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ABSTRACT 

 

Research was undertaken in the indigenous tussock grasslands of South Island of 

New Zealand in order to quantify past rates of conversion to agricultural land use 

and to develop vulnerability models to predict future conversion spatially and 

temporally. The study area was delineated using the median spectral reflectance of 

indigenous grasslands and included the largest extent of unprotected contiguous 

grasslands concentrated in the central South Island. Conversion from indigenous 

grasslands to a non-indigenous cover was quantified by comparative mapping 

over three intervals (1840-1990, 1990-2001, and 2001-2008). The basic premise 

in using satellite imagery to detect changes in land-use/cover is that these are 

revealed by changes in spectral signature. However, New Zealandôs indigenous 

and non-indigenous grasslands have overlapping spectral trajectories and high 

inter-annual variability, therefore contextual information was needed in order 

accurately map conversion from indigenous grassland cover to exotic pasture. 

Within the study area around the time of European settlement (1840) there were 

approximately 3.3 million hectares of indigenous grasslands. Between 1840 and 

1990 around 1 million hectares of indigenous grasslands were converted to a non-

indigenous cover. The extent of conversion during the preceding time period 

(1990-2008) was approximately 71,261 ha, of which 72% was converted to 

pasture and cropland and the remaining 28% to mining, urban settlements and 

exotic forestry. Although the overall rate of grassland conversion decreased 

relative to the period of European settlement and 1990, the proportion of 

remaining indigenous grasslands converted each year increased. Almost two-

thirds of post-1990 conversion has occurred in environments with less than 30% 

indigenous cover remaining, and much is in land classified as non-arable with 

moderate to extreme limitations to crop, pasture and forestry growth.  

To assess the relative vulnerability of remaining areas of indigenous grassland to 

intensive land use (mainly intensive pasture production but also exotic conifer 

plantations, urban use and mining), spatial predictions using Generalized Additive 

Models (GAMs) were used to establish relationships between two different types 

of dependent (response) variables (presence or absence of conversion) and 
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potential environmental and proxy socio-economic explanatory variables. The 

chosen predictors for the final model were used to map conversion probabilities in 

geographic space. The selected GAMs showed the mean probability of conversion 

in remaining indigenous grasslands was 0.15 and the mean area of conversion was 

116 ha. Habitat that was most vulnerable to conversion was at moderate 

elevations and on medium slopes, and had previously been classified as being of 

low suitability for production.  

To interpret the regression models, plots of the partial response curves resulting 

from the model, and overall contributions of variables to the model, were used. 

The most important explanatory variables for predicting the probability of 

conversion in order of óalone contribution (the potential for each variable alone to 

explain conversion) was slope, rainfall, land tenure, distance to roads, proximity 

to existing agricultural, regional council, and mean annual temperature. 

Interpretation of the GAMs showed that conversion was negatively related to: 

slope, rainfall and distance roads; positively related to mean annual temperature; 

higher in the Otago and Canterbury regions and on privately owned or recently 

privatized lands, and peaked at intermediate proximity to roads.  

The prediction of the probability of conversion model was cross-validated both 

spatially and temporally. Temporal cross-validation compared predicted 

probabilities of conversion against reference maps of observed ócurrentô 

conversion. Spatial cross-validation evaluated model discrimination between 

óconvertedô and ónot convertedô. Temporal and spatial performance was measured 

using the Receiver Operating Characteristic (ROC), a graphical plot of the true 

positive rate (sensitivity) as a function of the false positive (1-specificity) for 

different probability thresholds. For temporal cross-validation there was high 

correlation between ópredictedô and óobservedô (ROC = 0.913), and for spatial 

validation the relationship between the fitted and observed was also high (ROC= 

0.921), indicating there was good discrimination between óconvertedô and ónot 

convertedô.  

Integrating validated estimates of the probability of conversion (vulnerability) into 

conservation planning tools is an important component of conservation planning. 

Comparison of conservation prioritisation outputs with validated estimates of 
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vulnerability of New Zealandôs indigenous grasslands showed variable 

effectiveness of vulnerability surrogates; one surrogate performed most poorly 

where vulnerability of grasslands to conversion was greatest and realized 

probability of protection was lowest. Furthermore, estimates of vulnerability using 

surrogates underestimated vulnerability on flat land that was closer to roads and 

overestimated areas on steeper land that was topographically invulnerable to 

conversion.   

There is an increased disparity between patterns of protection and patterns of 

conversion indicating that existing conservation planning tools are not effectively 

targeting the most vulnerable areas of remaining indigenous grasslands. An up-to-

date validated vulnerability assessment offered a practical and a responsive 

technical bridge for the gap between science and implementation. This approach 

can be applied more widely to provide national models of vulnerability from 

representative samples of conversion.  

Key words conservation planning; indigenous grasslands; receiver operating 

characteristics; remote sensing; agricultural conversion; New Zealand 
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1 Introduction  

1.1 Research Topic 

This research focuses on developing methods for monitoring habitat loss, and 

predicting conservation priorities in New Zealandôs indigenous grasslands. The 

focus on the indigenous grasslands resulted from the recognition that rapid land-

use changes were taking place and information about recent changes and trends in 

the extent and condition of New Zealandôs indigenous grasslands was limited. 

Existing information on land use change was not of high enough resolution to 

perform this analysis, so the first step was to develop methods and detect change 

from a combination of satellite imagery, aerial photographs and extensive field 

work. This provided improved data on the remaining and current extent and rates 

of conversion of New Zealandôs indigenous grasslands. To identify major 

environmental, proxy socio-economic correlates of land use conversion and 

habitat loss, I used spatial regression models to model patterns of loss and predict 

the vulnerability of remaining indigenous grassland habitat to conversion. This 

resulted in temporally and spatially validated models and predictions of 

vulnerability to land use conversion. This study then explored the implications of 

these patterns of loss to conservation of New Zealandôs grasslands and the 

significance of validated vulnerability assessments to existing conservation 

prioritisation tools.  

 

1.2 Background 

Over the past 50 years, ecosystems have changed more rapidly than any other 

period of human history (Millennium Ecosystem Assessment 2005). Considerable 

proportions of the worldôs thirteen terrestrial biomes are being converted to less 

ecologically diverse ecosystems (Hoekstra et al. 2005). Such a high degree of 

conversion is leading to extensive changes in biodiversity composition and 

ecological processes resulting in the diminishing of ecosystem services that help 

sustain biological diversity and human populations.  
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Internationally, some of the largest changes in biodiversity have occurred and are 

expected to occur in grasslands, yet they continue to remain one of the least 

protected ecosystems (White et al. 2000). Most of the worldôs indigenous 

grasslands have been converted for agricultural activities (Goobridge 1992). Areas 

with better soils and more frequent rainfall have been mostly cleared for crops, 

while poorer quality grasslands have been left for rearing stock (Suttie et al. 

2005). Globally there is limited information on the rate, type, and amount of 

change that is occurring in grassland ecosystems (White et al. 2000), and New 

Zealand is no exception.  Without fundamental information on trends occurring in 

grasslands, researchers are unable to assess potential effects on habitat and their 

associated biodiversity and ecosystem services, and policy makers lack the 

evidence needed to assess effects of land management and legislation, and to 

inform sound policy formation (Gluckman 2011). 

Given the biological and cultural significance of indigenous grasslands and the 

ongoing change in land use in these areas, it is important to monitor and measure 

land use change that is taking place in these ecosystems. However, recent attempts 

to do so have faced several challenges. First, there is no universally accepted 

definition of grasslands (Bailey 1989, Scholes and Hall 1996, House and Hall 

2000). Second, there is little agreement on the methods to determine boundaries 

between native grasslands and agricultural land/permanent pasture and between 

grasslands and forests (White et al. 2000). Finally, there is limited data available 

for evaluating historical change. Therefore, there is still a need to develop 

standardised methodologies that are useful for detecting land-use change in 

grasslands.   

New Zealandôs indigenous tussock grasslands provide a range of important 

ecosystem services (i.e. water regulation and soil formation), including significant 

cultural values to New Zealanders. Unlike many other indigenous ecosystems in 

New Zealand, the tussock grasslands have a unique and partially human induced 

origin. Once largely in forest and shrubland, regions of tussock grassland were 

created by the aftermath of Maori burning and clearing for hunting moa and 

encouraging the growth of bracken fern (Pteridium aquilinen L.) (Stevens et al. 

1988 as cited by Ewers et al. 2006).  
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Post-European settlement the grassland systems underwent a variety of 

transformations. In the South Island, between 1844 and 1864, much of the 

indigenous grassland was acquired from the Maori (Brower 2008). During this 

time variable pastoral licenses were granted (ranging from 1 year in Canterbury to 

14 years in Otago), and the tussock landscape was rapidly transformed. Lease 

holders used fire to ready land for grazing and to facilitate travel. The result was a 

huge reduction in area of lowland and montane red tussock grasslands, the 

elimination of snow tussock from lowland eastern parts, and the reduction of 

snow-tussock found near settled areas. By the 20th century there was substantial 

loss of native species through conversion to vigorous exotic grasses maintained by 

the widespread us of fertilizers and herbicides and the introduction of rabbits (the 

exotic species Oryctolagus cuniculus .L) contributed to additional degradation 

particularly in the drier parts of the Mackenzie Basin and Central Otago.  

Today, New Zealandôs indigenous grassland system remains not only a highly 

modified landscape but also a continuously changing landscape. Invasion exotic 

species such as gorse and hieracium continue to threaten the re-establishment of 

native vegetation. Furthermore, recent changes in land-use activities have led to 

further fragmentation. An increasing number of indigenous grasslands (in the 

South Island), formerly used for extensive grazing, are being replaced with exotic 

pasture, forestry plantations, and perennial crops. However, though most New 

Zealandôs indigenous grasslands have been modified to varying degrees by 

indirect and direct effects human activity, they have continued to support a rich 

flora and are characterized by high species diversity (Dickinson et al. 1998, 

McGlone et al. 2001, Walker et al. 2008, Mark et al. 2009).  
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Figure 1.1 Changes in the extent of New Zealand's indigenous grasslands since the arrival of 

humans 

Though expert-opinion-based estimates of the extent of the remaining grassland 

cover have been made (Mark & McLennan 2005), quantifying the true extent of 

grassland biodiversity continues to be a challenge (Walker et al. 2006). Several 

land-use/cover maps have been developed for New Zealand (Newsome et al. 

1987, Thompson et al. 2003). These methods relied heavily on field observation, 

making data collection time-consuming and economically inefficient for regular 

updates of large areas. Furthermore, vegetation cover mapped by Newsome et al. 

(1987) was mapped at a coarse 1:250,000 scale and the New Zealand Land Cover 

Database produced by Thompson et al. (2003) primarily targeted woody 

ecosystems. These maps have therefore not been reliable for accurately detecting 

changes in New Zealandôs grassland ecosystems (Walker et al. 2006).  

Internationally, the use of remotely sensed imagery is becoming a cost-effective 

method to identify and map land-use/cover changes in grasslands. Substantial 

improvements to the standardization, illumination, and viewing geometry, (Liang 

et al. 2005, Dymond and Shepherd 2004) along with enhanced spatial resolution 

(as much as 5 metre pixels), has significantly improved the ability to detect 

changes in vegetation cover. Therefore satellite imagery provides a viable source 

of data which can be used to efficiently and accurately detect land-use changes in 

grasslands.  
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Satellite imagery is useful for monitoring change in land-use at a global, regional 

or national scale by virtue of its large areal extent and high resolution. Substantial 

improvements to the standardization, illumination, and viewing geometry, 

(Dymond and Shepherd 2004, Liang et al. 2005) along with enhanced spatial 

resolution, has significantly improved the ability to detect changes in vegetation 

cover. Therefore satellite imagery provides a viable source of data which can be 

used to efficiently and accurately detect land-use changes in grasslands.  

There are a variety of change detection techniques that can be used to assess land-

use change. These can be summarized into two broad categories: change 

measurement (stratification) methods versus classification approaches (Malila, 

1980, Coppin et al., 2004). Change measurement method involves the use of 

algorithms and thresholds to determine the changed areas (Singh 1989b). 

Commonly used change measurement methods include image differencing, image 

regression, image ratioing, change vector analysis (CVA), and vegetation index 

differencing (Malila 1980, Coppin et al. 2001, Lillesand et al. 2004, Ding et al. 

2007, Lin et al. 2009).  In comparison, classification approaches, which include 

post-classification comparisons, are based on independently classified images (Lu 

et al. 2004). These images can be classified using a variety of techniques 

including: unsupervised classifications, supervised classifications, and manual 

digitizing. Classification approaches to detecting land-use change has the 

advantage of being able to provide a matrix of change information and has the 

ability to reduce the impact from radiometric calibration between the two dates of 

imagery (Coppin et al. 2004, Lu et al. 2004).  

Not all methods have the same ability to detect and monitor change in all 

ecosystems. Different change detection methods can yield different change maps. 

This is because the ability to detect change is a function of the class definitions, 

the spatial extent, and the context of the change (Khorram et al. 1988, Brockhaus 

and Khorram 1992). The selection of the appropriate method is therefore 

important. Though, numerous studies have compared change detection methods, 

few studies have compared methods for grasslands (Brockhaus and Khorram 

1992, Cohen and Spies 1992, Mas 1997, Bucha and Stibig 2008, Berberoglu and 

Akin 2009). Most comparisons of change detection methods have focused on 

land-use change in woody ecosystems (Mas 1997, Bauer et al. 2004, Dymond et 
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al. 2008b). In fact, little progress has been made in the application of remote 

sensing technology for monitoring change in grassland ecosystems (Buffing and 

Herbel 1965, Cayrol et al. 2000, Burba and Verma 2001). Furthermore, 

monitoring land cover change with remote sensing data can be unreliable when 

the process of interest operates at a scale below the spatial resolution of the 

sensor, as in patches of tussock grasslands converted to pasture.   

Nevertheless, monitoring of reflectance through time in grassland or semi-arid 

ecosystem is possible through recent remote sensing developments that 

standardise satellite images for atmosphere, illumination, and viewing geometry 

(Dymond and Shepherd 2004). Berberoglu (2009) used NDVI and image 

differencing of Landsat TM imagery to detect change in semi-arid landscapes. 

Other studies successfully used spectro-radiometer and satellite data to estimate 

and assess biophysical characteristics of grassland ecosystems including biomass 

and leaf area index (Briggs and Nellis 1989, Friedle et al. 1994, Chen and 

Brutsaert 1998). In addition, remotely sensed data have been used to discriminate 

among land cover and grassland types (Price et al. 1993), and textural algorithms 

have been used to discriminate among grassland communities (Lauver and 

Whistler 1993). Studies have also shown the usefulness of high spectral satellite 

imagery (Bradley and Mustard 2005) and multi-temporal imagery (Langley 2001) 

for detecting changes in grassland vegetation. In New Zealand, Vescovo et al. 

(2009) conducted a preliminary study of mapping biomass and cover in New 

Zealand Grasslands using 2003/2004 Landsat imagery. They found marked 

variability between different grassland types, though they noted that indigenous 

tussock grasslands showed a ñvery similarò spectral signature to depleted low-

productive areas. Other studies have found single-date Landsat TM data provided 

a reliable method for mapping vegetation cover in semi-arid regions (Langley 

2001). 
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1.3 Research Questions 

The main research questions addressed in this thesis are: 

¶ How can we monitor and quantify trends in indigenous grasslands? 

¶ What are the recent and current patterns and rate of conversion in New 

Zealandôs indigenous grasslands?  

¶ What are the environmental, social, and economic correlates of 

conversion? 

¶ Can past patterns of conversion be used to predict future patters of 

conversion? 

¶ What are the likely impacts of validated vulnerability assessments to 

current prioritisation tools? 

1.4 Goals 

The goals of this thesis are to:  

¶ Address the information gaps in (1) remote sensing technological 

developments and national land cover data and (2) knowledge of the status 

and trends in indigenous grasslands. 

¶ Map grassland types using fine-scale spatial satellite imagery.  

¶ Detect changes using stratified spatial sampling of remote sensing data and 

ground truth outputs using stratified spatial sampling methods. 

¶ Apply spatial regression and modelling approaches to identify the key 

predictors of habitat conversion.  

¶ Compare and validate patterns of conversion as predicted by past patterns 

of change, to actual observed patterns of conversion. 

¶ Assess the likely impacts of validated vulnerability assessments to current 

prioritisation tools.  

The thesis comprises of four main chapters (2-5) that have been accepted by, or 

submitted to four international journals: New Zealand Journal of Geography 

(published in New Zealand), New Zealand Journal of Ecology (New Zealand), 

Environmental Conservation (UK), Environmental Management (USA). While 

each chapter is self-contained with an introduction and background literature 

review, and formatted according to the relevant journal style, each chapter builds 
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on the results of the previous chapter to develop an overview of the patterns of 

loss and conservation implications of New Zealandôs indigenous grasslands.  

Chapter 2 evaluates a selection of remote sensing based land-use change detection 

methods. It addresses the information gap between remote sensing technology and 

land use change detection in New Zealandôs indigenous grasslands. It also 

includes an analysis of temporal profile of different grassland covers to explain 

the performance of the different change detection methods. This research has been 

submitted to New Zealand Journal of Geography as, Weeks E.S., Dymond J.R., 

Shepherd J.D., and Aussiel A.E. Remote sensing methods to detect land-use 

changes in New Zealandôs indigenous grasslands. 

In Chapter 3 the most appropriate land-use change detection method is adopted to 

evaluate conversion in grasslands in the South Island of New Zealand during two 

consecutive time periods (1990-2001 and 2001-2008) spanning 18 years, using 

satellite imagery. It also identifies types and patterns of conversion that result in 

the loss of habitat for indigenous species in different ecological districts, land 

environments, land-use capabilities, and administrative districts. This research has 

been accepted by the New Zealand Journal of Ecology: Weeks E.S., Walker S., 

Dymond J.R., Shepherd J.D., and Clarkson B.D. Patterns of recent and past 

conversion of New Zealandôs indigenous grasslands.  

Chapter 4 describes a method for an assessment of the vulnerability of remaining 

areas of indigenous grassland. Quantitative spatial models to predict the 

vulnerability of remaining indigenous grassland to conversion were created, based 

on new mapping of past and current land use in relation to patterns of climate, 

topography, soils, and proximity to infrastructure (i.e. roads) or existing 

development. Furthermore model validation techniques were developed to 

measure the ability of vulnerability of predictions based on past conversion to 

predict current and future conversion. This research has been accepted by 

Environmental Conservation: Weeks E.S., Overton J.M., and Walker S., 

Estimating dynamic patterns of vulnerability in a changing landscape: a case 

study of New Zealandôs indigenous grasslands. 

The final research paper, Chapter 5, builds on Chapter 4 in which the likely 

impacts of validated vulnerability assessments to current prioritisation tools are 
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addressed. This chapter considers the importance of using validated vulnerability 

data in conservation planning and assesses the congruence of realised protection 

outcomes with apparent conservation priorities from simple and more complex 

planning tools, and those using surrogate and validated vulnerability data. This 

research has been accepted subject to changes by Environmental Management as: 

Weeks E.S., Walker S., Overton J.M., and Clarkson B.D. The value of validated 

vulnerability data in conservation planning.  

Chapter 6 is a synthesis of the research presented in the preceding four chapters. It 

highlights the key findings of this research and summarises general trends in 

conservation planning in New Zealand. It also makes recommendations for future 

research needed to improve conservation planning in New Zealand.  
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2 Remote sensing methods to detect land-use changes in New 

Zealandôs indigenous grasslands
1
 

2.1 Abstract 

In order to improve biodiversity management in New Zealandôs indigenous 

grasslands, it is necessary to monitor land-use/cover change trends. We evaluated 

a selection of change detection methods (image differencing, NDVI differencing, 

post classification, and visual interpretation) to determine the most accurate 

method for detecting land-use change in New Zealandôs indigenous grasslands. 

Our results demonstrated the difficulties of detecting change in New Zealandôs 

indigenous grasslands. In the grassland landscape, automatic detection methods 

were not able to differentiate between variations of soil moisture and vegetation 

phenology from variations in land-use change. This, in combination with 

topographic effects, which have hampered the automated mapping of vegetation, 

is the main reason why visual interpretation of high-resolution imagery is still 

needed. Operator-assisted interpretations of high-resolution imagery were able to 

detect change at 98% accuracy. This surpassed all other methods, which were 

unable to achieve an overall accuracy greater than 56%.  

 

Key words: remote sensing, land-use change, indigenous grasslands, New Zealand 

 

                                                 
1
 Submitted as Weeks E.S., Dyomnd J.R., Shepherd J.D, and Aussiel A.E. to New Zealand Journal 

of Geography  
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2.2 Introduction  

Land use has been recognized as one of the major drivers of global change in 

ecological systems over the past several decades (Coupland 1994, Vitousek 1994, 

Sala et al. 2000, Weng 2002). Rapid and sizeable changes, brought about 

primarily through the demand for productive land, are occurring across different 

ecosystems, including grasslands. Recent estimates indicate that 41% of all 

temperate non-woody grasslands, savanna and shrublands have been converted to 

agricultural land (White et al. 2000). Many grasslands continue to remain under 

threat to further conversion for intensive land uses, and it is uncertain how best to 

monitor them, particularly in New Zealand (Walker et al. 2006). 

Approximately 60% of New Zealandôs land area is made up of a variety of 

grassland ecosystems comprising either introduced or indigenous grassland 

species (Wardle 1991). Approximately one-fifth of these grasslands are modified 

indigenous short and tall-tussock communities, mostly located on the South Island 

(Mark and McLennan 2005). They were created around 800 years ago through the 

burning of lowland forest by Maori for Moa hunting and to encourage the growth 

of bracken fern (Pteridium aqulinum L.) (Stevens et al. 1988, Ewers et al. 2006). 

After the arrival of Europeans (circa 1840), most of the indigenous grasslands in 

the South Island were acquired from the Maori by the British Crown and pastoral 

licenses were granted for up to 33 years (Brower 2008). This led to rapid changes 

in the landscape. Lease holders used fire to ready land for grazing and to facilitate 

travel. By the 20
th
 century there was substantial loss of native species through 

conversion to vigorous European seeding exotic grasses maintained by the 

widespread use of fertilizers and herbicides.  

Informal observations and (albeit limited) quantitative data suggest that in the last 

decade conversion (ñdevelopmentò and/or ñimprovementò) for dairy intensive 

grazing of dairy stock is proceeding rapidly in New Zealandôs remaining 

indigenous grasslands. This has led to the introduction of exotic European seeding 

grass species, such as short rotation rye grass, white clover and red clover, which 

were better suited to high stocking rates and intensive grazing. Type 1 
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discretionary consents
2
 were issued on 17 pastoral leases in the period April 2002 

to March 2003 and on 35 and 42 leases in the subsequent 12-month periods 

(Walker pers. com.). Land reform (colloquially known as ñTenure Reviewò) is 

gathering pace, dividing former pastoral leases into separate freehold (privatized) 

and conservation parcels, concentrating pastoral production within the freehold 

portion, usually on lower elevation land, and enabling new land uses such as 

subdivision, dairying and viticulture. This appears to be leading to accelerated 

loss of indigenous grasslands (i.e. low producing, depleted and tall tussock 

grasslands) on land transferred to freehold through Tenure Review. 

Spatially explicit information describing the extent, condition, protection status 

and trends in New Zealandôs indigenous grasslands is a critical requirement for 

assessing the impacts of current land management practices and conservation 

initiatives. It is necessary to determine where, and how urgently, changes in 

regulations, management and conservation practices are required for sustainability 

of indigenous grassland ecosystems. Though several land cover maps have been 

developed for New Zealand, including New Zealand Land Resource Inventory 

(NWASCO 1975-79) The Vegetative Cover of New Zealand (Newsome et al. 

1987), and the New Zealand Land Cover Database 1 (1996/1997) and 2 

(2001/2002) (Thompson et al. 2003). These maps were developed using intensive 

field observation, making data collection time-consuming and economically 

inefficient for regular updates of large areas. Furthermore, vegetation cover 

mapped by Newsome et al. (1987) was mapped at a coarse 1:1,000,000 scale, and 

the New Zealand Land Cover Database produced by Thompson et al. (2003) 

primarily targeted woody ecosystems. These maps have therefore not proved 

useful for detecting changes in New Zealandôs grassland ecosystems (Walker et 

al. 2006).  

Internationally, the use of remotely sensed imagery has become a cost-effective 

method to identify and map land-use/cover changes in grasslands. Berberoglu 

(2009) used NDVI and image differencing of Landsat TM imagery to detect 

change in semi-arid landscapes. Other studies successfully used spectro-

                                                 
2
 Type 1 consents are issued for Burning, Clear Scrub, Cultivation, Earth Disturbance, Fertiliser, 

Maintain/upgrade tracks, Plant Trees, Soil Disturbance, Sow Seed, Topdress, Tracking, or 

Trenching 
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radiometer and satellite data to estimate and assess biophysical characteristics of 

grassland ecosystems including biomass and leaf area index (Briggs and Nellis 

1989, Friedle et al. 1994, Chen and Brutsaert 1998). In addition, remotely sensed 

data have been used to discriminate among land cover and grassland types (Price 

et al. 1993), and textural algorithms have been used to discriminate among 

grassland communities (Lauver and Whistler 1993). Studies have also shown the 

usefulness of high spectral satellite imagery (Bradley and Mustard 2005) and 

multi-temporal imagery (Langley 2001) for detecting changes in grassland 

vegetation.  

While previous studies have used high resolution spectral data from satellites and 

spectro-radiometers to estimate biophysical characteristics of grasslands and to 

discriminate among major grassland cover types in New Zealand (Vescovo et al. 

2009), little research has quantitatively compared different methods for detecting 

changes in between grassland cover types. The objective of this study therefore is 

to compare a selection of different land-use/cover change methods (image 

differencing, NDVI differencing, post-classification, and manual mapping) to 

detect changes between different grassland cover types (low producing grasslands, 

depleted grasslands, tall tussock and exotic pasture) found in New Zealand. For 

the purpose of this study low producing, depleted and tall tussock grasslands are 

considered óindigenousô grasslands (visualised as greenish brown, because of the 

high reflectance of red and medium-infrared bands) because they are extensively 

managed grasslands dominated by endemic tussock grass Chionochloa, Poa, and 

Festuca species. The non-indigenous grasslands include high producing 

grasslands (visualised orange-red in the false colour visualisation because of their 

high reflectance in the near-infrared band) which are intensively managed 

grasslands characterised by exotic European seeding grass species, such as short 

rotation rye grass, white clover and red clover. We measured the accuracy of each 

method to detect change between the indigenous grasslands and the non-

indigenous grasslands. We also analyse temporal profiles of different grassland 

covers in order to try to understand the difficulties described in the literature of 

separating the four different grassland cover types.  
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Study Area  

The study area is the Mackenzie Ecological Region (51,377km
2
) in the centre of 

South Island, east of the Southern Alps (Figure 2.1). The Mackenzie Ecological 

Region has a semi-arid climate with high velocities of wind and highly variable 

seasonal temperatures. The high mean summer temperature is 20ºC and the 

average low winter temperature is ï1ºC. Precipitation also widely varies between 

the seasons. The average annual precipitation is between 500 and 1000 mm, with 

most rainfall falling in the winter (June to September) (Leathwick 2003).  

According to the New Zealand Land Cover Database (LCDB) approximately 91% 

of the study area is in óindigenousô grasslands (depleted, low producing and tall 

tussock grasslands). The remaining 9% of the study area includes lakes and rivers 

(4%), exotic pasture (seeding European species) (4.6%), settlements (0.01%) and 

high alpine herbs (0.4%).  

 

Figure 2.1 Location of the study area, the Mackenzie Ecological Region, is in south-west 

Canterbury in the South Island in New Zealand (Landsat 7 ETM+ bands 4, 5 and 3 mapped 

to red, green and blue). 



19 

 

2.3 Methods  

Satellite data & pre-processing 

The dataset for this study comprised Landsat 4 ETM+ and Landsat 7 ETM+ 

ortho-rectified satellite images, taken during the summers of 1989/1990 and 

2001/2002. We removed the confusing effects of topography (Dymond and 

Shepherd 1999) by processing the imagery to standardised spectral reflectance, 

that is, reflectance on a flat surface, viewed from zenith, with a standard solar 

elevation (Dymond and Shepherd 2004). The ETM+ bands were also pan 

sharpened to 15m pixels using a local correlation filter (Dymond and Shepherd 

2004) to retain the integrity of the original spectral signatures. 

Four images were mosaicked to get a 95% cloud-free coverage of the Mackenzie 

Ecological Region. The images were geometrically corrected and geo-referenced 

to the New Zealand Map Grid (NZMG) coordinate system by using 2.5 meter 

pixel black-and-white ortho-photographs as reference. Approximately 25 evenly 

distributed ground control points (GCPs) pairs were selected to produce a 

mapping transformation with a root mean square (RMS) mapping error of 20 

meters. Re-sampling was performed using cubic convolution.  

The final mosaicked images of the Mackenzie Ecological Region were then 

masked to exclude areas that were not grasslands. A mask of grassland cover was 

created using the four grassland covers described in New Zealandôs Land Cover 

Database (low producing grasslands, depleted grasslands, tall tussock grasslands, 

and high producing grasslands) (Thompson 2003). The final images used for 

change detection included areas of grassland cover only, and excluded all other 

cover types.  

Image differencing 

The image differencing method resulted in a residual image which represents the 

change resulting from the subtraction of the two dates (nominally 1990 and 2002). 

Band 4 was used for the change detection because it is one of the most useful 

bands for detecting vegetation change (Singh and Yadava 1974, Singh 1986, 
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1989). Using ERDAS Imagine 9.2, a temporal difference image was derived using 

the standard formula: 

   Dx
k
 ij= x

k
 ij (t2) ï x

k
 ij (t1)    (1) 

where x
k
ij (t2) is the reflection of the ij th pixel in band k at time t2.  

Pixels of no reflectance change were distributed around the mean, while pixels of 

reflectance change were distributed in the tails of the distribution (Singh and 

Yadava 1974, Singh 1986). Large negative or large positive values corresponded 

to probable change. A thematic image of óchangeô and óno changeô was produced 

by thresholding the difference image. A crucial component of this change 

detection method is the selection of a threshold value between óchangeô and óno 

changeô. Numerous techniques have been used in selecting thresholds (Stow et al., 

1997, Phinn et al., 1999, Rogerson, 2002). For this study, we adopted the 

interactive approach used by Woodwell et al. (1983). Various standard threshold 

levels were applied to the lower and higher tail of each distribution in order to 

find the threshold value that produced the highest classification accuracy.  

NDVI differencing  

The NDVI is a widely used spectral vegetation index that has been correlated to 

biomass, plant productivity, and a variety of other vegetation parameters (Rouse 

et al. 1974, Tucker 1979). The NDVI is calculated from the red and near-infrared 

standardised reflectance images:  

NDVI = (nir ï r) / (nir + r)     (2) 

where nir is the standardised reflectance in the near-infrared band and r is the 

standardised reflectance in the red band. We calculated NDVI for both dates and 

then differenced them to create a change map (Nelson 1983, Singh 1986). We 

then selected the optimum threshold values of change by maximizing the 

classification accuracy associated with a given number of standard deviations.  

Post-classification 

We used the matrix operation tool from GIS Analysis in ERDAS Imagine to 

compare the two land cover thematic images, Land Cover Database 1 (LCDB1) 

and Land Cover Database 2 (LCDB2). LCDB1 was developed in 1997 using 

SPOT imagery, and updates where made in 2002/03 using Landsat 7 ETM+ 
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satellite imagery, to create Land Cover Database 2 (LCDB 2) (Thompson et al., 

2004). Each LCDB map consisted of a vector-based thematic classification of 43 

land cover/uses, four of which were considered for this study: low producing 

grassland, tall tussock grassland, exotic pasture, and depleted grasslands. The 

resulting thematic image classified óchangeô as any change between the above 

classes. We then used the matrix operation tool enable thematic recoding. The 

resulting file was a binomial thematic image with two classes, óchangeô and óno 

changeô.  

Manual mapping and visual interpretation 

Land-use change, from indigenous grassland (low producing grasslands, tall 

tussock and depleted grasslands) to a non-indigenous grassland cover (exotic 

pasture) was manually mapped using visual interpretation. Satellite imagery was 

used for interpretation and was supplemented with ortho-rectified aerial 

photography. Using ERDAS Imagine 9.1, each polygon of change was digitized at 

a display resolution 1:10,000. Digitizing was conducted using the area of interest 

(aoi) tool. The aoi file was then converted to a vector file. This file was then 

converted to a binomial raster layer of óchangeô and óno changeô.  

Accuracy Assessment  

Each change detection method was checked for accuracy using stratified random 

sampling. The change detection layers consisted of two strata, óchangeô and óno 

changeô. Within each stratum, at least 75 random samples were selected 

(Congalton 1991). Actual change was determined by visually examining the area 

around the selected points in a sequence of ortho-photographs at a 1:1,000 scale, 

using the three dates of imagery (1990, 1996, and 2002).  

Classification accuracy was assessed using the ERDAS Imagine Accuracy 

Assessment utility. The overall classification accuracy was calculated from the 

error matrix by dividing the correctly classified samples (sum of the values in the 

main diagonal) by the total number of samples. The producerôs accuracy (errors of 

omission) and userôs accuracy (errors of commission) were also derived from the 

error matrix. The producerôs accuracy is calculated by dividing the number of 

correct pixels in one class by the total number of pixels as derived from reference 
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data; the more errors of omission, the lower the producerôs accuracy (Banko 

1998). The userôs accuracy measured the reliability of the map by dividing the 

correct classified pixels in a class by the total number of pixels. The Kappa 

coefficient was also calculated to provide an additional measure of the overall 

accuracy; it measured the proportion of agreement after chance agreements have 

been removed from consideration (Rosenfield 1986). For example, when the 

Kappa coefficient is zero the agreement between classified data and verification 

data equals chance agreement.  

Trend Analysis 

To explore the phenology of the four grassland covers, a time series of remotely 

sensed data was collected from SPOT 4 VEGETION (1km resolution) throughout 

the growing season. The VEGETATION sensor was selected because its wide 

swath provides daily coverage of the study area. We derived the average NDVI 

for each of the grassland cover types in the study area, and a time series between 

1998 and 2007 of averaged ten-daily NDVI was produced.  

2.4 Results  

Thresholds 

Standard deviations of 1ů, 2 ů, 3ů and 4ů was tested for both the NDVI 

differencing and Image differencing data to define the most suitable threshold. As 

result of this assessment 2ů was the most accurate one among others and showed 

more important spectral variation between the two dates. Figure 2.2 shows the 

spatial distribution of spectral change for the two change detection methods, and 

the corresponding histogram. Difference between NDVI images ranged from -

0.25 and -0.92 with and the range of difference between images using the image 

differencing method was -85 and 112. Threshold application was performed for 

each change detection method using the following formulas:  

no change = µ-2ů<x< Õ+2ů ,and change = µ-2ů<x>Õ+2ů           (3) 

This image was reclassified which resulted in a new image with the value of ó0ô 

assigned for óno changeô and ó1ô for changed areas. The total set of óchangedô and 

óunchangedô pixels resulting from the above reclassification were used for the 

accuracy assessment.  
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 2.2 Spatial distribution of spectral change between images and corresponding histogram used to define change threshold. 
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Comparison of change detection methods 

Table 2.1 shows the accuracy of the four change detection methods. NDVI 

differencing had higher userôs accuracy (97%) for the óno changeô class than for 

the óchangeô class (11%). In addition, the producerôs accuracy for the óchangeô 

class was higher (81%) than the óno changeô class (52%). There was a noticeable 

difference between the accuracy of óno changeô and óchangeô detection using the 

NDVI differencing method. With the óno changeô classification, the userôs 

accuracy 98% compared to 13% for the óchangeô classification. There were more 

errors of omission in the óchangeô class than errors of commission, resulting in a 

userôs accuracy of 53%. In comparison, the post-classification method and visual 

interpretation also had high userôs accuracy (98%, and 99% respectively) for the 

óno changeô detection. However, the userôs accuracy for óchangeô was the lowest 

(4%) for the post-classification and highest (97%) for visual interpretation.  

Table 2.1 Accuracy (%) of the change detection methods (image differencing, NDVI 

differencing, post classification, and visual interpretation). 

Class Name 

Producers 

Accuracy 

Users 

Accuracy 

Overall 

Accuracy Kappa 

Image differencing 

no change 81 97 
54 0.09 

change 52 11 

NDVI  differencing 

no change 95 98 
56 0.12 

change 53 13 

Post-classification 

no change 45 98 
47 0.04 

change 100 4 

Visual interpretation 

no change 97 99 98 

 

0.97 

 change 98 97 

 

Visual interpretation attained the highest overall accuracy of 98% and post-

classification had the lowest overall accuracy (47%). Of the two automatic 
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detection methods, NDVI differencing attained a slightly higher accuracy (56%) 

than image differencing (54%). The Kappa statistics for all methods other than 

visual interpretation was low. Post-classification had the lowest Kappa statistic 

(0.04), followed by image differencing (0.09) and NDVI differencing (0.12). 

Visual interpretation had the highest kappa statistic (0.96). 

 

Figure 2.3 A comparison of the distribution of óchangeô and óno changeô detected using four  

different  change detection methods (image differencing, NDVI differencing, post 

classification, and visual interpretation). 

Image differencing, NDVI differencing, and post-classification methods were 

unable to detect all land cover changes (Figure 2.3). Image differencing, however, 

was able to detect more (87,200 ha) óchangeô than that of post classification (387 

ha) or NDVI differencing (20,430 ha) (Figure 2.4). Though image differencing 

detected more change, much of the óchangeô detected was not true óchangeô. 
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Attempts to reduce these inaccuracies by adjusting the threshold proved 

unsuccessful.  

 

Figure 2.4 A comparison of the area of change (measured in thousands of hectares) detected 

for each change detection method (image differencing, NDVI differencing, post-

classification, and visual interpretation). The reference data was collected using arial 

photographs and ground-truthing . 

Figure 2.5 highlights the differences between the four change detection methods. 

The visual interpretation method produced the most accurate map (Figure 4f). 

Image differencing (Figure 4c) resulted in a change map with a scattered 

distribution of change. Extensive areas were mapped as land use/cover óchangeô. 

NDVI differencing (Figure 4d) produced a similar map to that of image 

differencing; however, unlike image differencing, it underestimated the 

distribution of change. The post-classification (Figure 4e) method produced a 

change map with little detected change.  
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Figure 2.5 A comparison of the distribution of change for four change detection methods 

(image differencing, NDVI differencing, post-classification, and visual interpretation). Figure 

(a) illustrat es the land cover in 1990 and (b) in 2001 (Landsat ETM+ bands 4,5 and 3 

mapped to red, green, and blue). Figures c-f illustrates the changes (in red) detected for each 

change detection method. 

Trend Analysis 

Figure 2.6 shows the time series plot of NDVI for the five grassland cover types. 

There is significant inter-annual and seasonal variation in spectral response. The 

low producing and depleted grasslands tend to have greater within-class 

variability than the more homogenous tall tussock and high producing exotic 

grasslands. This illustrates the effect of changes in climatic and vegetation 

condition from season to season. While the spectral response for high producing 

exotic grasslands and tall tussock is more consistent from year to year, there 

remains a high variability in low low producing and depleted grasslands due to 

various factors including atmospheric conditions, soil moisture, vegetation 

phenology, and the extent of bare ground. 




















































































































































































































