burdekin Dry Tropics from 2000-2013 showing (a) annual LNS percent values 
from 2000 to 2013 and (b) inter-annual trends in LNS classified into negative, positive, and no LNS trend. 

  

 The magnitudes of negative and positive inter-annual trends in LNS varied 

substantially between river basins (Figure 2.6b, Tables 2.6 & 2.7). The Suttor had by far 

the lowest negative trends (but the largest standard deviation; Table 2.6). The Upper 



 
 

40 
 

Burdekin and Cape Campaspe had the least negative trends (Table 2.6). Positive trends 

were highest in the Bowen Broken Bogie and lowest in the Belyando (Table 2.7).  

Some patches of positive and negative LNS trends were found in large areas that 

spanned multiple river basins (Figure 2.6b). These may have been a result of 

environmental conditions (e.g. low rainfall, soil properties) in some combination other 

than that used to create the LCCs, or a single variable not used in the classification, that 

crosses the LCC boundaries, for example, more friable soils. 

There were strong contrasts in the average LNS of the negative and positive trend 

classes between river basins (Tables 2.6 & 2.7). The average LNS of negative trends in 

the Suttor was nearly twice that of the Upper Burdekin. The Suttor river basin had most 

severe LNS reductions in the negative trend class (Table 2.6). On average, for negative 

trends, the Bowen Broken Bogie, Upper and Lower Burdekin had the least severe 

reductions in NPP while the most severe were in the southern river basins: Belyando, 

Cape Campaspe, and Suttor (Table 2.6). Surprisingly, the Belyando had less severe 

reductions in NPP in areas with negative trends (Table 2.6) than in areas with positive 

trends (Tables 2.7). In the Belyando, the percent LNS for positive trends were less than -

30%, suggesting that numerous low LNS values were found among positive trends.  
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Table 2.6. Negative trends in area, inter-annual rate, and severity of LNS for river basins of 
the Burdekin Dry Tropics. sd – standard deviation. 

River basin (in 

decreasing order 

of area) 

Total area in km2 

and percentage of 

those areas with 

negative trends 

Average trend in  

gC m-2 year-1 

Average LNS in gC 

m-2 year-1 and as a 

percentage of 

reference NPP 

Upper Burdekin 1.26x105 (24%) -7.3 (sd = 2.8) -102.0 (-16%) 

Belyando 2.10x105 (40%) -8.4 (sd = 3.3) -134.0 (-27%) 

Cape Campaspe 0.71x105 (14%) -7.5 (sd = 2.6) -131.7 (-24%) 

Suttor 0.77x105 (15%) -13.8 (sd = 10.0) -184.2 (-34%) 

Bowen Broken 

Bogie 

0.22x105 (4%) -9.7 (sd = 6.0) -95.0 (-14%) 

Lower Burdekin 0.15x105 (3%) -9.5 (sd = 5.6) -116.0 (-17%) 

Entire BDT region 5.21x105 (100%) -8.9 (sd = 5.4) -120.5 (-25%) 
 

 
Table 2.7. Positive trends in area, inter-annual rate, and severity of LNS for river basin of the 

Burdekin Dry Tropics. sd – standard deviation. 

River basin (in 
decreasing order 

of area) 

Total area in km2 
and percentage of  
those areas with 
positive trends 

Average trend in  
gC m-2 year-1 

Average LNS in gC m-

2 year-1 and as a 
percentage of 
reference NPP 

Upper Burdekin 2.70x105 (27%) 7.6 (sd = 2.7) -124.5 (-20%) 

Belyando 2.50x105 (25%) 6.8 (sd = 3.3) -151.1 (-31%) 

Cape Campaspe 1.53x105 (15%) 7.3 (sd = 3.0) -113.4 (-21%) 

Suttor 1.67x105 (16%) 8.7 (sd = 3.7) -139.6 (-26%) 

Bowen Broken 
Bogie 

1.46x105 (14%) 10.1 (sd = 3.6) -118.4 (-19%) 

Lower Burdekin 0.31x105 (3%) 8.6 (sd = 3.4) -117.2 (-18%) 

Entire BDT region 10.16x105 (100%) 7.9 (sd = 3.4) -130.7 (-23%) 
 

 

2.3.5. Comparison of LNS and environmental characteristics 

For the entire BDT, the overall spatial distribution of annual hillslope erosion was 

strongly correlated (k = 0.7) with LNS. Other environmental variables indicative of 

degradation (gully density, rainfall erosivity, and sediment load) were also high overall, 

(k = 0.6). For individual pixels, maps of correlation revealed strong regional differences 

(F07). The Suttor had the greatest spatial agreement between LNS and each 
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environmental variable, while the Bowen Broken Bogie had the least. Strong agreement 

between annual hillslope erosion and LNS occurred throughout the BDT (Figure 2.7a), 

particularly in the central Upper Burdekin, Cape Campaspe, Suttor and Belyando. The 

spatial agreement between LNS and gully density (Figure 2.7b) were largely similar to 

that of LNS and hillslope erosion except the presence of large clusters of low kappa 

values in the northern basins. The spatial pattern in kappa values for LNS and rainfall 

erosivity (Figure 2.7c) and sediment load (Figure 2.7d) resembled rainfall gradients in the 

region, northeast to southwest.  

 
Table 2.8. VAST class comparison with inter-annual trends in LNS and average LNS. sd – 

standard deviation. 

VAST classes 
Average trend in gC 

m-2 year-1 

Average LNS in  
gC m-2 year-1 

Average LNS as a 
percentage of 
reference NPP 

0-‘Residual’ 0.3 (sd = 4.7) -110.2 (sd = 63.7) -19.7% (sd = 11.1) 

1-‘Modified’ 1.0 (sd = 4.8) -110.2 (sd = 61.5) -19.4% (sd = 10.5) 

2-‘Transformed’ 1.1 (sd = 5.1) -115.2 (sd = 62.6) -21.6% (sd = 11.7) 

3-‘Replaced’ 0.6 (sd = 6.1) -123.6 (sd = 66.1) -24.9% (sd = 12.6) 

4-‘Removed’ 1.5 (sd = 5.3) -171.5 (sd = 98.2) -32.7% (sd = 17.7) 

5-‘Bare’ -0.9 (sd = 7.3) -130.2 (sd = 78.6) -23.9% (sd = 14.5) 
 

 
2.4. Discussion 

2.4.1. Land capability classification (LCC) and local NPP scaling (LNS) 

The basis of selection of the reference NPP and detection of anthropogenic 

reductions in LNS is the classification of the landscape into uniform units (LCCs) with 

respect to the environmental factors that affect NPP. The procedure was generally 

successful in creation of classes of environmentally uniform pixels, differing only in the 

long-term degree of degradation. The same reference sites were frequently selected in 

multiple, sometimes consecutive, years for the 14 years included in the study and 

therefore potentially for a longer term. This indicates that degradation, as detected with 
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LNS, corresponded to sites that were persistently below the potential. This emphasized 

that these sites were not simply subject to some short-term environmental deficiency, 

such a single-year with spatially patchy lower rainfall.  The value of incorporating inter-

annual variation of precipitation in the classification rather than a climatological average 

is illustrated by the comparison of GLM. UMDLCC proved better able to minimize 

within-LCC variance while also maximizing the between-LCC variance (Table 2.1, 

Figure 2.4a & Figure 2.4b). The large numbers of UMD reference sites that fell in the 

VAST ‘residual’ class and the larger reductions in NPP in VAST classes with higher 

levels of human modification, offer further evidence of the reliability of the UMDLCC 

classification (Table 2.8). Furthermore, the spatial coincidence of differences in 

management with differences in LNS found by visual inspection of high resolution 

imagery suggests that the procedure was able to distinguish regional, anthropogenic land 

degradation from natural variation in environmental factors.  

 Nevertheless, undetected errors may arise in the classification process, some of 

which are noted in the Methods section (2.2.1). Changes in land cover during the study 

period are unlikely to have caused errors since the rates of pasture clearing decreased 

dramatically throughout the Burdekin region from 1988 to 2002 and remained relatively 

low during the study period (2000 to 2012, [151]). A more fundamental problem might 

arise because the classification procedure did not allow for any interactions between 

environmental factors in different parts of the study area. A possible example of this from 

the BDT is the location of the largest spatial variations in LNS and its inter-annual trends 

near the coastline (e.g. Lower Burdekin and Bowen Broken Bogie) where rainfall is 

highest. This is an example of a drawback of statistical classification which can only 
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account for additive effects of the environment whereas, for example, moisture 

availability can alter the response of production to management [152], maybe non-

linearly. This points to an advantage of replacing the statistical derivation of LCCs with a 

process-based model that can convolve the environmental factors in realistic 

mechanisms. Such a model run in “potential” mode, which is without any anthropogenic 

effects, could create a reference NPP for each pixel. At the present time, however, the 

environmental variables and parameters needed for a useful process model are only rarely 

available.  
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Figure 2.7 Similarities between (a) annual hillslope erosion, (b) gully density, (c) rainfall erosivity, and (d) sediment 
load and percentage LNS as indicated by fuzzy numeric kappa. 

2.4.2. Extent of degradation of NPP in BDT 

Across the entire BDT region, from 2000 to 2013, the average annual reduction in 

NPP below the reference was 2.14 MgC m-2 year-1 (Table 2.2). The average LNS in the 

non-degraded class (arbitrarily set at LNS between 0 and -29%) was -97.5 gC m-2 year-1 
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and the degraded class (LNS <30%) -209.1 gC m-2 year-1 (Tables 2.4 & 2.5). However, 

owing to the greater area of ‘non-degraded’ land in the entire BDT (80.3%) compared to 

the ‘degraded’ class (19.7%) (Table 2.2), the total NPP reduction in non-degraded areas 

was actually greater. Reductions in NPP, as indicated by low LNS, affect the carbon pool 

in several ways: by reduced rates of sequestration [153]; by reduction in biomass of live 

and dead vegetation; by loss of soil organic matter [154-156]; or by a shortened growing 

season, for example among introduced, less-adapted, pasture species [157,158]. The large 

reduction in NPP found here is in agreement with reports of episodes of widespread land 

degradation occurring in the BDT [22,95,159].  

Overall, positive temporal trends in LNS were twice as common as negative 

trends (Tables 2.6 & 2.7). The ‘Non-degraded with no trend’ class had the largest total 

area (65.3%). This class was widespread in every river basin, indicating that most of the 

BDT region was not affected by severe degradation. In other areas, for example in 

Belyando and Bowen Broken Bogie, the average LNS of ‘Degraded with positive trends’ 

areas suggests that significant areas were recovering from earlier degradation (Table 2.7). 

Nevertheless, some areas were degrading between 2000 and 2013 and in some, their 

negative trends intensified through the study period, as indicated by the extent of the 

‘Degraded with negative trends’ class (Table 2.2). Areas classified as ‘Degraded with 

negative trends’ occupied 24.7% of the entire BDT –candidate areas for actions to reverse 

or at least arrest the trend. There were a few instances of ‘Degraded with no trends’, a 

possible indicator sites in a state of long-term, maybe permanent, irreversible degradation 

or approaching this state. Permanent degradation is a serious condition since it is 

generally reversible only with intensive remediation [7,60] which often costs more than 
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the value of the restored land, however, there were a few areas of ‘Degraded with 

positive trends’ which may be examples of land that has been rehabilitated. 
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Chapter 3 Degradation of Non-Photosynthetic Vegetation in a Semi-Arid 

Rangeland 
3.1. Introduction 

Land degradation is the process where undesirable conditions emerge due to 

human and natural causes [3,39,61]. Global assessments suggest varying severities of 

degradation in a multitude of climate zones, including in drylands (aridity index < 0.65), 

where degradation has far-reaching implications [3,6,60,111]. Drylands are important 

components of the global terrestrial surface: the Millennium Ecosystem Assessment [3] 

states that drylands cover over 40% of Earth’s terrestrial surface, support 50% of the 

world’s livestock, store 46% of global carbon, and contain 38% of the global population, 

including many who are affected by degradation Various definitions of degradation of 

drylands, also referred to as desertification, exist both regionally (e.g. Australian 

rangelands) [16,107] and globally [18,19,111,160]. The United Nations Convention to 

Combat Desertification (UNCCD [9]) defines desertification as “land degradation in arid, 

semi-arid and dry sub-humid areas resulting from various factors including climatic 

variations and human activities”. Other definitions make a distinction between short term 

reductions in productivity related to weather fluctuations (e.g. droughts) and long term 

reductions that result from excessive utilization of the land with respect to its resilience. 

Prince [7], for example, states "desertification [degradation] refers to the process by 

which changed biogeophysical conditions emerge owing to human actions that cannot be 

supported by the resource base ……. and that will not quickly return to their former, non-

desertified conditions, either naturally or by application or minor management practices". 

This definition serves to distinguish drought, in which vegetation and edaphic factors 

fully recover from a temporary reduction in rainfall, and degradation in which there is 
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complete recovery when rainfall increases. While it is clear that human activity is both 

directly and indirectly responsible the disruption of important terrestrial process and 

substantial land cover change, there is little objective of information regarding the extent 

and severity of human-induced degradation [111].  

Monitoring land degradation relies upon the evaluation of differences in land 

condition between its potential and actual conditions [121]. Thus it is necessary to 

identify potential, non-degraded, reference standards, preferably with little-to-no 

management. Various methods have been used including land surveys [127] and visual 

assessment of imagery. However, these have many limitations [7,63].  

Vegetation dynamics have become an important way to describe land condition 

and its prevailing trends [7,161]. In particular, the use of remotely sensed satellite data 

has allowed for the monitoring and evaluation of certain important vegetation 

characteristics, including net primary productivity (NPP) and fractional vegetation cover 

(FC), through time and space with the capability for applications from local to regional 

scales [43,162,163]. Fractional cover refers to the surface area covered by vegetative 

material compared with bare ground, while NPP is the rate at which atmospheric carbon 

is sequestered through photosynthesis, after autotrophic respiration, and is usually 

measured in the field as increments in the amount of vegetation matter produced over 

time, although this inevitably misses biomass shed by senescent components and also 

consumption by herbivores. The availability of satellite sensors, such as the Moderate 

Resolution Imaging Spectrometer (MODIS), have allowed for long-term monitoring of 

vegetation at durations long enough to distinguish degradation from many natural losses 

of vegetation such as prolonged drought [164]. NPP has been used for monitoring 
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degradation in numerous drylands including southern Africa [48,64] and in Australian 

rangelands (Jackson and Prince 2016, in press). However, considerably less is known 

about the impact of human-induced degradation on other important aspects of vegetation 

including cover, both photosynthetic and non-photosynthetic, and their complement - 

bare ground.  

Vegetation characteristics have been assessed using vegetation indices derived 

from the remote sensing of spectral reflectance (e.g., [7,165]) of which one of the most 

widely used is the Normalized Difference Vegetation Index (NDVI), which provides 

information on the location and density of green vegetation. However, there are other 

components of degradation that are equally or more important and which cannot be 

measured directly with NDVI. These include non-photosynthetic components of 

vegetation (NPV) that include dead plant material, both standing and detached, leaf litter, 

bark, wood and stems, all of which can protect the soil surface from erosion and some of 

which provide dry-season fodder for livestock. Another vegetation index, the Cellulose 

Absorption Index (CAI) [166] was developed to distinguish NPV from bare soil. CAI has 

been applied in drylands [167], with some quantifying woody biomass (e.g., [168]) and 

others assessing crop litter (e.g. [169]). The measurement of NPV using CAI, as 

originally developed, requires high spectral resolution, near infrared, measurements that 

are not available from any suitable current satellite radiometer [170], hence NPV has not 

been used widely, and never at regional at regional scales. Nevertheless, NPV is 

potentially valuable for assessing the impact of degradation on the landscape [167,171]. 

Furthermore the relationship between persistent, long-term reductions in productivity, 

owing to human-induced degradation, and vegetation cover dynamics are not well 
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understood. The understanding of key symptoms of degradation (e.g. soil erosion, 

evapotranspiration) and its future implications on land surfaces processes (e.g. disruption 

of the surface energy budget) may be dramatically improved through examination of non-

photosynthetic vegetation across varying severities of degradation. 

Guerschman et al. [2] developed a method for linear unmixing fractional cover of 

photosynthetic vegetation (PV), non-photosynthetic vegetation (NPV), and bare soil (BS) 

in Australian drylands using a ratio between shortwave-infrared MODIS bands (2130 and 

1640 nm) as a surrogate for CAI, and regressed it with NDVI to unmix NPV from soil 

and photosynthetic vegetation components in the field of view.  

The objective of this study was to evaluate the fractional cover of NPV, along 

with PV and BS, for degraded and non-degraded conditions using the dataset developed 

by Guerschman et al. [2]. The region used was the extensive rangelands (>10,000 km2) of 

the Burdekin Dry tropics (BDT) in Queensland, Australia, where Jackson and Prince 

(2016, in press) used the Local NPP Scaling (LNS) to measure and monitor long-term 

degradation. In this study, the LNS approach was used to estimate degradation with 

which to compare the components of fractional cover. 

The specific aims were to measure the components of fractional cover to; (1) 

characterize relationships with NPP, (2) examine variations in fractional cover under 

degraded and non-degraded conditions, and (3) quantify reductions in NPV, as well as 

PV and BS, cover and evaluate their ability to characterize degradation.  
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3.2. Materials and Methods 

3.2.1. Study area 

 
Figure 3.1 Location of the Burdekin Dry Tropics (BDT) region in the State of Queensland, Australia, the six major 

river basins (a) and five locations (b-f) identified as degraded in Chapter 2, and major roads and towns. 
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The Burdekin Dry Tropics (BDT) is a large catchment, covering approximately 

7.45x106 km2, located in north Queensland, Australia. Across the region, the terrain is 

largely flat with little variation in slope and aspect, although elevation gradually increases 

inland [113]. Six large river basins are contained in the BDT (Figure 3.1): the Upper 

Burdekin (2.26x106 km2), Belyando (2.08 x106 km2), Cape Campaspe (1.18x106 km2), 

Suttor (1.07x106 km2), Bowen Broken Bogie (0.63x106 km2) and Lower Burdekin 

(0.23x106 km2). There is a steep decreasing gradient in rainfall from the coast inland with 

average seasonal rainfall varying from 400 to 1500mm. More than 70% of rainfall falls 

during summer months (December-February), runoff variability is high [117,118], and 

discharge from rivers and creeks occurs in large pulses associated with intense but brief 

storms. During the study from 2000 to 2013, years with low (e.g. 2002-2007 & 2013; ≤ 

500mm year-1) and high (e.g. 2000-2001 & 2008-2012; ≥ 600mm year-1) accumulations 

occurred (Jackson and Prince 2016, in press).  

Regional variations in key environmental factors, such as moisture availability, 

fire frequency, and soil properties, are 

strongly related to the substantial 

spatiotemporal variation in vegetation type 

and quantity. Native vegetation varies from 

dense to sparse forest to shrub-land and open 

grassland. Approximately 83% of the BDT is 

savanna consisting of mixed grass and trees, 

however there are smaller areas that consist 

exclusively of shrubs (1%), grasses (8%), or 

 
Figure 3.2 Conceptual relationship between 

components of fractional cover; Photosynthetic 
Vegetation (PV), Non-Photosynthetic Vegetation 
(NPV), and Bare Soil (BS) cover along CAI (y) and 

NDVI (x) axes. Adapted from Guerschman et al. [2]. 
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rain-fed crops (8%). The croplands, both irrigated and rain-fed, are found in northeastern, 

higher rainfall areas.  

The major land use (85-90% of the BDT) is livestock production, predominately 

beef cattle, on unimproved pastures [113]. According to the State of Queensland (2011), 

approximately 12% of the BDT has grazing practices likely to result in degradation. 

Five locations were selected throughout the study region (Figure 3.1b-f), where 

there was evidence of degradation identified by Jackson and Prince (2016, in press) but 

where there were also clear contrasts between degraded and non-degraded conditions.  

3.2.2. Fractional Cover 

The MODIS-derived Fractional Cover metrics product [2] was obtained from the 

AusCover data archive (www.auscover.org.au; accessed 09/01/2015) (note this is not the 

MOD44A product of the same name).The 8-day fractional cover (FC) product has a 

500x500m resolution and covers the entire Australian continent and has been validated 

with in-situ measurements throughout the BDT [172]. The dataset used MODIS surface 

reflectance bands to develop a surrogate for CAI and regressed it with NDVI to separate 

the endmember components of fractional cover (Figure 3.2): photosynthetic vegetation 

(PV), non-photosynthetic vegetation (NPV), and bare soil (BS) cover. Each component of 

fractional cover is relative to the other components and sum to 100% for each pixel.  

The fractional cover dataset was resampled to 250m using nearest-neighbor 

interpolation for comparison with the scaled NPP map of Jackson and Prince [173]. Each 

component of fractional cover was averaged from November to May for each of 14 years 

from 2000 to 2013. Missing, and questionable observations were removed from the 

analysis. The use of data at a finer scale than its native resolution is obviously not ideal, 

but unavoidable for study of large areas. The problem is less in the case of meteorological 
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variables that change gradually across the landscape, for which downscaling is frequently 

used. But for land surface conditions such as soils and the fractional cover data it is 

greater.  A mitigating factor is the use of nearest-neighbor resampling that preserves 

actual, original data values. However, the effect is the appearance of spurious resolution 

of the product. Here the interpretation of the derived products is confined to minimum 

resolutions of 1 km2. There is also the possibility of functional mismatches, such as 

unnatural combinations of soil and vegetation types, but these cannot be avoided.  

 
Table 3.1 Environmental factors used in creating land capability classes (LCCs) in the BDT. 

Environmental 

factor 

Variable Spatial 

resolution 

Duration Source Citation 

Meteorological 

(daily) 

Rainfall 

5km 
2000-

2013 

The 

Australian 

Bureau of 

Meteorology 

[132] 

Minimum 

Temperature 

[133] 

Maximum 

Temperature 

Water vapor 

pressure 

deficit at 9am 

Water vapor 

pressure 

deficit at 3pm 

Solar exposure 

Soil (static) 

Plant available 

water holding 

capacity 

1km Static ACLEP [134] Soil bulk 

density 

Clay 

percentage 

Vegetation 

(1999) 

Foliage 

projective 

cover 

30m Static SLATS [135] 

 

 

3.2.2. Local Scaling of Components of Fractional Cover 

3.2.2.1. Land Capability Classes 

Land capability classes (LCCs) are areas that are homogeneous with respect to the 

selected environmental factors: meteorology, soil, and vegetation, in this case (Table 3.1). 
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A k-means [174], unsupervised clustering approach was used to create 14 annual 

classifications; 50 LCCs for each year from 2000 to 2013. A detailed description of the 

LCC development and their evaluation is presented in Jackson and Prince [173].  

A reference cover, the potential cover for an entire LCC based solely on 

environmental factors, was obtained from maximum values among all pixels using the 

frequency distribution of each component of fractional cover for each LCC. The 85th 

percentile was arbitrarily selected as the best estimator of potential cover under the local 

environmental constraints. Pixels with cover higher than the reference cover were omitted 

to reduce the effects of anomalous values caused, for example, by small areas such as 

watering pools that were not used in the creation of LCCs. Masking rivers, open water, 

roads, settlements, and other human land features not representative of the LCCs also 

minimized this effect.   

3.2.2.2. Scaling Approach 

LNS values are the difference between each pixel and its reference within its 

LCC. Reference values are set to zero and LNS values were therefore zero (equal to the 

reference cover) or negative (below the reference). Each of the three components of 

fractional cover were scaled in this way and mapped showing the pixels at their reference 

and the various LNS values which indicate deficits below the reference. LNS values can 

be expressed as the percentage of reference cover (scaled value) or as the actual reduction 

in cover (absolute value). For the sake comparison across LCCs, scaled components of 

fractional cover (i.e. scaled PV, scaled NPV, and scaled BS cover) refer to the percentage 

of the reference cover. Finally, for each pixel, the annual results were averaged over 14 

years from 2000 to 2013. 
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LNS values calculated using net primary productivity [173] were used to define 

degradation. Pixels from 0 to -30% LNS were arbitrarily set as non-degraded, and ≤ -31% 

as degraded.  

3.2.2.3. Validation of Scaling Results 

Few maps exist that are relevant for comparison with the regional scale studied 

here. One that does cover the majority of the BDT is the ABCD landscape condition 

assessment [28], where landscape condition is indicated by descriptive classes: ‘A’-good, 

‘B’-fair, ‘C’-poor, and ‘D’-very poor; based upon the density of preferred grasses 

(perennial, palatable, and productive), soil condition, presence of weed species, and 

woody density [28]. The ABCD condition assessment was based on the Landsat TM 

derived Ground Cover Index (GCI) from 1996 to 2007 [56] at a 30x30m spatial 

resolution. GCI is the ratio of ground cover to bare ground. Ground cover was defined as 

the total organic soil surface cover, including senescent and green grasses and forbs, 

grass and tree litter and cryptograms, while bare ground included bare soil and rock. 

Areas with low cover or decreasing cover over the length of the study period or had 

highly variable cover were assigned to lower classes [175]. Ground, visual validation of 

the ABCD condition map indicated good overall accuracy (83%) [28], particularly for 

‘A’ and ‘D’ classes.  

The purposes of the LNS and ABCD condition maps differed; ABCD 

distinguished types of ground cover while LNS measured the proportions of PV, NPV, 

and BS cover. It should be noted that the ABCD map had important strengths (e.g. 

multiple characteristics of degradation identified, ground validation) and weakness (e.g. 

difficulty to transfer approach to other areas, doesn’t separate natural effects from 

management) compared with the LNS map.  
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For each ABCD condition class, the 14-year average of absolute and scaled 

components of fractional cover, actual and scaled NPP, and percent degraded were 

calculated. The 14-year averages were compared to the gradient from ‘A’ to ‘D’ 

condition and to each other.  

Spatial agreement between of actual and scaled components of fractional cover, 

actual and scaled NPP, and the ABCD condition map were examined using Cohen’s 

kappa (k) fuzzy numeric [149]. This elaboration of the simple kappa test includes ‘near 

misses’ and allows for coincidences that occur by chance. Values range from 0.0 (change 

agreement) to 1.0 (perfect agreement) with increasing agreement.  

3.3. Results 

3.3.1. Comparison of Condition Metrics 

3.3.1.1. Comparison of Observed and Scaled Components of Fractional Cover and 

Degradation 

Observed and scaled components of fractional cover were substantially different 

between non-degraded and degraded pixels; scaled PV cover was more than double for 

degraded than non-degraded, and the proportions of observed and scaled NPV cover 

remained fairly constant. Observed and scaled BS cover in degraded pixels, however, 

were higher than non-degraded. In the entire BDT, observed and scaled BS cover were 

much lower than the other components of fractional cover, especially scaled BS cover.  
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Table 3.2 Average of observed components of fractional cover, and their scaled counterparts, in the BDT for pixels 
assigned to either degraded or non-degraded NPP classes and for all pixels in the entire BDT. sd = standard 
deviation 

 Observed cover Scaled cover 

 PV NPV BS PV NPV BS 

Non-

degraded 

38.5% 

(sd=5.8) 

44.4% 

(sd=3.7) 

17.6% 

(sd=5.0) 

-15.2% 

(sd=7.2) 

-13.8% 

(sd=5.9) 

-38.3% 

(sd=12.0) 

Degraded 29.2% 

(sd=5.3) 

46.1% 

(sd=4.4) 

24.2% 

(sd=6.3) 

-32.1% 

(sd=9.0) 

-12.3% 

(sd=6.5) 

-23.4% 

(sd=11.9) 

Entire 

BDT 

36.5% 

(sd=6.8) 

44.8% 

(sd=3.9) 

19.0% 

(sd=6.0) 

-18.8% 

(sd=10.3) 

-13.5% 

(sd=6.1) 

-35.1% 

(sd=13.4) 
 

 

3.3.1.2. Comparison of Components of Fractional Cover along a Rainfall Gradient 

The relationship between rainfall and components of fractional cover were as 

expected, with greater observed values in wetter regions, steady declining to the drier end 

of the gradient (Table 3.3). The scaled values were similar for PV, declining with 

reducing rainfall but were reverse for NPV with the same decline as PV. BS was 

unaffected by rainfall. 

3.3.1.3. Inter-Comparison of NPP and Fractional Cover 

For all pixels in BDT together, scaled components of fractional cover had the 

strongest correlations with scaled NPP and had larger positive and negative slopes than 

observed components (Table 4). NPV, and scaled NPV, showed little relationship with 

scaled NPP; with the lowest slope coefficient and standard deviation of residuals, and 

weak negative correlation. Only PV, and scaled PV, had positive correlations with scaled 

NPP. BS, and scaled BS, had moderate, negative correlations with scaled NPP and also 

had high variations among residuals.  

 

3.3.2. Scaled Components of Fractional cover and Scaled NPP 

3.3.2.1. Geographic Relationships between Scaled Components of Fractional Cover 

and Scaled NPP 

At the scale of the entire BDT, there was spatial variation in the 14-year mean of 

scaled components of fractional cover and there were areas with low scaled components 
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of fractional cover throughout the region, each with its own spatial distribution (Figure 

3.3a). In fact, there was regional agreement across the BDT between low scaled 

components of fractional cover, scaled NPP, and ABCD condition (Figure 3.3a). Scaled 

PV cover, scaled NPP and ABCD condition had the strongest regional agreement. Scaled 

BS cover was nearly inverse of scaled PV and scaled NPP. Scaled PV cover was higher 

in the northern BDT and lower in the southern BDT than either scaled NPV or scaled BS 

cover. There were no clear spatial relationships between scaled NPV cover and other 

scaled components of fractional cover. 

 
Table 3.3 Components of fractional cover along a gradient of average annual rainfall. sd – standard deviation 

Annual 

rainfall 

(mm) 

Number 

of pixels 

Observed cover Scaled cover 

PV NPV BS PV NPV BS 

1700-

2000 

1715 53.0% 

(sd=5.8) 

36.3% 

(sd=3.4) 

13.5% 

(sd=3.9) 

-10.5% 

(sd=7.3) 

-23.2% 

(sd=6.6) 

-46.4% 

(sd=11.3) 

1400-

1699 

6024 50.1% 

(sd=5.9) 

39.5% 

(sd=3.7) 

13.4% 

(sd=4.2) 

-12.4% 

(sd=8.0) 

-17.9% 

(sd=6.6) 

-47.6% 

(sd=11.6) 

1100-

1399 

19507 48.2% 

(sd=5.0) 

40.7% 

(sd=3.3) 

14.1% 

(sd=4.1) 

-12.5% 

(sd=7.6) 

-16.8% 

(sd=5.8) 

-45.5% 

(sd=10.7) 

800-

1099 

111549 44.4% 

(sd=5.2) 

43.0% 

(sd=3.8) 

15.1% 

(sd=4.4) 

-13.4% 

(sd=7.8) 

-14.0% 

(sd=6.1) 

-41.5% 

(sd=12.1) 

500-

799 

1558842 35.7% 

(sd=6.3) 

45.0% 

(sd=3.8) 

19.3% 

(sd=5.9) 

-19.3% 

(sd=10.3) 

-13.4% 

(sd=6.0) 

-34.5% 

(sd=13.3) 
 

 
Table 3.4 Regression of scaled net primary productivity (scaled NPP; from Jackson and Prince 2016, in press) with 
components of fractional cover; photosynthetic vegetation (PV) cover, non-photosynthetic vegetation (NPV) cover, 
and bare soil (BS) cover and their scaled counterparts. Significance of correlation coefficient (r): for n > 2000, r 
>0.19 is significant at the p≤0.05; r >0.25 at p≤0.01; r >0.32 at p≤0.001. 

Regression with scaled NPP Observed cover Scaled cover 

PV NPV BS PV NPV BS 

Slope coefficient  0.06 -0.01 -0.04 0.13 -0.02 -0.11 

SD of residuals 5.8 3.8 5.5 6.2 5.9 11.5 

r 0.53 -0.22 -0.40 0.80 -0.21 -0.51 
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Figure 3.3 Comparison of the individual scaled components of fractional cover averaged from 2000 to 2013 (a) for the 
entire BDT from Nov to Apr showing, scaled photosynthetic vegetation (PV), scaled non-photosynthetic vegetation 
(NPV), scaled bare soil (BS) cover, a composite of scaled fractional cover components, scaled NPP, and Karfs et al. 
[28]’s ABCD land condition assessment from with (b) fine scale comparisons of the five locations shown in (a) and a 
true color composite of Landsat imagery. Grey lines in (a) are basin boundaries and in (b-f) are property boundaries. 

Each river basin had large areas of high and low scaled PV, NPV, and BS cover, 

as shown by the scaled fractional cover composite (Figure 3.3a: Scaled FC composite). 

There was a clear gradient of ABCD condition from ‘A’ in the north to ‘D’ in the south. 
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Southern portions of the BDT, including parts of the Belyando, Cape, and Suttor, had the 

majority of pixels classified in the ‘C’ or ‘D’ class.  

At a finer spatial scale still, there were distinct differences in scaled fractional 

cover composition and gradients from high to low scaled PV, scaled NPV, and scaled BS 

cover were clear (Figure 3.3b-f). Sharp contrasts in the scaled components of fractional 

cover occurred both within and between properties. There were also abrupt differences in 

scaled PV and scaled BS cover along property boundaries (Figure 3.3c-f: scaled PV cover 

& scaled BS cover) and the scaled fractional cover composite (Figure 3.3c-f: scaled FC 

composite) as shown in the sharp contrast between high scaled PV to high scaled NPV 

and scaled BS cover for pixels at property fences. In some cases, there were abrupt 

differences for only one or two scaled components of fractional cover, while others had 

no obvious difference between properties (e.g. Figure 3.3b: scaled PV cover & Figure 

3.3f: scaled NPV cover).  
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Table 3.5 Comparison of kappa values for maps of seasonal components of fractional cover, seasonal NPP, scaled 
components of fractional cover, scaled NPP, and the Karfs et al. ([28]) ABCD condition in the Burdekin Dry Tropics. 
Comparisons were made with the fuzzy kappa statistic [150] applied to each pair of maps taken as a whole, hence 
the single value for each pair 

 PV NPV BS NPP 
Scaled 

PV 

Scaled 

NPV 

Scaled 

BS 

Scaled 

NPP 

ABCD 

condition 

PV X 0.59 0.52 0.92 0.46 0.63 0.49 0.54 0.58 

NPV - X 0.62 0.59 0.67 0.45 0.57 0.68 0.67 

BS - - X 0.53 0.73 0.66 0.81 0.72 0.78 

NPP - - - X 0.48 0.64 0.51 0.54 0.58 

Scaled 

PV 
- - - - X 0.58 0.79 0.75 0.68 

Scaled 

NPV 
- - - - - X 0.71 0.55 0.63 

Scaled 

BS 
- - - - - - X 0.69 0.70 

Scaled 

NPP 
- - - - - - - X 0.73 

ABCD 

condition 
- - - - - - - - X 

 

 

At spatial scales relevant to most degradation analyses, there were numerous 

examples of variation of scaled components of fractional cover spatially related to 

property boundaries (Figure 3.3b-f). Low scaled NPP was strongly related with high 

scaled BS cover and low scaled PV cover (e.g. Figure 3.3c & e). Similarly, the spatial 

patterns of ‘C’ and ‘D’ classes (the most degraded classes) were also strongly related to 

areas where scaled BS cover was much higher than scaled PV and scaled NPV cover (e.g. 

Figure 3.3d). However, the relationship between scaled NPV cover and either scaled NPP 

or ‘C’ or ‘D’ classes were less clear.  

Areas classified as ‘D’ often corresponded to high scaled BS cover (e.g. -5%), 

low scaled PV cover (e.g. -20%) and medium scaled NPV cover (e.g. -15%). For the ‘C’ 

class, a more diverse mixture of scaled components of fractional cover was found, 

including high scaled BS cover and medium to low scaled PV and scaled NPV cover.  
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There were abrupt differences in scaled components of fractional cover, scaled 

NPP, and ABCD condition assessment were found along property boundaries throughout 

the BDT (Figure 3.3b-f). Sudden shifts in scaled PV and scaled BS cover were found 

around boundaries in each inset. Scaled NPV cover experienced sudden shifts as well, 

although scaled NPV had inconsistent spatial co-variation with scaled PV and scaled BS 

cover. Gradients from high-to-low scaled NPP were visually similar to transitions from 

‘B’ to ‘D’ classes (e.g. Figure 3.3c & 3.3d). Frequently, pixels with high scaled NPP (0 to 

-100 gC m-2 yr-1), corresponded to ‘A’ or ‘B’ classes, high scaled PV cover and low 

scaled BS cover.  

 

3.3.2.2. Spatial Similarities of Scaled Components of Fractional Cover and Scaled 

NPP 

There was almost perfect agreement between PV and NPP (Table 3.5) and 

substantial agreement between scaled PV and scaled NPP. While NPV had near identical 

agreement with PV and BS, scaled NPV had greater agreement with scaled BS than 

scaled PV. Observed components of fractional cover had poor agreement with their 

scaled counterparts, however BS and scaled BS had substantial agreement. In addition, 

BS and scaled BS, had better agreement with observed, and scaled, components of 

fractional cover and NPP. The ABCD map had similar agreement with all scaled 

components of fractional cover and scaled NPP. Scaled NPP had near identical 

agreement with scaled PV and scaled BS but the poorest agreement with scaled NPV.  
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Table 3.6 Comparison of ABCD condition, from Karfs et al. [28], with scaled NPP and scaled fractional cover for the entire 
BDT region. 

ABCD 

conditio

n 

classes 

Numbe

r of 

Pixels 

Observed cover Scaled cover Scaled 

NPP 

(gC 

m-2 yr-

1) 

Perc

ent 

scale

d 

NPP 

(%) 

Perc

enta

ge 

degr

aded 

(%) 

PV NPV BS PV NPV BS 

‘A’ - 

Good 

148749 40.7 45.5 14.8 -15.8 -11.4 -41.7 -113.3 -18.2 8.2 

‘B’ - 

Fair 

410413 37.2 45.6 17.7 -17.9 -12.6 -37.5 -115.0 -20.2 15.2 

‘C’ - 

Poor 

454806 33.4 45.2 21.4 -21.3 -13.9 -31.5 -126.7 -24.3 27.2 

‘D’ - 

Very 

Poor 

139554 29.4 44.2 26.3 -28.1 -15.6 -23.0 -162.1 -33.0 55.8 

 

 

 
Figure 3.4 The percentage of degraded pixels across a gradient of low-to-high scaled components of fractional 
cover: scaled photosynthetic vegetation (scaled PV), scaled non-photosynthetic vegetation (scaled NPV), and 

scaled bare soil (scaled BS) cover. 

 

3.3.2.3. Comparison of Degradation Maps 

ABCD condition classes had good agreement with scaled NPP and percent-scaled 

NPP, and both decreased as land condition worsened from ‘A’-to-‘D’ (Table 3.6). Nearly 

56% of the ‘D’ class, and 27% of the ‘C’ class, were degraded. Similar to scaled NPP, 

both scaled PV and scaled NPV cover decreased as ABCD condition classes worsened, 

although scaled PV cover decreased more rapidly between classes. Scaled NPV cover, 
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much like NPV cover, remained fairly constant. Scaled BS cover, however, increased as 

ABCD condition worsened.  

There were trends in components of fractional cover across ABCD conditions. In 

the ‘A’ class nearly equal amounts of PV and NPV cover were present, while in the ‘D’ 

class there were nearly equal amounts PV and BS cover. This indicated PV cover 

decreased from ‘A’ to ‘D’, BS cover increased, and NPV cover remained the same.  

There were three different relationships at the intersection of scaled components 

of fractional cover and degraded pixels (Figure 3.4). The number of degraded pixels 

decreased as scaled PV cover increased and the relationship was strongest between -15% 

and -5%. The number of degraded pixels increased for both scaled NPV cover and scaled 

BS cover, however each had different relationships. As expected, scaled BS increased 

gradually with more degraded pixels. Scaled NPV cover, however, had no a weak 

correlation with the number of degraded pixels and remained fairly constant at 

intermediate scaled NPV values (i.e. -7 - -18% cover). Interestingly, all scaled 

components of fractional cover had equal amounts of degraded pixels when their scaled 

values were -8% cover.  

3.3.3. Relationships between Components of Fractional Cover and Degradation 

There were clear differences found between the degraded and non-degraded 

pixels for the three components of fractional cover (Table 3.7). PV and NPV had a 

weakened correlation (both observed and scaled cover) for degraded pixels compared 

with non-degraded. Conversely, the degraded and non-degraded relationship between 

NPV and BS, was stronger for degraded pixels. PV and BS had the strongest correlation 

and slope coefficients for both observed and scaled components of fractional cover. 
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3.3.3.1. Comparison of Inter-Annual Trends 

There was spatial variation for inter-annual trends of scaled components of 

fractional cover in the entire BDT, although there were overlapping areas of negative 

trends for each (Figure 3.5a). In many cases, there were large areas of positive and 

negative inter-annual trends. Visually, inter-annual trends in scaled PV cover were 

decidedly similar to scaled NPP.  

 
Table 3.7 Slope and correlation coefficients and standard deviation of residuals from linear regression between 
each component of fractional cover; photosynthetic vegetation (PV) cover, non-photosynthetic vegetation (NPV) 
cover, and bare soil (BS) cover identified as degraded and non-degraded by scaled NPP. Scaled components of 
fractional cover are also presented. See Table 2 for the significance of correlation coefficients (r). 

  Observed cover Scaled cover 

  PV & 

NPV 

PV & 

BS 

NPV & 

BS 

PV & 

NPV 

PV & 

BS 

NPV & 

BS 

Non-

degraded 

Slope 

Coefficient 

-0.7 -0.8 -0.2 -0.4 -0.4 -0.2 

SD of 

residuals 

5.5 4.7 3.8 7.2 6.2 5.9 

r -0.5 -0.6 -0.2 -0.3 -0.6 -0.4 

Degraded Slope 

Coefficient 

-0.1 -0.6 -0.4 -0.0 -0.6 -1.1 

SD of 

residuals 

5.2 3.6 3.6 6.5 10.4 9.4 

r -0.1 -0.7 -0.6 -0.0 -0.5 -0.6 
 

 

There were also differences in the inter-annual trends in scaled components of 

fractional cover across property boundaries (Figure 3.5b-f). In some cases, there were 

different trends of scaled components of fractional cover along boundaries (e.g. Figure 

3.5b &d-e). In other cases, trends were not related to boundaries (e.g. Figure 3.5f). 

Nevertheless, there were also cases where few trends were present (Figure 3.5c), despite 

prior evidence of degradation (Figure 3.3c).  

 There were numerous examples of inter-annual trends scaled components of 

fractional cover where negative trends of one scaled component were complemented by 
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positive trends of another scaled component. For example, positive trends of scaled PV 

cover were located in areas that corresponded to negative trends of scaled BS cover 

(Figure 3.5f). Similarly, negative trends of scaled NPV cover corresponded to positive 

trends of scaled BS cover (Figure 3.5e). Negative trends of scaled PV and scaled NPV 

cover corresponded to positive trends of scaled BS cover (Figure 3.5b). 

There was near perfect agreement for all significant inter-annual trends of scaled 

components of fractional cover and scaled NPP, particularly between trends of scaled PV 

cover and trends of scaled NPP (Table 3.8) as shown in (Figure 3.5a). Trends of scaled 

NPV cover were more similar to trends of scaled PV cover than with trends of scaled BS 

cover. For all comparisons, the spatial agreement with trends of scaled BS cover was the 

lowest.  
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Figure 3.5 Comparison of inter-annual trends of individual scaled components of fractional cover and scaled NPP 
from 2000 to 2013 (a) for the entire BDT from Nov to Apr showing, scaled photosynthetic vegetation (PV), scaled 

non-photosynthetic vegetation (NPV), scaled bare soil (BS) cover, scaled NPP with fine scale comparisons of the five 
locations shown in (a) and a true color composite of Landsat imagery. Grey lines in (a) are basin boundaries and in 

(b-f) are property boundaries. 

 

3.3.4. Inter-Annual Trends in Scaled Components of Fractional Cover 
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There were different relationships between negative inter-annual trends of scaled 

NPP and scaled components of fractional cover (Figure 3.6). Slopes of scaled PV cover 

had the clearest relationship with negative trends of scaled NPP. Slopes of scaled NPV 

and slopes of scaled BS cover had not clear relationship with negative trends of scaled 

NPP, although, unexpectedly slopes of scaled NPV cover had a stronger relationship than 

slopes of scaled BS cover. 

 
Table 3.8 Comparison of kappa values for maps of inter-annual trends in scaled components of fractional cover and 
inter-annual trends in scaled NPP in the Burdekin Dry Tropics. Comparisons were made with the fuzzy kappa 
statistic [150] applied to each pair of maps taken as a whole, hence the single value for each pair. 

 

Trends 

of 

scaled 

PV 

Trends of 

scaled 

NPV 

Trends of 

scaled BS 

Trends 

of scaled 

NPP 

Trends of scaled PV cover X 0.86 0.82 0.93 

Trends of scaled NPV cover - X 0.82 0.85 

Trends of scaled BS cover - - X 0.82 

Trends of scaled NPP - - - X 
 

 

3.3.4.1. Comparison with Vegetation, Assets, States, and Transitions (VAST) 

In the entire BDT, inter-annual trends for scaled PV and scaled BS cover had 

strong agreement with increasing vegetation modification; trends of PV cover increased, 

while trends of BS cover decreased (Table 3.9). The inter-annual trends of scaled NPV 

cover had no clear relationship with the VAST classification and two VAST classes had 

negative trends while the others were positive. VAST’s 1-‘modified’ class had smaller 

slope coefficients than expected given the slopes for 0-‘residual’ and 2-‘transformed’ 

classes.  
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Figure 3.6 Plot displays the relationship between the inter-annual slope of scaled fractional cover and the 

proportion of significant, negative trends of scaled NPP, for each component of fractional cover: photosynthetic 
vegetation (PV), non-photosynthetic vegetation (NPV), and bare soil (BS). 

 

3.4. Discussion 

3.4.1. Relationship between Components of Fractional Cover and NPP 

Three components of fractional cover were compared with existing metrics of 

land condition to evaluate their ability to discriminate regional patterns of degradation. A 

key difficulty in comparing different measurements of degradation is the interpretation of 

each. In this study, each component of fractional cover was individually compared with 

NPP. Since PV is the photosynthetic component of vegetation Guerschman et al.’s [2] 

unmixing of total cover, it was not surprising that PV cover and NPP, and their scaled 

transforms (i.e. scaled PV cover and scaled NPP), were strongly correlated (r=0.80; Table 

3.4) and had near identical spatial patterns (k=0.9, Table 3.5). Differences in PV cover 

and NPP can be expected since the calibration of PV in Australian rangelands [172] 

involved the principal component of NPP [176]. In fact, some have reported PV to be 

superior to NDVI in remotely sensed calculations of vegetation productivity [177], 

despite the near linear relationship between NPP and NDVI in drylands [7]. 
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Likewise, variation in BS cover was moderately, but negatively related to NPP (r= 

-0.5, Table 3.4) and between scaled BS cover and scaled NPP (k=0.7 for both, Table 3.5). 

The aim of vegetation indices is to distinguish vegetation from bare ground and therefore 

the lack of vegetation, and high BS cover, is easily detected using such indices. The 

negative correlation between BS and PV was not as strong as anticipated, probably due to 

inaccuracies in differentiation of NPV and BS. 

NPP is the process by which biomass is created, both currently live (PV) and dead 

(NPV) and thus observations of NPV should be related to PV and NPP. However, 

degradation may result in loss of NPV through various processes including wind erosion 

and fire. In fact, in the BDT, the relationship between NPP and NPV was unclear, as 

shown in the non-significant, negative correlation with NPV (r=-0.2 with p=0.10, Table 

3.4), and NPV remained constant compared to a gradient of scaled NPP (Figure 3a). 

Alternative measures of productivity, such as net ecosystem productivity (NEP) and net 

biome production (NBP), may be better related to NPV, since they include NPP 

accumulated prior to the time of measurement and also because NPP measures total 

production (above and below ground) unlike surface cover. 
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Table 3.9 Vegetation Assets, States and Transitions (VAST) classification 
comparison with inter-annual trends for scaled components of fractional 
cover. sd – standard deviation. 

VAST classes 
Scaled slopes 

PV NPV BS 

0-‘residual’ 0.03 

(sd=0.45) 

0.06 

(sd=0.38) 

0.66 

(sd=1.07) 

1-‘modified’ 0.02 

(sd=0.30) 

-0.04 

(sd=0.32) 

0.30 

(sd=0.81) 

2-‘transformed’ 0.08 

(sd=0.27) 

0.04 

(sd=0.31) 

0.32 

(sd=0.84) 

3-‘replaced’ 0.09 

(sd=0.30) 

0.04 

(sd=0.33) 

0.28 

(sd=0.75) 

4-‘removed’ 0.10 

(sd=0.36) 

0.10 

(sd=0.38) 

0.23 

(sd=0.63) 

5-‘bare’ 0.23 

(sd=0.55) 

-0.11 

(sd=0.23) 

0.22 

(sd=0.38) 
 

 

3.4.2. Degradation and Components of Fractional Cover in the BDT 

Scaled PV cover from 2000-2013 across the BDT was on average, 32.1% below 

the reference for degraded pixels (Table 3.5). The effect of degradation on PV cover was 

clear; a reduction in PV cover of 11.3% (Table 3.7) and 17% for scaled PV cover (Table 

3.2). PV cover, while not the only component of vegetation cover, is closely related to 

previous interpretations of vegetation cover loss in degradation studies [65] and as was 

shown by the moderate agreement between scaled PV cover and the ABCD condition 

map [28] (k=0.6, Table 3.5). Furthermore, in other Australian rangelands, between 10-

30% reductions in vegetation cover have been reported [22,153]. Scaled BS cover was on 

average 35.1% below the reference (Table 3.2), representing a decrease in BS cover but 

also an increase in PV cover and NPV cover, and an increase in total ground cover (i.e. 

sum of PV cover and NPV cover).   

A key difficulty in comparing degradation, such as reductions in vegetation cover 

or productivity, with existing studies is the difference in its quantification [7]. For 

example, existing studies typically report the spatial extent of reductions [178], often 
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using a arbitrarily determined threshold that represents substantial change, rather than 

severity of change. This creates a challenge when comparisons are needed between the 

spatial extent of degradation and the severity of degradation [179]. There is, however, 

often a complementary relationship between degradation extent and its severity [130]. In 

the BDT and throughout the State of Queensland, there was extensive clearance of 

vegetation during the 2nd half of the 20th century [180] and 80% of all vegetation change 

in Australia has been attributed to the State from 1981 to 2000 [181], leading to its 

designation as a global deforestation hotspot [182]. Approximately 28% of inland dry 

tropics in Queensland have been cleared, and the remainder is mostly in small, isolated 

fragments [183]. In the more heavily populated, eastern part of the BDT, 22% of the 

remaining native vegetation was cleared between 1982 and 1990 [184] and 34% was 

cleared from the coastal southeast inland between 1974 and 1989 [185] – all prior to the 

study period. The situation in tropical regions of Queensland (where the BDT is located) 

may be more severe, since approximately 50% of primary forests have been disturbed 

and degraded since European colonization [186,187], much of it for agriculture and 

livestock production [188]. It is unclear, however, if enforcement of clearing restrictions 

since the mid-2000s has reversed the deterioration of PV and NPV cover. 

Sites where scaled NPP was degraded and/or deteriorating were of particular interest 

for their relationship to components of fractional cover. There were conflicting 

relationships for scaled NPV and the inter-annual trends in scaled NPV cover, with scaled 

NPP. While there was little spatial relationship between NPV and scaled NPV, with 

scaled NPP (Figure 3.4), there was a limited relationship with negative trends of scaled 

NPP (Figure 3.6). Overall there were clear differences between non-degraded and 
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degraded conditions for average reductions in scaled PV and scaled BS cover (Table 3.2) 

and the inter-relationship between components of fractional cover (Table 3.7). NPV at 

degraded and non-degraded pixels had little variation at the coarse scale of the entire 

BDT (Table 3.2, Figure 3.4), however at finer scales, there was evidence of management 

where NPV varied spatially (Figure 3.3b-f). Furthermore, the effect of degradation on 

scaled components of fractional cover was detected at both in the entire BDT and at finer 

spatial scales (Figure 3.4), both weakening (i.e. between scaled PV and scaled NPV 

cover) and strengthening (i.e. between scaled NPV and scaled BS cover) the correlation 

between scaled components of fractional cover.  

While reductions in NPP give some indication of land condition and possible human-

induced degradation [47], the severity of reductions of fractional cover (i.e. scaled PV, 

scaled NPV, scaled BS) adds different types of information. Furthermore, the interactions 

between scaled components provide additional information regarding the characteristics 

of degradation. For example, the combination of low scaled PV cover and low scaled 

NPV cover corresponded to areas with high bare ground cover, thus reductions in 

vegetation production, increased surface albedo, and increased susceptibility to erosion 

processes. The effect of increased surface albedo and accelerated erosion, however, is 

obviously less when scaled NPV cover is high, even if scaled PV cover is low. In this 

instance high scaled NPV may indicate additional dry season fodder for livestock, albeit 

less nutrient rich than the green, PV components. On the other hand, when NPV and 

scaled NPV are high and are not fully consumed during the wet season, excess NPV 

serves as dry season fuel and thus increases the susceptibility to fire on the landscape. 



 
 

76 
 

Frequent, unmanaged fires may result in the colonization of undesirable species on burn-

cleared pasture and induce long term degradation.  

A limitation in many degradation assessments is the lack of proper validation [121]. 

While the VAST and ABCD condition maps were not intended to represent all aspects of 

degradation, the substantial agreement with the components of fractional cover and NPP 

provides some confidence in the present conclusions (Table 3.6). The ABCD condition 

map is a synthesis of multiple land characteristics (e.g. species composition, erosion 

susceptibility, exposed bare ground) and it is therefore difficult to separate individual 

components. Also, the VAST classification was not intended to represent current land 

deterioration. There were, however, clear relationships between the inter-annual trends of 

scaled components of fractional cover reported here and VAST classes (Table 3.9). In 

spite of these limitations, the agreement between the present results and both ABCD and 

VAST, provides confidence that many characteristics of degradation were effectively 

monitored in the present study.  

3.4.3. Interpretations of Non-photosynthetic vegetation 

Another complication in comparison of components of fractional cover with 

existing metrics of degradation is the meaning of NPV cover. In some cases separate 

elements of NPV cover (e.g. standing live material, standing senescent material, or litter) 

are distinguished, but not in the Guerschman et al. [2] data product. This may explain the 

weak relationship between NPV cover and scaled NPP (Table 3.4) and PV cover (Table 

3.7). Although the presence of senescent NPV cover would be expected to be related to 

NPP and PV cover, NPV includes woody vegetation that may have little-to-no 

relationship to current PV cover. The only moderate agreement between NPV cover and 

PV cover (k=0.5; Table 3.5) and NPV cover and BS cover (k=0.6; Table 3.5) may be a 
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result of these different components of NPV. Interestingly, while NPV was more closely 

spatially related to BS cover than PV cover (Table 3.5), NPV had similar inter-annual 

trends most similar to PV cover (Table 3.8) and the percentage of deteriorating (i.e. 

significant, negative) NPP trends per inter-annual scaled NPV trend (Figure 3.6).  

Although scaled components of fractional cover and scaled NPP were useful for 

monitoring some characteristics of degradation, other characteristics remain difficult to 

detect. An additional important characteristic, for example, is unfavorable changes in 

pasture species composition including the encroachment of unpalatable and thus less 

desirable species [60]; for example, the widespread proliferation of invasive grass and 

shrub species in parts of the region [189], particularly in the northern BDT [190-192]. 

This type of degradation has serious consequences for the beef industry, (e.g. [21,57]). It 

may be that future techniques will be better able to detect transitions in species 

composition.  

It is reasonable to expect variation among elements of NPV within LCCs, for 

example foliage projective cover for the year 2000, also contributing to weak correlations 

between scaled NPV with scaled PV (r=-0.30, Table 3.7), and scaled NPV with scaled 

PV (r=-0.36, Table 3.7).  

3.5. Conclusions 

The primary objective of this study was to determine the utility of vegetation 

fractional cover to characterize instances of human-induced degradation across a dryland 

landscape. The availability of measurements of fractional cover at regional scales 

provides an opportunity to explore hitherto unexplored aspects of degradation. 

Specifically, NPV was examined under non-degraded and degraded conditions as well as 

in areas with significant evidence of ongoing land deterioration. The fraction of 
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vegetation cover that was identified as NPV represented elements of vegetation (e.g. 

bark, stems, and leaf litter) often missed in current assessments of vegetation condition 

and change. Particularly interesting were the spatiotemporal dynamics of non-

photosynthetic vegetation and their relationship with NPP. NPV cover was more closely 

related to temporal, compared to spatial variation, of NPP; providing evidence of long 

term vegetation decline where degradation processes were ongoing. Spatial variation in 

NPV proved to be valuable in advancing the understanding of the symptoms of 

degradation. While there was no spatial relationship between NPV and degradation 

across the entire study area, investigation of non-degraded and degraded areas within and 

between property boundaries revealed abrupt differences in NPV, as well as PV and BS.  

To some extent, high NPV cover may mitigate the most severe symptoms of 

degradation. The results suggest that degradation can be assessed, not only in terms of its 

extent, trend and severity, but also in the NPV, particularly reductions which are related 

to increased albedo, increased land surface temperature, increased surface evaporation 

and accelerated erosion, while higher values would indicate additional cattle dry season 

fodder but also increased susceptibility to fire. It is clear that there were areas with near 

identical severities and/or rates of degradation but where the symptoms of degradation 

varied dramatically. Although assessments of the extent and severity of human-induced 

degradation remain an important component of terrestrial vegetation monitoring, the 

ability to attribute degradation to specific surface processes improves current assessments 

of land condition while also informing future risk assessments.  

Initiatives aimed at arresting and/or remediating human-induced degradation, 

such as the Zero Net Land Degradation (ZNLD; [193]), have been developed in response 
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to the uncertainty regarding current estimates of the extent, severity, and symptoms of 

degradation and the prospect of continuing land deterioration. Specifically, ZNLD seeks 

to slow current rates of degradation such that local rates of land rehabilitation are at least 

equivalent to local rates land deterioration [122]. While some have questioned the 

feasibility of global land degradation neutrality [194], an approach which prioritizes 

mitigation efforts on regions at risk of the most severe symptoms of degradation based 

upon NPV cover will accelerate neutrality efforts through the prevention of irreversible 

degradation[7].  
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Chapter 4 Degradation: combined remote sensing and numerical simulation 
4.1. Introduction 

Land degradation is the deleterious process by which unfavorable conditions (e.g. 

low agricultural yield, erosion, etc.) emerge, and may ultimately persist, due to combined 

human and natural causes [3,39,49,61]. While many assessments have reported extensive 

dryland degradation worldwide [54],  there are numerous conflicting reports regarding 

their location, extent, the biophysical processes involved and their severity that 

underscore the current uncertainty associated with degradation [7]. In drylands, areas 

where the aridity index is less than 0.65, degradation may have particularly troubling 

effects [3,6,60,111] if, as reported by some, it is irreversible. Such degradation reduces in 

livestock production [195] and also has off-site effects, including sediment transport 

[196,197], atmospheric dust production [198] and, in extreme cases, detectable changes 

in climate [199,200].  Globally, drylands support half of the world’s livestock,  store 

nearly half of the global terrestrial carbon stock, and are home to 38% of the world’s 

population [3]. Furthermore, the vulnerability of drylands to dramatic, and rapid, 

fluctuations in environmental conditions underscores their importance in forecasting the 

effects of impending climate change [199].  

Numerous definitions of degradation exist, many of which are subjective and 

difficult to measure beyond small areas, yet the designation is often applied regionally 

(e.g. Australian rangelands [16,107]) and globally [17-19,111]. The United Nations 

Convention to Combat Desertification (UNCCD; [17]) defines desertification as “land 

degradation in arid, semi-arid and dry sub-humid areas due to various factors including 

climatic variations and human activities”. However, this definition fails to differentiate 

between short term reductions in productive capacity due to weather fluctuations (e.g. 
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droughts or heat spells), and long term reductions that result from excessive utilization of 

the land with respect to its resilience [7,121]. Some commentators incorporate this 

distinction in their definition of degradation; “the process by which changed 

biogeophysical conditions emerge owing to human actions that cannot be supported by 

the resource base and that will not quickly return to their former, non-degraded 

conditions, either naturally or by application of minor management practices” [7]. This 

definition acknowledges the distinction between drought, from which vegetation fully 

recovers after adequate rainfall returns, and degradation, where reductions in productive 

capacity persist despite the return of favorable environmental conditions.  

Since “degradation” is intrinsically a relative statement – degraded from some 

former non-degraded condition – the identification and monitoring of land degradation 

logically requires non-degraded, reference standards that have the same potential 

production for comparison. Prince [121] reviewed four approaches for identifying 

reference standards: modeling, time-series analysis, spatial comparisons and expert 

opinion. The most frequently used method is expert opinion - that entails subjective 

assessments that, like all qualitative methods, cannot be repeated elsewhere and later, nor 

can they easily be compared with assessments performed by different experts.  

Vegetation conditions are the primary indicator of land degradation used in semi-

arid regions [48,64,201,202], although soil properties and erosion risk can also serve as 

indicators [40,153]. The vegetation characteristics most widely applied in degradation 

studies are biomass and net primary productivity (NPP). NPP refers to the rate of carbon 

fixed into organic material per unit area time into both above and below-ground biomass, 

while biomass is the combined mass of all living and dead organic matter. The major 
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components of biomass in semi-arid rangeland systems are live (above and below-

ground) plants and standing dead vegetation. The common use of NPP and biomass since 

the mid-1980s is due, in part, to the availability of remote sensing data and techniques. 

The most common of which are various applications of vegetation indices and also 

surface reflectance measured in several different wavelengths that can map and 

monitoring land cover. There are others, such as albedo differences, thermal inertia, and 

surface roughness [106,203,204]. 

While annual differences in biomass have been thoroughly investigated in relation 

to degradation [201,202,205], intra-annual variations have not. Acquiring remotely 

sensed observations during the periods of vegetation green-up and maturity is inhibited 

by low temporal repeat of measurements and persistent cloud cover. Some have 

attempted to avoid this limitation by using dry season characteristics to monitor 

vegetation [93,105]. Nevertheless, a persisting limitation is characterizing the dynamics 

of degradation during drought and non-drought years. Consecutive years of drought, 

either observed or simulated using sophisticated mechanistic modeling, are needed to 

investigate these dynamics of degradation. 

More recently some models that use mathematical simulation of productivity and 

biomass have emerged. Various mechanistic models have proven useful in the 

investigation of different aspects of degradation [100,206].The usefulness of many 

models is constrained, however, by difficulties in simulation of some processes such as 

evapotranspiration [207-210] and the spatial pattern of vegetation [16,211], which can be 

a critical aspect of degradation [16,57,62,212]. The greatest constraint, however, is the 

need for numerous parameters for the modeled process steps and difficulty in calibration 
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and validation. Some models, however, have successfully addressed these problems, 

generally by extensive parameterization and the availability of regional-scale data for 

validation.  

One model that has addressed these constraints is the AussieGRASS 

Environmental Calculator [109], which is widely used at a regional scale across the 

continent of Australia [106,213-215]. The current study aims to explore the properties of 

degraded land using simulations with the AussieGRASS model. AussieGRASS 

simulations of live and dead biomass were compared to data from a study done by 

Jackson and Prince [173], in which Australian rangeland potential productivity and 

human-induced vegetation degradation were estimated based on environmental data and 

remotely sensed observations of vegetation production.  

Specifically, this study: (1) compared potential productivity in both drought and 

non-drought years using remotely sensed data and model simulations; (2) related 

degradation severity to biomass accumulation; and (3) monitored the expression of 

degradation, in terms of reduction in biomass accumulations, under varied drought 

conditions.  
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4.2. Methods 

4.2.1. Study area 

4.2.1.1. Burdekin Dry Tropics 

(BDT) Region 

The Burdekin Dry 

Tropics (BDT) catchment, covers 

approximately 7.45x106 km2, 

located in north Queensland, 

Australia. The terrain is largely 

flat with little variation in slope 

and aspect, although mean 

elevation gradually increases 

inland [113]. The average 

seasonal rainfall varies from 400 

to 1500mm increasing from the 

coast inland. More than 70% of rainfall occurs during summer months (December-

February), runoff variability is high [117,118], and discharge from rivers and creeks 

occurs in large pulses during intense but brief storms. From 2004 to 2007 there was a 

drought when rainfall was below 500 mm yr-1, while from 2008 to 2011 (Figure 4.1) 

rainfall increased to at least 600 mm yr-1 [173].  

4.2.1.2. Spyglass Beef Research Station 

The Spyglass and Lucky Break properties (Figure 4.2), cover 38,221 hectares in 

the Charters Towers district of North Queensland. The current study (2004-2011; Figure 

4.1) was undertaken prior to its 2012 acquisition by the Australian government for 

rangeland research.  

 
Figure 4.1 Rainfall variation in the Burdekin Dry Tropics region in 
Queensland, Australia. Note: Rainfall from both drought years (i.e. 
2004 to 2007) and non-drought years (i.e. 2008 to 2011) was 
investigated (symbolized with colored bars). Dashed line represents 
8-year average. 
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4.2.1.3. Land use and land cover dynamics 

Native vegetation varies from dense to sparse forest, shrub-land and open 

grassland. Approximately 83% of the BDT, and nearly all of the Spyglass research 

station, is savanna consisting of mixed grass and trees with interspersed smaller areas 

consisting exclusively of shrubs (1% in BDT), grasses (8%), or rain-fed crops (8%). 

Regional variations in key environmental factors, such as moisture availability, fire 

frequency, and soil properties, are strongly related to the substantial variation in 

vegetation type and quantity. Small areas of cropland, both irrigated and rain-fed, are in 

the northeastern, higher rainfall areas.  

The majority of land (85-90% of the BDT) is used for livestock production, 

predominately beef cattle, on unimproved pastures [113]. According to the State of 

Queensland [216], approximately 12% of the BDT has grazing practices likely to result in 

degradation.  
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Figure 4.2 The Spyglass and Lucky Break properties (i.e. grazing ‘paddocks’) that constitute the Spyglass Beef 

Research Station in Queensland, Australia. 

4.2.2. AussieGRASS Environmental Calculator 

The AussieGRASS Environmental Calculator [109] is a continental-scale spatial 

implementation of the GRASP daily time-step pasture production and water balance 

model [217]. Environmental factors affecting vegetation biomass are coupled with 

management (e.g. stocking rate, burning) to simulate pasture growth, biomass 

accumulation, decomposition, and landscape characteristics (Figure 4.3). The simulations 

are driven with daily interpolated climate data from SILO [218] and calibrated using 

satellite data and pasture biomass observations [219]. AussieGRASS outputs were 

provided as monthly sums and gridded to 5x5km spatial resolution 

(www.longpaddock.qld.gov.au). Available outputs were pasture growth, total biomass, 

http://www.longpaddock.qld.gov.au/
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percent dead, grassfire risk, and run-off (Table 1). The standard AussieGRASS products 

were used to derive actively growing, senescent and dead vegetation biomass (Table 2). 

AussieGRASS outputs are 

gridded to 5x5km spatial 

resolution and were resampled to 

250x250m to correspond to the 

map of degradation developed by 

Jackson & Prince [173]. Drought 

(2004-2007) and non-drought 

(2008-2011) periods were used. A 

per-pixel average was generated 

monthly: one for drought and one 

for non-drought.   

4.2.3. Degradation condition 

Degradation estimates, mapped using reductions in NPP below the potential (Jackson & 

Prince [173]), were coupled with AussieGRASS outputs for each modeled grid cell. The 

degradation estimates, modeled in the BDT using the Local Net Production Scaling 

(LNS) approach, were created as follows (Jackson and Prince [18]): areas with similar 

environmental conditions (i.e. annual weather, soil properties, and proportion of tree 

cover) were analyzed by objective statistical methods to create land capability classes 

(LCCs). The 85th percentile of the frequency distribution of NPP within each LCC was 

used as the reference NPP (i.e. the best estimate of potential NPP). The difference 

between the reference and the actual NPP is the metric of degradation. Since the 

reductions were scaled by the reference NPP, they are called LNS values. All LNS values 

 
Figure 4.3 Flow chart of AussieGRASS Environmental Calculator 

showing the outputs used in this study (green filled boxes) and the 
components calculated (orange). Figure modified from 

AussieGRASS product manual [109]. 
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were negative, with the lowest value 

corresponding to the greatest reduction 

in NPP. LNS values at or around zero 

indicated little-to-no degradation of 

NPP. LNS was measured in production 

units (gC m-2 yr-1) and as a percentage 

(%; pLNS) of the reference. While LNS 

is the actual reduction in NPP, percent 

LNS represents the degree of degradation and is useful for comparisons across LCCs.  

Two degradation classes were created: average non-degraded (>30%) and average 

degraded (≤30%) for the 2004-2011 LNS. 

4.3. Results 

4.3.1. Comparison of simulated land surface properties with satellite-derived NPP 

Based on remotely-sensed reference NPP values, monthly simulated peak of 

season pasture growth had a stronger correlation and higher linear regression slope 

coefficient during drought than during non-drought years (Table 4.3). The stronger 

correlation during drought years is possibly caused by the typically strong relationship 

between productivity and available moisture during drought conditions. Total biomass 

did not have a significant relationship with reference NPP in either drought or non-

drought years, although drought years had a stronger correlation. The negative 

correlations between reference NPP and the percent dead biomass did not vary 

substantially between drought and non-drought years.  

4.3.2. Comparison of model and remote sensing measurements of pasture condition 

The strongest agreement between simulated land surface properties and LNS was 

found in the northern portions of Spyglass (Figure 4.4), where the most substantial 

Table 4.1 AussieGRASS Environmental Calculator biomass, 
productivity, fire risk and run-off outputs. Variable names 
in brackets are the terms used in AussieGRASS. 

Simulated land surface 
properties 

Component 
units 

Pasture Growth kg ha-1 month-

1 

Total Biomass (Total 

Standing Dry Matter; 

TSDM) 

kg ha-1 

Percent Dead Biomass 

(Curing Index)  

% 

Grassfire Risk % 

Run-off (Potential Flow to 

Stream; PFTS) 

mm 
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reductions in NPP (low values for LNS) corresponded to areas of low growth, total 

biomass and percent dead biomass. Pasture growth appeared most similar to patterns of 

LNS. For each of LNS, pasture growth, total biomass, and percent dead biomass, non-

drought years had the lowest values. Pasture growth and total biomass, specifically, were 

more than four times larger than in drought years.  
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Table 4.2 Monthly simulated land surface properties with equations and descriptions. All simulations of biomass 
have identical units (kg/ha), spatial resolution (5x5km) prior to resampling to 250 x 250m, and were calculated as 
monthly averages of drought (2004-2007) and non-drought years (2008-2011). 

 Simulations of Biomass  
Descriptio

n 

 
 

Eq

. 1 

Summation 

of all 

biomass, 

both green 

and dead, 

at the end 

of each 

time step 

(‘total 

standing 

dry 

matter’). 

Downloade

d product. 

 
 

Eq

. 2 

Proportion 

of all 

biomass 

that is dead 

(‘curing 

index’). 

Downloade

d product. 

 
 

Eq

. 3 

Total live 

(green) 

portion of 

all 

biomass, 

including 

new & old 

live 

production. 

Derived 

from 

downloade

d products. 

 
 

Eq

. 4 

Total dead 

biomass. 

Derived 

from 

downloade

d products.  
 



 
 

91 
 

 

 

 



 
 

92 
 

4.3.3. Comparison of intra-annual time-series for non-degraded and degraded 

conditions in drought and non-drought years 

4.3.3.1. Simulated land surface properties 

Drought and non-drought years differed substantially between simulated land surface 

properties. For example, the averaged pasture growth for non-drought years was more 

than three times greater than in drought years (note the differences in vertical scale 

between drought and non-drought years in Figure 4.5). In non-drought years, 

phenological stages were more clearly defined and pasture growth decreased from April 

to June. As expected, the quantity of dead biomass peaked during periods of low pasture 

growth (i.e. February to May), while the difference between dead biomass and total 

biomass was greatest during periods of high pasture growth. In drought years, the 

growing season spanned more months than during non-drought years, but with an overall 

decreased amplitude and additional peaks throughout the season. These additional peaks, 

observed for green and total biomass, suggest either large variation in the timing of the 

monthly peaks between years or a consistent removal of biomass, natural (e.g. 

senescence) or human related (e.g. grazing), in most drought years. In both drought and 

non-drought years, degraded conditions resulted in reduced biomass accumulation (e.g. 

pasture growth and total biomass). While degraded areas had similar responses each 

month, for example the timing of peak pasture growth and total biomass, the values were 

reduced and in some cases appeared to be a near constant percentage of the non-degraded 

pixels. In drought years, the late greening (i.e. August) occurred for non-degraded pixels 

whereas degraded pixels did not have increased pasture growth. 
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Table 4.3 Regression of simulated-January productivity (Pasture Growth) and biomass (Total Biomass and Percent 
Dead Biomass), with reference NPP for the average of four drought (2004-2007) and four non-drought (2008-2011) 
years on reference NPP. Significance of correlation coefficient (r): for n > 2000; r > 0.19 is significant at the p ≤ 0.05 
(*); r > 0.25 at p ≤ 0.01 (**); r > 0.32 at p ≤ 0.001 (***). 

 Drought  Non- Drought  

Reference NPP Pasture 
Growth 
(kg ha-1 

mo-1) 

Total 
Biomass 
(kg ha-1) 

Percent 
Dead 
Biomass 
(%) 

Pasture 
Growth 
(kg ha-1 

mo-1) 

Total 
Biomass 
(kg ha-1) 

Percent 
Dead 
Biomass 
(%) 

Correlation 0.85 *** 0.48 
*** 

0.55 *** 0.72*** 0.08 0.56*** 

Slope 
coefficient 
(significantly 
different from 
zero) 

2.26 (Yes) 2.08 
(No) 

-0.05 
(Yes) 

1.92 
(Yes) 

-0.64 
(No) 

-0.08 
(Yes) 

 

In drought years, non-degraded areas had larger variations in pasture growth, total 

biomass, green biomass and dead biomass than degraded locations, where, on average, 

pasture variation decreased by 50% (Figure 4.5). The largest difference in pasture growth 

variation between non-degraded and degraded occurred in May, while March had the 

most substantial difference in between degradation conditions for total biomass. Late 

season accumulation of total biomass resulted in increased variation between both June to 

September and October to November. 



 
 

94 
 

 
Figure 4.4 Maps of average LNS, peak of season pasture growth, total biomass, and percent dead biomass for 
drought (2004-2007) and non-drought (2008-2011) years. Note the difference in scale between drought and non-
drought years. 

Variation increased in non-drought years for each simulated land surface property 

(Figure 4.5). Compared with drought years, non-drought years experienced similar 

relationships between non-degraded and degraded variations but with differences 

proportionally decreased each month and on average. However, the absolute differences 

in variation between degradation conditions remained similar.  
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A

 

B

 

 
C

 
Figure 4.5 Comparison of monthly simulated land 
surface properties: Pasture Growth (kg ha-1 mo-1), 
Total Biomass (kg ha-1), Dead Biomass (kg ha-1), and 
Green Biomass (kg ha-1), showing the average of four 
drought years (2004-2007) and four non-drought years 
(2008-2011), for non-degraded (a, c) and degraded 
conditions (b, d) in the Spyglass Research Facility. Error 
bars show 1 standard deviation. The “degraded” and 
“non-degraded” condition was determined by the LNS 
value. Note the differences in vertical scale between 
drought and non-drought years. 

D
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Percent dead biomass was 

higher in drought years than in non-

drought years, although grassfire risk 

was higher in non-drought years 

(Figure 4.6). This likely resulted from 

an increase in available fuel load in 

non-drought years. Grassfire risk 

remained constant throughout drought 

years. In non-drought years, however, 

grassfire risk increased most 

substantially between April and July, 

during the period of reduced growth 

and increased senescence (data not 

shown). Also, in non-drought years the 

difference between degraded and non-

degraded percent dead biomass was 

more pronounced, where degraded 

pixels had higher values. Surprisingly, 

run-off was higher for non-degraded 

than degraded conditions, a possible 

indication of reduced evaporation rates in non-degraded areas. Similarly, non-drought 

years had lower run-off. The significantly reduced run-off may have resulted from 

A 

 
B 

 
C 

 
Figure 4.6 Comparison of simulated land surface properties: 
Percent Dead Biomass (A), Grassfire Risk (B), and Run-off (C) 

partitioned by non-degraded and degraded conditions for 
drought (2004-2007) and non-drought (2008-2011) years. 

Error bars are one standard deviation. 
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additional surface friction by way of course pasture, which slowed run-off and 

encouraged infiltration of water. 

4.3.4. Inter-annual variation 

In drought and non-drought years, virtually all simulated land surface properties 

displayed significant differences in both non-degraded and degraded areas (Figure 4.7). 

In all cases the non-degraded values exceeded the degraded and were significantly 

different from their one-to-one line (i.e. relationship between non-degraded and degraded 

areas for each simulation; Figure 4.7). An exception was grassfire risk, which was not 

significantly different between degraded and non-degraded in drought or non-drought 

years; although in non-drought years the significance level was just outside of the 

significance (alpha= 0.07; Table 4.4). Furthermore, drought and non-drought regression 

lines were not significantly different from each other (alpha=0.38; Table 4.4). This 

indicated that differences in degradation condition were not directly related to increased 

fire susceptibility. The percent dead biomass for drought and non-drought years were also 

not significantly different from each other (alpha=0.97; Table 4.4) despite their non-

degraded and degraded conditions being significantly difference from each other during 

both periods.  

While there were differences in the effects of degradation of simulated land 

surface properties (Table 4.4), drought and non-drought years also had varying degrees of 

difference (Figure 4.7). Obviously non-drought years had a wider range of values and 

thereby emphasized the difference between non-degraded and degraded conditions.  The 

distribution of values along simulated biomass gradients in non-drought years was 

characterized by their wide range of values, dispersion at high values, and variation 

around the best fit line. For example, non-drought pasture growth was mostly clustered 
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below 400 kg ha-1 for both degradation conditions while only four, dispersed values were 

higher (Figure 4.7b) and a standard deviation of residuals that was nearly twice the 

drought value (Figure 4.7). Furthermore, for all measures of simulated biomass, slope 

coefficients were greater than 0.80 kg ha-1 (i.e. nearer to the one-to-one line) in non-

drought years (Figure 4.7B, 4.7d, 4.7f, 4.7h, & 4.7j). Conversely, slope coefficients for 

drought years were less than 0.65 kg ha-1 for the same simulations of biomass (Figure 

4.7a, 4.7c, 4.7e, 4.7g, & 4.7i). Similarly, and surprisingly, the coefficient of 

determination (R2) was higher in non-drought years compared with drought years. This 

indicated a stronger relationship between degradation conditions in non-drought years 

(Figure 4.7), despite an overall increased standard deviation of residuals (Figure 4.7). 

Noticeably different from simulations of biomass were the other simulated land surface 

properties, particularly run-off. Run-off had a greater standard deviation of residuals in 

drought years (3.6) than non-drought years (2.2; Table 4.4).   

In non-drought years, the high slope coefficient (Figure 4.7) and correlation 

(Table 4.6) values suggested that some degraded sites were a percentage of the non-

degraded locations (e.g. standing dead; Figure 4.7j). Interestingly, non-drought dead 

biomass was also not significantly different from the one-to-one line (alpha = 0.64; Table 

4.6) but instead was offset from the one-to-one line (Figure 4.7). A possible explanation 

is that while intra-annual phenological transitions (i.e. green up, maturity, senescence, 

dormancy) resulted in similar mechanisms for biomass growth and decay, the simulated 

biomass was always consistently lower than the non-degraded locations throughout the 

entirety year. In drought years, however, the lower slope coefficient of best fit lines 

suggested increased differences between non-degraded and degraded locations. This case 



 
 

99 
 

was observed for total biomass in drought years (Figure 4.7e); as non-degraded total 

biomass increased, degraded total biomass only marginally increased (slope coefficient 

0.46; Figure 4.7e) and appeared to differ substantially for the highest values. The 

resulting correlation between non-degraded and degraded total biomass was lower for 

drought years (r=0.86; Figure 4.7) than non-drought years (r=0.99; Figure 4.7).   

The non-degraded and degraded slope coefficient values for percent dead biomass 

were nearly identical in both drought and non-drought years (1.1%; Figure 4.7k & 4.7l), 

although in areas with high percent dead biomass the degraded conditions were higher. 

Although the percent dead biomass across degradation conditions in each period were 

significantly different from the one-to-one line, the slopes did not differ significantly 

from each other whether drought or non-drought year (alpha=0.97; Table 4.4). This 

suggested that the impact of degradation was proportional regardless of rainfall quantity. 

Run-off, while significantly different between non-degraded and degraded locations in 

drought and non-drought years and also significantly different between drought and non-

drought years, was the only simulated land surface property assessed that was more 

strongly correlated in drought years than non-drought years (Figure 4.7o & 4.7p).  
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Drought Years (2004-2007) Non-Drought Years (2008-2011) 
A 

 

B 

 
C 

 

D 

 
E 

 
Figure 4.7 Scatterplots comparing averages of monthly 
simulated land surface properties in non-degraded and 
degraded conditions in drought and non-drought years: 
growth (A & B), cumulative growth (C & D), total 
biomass (E & F), green biomass (G & H), dead biomass (I 
& J), percent dead (K & L), grassfire risk (M & N), and 
run-off (O & P). Note the differences in axes between 
each simulation of biomass accumulation. Continued on 
following page. 
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Figure 4.7. continued  
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Figure 4.7. continued  

 

  
4.4. Discussion  

4.4.1. Modeled simulations of biomass and its potential 

To develop meaningful comparisons between pasture biomass and its potential, 

the gap must be bridged between interpretations of prognostic model outputs and satellite 

based observations [220-222]. The comparison between AussieGRASS Environmental 

Calculator simulations of biomass and estimated NPP potentials was especially 

appropriate given the similarities between the environmentally constraining data used in 

the simulation of biomass and the determination of LCCs (e.g. climate and soil; [215]). 

Soil properties, seasonal weather characteristics, and tree cover were used in the 

identification of reference sites for each year and the calculation of potential NPP [173], 
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as well as modeled simulations of monthly biomass within the AussieGRASS model 

[110]. It should be noted that remotely-sensed observations of NPP are an amalgamation 

of not only biomass accumulation in response to favorable environmental conditions but 

also reductions in biomass due to environmental constraints. These constraints include 

natural (e.g. variable weather, soil conditions) and/or anthropogenic (e.g. management) 

factors [223]. A superficial difference between simulated biomass and potential NPP was 

the inclusion of management into the AussieGRASS model. The presence of 

management transformed AussieGRASS from a mechanistic prediction of pasture 

biomass potential to a representation of biomass variations resulting from human activity. 

The relationship between biomass variations and human activity was directly comparable 

to remotely-sensed observations of net primary productivity. Spatially explicit references 

of simulated biomass then became the best estimate of land potentials for modeled 

simulations of biomass and land surface properties alike (Table 3), a similar approach 

used by Jackson and Prince [173] to identify a reference for NPP. For potential NPP, 

persisting spatial variation in NPP within an LCC was a result of either additional 

environmental controls that were not included in LCC development (less likely) or 

related to the consequences of management (more likely). Jackson & Prince [173] 

thoroughly assessed the quality of NPP potentials through comparison with existing in-

situ maps of land potential and livestock carrying capacity [28,224], and found that NPP 

potentials responded more favorably to environmental constraints within and between 

LCCs than existing maps, and that variations in NPP could reliably be interpreted as 

responses to management. This ruled out the impact from omission of a key 

environmental factor in the development of LCCs and NPP potentials, while also 
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attributing differences in NPP to management. Accordingly, NPP potentials may be 

interpreted as managed areas with little-to-no impact on production, analogous to areas 

with simulated high pasture growth and green biomass. The strong correlation between 

NPP potentials and pasture growth in drought (r=0.85; Table 4.3) and non-drought years 

(r=0.72; Table 4.3) exemplifies this interpretation.  

A portion of the residual unexplained variance between NPP and pasture growth 

(Table 4.3) may be attributed to other factors that contribute to NPP observations. Total 

biomass, as the sum of green and standing dead biomass, included green portions that 

were likely detected in remotely sensed observations of NPP. In drought years, the green 

component of total biomass was easily identified as the reference production within 

LCCs given the sharp contrast with areas of sparse vegetation cover. Total biomass, 

partially explains the drastic difference between drought and non-drought years in the 

correlation of NPP with pasture growth as 

well as NPP with total biomass at 

reference sites (Table 4.3). In drought 

years, when pasture growth was greatly 

reduced (Table 4.3), increased pasture 

growth corresponded to increased total 

biomass and thus resulted in an improved 

correlation between total biomass and 

NPP at reference sites. However, in non-

drought years pasture growth and total 

biomass were increasingly independent of 

Table 4.4 List of non-degraded and degraded simulated 
land surface properties regression slopes that were not 
significant for drought years, non-drought years and 
between drought and non-drought years. Note: 
regressions were performed on averaged monthly 
values during drought and non-drought years; all other 
regression slopes not included were significantly 
different (α = 0.05) within degraded and non-degraded 
slopes or the difference between drought and non-
drought years. 

Biomass Accumulation 
Regression (per month) 

p-values 

Grassfire Risk (Drought 
Years) 

0.19 

Grassfire Risk (Non-Drought 
Years) 

0.07 

Non-Drought (Non-Drought 
Years) 

0.64 

Percent Dead (Drought & 
Non-drought) 

0.97 

Grassfire Risk (Drought & 
Non-drought) 

0.38 
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each other as evidenced by the difference in correlations with NPP and the substantially 

weakened relationship between NPP and total biomass (Table 4.3). This likely resulted 

from the variable sensitivity of biomass and NPP to discrepancies in moisture availability 

between drought and non-drought years. Such variations often characterize vegetation 

responses to rainfall in semi-arid regions [225-227]. As the difference between monthly 

green biomass and pasture growth increased, the sensitivity of NPP toward newer 

vegetation growth also increased. Vegetation indices, such as those used to calculate NPP 

[173], have increased sensitivity to new greening (i.e. recent pasture growth) as opposed 

to mature biomass only (i.e. a component of green biomass; [228]).  

The contribution of non-green vegetation in estimates of potential NPP similarly 

cannot be ignored. While the correlation between NPP and the percent dead biomass 

were nearly identical for both drought and non-drought years (Table 4.3), simulations of 

increased biomass in non-drought years (Figure 4.5) resulted in higher quantities of dead 

biomass as well. In some semi-arid ecosystems additional uncertainty in estimates of 

green biomass have been attributed to abundant non-green biomass [229]. Moreover, 

non-green vegetation has been suggested to impact spatial distributions of reference sites 

within LCCs as well [205]. Likewise, non-green vegetation has an important influence on 

the carbon and water balance, not only affecting within season dynamics but also 

between season dynamics [2,230,231].  

There were notable differences in the spatial and temporal resolving power 

between AussieGRASS simulations of biomass and land surface properties (monthly, 

5x5km) and satellite observations of NPP (yearly, 250x250m; [173]) that contributed to 

residual disagreement between biomass potentials and potential NPP (Table 4.3). For 
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example, inter-annual (i.e. between seasons) production misses the intra-annual (i.e. 

within season) variation in production resulting from grazing pressure or instances of 

managed burning. While grazing is known to have within season variability, remotely 

sensed estimates of grazing pressure have proven difficult to reliably measure given the 

sporadic density, duration, and intensity of livestock grazing [232-235]. Because many 

important ecological phenomena occur at intra-annual scales (days, weeks, months, 

seasons), investigation at these temporal scales is essential for preventing 

misinterpretations that contradict established ecological principles (e.g. [35-37]). The 

increased gradient of response in drought years of NPP, pasture growth, and total 

biomass to reference NPP compared with non-drought years (Figure 4.1) corresponded 

well with established relationships between vegetation and varying moisture availability 

in water-stressed ecosystems [32,236-238].  

4.4.2. Relating degradation to simulations of biomass and land surface properties  

4.4.2.1. Human appropriation of NPP and degradation severity 

Biomass accumulation is an essential component of ecosystem function 

[239,240], especially in mixed tree-grass systems [241-244]. Studies of land cover 

change have long sought to disentangle anthropogenic and environmental influences on 

the terrestrial surface in Australian rangelands [28,65,107,245], specifically biomass. 

There were notable variations in biomass accumulation throughout the year in the 

Spyglass Research Facility, including differences between degradation conditions for 

AussieGRASS simulations. The indicator of degradation used in this and previous studies 

[173,205] identified anomalous low NPP where there was evidence of human activity. 

Observations of NPP, remotely sensed or otherwise, are always an amalgamation of 

management that generally reduce NPP from its unmanaged potential [246-250]. One 
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such measure of human intervention in altering biomass (i.e. harvesting, burning, or 

conversion) is human appropriation of net primary production (HANPP;[223]). Minimal 

management usually results in low HANPP from its production capacity [54,247,251-

253], and thus higher observed production within an LCC. Conversely, increased 

management results in higher HANPP and more severe reductions to NPP that may be 

interpreted as human-induced [54,251]. A one-to-one relationship between modeled 

simulations in biomass under varying degradation conditions (i.e. non-degraded or 

degraded) resulted from a similar impact of human appropriation on biomass (Figure 

4.7). As such, reductions in biomass in areas undergoing degradation indicated the 

severity of long-term degradation resulting from human appropriation (Figure 4.7). 

Global rates of HANPP have been shown to be sensitive to inter-annual variation in 

management patterns [54]. Between drought and non-drought years, an analogous result 

was found in this study: differences in simulated biomass (Table 6, Figures 4.5 & 4.7) 

and its intra-annual variation (Table 4.4 & 4.5) were related to (anthropogenic) 

degradation condition.  

4.4.2.2. Impact of degradation condition on production 

In this study, the impact of degradation on simulated biomass was investigated 

inter-annually (Figure 4.7; Table 4.7) and intra-annually (Figures 4.5 & 4.7). Both inter-

annual and intra-annual investigations revealed the deleterious effect degradation had on 

all components of the biomass. There were substantial reductions to simulated biomass at 

degraded sites for each component (Figures 4.5 & 4.7), regardless of whether it was a 

drought or non-drought period. The agreement between degradation condition and 

modeled simulations of biomass were encouraging and indicated that at least some of the 

differences were likely related to variations in management incorporated into the model. 
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As expected, absolute differences in biomass between degradation conditions were 

largest in non-drought years (Figure 4.5), when increased rainfall better discriminated 

reductions in production due to non-environmental factors. 

There was no observable delay in the timing of degraded peak pasture growth in 

either drought or non-drought years (Figure 4.5). This suggested that modeled 

simulations of biomass were particularly sensitive to rainfall events irrespective of long-

term degradation. This result contradicted earlier findings that suggested a delayed onset 

of green-up as a characteristic of degradation in drylands [254]. In non-drought years, 

however, there was evidence that the month with the greatest variation in pasture growth 

differed between non-degraded and degraded conditions (Table 4.5). Interestingly in non-

drought years, total biomass, a summation of all pasture biomass and its removal, 

displayed no substantial differences between degradation conditions in the peak timing of 

season total biomass (Figure 4.5). However, there were differences in drought years: non-

degraded total biomass peaked in June, while degraded total biomass peaked in March 

(Figure 4.5). Although this delay in peak-total biomass may result from either green or 

dead biomass, the reduction in green biomass appeared to be the most substantial 

contribution to reduced total biomass (Figure 4.5). It is also possible that much of the 

decline in standing dead biomass at degraded locations was related to simulated losses 

from animal intake within the AussieGRASS model. For example, the nearly identical 

simulations of percent dead pasture for non-degraded and degraded conditions in both 

drought and non-drought years (Figure 4.7i & 4.7j), suggested that similar mechanisms of 

biomass growth and removal occurred over both degradation conditions and drought 

periods. The primary difference was the input pasture growth each month.  Monthly 
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pasture growth was recorded as the accumulation of daily pasture growth on the final day 

of the month. Given similar environmental conditions, differences in pasture growth were 

a result of management (e.g. grazing pressure) that occurred at sub-monthly time steps. 

4.4.2.3. Response characteristics of biomass undergoing degradation 

The examination of AussieGRASS simulations of biomass for drought and non-

drought years revealed the divergent responses of biomass growth and decay to 

degradation within a single season. Two seemingly conflicting characteristics of 

vegetation production undergoing degradation have been suggested in Australian 

rangelands [21,28,59,65,224,255]: environmentally unresponsive production or subdued, 

environmentally responsive production. These phenomena, while appropriately 

investigated between years (e.g. [63,173,256]), have important implications for within 

season production (e.g. Figures 4.5 & 4.6).   

The more commonly observed and straightforwardly identifiable, characteristic of 

degradation is the reduction of production that results in little-to-no vegetative response 

to favorable environmental conditions [47,257,258]. In these instances, the difference in 

production between phenological stages of maturity and dormancy are lessened as 

production fails to respond, in space and time, to favorable conditions (e.g. Figure 4.7 

drought pasture growth). In this case, important mechanisms critical to the accumulation 

of primary production are disrupted. For example, intense grazing pressure or severe 

burning may cause soil compaction, which restricts water infiltration, nutrient uptake, and 

below surface production (e.g. roots), and also displaces moisture through run-off 

[7,40,141]. Each mechanism accelerates degradation processes, and both reduces 

production over a single season and restricts production in subsequent years due to the 

removal of protective foliage and limited seed dispersion [7].  



 
 

110 
 

The second characteristic of degradation observed in this study occurred when 

production in degraded areas responded temporally similarly to production in non-

degraded areas, albeit consistently reduced through time (e.g. Figure 4.7f : non-drought 

total biomass). In this case, degradation was a percent reduction of the non-degraded 

areas throughout the year and not significantly different from the one-to-one line (e.g. 

non-drought dead biomass; Figure 4.7). Alternate stable states are characterized by these 

subtle reductions in production, instead of the clear degradation ‘scars’ that are more 

easily identified. The identification of alternate stable states of vegetation production is 

difficult owing to several factors; seemingly responsive production to environmental 

factors (e.g. increased production after rainfall events), difficulties in identification of 

appropriate reference sites that distinguish non-degraded production from surrounding 

areas, and the ease of identifying areas with the most severe reductions in productivity 

(degradation scars) while ignoring subtle reductions in production [173]. This alternative 

stable state implies that degradation, while constricting productivity, does not 

substantially alter biogeochemical mechanisms of intra-annual production accumulation 

[225]. For example, heavy grazing pressure that results in the removal of substantial 

quantities of green vegetation without disrupting soil processes, properties of nutrient 

uptake, and moisture availability [259]This phenomenon was most evident in non-

drought years where non-degraded and degraded slope coefficient values were near or 

equal to 1.0 (Figure 4.7). Moreover, dead biomass was not significantly different from 

the one-to-one line between non-degraded and degraded areas in non-drought years 

(Figure 4.7). It should also be noted that although these characteristics of degradation on 

modeled simulations of biomass were largely expressed separately in drought and non-
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drought years, there was also evidence of a continuity of trends between drought and 

non-drought years (e.g. percent dead & grassfire risk; Figure 4.7). These conflicting 

characteristics of degradation provided new insight into its potential effects on 

production. 

4.4.3. Potential improvements to AussieGRASS 

No current prognostic production models, to the authors’ knowledge, incorporate 

degradation condition into assessments of future production. Instead, models including 

SSiB [199] and CASA [67]  train simulations of production based upon satellite derived 

observations of vegetation (e.g. leaf area index). Given the agreement between 

degradation condition and variations in simulated production presented in this study 

(Figure 7), AussieGRASS simulations of biomass could be used to identify degradation 

susceptibility using existing inputs and outputs, including: total biomass, percent dead, 

stocking rate, burning, grassfire risk, percent cover, and run-off. In addition, the inclusion 

of ongoing degradation within the model would improve simulated responses of 

production to environmental controls: natural or otherwise. The inclusion of independent 

remotely-sensed assessments of degraded vegetation and its known mechanisms in 

Australian rangelands (e.g. [1,28,173,205]) would also enable simulated production to 

differentiate the intra-annual effect of degradation (e.g. nutrient cycling and water 

uptake), providing land managers with the opportunity to identify causes for reductions in 

production. Moreover, sensitivity analyses may inform which management strategies 

encourage land rehabilitation. While degradation is a long-term process that perseveres 

despite the return of favorable environmental conditions [7], persistent reductions in 

productivity that are simulated over multiple years could identify significant trends of 

land rehabilitation or warn of ongoing degradation processes.  
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The coupling of degradation condition with prognostic modelling holds 

significant opportunity to improve simulated production. AussieGRASS has the benefit 

of extensive, localized parameterization that is difficult to achieve at global scales. The 

results presented here suggest that comparable models available at global scales, such as 

Sim-CYCLE [260], can be used to simulate global carbon and water cycles and quantify 

the contribution of degradation on global change.  

The economics of degradation are not well understood globally [253,261-263] or 

even locally in Australian rangelands [264,265]. Using AussieGRASS simulations of 

pasture production, secondary production (i.e. Animal live weight; Figure 4.3) may also 

be calculated under various severities of degradation. The reduction of secondary 

productivity in the Burdekin, where approximately 90% of land usage is reserved for beef 

production [113], has significant implications for Australian and global economic 

markets. The economic impact of reductions to animal live weight for even a single or a 

few paddocks, such as the Spyglass, likely has far reaching implications for land 

managers as well as the Queensland government. For example, the simulation of long-

term degradation would serve as a valuable link for substantially reducing animal live 

weight.  

4.5. Conclusions 

The primary objective of this study was to assess the effects of long term 

degradation condition on biomass accumulation and the effect of environmental factors 

on the expression on degradation. In AussieGRASS, a prognostic model coupling local 

environmental factors and animal intake, provided context into potential mechanisms and 

consequences associated with instances of degradation. The comparison of satellite-

derived assessments of degradation condition using NPP with a pasture production model 
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enabled examination of the effects degradation on key components of pasture biomass 

production. The effects of degradation on biomass accumulation varied between 

components of pasture production. The results also shed new light on the relationships 

between degradation resulting in reduced NPP and variations in biomass accumulation 

expressed throughout the vegetative life cycle in Australian rangelands. The examination 

of within season (intra-annual) biomass accumulation revealed distinct growth curves 

associated with both degradation conditions (i.e. non-degraded and degraded). Finally, 

the interaction between degradation conditions and environmental conditions suggested 

varied expression of degradation. A possible feedback between environmental conditions 

and degradation conditions were found. Two distinct characteristics of degradation were 

expressed seemingly dependent on the presence, or absence of extended drought.  
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Chapter 5 Synthesis, discussion and significance 
5.1. Context 

There is a pressing need to understand the dimensions of land degradation at both 

global and regional scales due to the deleterious effect it has on human-livelihood. 

Monitoring degradation is important  in part due to its effect on food availability by 

reducing primary and secondary production, unwanted changes in species composition, 

unfavorable local-to-global land-atmosphere interactions (e.g. global carbon cycle, water 

and energy balances, etc.), and its long-term destructive effect on soil quality [7]. 

Furthermore, challenging land management decisions persist where land condition is 

poor and, as is often the case, the mechanisms that facilitated degradative processes are 

not well understood. Effective land use policy relies upon identifying, and mitigating, the 

causative factors that encourage the spread of degradation at regional scales.  

There is a paucity of information regarding mechanisms of degradation around 

the world [111], especially in dryland systems. Conflicting estimates of the extent and 

severity of degradation in drylands are due to differing definitions as well as diverse, and 

often subjective, monitoring approaches. A key difficulty in any assessment of 

degradation is reconciling the numerous surrogates for degradation that exist, including 

productivity [48,130,266], soil erosion [40,141,153,267], soil quality and organic matter 

[14,101,268], vegetation patterns [62,212,269], dust generation [153,270,271], riparian 

health [272,273], and dry season cover [22,106,197,225,274]. Furthermore, previous 

studies have investigated the effects of degradation at several scales, which change the 

nature and interpretation of degradation. This dissertation uses net primary production 

(Chapter 2), fractional vegetation cover (Chapter 3), and biomass (Chapter 4) to identify 

and evaluate degradation at a regional scale.   
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The goals of the dissertation are to (1) identify the extent and severity of 

degradation using productivity as the primary surrogate, (2) compare the degradation of 

productivity to other known mechanisms of degradation, and (3) relate the expression of 

degradation to components of vegetation and varying environmental conditions.  

5.2. Findings 

There were three over overarching investigations in the dissertation, involving 

regional remote sensing techniques in the identification of anthropogenic degradation 

(Chapter 2), degradation and its impact on components of fractional vegetation cover 

(Chapter 3), and relationships between degradation and biomass (Chapter 4). From 2000 

to 2013, there was substantial anthropogenic degradation present throughout the BDT 

region. Degradation, monitored in both space and time, was dispersed throughout the 

region (Figure 2.5), but also found within each sub-basin (Table 2.4 & Table 2.6). While 

dispersed across the BDT, degradation exhibited clear spatial patterns at regional scales 

(Figure 2.5). This demonstrated the utility of remote sensing in identifying, monitoring 

and ultimately characterizing degradation. Using regionally scaled remotely sensed data, 

degradation was distinguishable from non-degraded areas, including areas with little-to-

no reductions to their productivity. While only a small portion of the BDT was identified 

as ‘deteriorating’ from 2000 to 2013 (7%, Table 2.2), nearly 20% of the region was 

classified as currently ‘degraded’ using the 30% reduction threshold (Table 2.3). 

Furthermore, the severity of degradation found within degraded and/or deteriorating areas 

was substantial (-4.14 Mg C m-2 y-1, Table 2.2). Annual reductions in NPP were also high 

(i.e. -2.14 MgC m-2 y-1 or -17% of the non-degraded reference; Table 2.2). River basins 

with the lowest annual rainfall experienced the most severe degradation (Table 2.4., 

Figure 2.5). The detection of degraded areas corroborated previous accounts of extensive 
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degradation in the BDT and corresponded to areas at risk for erosion (Figure 2.7). 

Degradation was strongly correlated with gradients of land use intensity (Table 2.8). 

A critical component to anthropogenic degradation monitoring was to establish a 

reference from which current observations could be compared. The preceding chapters 

demonstrated an improved ability to model potential productivity (i.e. NPP) through the 

identification of spatial references in land capability classes (LCC). LCCs were created to 

replicate areas of near-homogeneous environmental conditions. The LCC approach 

(explained in 2.2.1) allowed for spatially distributed modeling of key environmental 

factors across the landscape without sparsely available decadal time-series, complex 

statistical modeling or highly parameterized mechanistic modeling. Within each LCC, 

locations that had little-to-no observable degradation were selected as the reference for 

potential NPP. LCC-selected reference sites out performed those selected using combined 

expert knowledge and fine resolution mapping in discriminating spatial rainfall patterns 

within and between classes (Figure 2.4 & Table 2.1) - the preeminent driver for nature-

based change in dryland areas. This LCC approach was applied no only to NPP but also 

to the components of fractional cover to estimate land potentials in the absence of 

degradation in Chapter 3. 

With NPP used as the surrogate for degradation condition, the components of 

fractional vegetation cover had high correlation with degradation. Photosynthetic 

vegetation (PV) was highly related to both NPP and degradation in space and time 

(Figure 3.3). The strong relationship between PV and NPP in space and time (Table 3.5) 

reinforced how strongly above-ground vegetation cover related to satellite derived NPP, 

which corresponded to both above and below ground components. The local scaling of 
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components of fractional cover, both in percentage of the total cover and its spatial 

configuration have potential for improving our understanding of degradation and its 

effects across a landscape (e.g. Figure 3.6). For example, increases in bare soil coverage 

from 2000 to 2013 revealed ongoing degradation that resulted in land entering into a 

permanent state of degradation.   

Non-photosynthetic vegetation cover (NPV) had particularly interesting 

relationships with NPP (Figure 3.3); NPP and NPV had a poor relationship in space but 

had a strong relationship in time (Figure 3.5). Furthermore, the combination of local 

scaling of NPV and local scaling of NPP (called degradation in this dissertation) revealed 

clear spatial and temporal agreement – providing a promising way to characterize 

degradation. For example, low LNS values (i.e. severely degraded) with high local 

scaling of NPV (i.e. little-to-no reduction in NPV) were likely less susceptible to erosion 

than low LNS values with low local scaling of NPV (e.g. Figure 3.3). The regional 

patterns of NPV also suggested the type of human related activity (e.g. logging, grazing 

intensity, land conversion) that resulted in degradation (Table 3.9). 

Independently simulated land surface properties, including biomass and pasture 

growth, were spatially correlated with degradation (Table 4.3 & Figure 4.4). Degradation 

had a clear restrictive effect on both simulated growth and overall biomass (Figure 4.5). 

The rate of pasture growth was slowed in degraded areas compared with non-degraded. 

This resulted from degradation related-unfavorable soil conditions for plant productivity 

and/or the presence of herbivores (e.g. livestock, native and feral). Degradation also 

reduced total biomass (i.e. the sum of green and dead biomass), with the largest 



 
 

118 
 

reductions occurring for green biomass.  While dead biomass was also reduced under 

degraded conditions, its reduction did not approach that of green biomass.  

Biomass and pasture growth, simulated using a prognostic model, proved 

sensitive to degradation during drought and non-drought years. Furthermore, identifying 

evidence of two states of degradation signaled an improved understanding of the 

phenomena. Differences in degradation between drought and non-drought years 

emphasized the relationship between environmental factors and observations of land 

condition (Figure 4.6 & Figure 4.7). Land surface properties in degraded areas, compared 

with non-degraded, showed no noticeable distinction in their progression throughout the 

season (Figure 4.7 & Figure 4.5).  

5.3. Recapitulation of research questions 

Three major research questions were asked at the initiation of this dissertation 

(Figure 1.5), and were investigated throughout the duration of the studies in Chapters 2, 

3, and 4. Presented below is a restatement of the research questions followed by 

responses that were informed by the findings in this dissertation.  

 

Research question 1: Is there evidence of human-induced degradation of NPP? Yes, 

there was clear evidence of human-induced degradation of NPP throughout the BDT and 

with varying severities. We found that human-induced degradation was distinguishable 

from natural fluctuations in environment at a regional scale. We also found that 

degradation varied in space and time, but also contiguous areas with significant trends of 

land deterioration and substantial reductions in NPP that were identified as severely 

degraded. Furthermore, we found clear evidence of permanent degradation.  
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Research question 2: Are non-green components of vegetation sensitive to 

degradation? Yes, non-green components of vegetation were sensitive to varying 

severities of degradation. However, the sensitivity was non-linear: non-photosynthetic 

components of vegetation were not strongly correlated with degradation in space, 

although the correlation was stronger through time. The accumulation of dead biomass 

was sensitive to degradation conditions in overall production and growth rates. The 

symptoms of degradation found in this dissertation, including reduced vegetative cover, 

coincided with increased erosion susceptibility and an overall reduction in plant material.  

 

Research question 3: Are the effects of degradation on NPP related to land use and 

do environmental factors interact? Yes, the effects of degradation on NPP were related 

to land use and environmental factors interacted with observations of degradation. We 

observed management patterns (e.g. fencing, clearing, etc.) that provided the strongest 

evidence of human influence on patterns of degradation. Also, the effect of drought and 

non-drought conditions emphasized and obscured observations of degradation. The most 

promising interaction between degradation and environmental factors was the evidence of 

degradation entering multiple stable states.   

5.4. Anthropogenic and environmental degradation 

While substantial reductions in NPP were found across the BDT region as whole, 

there was considerable variation between river basins and between property boundaries. 

The link between anthropogenic disturbance and rates of degradation (detected here by 

low LNS) has been noted by Hill et al. [275] and Kairis et al. [276] and specifically in the 

BDT by McKeon et al. [29]. Independent evidence for anthropogenesis presented here 

includes correlation with the VAST map which, although not a map of vegetation 



 
 

120 
 

degradation, does distinguish varying degrees of human-related modification of native 

vegetation [277]. The good agreement of ranks of average LNS and the VAST classes 

(Table 2.8) is evidence that LNS was able to separate human-related degradation from 

natural variation, at least up to the end of the period of time used for the VAST map 

(2011). In addition, there was qualitative evidence from visual inspection of high 

resolution remotely-sensed imagery, such as abrupt differences across station boundaries 

(e.g. Figure 2.5b & Figure 2.5c) and coincidences of visible disturbance around livestock 

water points. The relationship between degradation, accelerated rates of erosion, and 

reduced vegetation cover is well-known [267] and erosion is the most widespread and 

recognizable characteristics of land degradation [139], also a primary impact on loss of 

soil carbon [14]. In the present study, there was a strong overall correlation of average 

LNS with hillslope erosion and gully density (Figure 2.7). In the BDT others have linked 

erosion with poor grazing management [197] and unsustainable agricultural production 

[9].  

Assigning causal relationships to land degradation and natural or anthropogenic 

factors is difficult due to the close coupling between humans and their environment [60]. 

The LNS procedure offers one approach that attempts to isolate actual degradation of 

NPP from less favorable environmental conditions. However, without additional data on 

land usage, such as livestock numbers and management practices, the causes of the 

reductions by human-related activities are hard to determine [65]. The most commonly-

cited management practices to reduce degradation are reduction in domestic livestock, 

reduction of feral herbivores, removal of watering points  [65,278,279], fallowing 

[65,107], or by encouraging vegetation that is particularly resistant to overgrazing or able 
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to recover quickly after intense grazing [65,93,159]. Additional data are needed to 

interpret low LNS, particularly with field observation. 

Given the extremely large areas of provincial, national, regional and global 

degradation that are frequently stated [51-54,280,281] and the far-reaching effects of 

degradation on human livelihoods [6,17], rigorous, quantitative and objective 

measurements are urgently needed. While reduction of NPP is a single type of 

degradation, it is a quantitative measure of the outcome of most forms of degradation 

relevant to human needs - but not all (e.g. loss of palatable species with no change in 

NPP; [167]). The widespread occurrence of degradation and its anthropogenic causes and 

effects require measurements having the large-area coverage and high spatial resolution 

provided by remote sensing, despite their limitations. LNS is founded on the concept of 

comparison of the actual conditions with their potential. As noted, there are several 

weaknesses in the technique that may affect the validity of the results, nevertheless, the 

fundamental concept of reduction from an explicit standard remains. There also remains a 

need for improvements in detection of appropriate reference standards, either by local 

scaling as in LNS or some other method.  

The objectives of the many initiatives to arrest and remediate degradation have been 

summarized in the concept of Zero Net Land Degradation (ZNLD) [193]. ZNLD seeks to 

slow current rates of degradation such that the rates of land rehabilitation are, at the very 

least, equivalent to rates of deterioration [122], locally or elsewhere. Achievement of 

ZNLD depends on comprehensive monitoring to identify land states and trends of 

degradation. The study presented here used one approach to such regional assessment. 

While the feasibility of global land degradation neutrality has been debated [194], the 
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BDT is an example of a region that has seen a reversal of an overall trend toward 

degradation in productivity. 

5.5. Dimensions of degradation 

To adequately investigate characteristics of degradation, the dynamics must be 

defined and evaluated. The dynamics of degradation subsist across numerous dimensions 

(e.g. space, time, and intensity) [60]. The fusion of two or more of these dimensions 

allows for robust monitoring of degradation [111]. Spatial characteristics of degradation 

relate to the extent and pattern of degradation on the land surface. The extent is valuable 

for summarizing current or past coverage of degradation and provides an indication to the 

prevalence of land that has entered, or is approaching, an unfavorable condition. The 

identification of degradation is essential for comparison with other spatial characteristics 

that exist on the land surface. These spatial relationships, whether subjective or using 

well defined autocorrelation techniques (e.g. Figure 2.7; Table 3.5; & Table 3.8), provide 

powerful insight into underlying causative factors. Patterns of degradation on a land 

surface (e.g. dispersed, random, and clustered) provide additional insight into the 

important triggering mechanisms of land condition change (e.g. Figure 2.5 & Figure 3.3). 

While natural and human factors may promote degradation, the patterns of vegetation 

undergoing degradation forecast potential effects [212]. Specifically, accelerated erosion 

maybe associated with vegetation configuration across the landscape [62,269].  

Temporal dimensions of degradation are governed by the persistence of the 

reductions in productivity. The response of vegetation to degradation over extended 

periods reveals valuable characteristics regarding the effect of degradation (Figure 2.6 & 

Figure 3.5). Short-term reductions in productivity cannot indicate degradation because 

they may, in fact, be resultant from unfavorable environmental factors (e.g. drought, dry 
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spells) [7]. Persisting reductions, especially when favorable weather returns, provide a 

clear indication that key biological or soil processes are disrupted (Figure 2.6).  

Intensity is perhaps the most critical dimension of degradation. The intensity of 

degradation refers to the severity of the unfavorable land condition. Intensity was 

described in the preceding chapters in two ways: absolute and relative. The absolute 

severity of degradation of production is the reduction in growth that is attributed to 

degradative processes [173]. Conversely, relative severity implies a differentiation in 

categorizing lands affected by degradation. In this dissertation, land areas were classified 

by their productive capacity (Chapter 2). Relative degradation is comparable across 

variable land types and dryland regions, and is arguably the best way to describe severity 

[286].  

5.6. Regional scale monitoring of degradation 

Regional degradation is important for understanding management patterns that are 

relevant for policy makers as well as range managers and are transferable to other regions 

across the world [121,254]. Furthermore, many of the characteristics used to describe 

degradation (e.g. loss of vegetation cover, accelerated erosion) are difficult to monitor at 

fine scales [57]. At fine scales, differences in growth are associated with individual land 

management or related to animal preference [39,107,155]. At regional scales, degradation 

was attributable to management (e.g. clearing, grazing, and fencing; Figure 2.5). 

Remotely sensed data has become increasingly widespread, with varying temporal and 

spatial resolutions. Generally, however, the spatial coverage is proportional to the 

temporal repeat frequency (i.e. as spatial coverage increases, temporal repeats decrease 

and vice versa). The regional scale used in this dissertation, provided the best 

combination: 8-day repeat frequency, 250x250m pixel size, and visible-near infrared 
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spectral discrimination. The systematic dissemination of remotely sensed data allowed 

for automated image processing and continual analysis of land condition and degradation. 

In the Burdekin, and across other Great Barrier Reef catchments, efforts to mitigate 

future degradation and rehabilitate land undergoing current degradation have resulted in 

millions of dollars’ ear-marked for the investigation of regional management 

(http://www.nrm.gov.au/funding/2008/reef-rescue.html). Symptoms of degradation that 

are observed, such as erosion (Figure 2.5), on an individual field result in a negligible 

increase in sediment load and often go undetected in such assessments [65]. It is the 

combination of accelerated erosion (e.g. Figure 2.7), for example across a regional 

landscape that can substantially elevate sediment in waterways and result in irreversible 

harm to the Great Barrier Reef.  

5.7. Relevance to climate studies, global carbon budget and food security 

Degradation in drylands has special significance due to the destructive effect it has 

on global phenomena [8,282] and its participation in the global carbon budget cannot be 

overstated [101]. Nevertheless, this phenomenon has been overlooked in most carbon 

studies. It must be acknowledged that other ecoregions (e.g. boreal, temperate and 

tropical forests) have higher densities of carbon [283]. However, the vast land area and 

carbon contained within drylands require assessments of carbon a priority when 

estimating the global carbon budget [101]. The intertwined interaction between human 

and natural processes in these regions only exacerbates disruptive fluctuations in carbon 

[111], often creating multiscale-positive feedbacks. The implications of these interactions 

may be felt locally (e.g. reduction in ground cover, invasive species) and globally (e.g. 

intercontinental dust transport). There is ongoing uncertainty that persists regarding the 

combination of current and potential sources of global carbon sequestration 
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[101,104,284,285]. However, effective monitoring of dryland carbon dynamics will result 

in improved global carbon accounting.  

The effect of degradation on local and global climate is, in many respects, linked to 

changes in carbon fluctuations [254]. Global climate change is driven by reductions in 

terrestrial carbon sequestration that results in elevated atmospheric carbon [283], which 

has the prospect for accelerating global warming. Withal, even subtle modulations to 

local climate may result in unfavorable plant succession and environmental 

transformation. Combined with degradation these effects include: accelerated erosion and 

increased albedo and surface temperature [7]. Terrestrial carbon, within plants and soil, is 

often dramatically redistributed when erosion is severe and widespread [62,212]. The 

disruption of seed germination and desiccation of upper soil layers are negative feedbacks 

from increased surface temperature that restrict vegetation productivity and biomass[7]. 

In the absence of vegetation albedo increases and facilitates atmospheric warming. 

Undeniably several dimensions of degradation are closely intertwined with current and 

future carbon fluctuations. 

5.8. Future research 

While this dissertation presented a thorough investigation of several components 

of degradation, it is necessary to continue investigating degradation. The primary 

emphasis was investigating land condition and the associated characteristics of 

degradation. However, there are two alternate components of degradation that require 

investigation: the long-term temporal monitoring of degradation and the objective linking 

of states and trends of degradation with land management. Particularly important for 

effectively assessing these components is an enhanced focus on the long-term monitoring 

of degradation. A longer duration of study, exceeding the 14-years investigated in this 



 
 

126 
 

dissertation, will make efforts to characterize the symptoms of degradation more 

efficient. With the additional years of data, from the end of the study period (i.e. 2013) 

until the present (i.e. 2017; +5 years), there is an opportunity to examine short term and 

long-term fluctuations in productivity over nearly two decades (e.g. 2000 to 2017). Prince 

[7] argued for the use of long term evaluation of degradation to further separate true 

degradation from the effects of climate. In many ways, long-term monitoring provides a 

clearer image of management patterns. For example, degradation that occurring during 

episodes of unfavorable environmental conditions (i.e. drought, heat waves), as in the 

Burdekin (Figure 1.4), revealed the intensity of management. In addition, time series 

fluctuations in degradation severity at a single location may be correlated to land 

management patterns through time. The next step in monitoring degradation must include 

aspects of degradation explored in this dissertation (i.e. extent, severity, trends), as well 

as predictive monitoring. 

5.8.1. Longer-term monitoring of land degradation 

           An analysis that calculates residuals or deviations from the long-term NPP-rainfall 

relationship, called Residual Trends (RESTREND; [63]), has been used in drylands to 

assess vegetation characteristics at sites possibly undergoing the process of land 

degradation [63,242,287,288]. The RESTREND method is based upon the near linear 

relationship between NPP and rainfall in semi-arid environments. To model NPP over a 

gradient of rainfall, RESTREND calculates a linear regression of NPP and rainfall 

observations. The residuals of NPP are then calculated as difference in the annual 

observations of NPP (oNPP) from the regression estimate of NPP (eNPP).  
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Figure 5.1 Time-series of inter-annual residual trends in deviations of normalized difference vegetation index 
(NDVI) from the expected values indicated by annual rainfall at single pixel in Brigalow gidgee scrubs land 
cover type (Lat: 146.88E, Long: -21.95N) in the Burdekin Dry Tropics region, Queensland, Australia: (a) Linear 
regression fitted to time-series; (b) Piecewise (segmented) regression fitted to identical times-series. The year 
2002 is a significant breakpoint in (b). Note the difference in magnitude of the negative regression slope 
coefficients in (a) and (b).  NDVI (1km2) derived from AVHRR sensor. Rainfall data obtained from Australian 
Bureau of Meteorology. 

  (5.1) 

 

 

Significant trends in NPP residuals that indicate ongoing land degradation are 

then analyzed during the study period. Annual NPP residuals are arranged sequentially 

through time (Figure 5.1). A linear regression slope is used to identify significant trends 

of residuals. Negative trends indicate observations of NPP differing further from the 

linear fit of NPP and rainfall through time, i.e. reduction in NPP possibly related to 

human factors. The slope indicates the rate at which a site is deviating from potential 

NPP given observed rainfall, i.e. change in land condition.  
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The benefit of the RESTREND technique is that it allows for examination of 

vegetation condition at a single pixel through time. This is advantageous because 

differences in NPP resulting from soil type or terrain effects are normalized.  

5.8.2. Improving the RESTREND procedure 

A time-series can be made of any trends obtained from the RESTREND method. 

A segmented regression approach provides an opportunity to investigate the duration and 

magnitude of prevailing trends (Figure 5.1). Segmented linear regression can then 

determine statistically significant inflection points which correspond to changes in 

vegetation response to changing environments (Figure 5.1). The regression slope 

coefficient of each segmented regression indicate the magnitude of each negative trend.  

Significant and persistent negative trends may indicate the degradation of land condition. 

 

 
Figure 5.2 Maps of the coefficient of determination (r2) for ΣNDVI and annual meteorological variables from 
Y2000-Y2012 in Burdekin Dry Tropics region, Queensland, Australia. Spatial variation in r2-value shows that 
several meteorological variables are correlated with NDVI, not precipitation alone as is often assumed. ΣNDVI 
derived from MOD13Q1. Meteorological data obtained from Australian Bureau of Meteorology. 
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Any variation in the strength of the rainfall - ΣNDVI correlation suggests 

environmental factors other than rainfall are limiting productivity and thus the need for 

additional environmental data (Figure 5.2). The distribution of rainfall through the 

growing season and pulses in temperature, solar exposure, and water vapor pressure 

deficit along with total seasonal rainfall may provide a more comprehensive description 

of variations in NPP related to environment.  

To enhance the effectiveness of RESTREND, additional weather data (Figure 

5.2), other than rainfall alone, could be tested and if significant, incorporated into the 

model. As with the development of LCCs, daily gridded synoptic weather data, including 

rainfall, minimum and maximum temperature, water vapor pressure deficit at 9am and 

3pm, and solar exposure [133], from the Australian Bureau of Meteorology could be 

used.  

Trends in NPP as estimated from the enhanced RESTREND procedure would 

then be compared against existing data sets including, if possible, Australian Grassland 

and Rangeland Assessment by Spatial Simulation (AussieGRASS) pasture model 

predictions of annual pasture yield. AussieGRASS is a highly-parameterized model for 

prediction of monthly production and other variables at 5km resolution over Queensland 

(covering the BDT region). Key data inputs include daily weather, soil and vegetation 

characteristics, tree density, and grazing pressure. Simulated outputs include runoff, 

infiltration, deep drainage, evapotranspiration, pasture growth and senescence, litter 

decay, and consumption of biomass by grazing animals. Outputs have undergone 

extensive field validation throughout the BDT region and were compared to degradation 

(Chapter 4). Linkages between NPP accumulation and response to these changing 
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environmental factors would be compared in literature with other dryland systems at 

varying scales. 

5.8.3. Examination of human factors contributing to reductions in NPP 

The anthropogenic influence on plant production could be explored by relating 

persistently low NPP to indicators of land use intensity. Estimates of NPP loss from the 

LNS (used in this dissertation) or the RESTREND (described in section 5.8.1) procedures 

could be compared to identify locations which are currently degraded or undergoing land 

degradation. Evidence of degradation would be related to independent variables which 

indicate land use management and grazing pressure, including land use (type and 

intensity), stocking rate (density and type), land tenure type and lease holding duration, 

borehole (watering point) distribution, grazing enclosure properties (shape and size), fire 

return frequency, and surveys of land clearing. A spatially explicit, multiple regression 

approach would be used to identify which indicators of human management show the 

strongest relationship to patterns of reduced NPP. Identified relationships would provide 

insight to how each anthropogenic factor is related with observed reductions in NPP. 

Appropriate tests will be undertaken to avoid redundancy in explanatory variables.  

Computational approaches, such as decision trees or regression trees could be 

used to explain significant relationships between degradation and management, and 

ultimately suggest linkages. Although causality is difficult to verify [289], correlations 

with associated uncertainty between land condition and management can be quantified. 

Furthermore, probabilistic approaches, including Bayesian Belief Network (BBN) 

modeling [290] could be used to further investigate likelihoods of human-environmental 

behavior. BBNs use priori evidence to train probability distributions, and predict 

potential outcomes between variables (e.g. environmental and management patterns). 
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BBN modeling improves degradation modeling by predicting current and future 

degradation based upon characteristics from known episodes (e.g. Dust Bowl in Central 

US, desertification Sahel) and thus eliminates the subjectivity that permeates many 

studies of degradation [207]. Symptoms of degradation (e.g. erosion) could be linked to 

management type and intensity to develop probabilistic relationships. A BBN approach 

would tether current observations with future possibilities. Lasting implications from this 

approach include the identification of current and future degradation, and the 

rehabilitation of degraded land along with the mitigation of degradation in areas where 

the requisite management practices exist.  
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Glossary of Terms and Acronyms 
Explanation of terminology for spatial and temporal scales used in text.  

Scale Terminology  Definition 

Land Strata Land unit of climate, landforms, soils and 
vegetation characteristics which for most 
practical purposes may be considered as 
uniform.  

Land Capability Class (LCC) Unit with homogeneous potential for specified 
human use. 

Global Scale A spatial scale that encompasses a geographic 
area relevant for continental or global study.  

Regional Scale A spatial scale that encompasses a geographic 
area ranging from several hundred hectares to 
millions of hectares (In the proposed study, the 
regional scale is 14 million hectares). This scale 
is relevant for country and large territory 
assessments.  

Local Scale  A spatial scale that encompasses a geographic 
area representing less than 100 hectare (≤ 100 
ha or 1km2). This scale is relevant for field 
surveys and in-situ measurements. 

Seasonal  Period of time relevant for major plant growth. 
In semi-arid areas, it usually coincides with 
rainfall cycles. In the Burdekin Dry Tropics 
region this ranges from August to July. 

Annual A yearly time step.  

Inter-annual Year to year time scale. In present study term 
relates to differences in vegetation growth 
between consecutive years. 

Persistent A time scale spanning greater than or equal to 
10 years (≥ 10) 

Land Condition State the land referring to vegetation health 
(e.g. NPP, cover, biomass, species composition, 
etc.). Poor land condition is used to indicate 
possible degradation of vegetation. 

Net Primary Productivity (NPP) The amount of carbon uptake after 
subtracting plant respiration from gross 
primary productivity 

Biomass Total mass of organisms in a given area 
or volume 
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Local NPP Scaling (LNS, Scaled) Technique that can be unscaled for deriving an 
estimate of the spatial extent of land 
degradation 

Grazing Land Management (GLM) Land stratification to manage livestock on 
pasture so as to improve land condition and 
biodiversity 

Moderate Resolution Imaging 
Spectroradiometer (MODIS) 

Key remote sensing instrument aboard the 
Terra and Aqua satellites 

Advanced Very High Resolution Radiometer 
(AVHRR) 

Radiation-detection imager that can be used 
for remotely determining cloud cover and 
surface temperature 

Normalized Difference Vegetation Index 
(NDVI) 

Graphical measure used to assess live green 
vegetation; uses visible (red) and near-infrared 
bands 

Enhanced Vegetation Index (EVI) Optimized vegetation index with improved 
sensitivity to high biomass environments 

Grass Production (GRASP) model Model that simulates daily pasture growth and 
biomass using pasture utilization and ground 
cover 

Australian Grassland and Rangeland 
Assessment (AussieGRASS) 

A spatial implementation of GRASP that 
produces maps of simulated pasture growth 
and biomass 

Vegetation Assets, States, and Transitions 
(VAST) 

Classification that orders vegetation by degree 
of anthropogenic modification in a series of 
states 

Residual Trends (RESTRENDS) Method based on the residuals of the 
regression between NDVI and precipitation 
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