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Abstract 
Landscape design – the particular placement of areas devoted to restoration of native 
vegetation at landscape scales – is a primary approach to climate adaptation for 
biodiversity management.  It may facilitate the maintenance of larger populations as 
well as shifts in species distributions, both of which should help native species adjust to 
changing climates.  However, it is unclear exactly how to design landscapes to best 
achieve these goals, particularly because a range of possible changes in land uses and 
shifts in species distributions are expected under climate change and these could 
interact with landscape design approaches for biodiversity.   

We investigated whether one or more current approaches to landscape design would 
be robust to future climates – would tend to improve the likelihood of persistence for 
native species (and decrease the likelihood of persistence for key invasive species) 
across a range of plausible futures.  Specifically, we selected two case study 
landscapes in south-eastern and north-eastern New South Wales and modelled 48 
future landscapes for each.  Future landscapes were constructed from four storylines of 
land-use change based on different future climates, two global climate models applied 
with future climates to model future vegetation communities, and three current 
approaches to landscape design plus controls for both spatial planning and total 
amount of restoration.  We then used a metapopulation capacity model to evaluate the 
change in each landscape’s capacity to support viable populations relative to the 
current landscape.  We modelled four native species groups: native orchids, fauna that 
specialise on wet forest environments, and two groups of fauna that specialise on 
grassy woodland and dry forest environments.  We also modelled two invasive species, 
red fox (Vulpes vulpes) and peppercorn tree (Schinus molle).  We then analysed 
whether the change in metapopulation capacity across all future landscapes for all 
species was influenced by landscape design principles.  We used Generalised Linear 
Models and compared 14 candidate models based on alternative hypotheses using 
Akaike’s Information Criterion. 

We found no effect of detailed spatial placement of restoration projects on the change 
in metapopulation capacity of our future landscapes.  Only our positive control – 
restoring landscapes to ~30% native vegetation cover – improved future landscapes 
relative to current landscapes.  All current design approaches failed to fully compensate 
for losses in metapopulation capacity resulting from climate-related changes in land use 
and native vegetation communities.  However, the effect of design principles differed 
across species.  The capacity of landscapes to support wet forest specialist fauna 
declined regardless of landscape design, and the invasive peppercorn tree increased 
with landscape improvements for native species.  Improvement in metapopulation 
capacity also depended on land-use change storyline, so spatial planning of changes in 
land use may provide an additional management lever that is currently underutilised.  
We suggest that current approaches to landscape planning may not be sufficient to 
serve as climate adaptation strategies for biodiversity.  A variety of new approaches 
need to be explored even if they may be challenging to implement.  Greater 
concentration of effort in priority corridors, with local actions to match local goals, may 
be the best immediate action until new solutions are developed. 
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Executive summary 
Climate change is expected to result in significant changes in temperature, rainfall and 
evaporation, with the degree of change projected to accelerate within just a couple of 
decades.  As a result, Australia’s native species will experience quite different local 
environments than they do now and they will need to adjust to those environmental 
changes, move to live elsewhere, or go extinct.  Large populations and well connected 
natural areas may be required for species to make these adjustments, but both of 
these have been impacted by alteration of land uses and fragmentation of natural 
areas.  Thus, landscape design and management is one of the primary ways in which 
land managers can adapt their management of biodiversity under climate change.  
Under landscape design and management, areas to be managed and/or restored for 
biodiversity are planned in very specific locations over relatively large scales with the 
aim of achieving more than a sum of the parts – not just lots of small populations but 
large populations that are spread over multiple patches of native ecosystems in the 
landscape, intermingled with other necessary land uses. 

Many landscape design and management initiatives are underway in Australia and they 
differ substantially in their specific details.  Unfortunately, it is not yet clear whether one 
set of these ‘landscape design principles’ is better than another as a climate adaptation 
action.  This is in part because landscape design principles are developed and 
implemented based on analyses of current landscapes rather than future, climate-
affected landscapes.  Yet future landscapes may be very different, not only in terms of 
where we might expect to find particular native species but also in terms of land uses 
including the types of crops grown, the extent of urban areas, and the amount of land 
devoted to relatively new land uses like carbon sequestration.  All these potential 
changes to landscapes could affect where native species live and the degree to which 
the landscape is connected to allow species movements.  Thus, we need to evaluate 
how well different landscape design principles perform in future landscapes.  And 
because we can’t predict exactly what future landscapes will look like, we need to 
consider a broad range of possible futures and try to identify landscape design 
approaches that are likely to assist native species across all of them. 

To accomplish these goals, we modelled a range of plausible future landscapes and 
applied the most common current landscape design principles to these landscapes (as 
well as an aspirational design principle).  We then evaluated the degree to which the 
design principles might improve the capacity of the landscapes to support populations 
of native species in the long term, and decrease their capacity to support two key 
invasive species.  Our goal was to find one or more landscape design principles that 
improved all future landscapes for native species, as such an outcome would allow us 
to plan for the future without having to know precisely what the future will look like. 

We worked with two case study landscapes: South-East New South Wales (which 
incorporated the Southern Rivers, Murray and Murrumbidgee Catchment Management 
Authority areas) and North-East New South Wales (which incorporated the Border 
Rivers/Gwydir, Namoi and Northern Rivers Catchment Management Authority areas).  
We modelled 48 future versions of each of these landscapes based on: 

• Four ‘storylines’ of land-use change linked to different potential future climates 
as well as social and economic drivers and barriers of land-use change (defined 
with a group of experts across disciplines including agriculture and forestry) 

• Two global climate models which project differing rainfall patterns associated 
with each future climate and were used to model two versions of where native 
vegetation communities will be in the future 
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• Six landscape design principles based on the amount and placement of new 
areas of native vegetation in the landscape (three determined based on 
structured interviews with Australian landscape managers about where they 
currently place vegetation management/restoration projects in their landscapes, 
one with random placement of new native vegetation, one with no new native 
vegetation, and one with a much greater area of native vegetation restoration 
than currently considered achievable) 

We then evaluated our 96 future landscapes using a ‘metapopulation capacity’ model, 
which uses data on species’ habitat preferences and movement abilities to estimate a 
landscape’s ability to support populations that are large enough to persist long into the 
future.  We ran the model for four groups of native species (native orchids, animals that 
specialise on wet forest environments, and two groups of animals that specialise on 
grassy woodland and dry forest environments) as well as two invasive species (red fox 
and peppercorn tree).  We were hoping to find that one or more of the current, 
implementable design principles tended to do a better job of improving the 
metapopulation capacity of landscapes (increase it for native species groups and 
decrease it for invasive species) relative to the other principles across all the future 
landscapes. 

Instead, we found that only our aspirational design principle – restoring landscapes to 
~30% native vegetation cover – improved future landscapes relative to current 
landscapes.  None of the currently used design principles was better than another at 
improving the ability of a landscape to support native species in the long term, at least 
when assessed at these large landscape scales.  Even random placement of new 
areas of native vegetation achieved similar outcomes for biodiversity on average as 
principles based on careful spatial planning.  However, there were some differences 
between species.  The capacity to support wet forest specialist fauna declined 
regardless of design principles, and the invasive peppercorn tree increased with 
landscape improvements for native species.  Improvement in the capacity to support 
populations into the future also depended on land-use change storyline, so spatial 
planning of changes in land use may provide an additional management approach to 
climate adaptation for biodiversity management.     

Collectively, these results suggest that current approaches to landscape design and 
management may not be sufficient to serve as climate adaptation strategies for 
biodiversity.  The total amount of restoration is more important than detailed spatial 
configuration to counteract declines in biodiversity from climate-related changes in land 
use and suitable habitat, at least at very large landscape scales.  A variety of new 
approaches to landscape design thus need to be explored, including planning the 
placement of productive land uses in the landscape to achieve biodiversity co-benefits.  
In the meantime, our results suggest that the best current no-regrets options include: 

• aligning local efforts over large scales but empowering local managers to 
design landscapes based on local knowledge and goals 

• developing complementary management strategies for a few types of invasive 
species that are most likely to benefit from restoration at landscape scales 

• concentrating effort to achieve ~30% native vegetation cover over smaller 
priority areas 
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1 Introduction 

1.1 Broad Objectives of the Research 

It may be impossible to prevent climate change from impacting biodiversity, and indeed 
a range of impacts are already being observed (Doerr et al. 2011c; Dunlop et al. 
2012b).  Yet it should be possible for species and ecosystems to respond to 
environmental change to some degree via existing ecological and evolutionary 
processes.  These processes include genetic adaptation but also phenotypic and 
behavioural plasticity, including changes in dispersal patterns that result in shifts in 
species’ distributions (Donnelly et al. 2012; Hughes et al. 2010; Lande 2009; Lawler 
2009).  Our understanding of how to support these processes is limited, but they all 
require variability (genetic, phenotypic or behavioural) and variability is usually greater 
in larger populations (Hartl and Clark 2007; Lacy 1997).  In addition, changes in 
dispersal patterns will only be possible if the broader landscape between populations is 
sufficiently permeable to allow movements of native species (Doerr et al. 2011a).  
Thus, the most common approach to climate adaptation for terrestrial biodiversity is to 
scale up from traditional site-based management to planning and managing at 
landscape scales (Alexandra 2012; Pettorelli 2012).  In landscape design and 
management, larger population sizes and greater permeability may both be achieved 
through functionally linking smaller patches of native vegetation, reducing threats from 
the ‘matrix’ (the wider landscape between patches), and increasing the nativeness of 
the matrix itself (Bennett 2004; Hilty et al. 2006; Mackey et al. 2010).    

However, philosophies and approaches to landscape design and management differ 
widely, influenced by different ideas in the fields of landscape ecology and 
metapopulation theory as well as by different local experiences of the practicality of 
achieving landscape-scale biodiversity goals.  Furthermore, current planning 
approaches to determine where and how to improve landscapes for biodiversity are 
usually conducted using information about current native community compositions and 
surrounding land uses (e.g., Barrett et al. 2011; Barrett and Love 2012; MCMA 2012).  
Yet climate change is projected to significantly impact both of these (Ferrier et al. 2010; 
Olesen and Bindi 2002; Stokes and Howden 2010), so it’s difficult to know which of the 
many approaches to landscape management are likely to be robust into a climate-
affected future.  Thus, the aim of this project was to compare the performance of some 
of the most commonly used approaches to designing landscapes for biodiversity under 
a range of plausible climate-affected futures, focusing on the spatial placement of 
revegetation and restoration areas.  Our ultimate goal was to find some useful general 
principles – approaches to spatial restoration planning that are likely to have a positive 
effect on terrestrial biodiversity regardless of exactly which future climates, land uses, 
and native vegetation community types eventuate. 
 

1.2 Background on Landscape Design and Climate Change 

1.2.1 What is climate adaptation for biodiversity? 

Climate change is projected to have significant impacts on terrestrial biodiversity, 
potentially dramatically altering the suitability of environments and habitats for the 
majority of species (Araújo and Rahbek 2006; Pereira et al. 2010; Sommer et al. 2010).  
In turn, alterations in environmental and habitat suitability are expected to create 
pressure for significant changes in individual behaviour, population dynamics, species 
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composition of communities, and ecosystem function (Chapin et al. 2000; van der 
Putten et al. 2004).  These changes will occur either through extinctions of native 
species (Lawler 2009), or through natural ecological and evolutionary mechanisms for 
responding to environmental change (Donnelly et al. 2012; Hughes et al. 2010; Lande 
2009).  Adaptation to climate change for biodiversity management thus emphasises 
ways in which policy-makers and managers can support natural mechanisms for 
responding to change (Doerr et al. 2011c; Dunlop et al. 2012b) such as genetic 
adaptation and phenotypic and behavioural plasticity (including shifts in species’ 
distributions).  The result should be that species and ecosystems can adjust as much 
as possible to the changing environmental conditions they experience.  This is referred 
to as ‘managing the change to minimise the loss’ – in other words, land managers can 
actually facilitate the process of change in order to reduce the number of local and/or 
global extinctions (Dunlop et al. 2012a). 

Our knowledge of how policy-makers and land managers can actually influence 
processes like genetic adaptation and behavioural plasticity is limited.  However, all of 
these processes appear to require variation among individuals.  For example, much 
genetic adaptation arises through natural selection acting on genetic variation, resulting 
in shifts in average traits across a population (Ridley 2003).  Similarly, differences 
between individuals in the degree of phenotypic or behavioural plasticity could ensure 
that some individuals can respond to significant changes in their environments while 
others cannot (Nussey et al. 2007).  Although the amount of variability in a population 
can be influenced by a wide range of factors, greater variability is more likely in larger 
populations (Hartl and Clark 2007; Lacy 1997).  Thus, a goal that policy-makers and 
land managers can include as part of a climate adaptation plan for terrestrial 
biodiversity is simply to strive for larger populations of native species, to provide the 
underlying variability on which natural processes for responding to environmental 
change can act. 

1.2.2 The role of landscape design and management 

While managing for larger populations may sound simple, the reality is that habitat 
fragmentation and increasing intensification of both urban and agricultural lands have 
reduced many native species to small, isolated populations (Collinge 2009; 
Lindenmayer and Fischer 2006).  In Australia, this is particularly true along the east, 
southern and south-west coasts, and inland throughout the cropping zone (Robinson 
and Traill 1996).   

As a result, the primary approach to increasing population sizes is to manage 
biodiversity at landscape scales (Tabarelli and Gascon 2005).  Drawing on theories 
from metapopulation biology and landscape ecology, the intention is to manage 
multiple remnants throughout a landscape and the areas between them in concert.  
This could support larger populations, and natural processes of responding to 
environmental change, in multiple ways.  First, such management could ensure that 
individuals can move between remnants to provide gene flow and thus that multiple 
remnants could support a metapopulation of any given native species – a single, larger 
population from a functional genetic perspective, but one in which multiple smaller 
subpopulations exist in spatially separate remnants (Hanski and Ovaskainen 2000; 
Hilty et al. 2006).  In addition, by managing productive, privately held lands between 
remnants in ways that reduce threats to biodiversity, those productive areas could 
actually provide suitable environments for some native species, thus effectively 
increasing the size of remnants (i.e., through habitat supplementation or 
complementation; Dunning et al. 1992).  Finally, by managing remnants, connections 
between them, and the broader agricultural or urban ‘matrix’ in concert over large 
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areas, potential shifts in species’ distributions via longer distance dispersal events 
could also be facilitated (Doerr et al. 2011a). 

The shift to landscape-scale management of biodiversity actually commenced before 
concerns arose about how to adapt biodiversity management in the face of climate 
change.  A realisation that existing protected areas were unlikely to be comprehensive, 
adequate and representative (key goals of systematic conservation planning, Margules 
and Pressey 2000) stimulated a shift to thinking about biodiversity in all parts of the 
landscape, not just in protected areas (Norton 2000).  Increasingly in Australia, 
governments began investing in biodiversity conservation on private lands, for example 
through the federal Environmental Stewardship Program (Australian Government 
2009).   

Early efforts still focused on protecting and improving privately managed patches of 
remnant native vegetation, rather than connecting remnants, restoring new patches or 
reducing threats in the matrix (Marsden Jacob Associates 2010).  However, the focus 
on landscapes continued to increase with a greater diversity of funding opportunities for 
private land holders, and a particularly strong emphasis on connectivity in our 
landscapes (Australian Government 2008). Thus, when concerns about managing 
biodiversity under climate change became core issues for land managers, it appeared 
as though they already had a tool in hand – landscape conservation.  The result is that 
landscape design and management, sometimes called connectivity conservation 
(Worboys 2010) or a whole-of-landscape approach (Ferrier and Drielsma 2010), has 
become a predominant approach to biodiversity management for state and regional 
natural resource managers (DERM 2010; NRMMC 2010; NSW DECCW 2010).  It is 
also prominent at a national level with the emergence of many large-scale ‘corridor’ 
initiatives (like the Great Eastern Ranges Initiative (Mackey et al. 2010) and 
GondwanaLink (Bradby 2008)) and the federal government’s National Wildlife 
Corridors Plan (DSEWPAC 2012b), which is intended to guide investment in 
restoration and environmental plantings on a much larger scale than Australia has ever 
seen before. 

1.2.3 What is ‘best-practice’ landscape design? 

Despite the prominence of landscape-scale plans to manage biodiversity, there is no 
commonly agreed understanding of exactly what a landscape with multiple uses should 
look like in order to best support biodiversity.  The common ground is that most 
scientists, policy-makers and managers agree that landscape design and management 
involves improving the condition of existing remnants of native vegetation, increasing 
the amount of area devoted to native ecosystems, and at least managing if not 
improving the ability of species to move through landscapes (Doerr et al. 2011a; Hilty 
et al. 2006; Mackey et al. 2010).  The ultimate aim is to ensure the long-term 
persistence of native species and ecosystems, and to retain or improve species 
diversity in the landscape.  But there is still significant variation in how people think 
these goals might be achieved.  This variation arises for three primary reasons: 1) 
classic scientific debates between the fields of landscape ecology and metapopulation 
biology, 2) different views on the practical constraints of implementing landscape plans 
on private lands, and 3) different constraints imposed by sources of funding.   

In terms of scientific debates, the fields of landscape ecology and metapopulation 
biology both deal with how species might experience a spatially variable landscape, but 
the former tends to emphasise broad patterns of land use, while the latter tends to 
emphasise spatially-explicit details (Kadoya 2009; Wiens 1997; 2009).  Thus, 
managers influenced by the science of landscape ecology may aim to achieve a 
particular threshold of native vegetation cover in a landscape (Andren 1994; Radford et 
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al. 2005).  On the other hand, managers influenced by the science of metapopulation 
biology might be much more spatially explicit, aiming for a particular size, number, and 
placement of patches of native vegetation in the landscape (Doerr et al. 2010).  While 
these goals are not mutually exclusive, we still lack a consistent theory and practice for 
how they could be unified (Kadoya 2009).   

Even if scientists agreed on theoretical best-practice for landscape design, variation in 
implementation would still differ among regions based on different local opportunities 
and constraints, resulting in different approaches to landscape management even if 
designs are similar.  For example, implementing any spatially-explicit landscape plan 
requires cooperation from and coordination among private land holders, often in very 
specific areas (Whitten et al. In press).  Even with financial incentives for land holders 
to modify their land management to account for biodiversity, it may still be a challenge 
in some areas to convince land holders to participate, precluding a high degree of 
spatial targeting of landscape improvements (Reeson et al. 2009).  Finally, 
requirements of funding bodies may also constrain how a landscape plan is 
implemented, often leading to implementation of some aspects of a design but not 
others.  For example, if funding is available specifically for work in certain ecosystem 
types, other ecosystems that are critical components of the overall landscape may be 
ignored. 

1.2.4 ‘Best-practice’ in a climate adaptation context 

Even if we knew what best-practice landscape design was from both a pure science 
perspective and an implementation perspective, we still would not know best-practice 
when using landscape design and management specifically as a climate adaptation 
strategy.  This is because current approaches to developing landscape designs rely on 
knowledge of the current distributions of species, vegetation communities, and land 
uses (e.g., Barrett et al. 2011; Barrett and Love 2012; MCMA 2012).  Yet climate 
change is projected to alter these, through shifts in species distributions, changes in 
the associations of species that define communities, and substantial changes in land 
use (Dunlop et al. 2012a).  Good examples of the latter in particular are projected shifts 
in the cropping zone in eastern Australia (Nidumolu et al. 2012), changes in the types 
of crops grown (Olesen and Bindi 2002), increases in carbon plantings (Polglase et al. 
2011), and emerging markets for biofuels that might change both the types of crops 
grown and approaches to harvesting (Batten and O'Connell 2007).  When considering 
biodiversity in the wider landscape, all of these changes could have significant impacts 
on the permeability of the landscape for native species’ movements as well as the 
degree to which the areas between native ecosystem remnants provide environments 
suitable for some native species to live.  Thus, an effective landscape design in a 
current landscape might be significantly less effective once that landscape has 
changed in a climate-affected future.   

Implementing a landscape design for biodiversity, based on the placement of native 
vegetation, involves establishing plantings or managing areas of natural regeneration 
that are expected to remain in place for a very long time (e.g., a minimum of 100 years 
in the New South Wales Greenhouse Gas Reduction Scheme (Passey et al. 2008)).  It 
is not easy to change a design once it has been implemented, so it is imperative that 
we consider what landscapes will be like in the future when evaluating what might be 
the best approach to landscape design and management.  Furthermore, because it is 
not possible to know exactly what future landscapes will be like, we need to consider a 
broad range of potential futures.  Specifically, any search for best-practice or robust 
approaches to landscape design as a climate adaptation strategy needs to compare 
current approaches to landscape design (including real constraints on their 
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implementation) and evaluate how well they continue to support biodiversity into this 
range of potential futures.  Best-practice approaches would then be those that tend to 
improve or maintain biodiversity in the landscape across a broad range of possible 
different future uses and climates.  Even if it were not possible to define universal best-
practice landscape design principles, the search may reveal specific circumstances 
under which certain management approaches or combinations of practice might be 
effective. For example, depending on the particular environments, species groups, or 
future climates, one approach to landscape design might prove better than another. 

1.3 Specific Objectives of the Research 

Our overall objective was to identify robust approaches to landscape design as a 
climate adaptation strategy – principles that would be likely to improve the persistence 
of native species in fragmented and variegated landscapes in Australia regardless of 
the current ecosystem types in these landscapes, and regardless of exactly what land-
use changes and vegetation community changes we can expect in the future.   Given 
the background presented above, we wanted to do this by considering a range of 
plausible climate-affected future landscapes, including the results of climate adaptation 
in other sectors such as agriculture.  We also wanted to compare approaches to 
landscape design and management as they are currently practiced, to ensure we were 
comparing approaches that land managers believe can be implemented and would 
consider adopting into the future.  Thus, our detailed objectives were to: 

• Model a range of future landscapes in multiple parts of Australia that 
incorporate a broad set of plausible changes in climate, vegetation 
communities, and land uses 

• Apply several of the most common principles of landscape design to these 
landscapes 

• Analyse future landscapes, with design principles applied, using a 
metapopulation capacity model (Drielsma and Ferrier 2009) to evaluate their 
future capacity to support long-term viable populations of key native species 
groups 

While landscape design and management have become common approaches to 
biodiversity conservation, there is still a question about whether these approaches may 
be somewhat counter-productive because they could encourage the spread of invasive 
species (Rahel 2007; Vila and Ibanez 2011; With 2004).  Thus, we also aimed to use 
the metapopulation capacity model to evaluate the degree to which design principles in 
future landscapes might influence the long-term viability of some key invasive species. 
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2 Research Activities and Methods 

2.1 Introduction to the Methods 

Overall, this project represents a search for general principles, just like any traditional 
ecological research project might involve testing for a treatment effect across replicates 
that exhibit variation in a set of confounding factors.  In our case, our ‘treatments’ are 
our design principles which are replicated across our units of analysis, which are future 
landscapes.  Covariates are also replicated across future landscapes and include 
future scenarios of climate and land-use change (Figure 1).  By applying all our design 
principles to each future landscape, we are essentially producing an experiment with a 
complete block design (Manly 1992).  This design corresponds with the structure of the 
statistical model used to evaluate the results (see section 2.4), and the effects of 
different design principles are then compared using paired comparisons of treatment 
levels.  Thus, far from truly being ‘post-normal’ science in which traditional methods are 
ineffective (Funtowicz and Ravetz 1993), climate adaptation research can draw on 
well-established principles and approaches of scientific enquiry.  The difference is 
purely that our experimental units must be modelled, to take into account potential 
future climates. 

 

                             ~                            + 
 

 

Figure 1.  Diagram representing the experimental structure of the project.  
Response variables related to a landscape’s capacity to support viable 
metapopulations are a function of the effect of the treatment of interest 
(design principles) as well as the effects of additional covariates (and 
relevant interactions). 

 

To achieve this, our methods involved the following steps, detailed in subsequent 
sections of this report: 

1. Creating Future Landscape Replicates 
• Selecting a set of case-study landscapes that incorporate much of the range 

of environmental and land-use variation currently present in fragmented 
areas of Australia 

• Developing a set of plausible storylines that combine a range of future 
climates (to 2070) with their likely consequences for changes in land use 
and applying these to create several future case-study landscapes, 
modelling at 100m grid-cell resolution 

• Determining the most common approaches to landscape design and 
management currently used in Australia and applying all of these to each 
future landscape at 100m grid-cell resolution 

• Modelling future changes in native vegetation communities (to 2070) for 
each future landscape at 100m grid-cell resolution 
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• Combining the models of land-use changes, design principles, and future 
vegetation to create future case-study landscapes that incorporate all these 
elements 
 

2. Evaluating Metapopulation Capacity of Future Landscapes 
• Selecting key functional groups of native species and example individual 

invasive species for modelling 
• Parameterising the Rapid Evaluation of Metapopulation Persistence 

(REMP) model (Drielsma and Ferrier 2009), treating each functional group 
of native species as a ‘generic focal species’ (Watts et al. 2010; see 
sections 2.3.1 and 2.3.2) 

• Running the REMP model for each species/species group over each 
modelled future landscape and extracting results in terms of capacity of 
each landscape to support viable metapopulations as of the year 2070 
 

3. Analysing General Performance of Design Principles 
• Analysing effects of treatments on metapopulation capacity parameters 
• Exploring the influence of confounding factors and interaction terms 

2.2 Creating Future Landscape Replicates 

2.2.1 Study landscapes 

We selected study landscapes that represent current variation in broad ecosystem 
types, local climate (wet/dry), current land uses, and degree of landscape 
fragmentation.  In addition, we selected landscapes where data on land uses and 
current vegetation were readily available, and where good connections existed with 
local land managers actively involved in landscape design and management initiatives.  
Our initial case study landscapes were: the area managed by the Wimmera Catchment 
Management Authority in Victoria, the combined Slopes-to-Summit and Kosciuszko-to-
Coast partnership regions of the Great Eastern Ranges Initiative in southern New 
South Wales, and the Border Ranges partnership region of the Great Eastern Ranges 
Initiative in northern New South Wales and southern Queensland. 

To achieve greater efficiency in the project, we subsequently aligned two of these study 
landscapes with areas that our New South Wales Office of Environment and Heritage 
team members were committed to working in as part of another project.  Thus, the 
latter two study landscapes were expanded significantly, becoming our South-East 
New South Wales (NSW) study landscape, and our North-East NSW study landscape, 
respectively (Figure 2).  The South-East NSW landscape encompassed areas 
managed by the Murray, Murrumbidgee and Southern Rivers Catchment Management 
Authorities, while the North-East landscape encompassed areas managed by the 
Border Rivers/Gwydir, Namoi and Northern Rivers Catchment Management 
Authorities.  With this expansion, we moved into drier environments which the 
Wimmera landscape was originally designed to capture, and we created an imbalance 
in the size of study landscapes.  Thus, we decided to pursue full modelling of the 
South-East and North-East NSW study landscapes, and use the Wimmera to validate 
the results obtained.  For the modelling, each study landscape was buffered to include 
data from surrounding areas that could influence the results.  This report includes 
results from the South-East and North-East NSW study landscapes, and the results of 
the Wimmera validation will be presented in a follow-up report. 
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Figure 2.  Boundaries of the three study landscapes. Two for initial modelling, 
the South-East NSW landscape and the North-East NSW landscape, 
and the third landscape for validation, the Wimmera Catchment 
Management Authority area, buffered for analysis.  

2.2.2 Land-use change 

Developing Storylines and Scenarios 
To model study landscapes into the future, one of the most critical changes to 
incorporate was changing land uses.  These are likely to arise due to changes in 
profitability of current land uses as a direct result of shifts in climate, and in response to 
emerging new markets such as biofuels and carbon.  Additional government incentives 
for carbon sequestration may also provide co-benefits for biodiversity, further shaping 
the character of future landscapes.  Because it is impossible to know precisely which 
changes in land use will eventuate or even the precise nature of future climates, we 
incorporated uncertainty by considering a variety of plausible scenarios of land-use 
change and modelling all of them in our study landscapes.   

Our approach represents a particular use of scenario modelling.  Some scenario 
modelling endeavours are intended to facilitate specific and detailed exploration of 
consequences for individual scenarios (e.g., Francis and Hamm 2011; Melbourne-
Thomas et al. 2011).  But in this instance, because we are searching for general 
principles of landscape design that might apply across scenarios, our scenarios were 
designed to be collectively plausible rather than each one representing individual likely 
outcomes.  In other words, they incorporated a reasonable amount of variation such 
that reality is likely to lie somewhere within the general variation modelled.  With this in 
mind, we are cautious to avoid over-interpreting the results from individual scenarios. 
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We used a partial consensus expert elicitation process (Kuhnert et al. 2010) to develop 
a set of scenarios of land-use change that were intended to be bounded in reality.  This 
was accomplished via a one-day workshop with experts in native vegetation, 
agriculture and biofuels, and forestry and carbon plantings (including environmental 
plantings).  The experts had prior experience with climate change and climate 
adaptation in their respective disciplines. 

We modelled our approach on that of the Intergovernmental Panel on Climate 
Change’s (IPCC) presentation of storylines and families of emissions scenarios (IPCC 
2000).  The storyline approach permits conceptual linking of plausible drivers of and 
responses to climate change that will naturally be linked.  For example, the A1 IPCC 
storyline family represents a technological response to climate change and thus links 
the development of new technologies with rapid economic growth.  To employ this 
storyline approach in deriving land-use changes, we first asked our experts to develop 
a consensus set of key drivers of, and barriers to, land-use change under climate 
change (see column headings in Table 1), including plausible upper and lower bounds 
as well as likely intermediate states.  We specifically included the IPCC emissions 
scenarios (i.e., future temperature and rainfall) as one of these drivers.  This approach 
constrained us to using the Nakicenovic and Swart (2000) emissions scenarios and 
associated climate data throughout the project, rather than the new Representative 
Concentration Pathways (RCPs; Moss et al. 2010), as only the former are presented as 
fully integrated storylines.  We concluded that the most plausible emission scenarios 
given current trajectories (Peters et al. 2012) were A1FI and A1B and thus we based 
our land-use change storylines around these. The A1FI emission scenario broadly 
corresponds with RCP 8.5 and the A1B scenario with RCP 6.0. The RCP units indicate 
how much heat is produced at the end of the century in watts per square metre. 

After defining drivers and barriers, the experts at the workshop considered which states 
(upper, lower, intermediate) of each driver and barrier would likely be associated with 
each other under different future circumstances.  Five consensus land-use change 
storylines resulted, each describing key characteristics of both the environment and 
society in the future that could drive different land-use change outcomes (Table 1).  We 
chose to pursue four of these in our modelling. The Business As Usual storyline was 
considered less plausible after the Australian government established a price on 
carbon in 2011 (Australian Government 2012).  Brief descriptions of these storylines 
are given below, with details in Appendix A : 

Storyline 1, Adaptation Without Global Mitigation: In this storyline, the world’s 
major greenhouse gas producers fail to make significant emissions reductions.  As a 
result, Australia does not advance its own mitigation policies much further than it has 
already.  However, Australia recognises that even if it must rely on the rest of the world 
to achieve significant mitigation, Australia still has control over its ability to adapt to a 
changing climate.  Thus, some effort is devoted to coping with the effects of climate 
change, though not so much that it might weaken our economy relative to other 
countries.  Without a strong carbon market to make environmental plantings profitable, 
their main purpose becomes adaptation of biodiversity (rather than carbon 
sequestration).  Thus, using land for environmental plantings tends to be devalued 
relative to using it for food and biofuel production because of the strong pressure to 
adapt agriculture and find solutions to high fuel prices. 

Storyline 2, Late Wake-up Call: In this storyline, both Australia and the rest of the 
world continue with largely business-as-usual practices for the next two decades, 
making only minor incremental efforts at mitigation and adaptation.  However, as the 
rate of climate change begins to increase and the effects become more apparent, more 
significant mitigation and adaptation measures are put in place (in the rest of the world 
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as well as in Australia) with increasing public acceptance of the need to change.  As 
the action comes a bit late, some opportunities are missed, actions become more 
expensive, and responses are less coordinated and less well planned than they might 
otherwise be. 

Storyline 3, Global Fix with Reactive Australia: In this storyline, the world’s major 
greenhouse gas producers tackle mitigation relatively early and in a serious way, 
employing a combination of many different solutions such as increased reliance on 
various non-fossil-fuel energy sources as well as a variety of approaches to increasing 
carbon sequestration.  Australia increases its efforts at mitigation, but as we are not 
one of the world’s biggest producers of greenhouse gases, our efforts at mitigation lag 
behind those of the rest of the world and/or we opt to essentially buy mitigation 
services from other countries (e.g., by investing in forest protection in Indonesia, 
Malaysia, etc.).  We still experience the benefits of global mitigation, but concentrate 
more on adaptation than mitigation.  Because the rest of the world is somewhat 
successfully working on mitigation, we also have less need to adapt relative to some 
other storylines in which climate change continues to accelerate. 

Storyline 4, Global Fix with Proactive Australia:  In this storyline, the world’s major 
greenhouse gas producers tackle mitigation relatively early and in a serious way, 
employing a combination of many different solutions such as increased reliance on 
various non-fossil-fuel energy sources as well as a variety of approaches to increasing 
carbon sequestration.  As a forward-thinking developed nation, Australia joins with this 
group of leading nations.  We concentrate on both mitigation and adaptation both in 
significant ways.  But because the world is somewhat successfully tackling mitigation, 
we have less need to adapt relative to some other storylines in which climate change 
continues to accelerate.
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Table 1.   Five land-use change storylines and the key climate and societal drivers and barriers that define them. Note that we chose 
not to model the Business As Usual storyline as recent changes in Australian federal government approaches to climate 
change and revegetation suggest that storyline is not as plausible as it was leading into our workshop. More detail is 
available in Appendix A  

Storyline Name Future Temp and 
Rainfall 

Relative profitability of food, fuel, 
carbon 

Societal conservatism Water availability and use 

Business As Usual Based on A1FI, high 
sensitivity 

Food most profitable Resisting incremental 
adaptation 

Much less, with some hoarding 
and some change in uses 

Adaptation Without 
Global Mitigation 

Based on A1FI, high 
sensitivity 

Slight increase in value of fuel and 
carbon, leading to shifting uses at 
the margins 

Accepting of incremental 
adaptation 

Much less, with some 
hoarding, some regulation, and 
some change in uses 

Late Wake-up Call Based on A1FI, medium 
sensitivity 

Increase in value of carbon in 
particular, with some emphasis on 
biodiversity 

Some acceptance of 
transformational 
adaptation 

Much less, with some 
hoarding, more regulation and 
more change in uses 

Global Fix with Reactive 
Australia 

Based on A1B, high 
sensitivity 

Slight increase in value of fuel and 
especially carbon, leading to shifting 
uses at the margins 

Accepting of incremental 
adaptation 

Somewhat less, with some 
hoarding, some regulation, and 
some change in uses 

Global Fix with 
Proactive Australia 

Based on A1B, medium 
sensitivity 

Definite increase in value of carbon 
in particular, with some emphasis 
on biodiversity 

Some acceptance of 
transformational 
adaptation 

Somewhat less, with 
substantial regulation and 
change in uses 
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To translate these storylines into landscape-specific scenarios of land-use change, 
each expert sub-group (native vegetation, agriculture and biofuels, and forestry and 
carbon plantings) was asked to consider our initial study landscapes (the three smaller 
regions scoped at the time of the workshop) under each storyline of land-use change.  
They estimated the percentages of current land uses that would be likely to shift, what 
they would shift to, and whether those shifts could be anywhere in the landscape or 
would be spatially constrained (e.g., to areas with lower profitability, near urban areas, 
etc.).  To support them in these estimations, each sub-group was provided with maps 
of the current landscapes showing existing land uses according to the Bureau of Rural 
Science’s (BRS) Integrated Vegetation Data (BRS 2010), as well as downscaled 
climate change projections for mean annual rainfall and temperature (Harwood et al. 
2010), and modelled current vegetation condition (Lesslie et al. 2010).   

Note that this was not strictly a Delphi approach (MacMillan and Marshall 2006) to 
expert elicitation, as the storylines were developed through consensus but the specific 
percentages of land-use change in each landscape (i.e., the scenarios) were 
developed separately by each expert sub-group.  This represents a partially indirect 
approach to elicitation (Kuhnert et al. 2010; Low Choy et al. 2011) because in the 
process of discussing specific percentages of change in land use, each expert sub-
group indirectly developed sets of guiding principles about the likely relative 
differences between study landscapes and between land-use change storylines (see 
Appendix A ).  These guiding principles were the key product of the workshop, 
providing the flexibility to later adjust the specific percentages of land-use change and 
study landscape boundaries while still retaining the core information derived from our 
experts.   

Such post-hoc adjustments to specific percentages of land-use change were 
anticipated for several reasons.  First, some conflicts between estimates from the 
different expert sub-groups were expected and indeed resulted from the workshop, so 
we needed to adjust the exact percentages of land-use changes suggested by each 
sub-group to ensure that all the guiding principles were simultaneously adhered to.  
Second, the initial estimates of percentage of land converted to environmental 
plantings were quite low.  While this may be realistic, our modelling approach 
implements landscape design principles as spatial rules for the placement of 
revegetation and restoration projects.  Thus, for our methodology to be able to 
distinguish the effects of different design principles, we needed to model slightly more 
optimistic percentages of conversion to environmental plantings.  Finally, sub-groups 
provided feed-back on appropriate land uses to consider in our modelling, leading to a 
different set of land uses eventually being modelled (see next two sections). 

Modelling Current Land Uses 
While we presented maps of BRS land use data to the experts in our land-use change 
scenario workshop, the workshop itself was also intended to reveal the most relevant 
land uses and thus base data layers to employ, both for modelling future changes and 
for evaluating the consequences for native species.  Other nationally consistent land-
use data layers exist for our study landscapes and include land uses our workshop 
experts thought were important to consider, but they separate land uses into a large 
number of different classes.  We needed to model a smaller set of classes to link 
effectively with the metapopulation capacity models, which can accommodate up to 10 
land-use classes, essentially using them as coarse surrogates for habitat condition 
based on degree of modification (Drielsma and Ferrier 2009).  Thus, we needed to 
develop our own purpose-built current land use layer. 

The final land-use classes that we selected for modelling considered the types of land 
uses most likely to influence the suitability and/or permeability of an area for the native 
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species groups we planned to model (see section 3.2.1), matched with the types of 
land-use changes identified by experts in our land-use change scenario workshop, 
constrained by the types of existing data available.  The result was a set of nine land-
use classes aggregated from multiple land uses (Table 2), which also included two 
classes relevant only to future landscapes – two age-classes of environmental 
plantings for plantings yet to occur, which will still be in a regrowth phase by 2070.  
Note that throughout, we use the term ‘environmental plantings’ to refer to both active 
plantings and natural regeneration projects. 
 
Table 2.  Land-use classes considered in current and future landscape models   
# Land-use Class Description and Examples 

1 Non-habitat for native species Largely devoid of vegetation (e.g., urban areas, open 
water, bare areas, roads and other infrastructure) 

2 Crops and pastures – no trees Heavily modified from native systems and managed 
for non-woody production (e.g., grassy crops, 
improved pastures, partially native pastures without 
scattered trees remaining), though this class also 
included native grasslands managed for production 
which may only be moderately modified  

3 Crops and pastures – scattered 
trees 

Moderately modified from native systems and 
managed for non-woody production but with scattered 
trees still remaining (e.g., partially native pastures, 
margins of private native remnants)  

4 Woody production Heavily modified from native ecosystems and 
managed for woody production (e.g., monoculture 
forestry, perennial horticulture) 

5 Environmental plantings evident 
c.2009 

Natural regrowth and areas planted with native tree 
species as of 2009, currently mostly <20 years old 
(e.g., results of last 10+ years of investment in on-
ground improvements in native vegetation) 

6 Environmental plantings 
established c. 2050 

Areas planted with several native tree and understorey 
species or managed for natural regeneration by 2050, 
mostly ~20 years old by 2070 

7 Environmental plantings 
established c. 2030 

Areas planted with several native tree and understorey 
species or managed for natural regeneration by 2030, 
mostly ~40 years old by 2070 

8 Modified native woody 
ecosystems 

Partially to mostly intact native ecosystems on private 
and State-owned lands (e.g., ‘bush blocks’, areas 
under non-perpetual stewardship or management 
agreements) 

9 Native ecosystems, formally 
protected 

Mostly intact native ecosystems with formal protection 
status (e.g., National Parks) 

 

To assign one of these land-use classes to each 100m grid cell of our current study 
landscapes, we combined data from three different databases.  First, we used base 
land-use data for NSW, which primarily derives from the vector land-use mapping for 
that state compiled for the period 2000 to 2007, updated in 2011 (NSW OEH 2011).  
This dataset incorporates three classification schemes linking the NSW classification 
with the National ALUM classification (ABARES 2010).  We used data from all three 
land use classifications to reassign grid cells to the land-use classes in Table 2. We 
also used the ALUM classification of the National Catchment level land-use dataset 



 

Designing landscapes for biodiversity under climate change 17 

(ABARE-BRS 2010) to assign land-use classes in the ACT, which lies in the middle of 
the South-East NSW study landscape and is not covered by the NSW data.  The 
distinction between land uses 2 and 3, crops and pastures without and with scattered 
trees, was derived from the 2009 NCAS forest and regrowth cover dataset (DCCEE 
2012). The 3sec resolution base land-use dataset was then projected to NSW 
Lamberts using a 100m grid (majority area resampling) for the respective study areas.  

Revising Land-use Change Scenarios 
Given that the land-use change scenarios were initially developed with reference to 
BRS land uses, we needed to revise the land-use change scenarios once we had 
developed our model of current land uses according to the classes in Table 2.  The 
result after these final adjustments was a set of specific land-use change scenarios - 
percentages of potential land-use change in each landscape under each storyline.  
Twelve different types of land-use conversions were included in the scenarios (Table 
3), two of which were modelled as design principles and are described later in this 
report (section 2.2.3).  Most of the differences between scenarios are in the exact 
percentages converted, though some conversion types are absent from some 
scenarios. 
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Table 3.   Types of future land-use conversions modelled. They are presented as a conversion matrix, with current land uses in the 
first column and future land uses in the top row. Land uses not relevant to a particular time period are shown in gray. Each 
conversion is numbered and a text description of the logic behind it is provided below the matrix. Note that the numbers 
refer to the order in which the conversions were modelled. 

To/From Non-habitat Crops & 
pastures – 
no trees 

Crops & 
pastures – 
with trees 

Woody 
production 

Env 
plantings 
c.2009 

New env plantings by 
2030/2050 (based on 
storyline) 

Modified 
native 

Native 
protected 

Non-habitat 
1 

       

Crops & pastures – 
no trees 

3   8  12   

Crops & pastures – 
with trees 

4 9    11   

Woody production  7       

Env plantings 
c.2009 

      10  

New env plantings 
by 2030/2050 

        

Modified native 2 6  5     

Native protected         

1.  Sea level rise:  While this doesn’t seem like a conversion, this represents reductions in a range of different land uses due to modelled sea 
level rise, then conversion of other land uses to support rebuilding of urban areas lost due to sea level rise. 
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2.  Loss of native woody systems due to urban expansion:  Population expansion, particularly in urban areas, is projected for all futures and can 
only partially be accommodated through increased housing density in existing urban areas.  While native vegetation clearing regulations 
prevent large amounts of conversion to urban housing, it is still possible with offsets and special agreements. 
 
3 & 4.  Loss of food production areas due to urban expansion:  Population expansion, particularly in urban areas, is projected for all futures and 
can only partially be accommodated through increased housing density in existing urban areas.  Where expansion is expected to be particularly 
significant and/or constrained by topography, some food production areas may be converted to urban housing. 
 
5.  Loss of native woody systems to horticulture to support urban expansion:  Population expansion, particularly in urban areas, is projected for 
all futures and some types of food production, garden nurseries, etc. will need to expand close to areas of increasing urbanisation. 
 
6.  Loss of some native woody systems that are already managed for production purposes because they shift to being used for production of 
biofuels and biochar:  Increasing costs of fossil fuels will drive greater development of a biofuels market.  Some modified native systems are 
privately managed for farm profit from grazing and may be converted to make a profit from biofuels, though amounts may be constrained by 
native vegetation clearing regulations. 
 
7.  Reduction in forest plantations:  These may occur for two reasons: (i) they simply become unprofitable due to changes in climate and revert 
to non-native pastures, and (ii) there is pressure to convert harvestable plantations to biofuels and biochar. 
 
8.  Shift to a more diversified mosaic of land uses for more diversified farm income:  The diversification is expected to take the form of a shifting 
spatial and temporal mosaic as land holders experiment with different types of production and hedge their bets.  Many elements of this 
diversification will simply involve different types of crops and pastures and thus don’t influence our modeled land uses.  However, there are 
expected to be two woody components to this mosaic – monoculture carbon plantings (like those managed by private companies) and woody 
biofuel crops.  These are both captured in this conversion. 
 
9.  Loss of scattered paddock trees:  This is already occurring and is predicted to continue due to senescence and lack of regeneration (which 
will be influenced by future climate) as well as clearing permits (Gibbons et al. 2008). 
 
10.  Maturation of current environmental plantings:  By 2070, these may be >70 years old and thus could approximate the second-growth native 
systems that are currently often found on private land. 
 
11 & 12.  Establishment of new environmental plantings or sites managed for natural regeneration:  These are mostly drawn from productive 
land uses, but those that still retain some native elements (like scattered trees) and/or are least productive.  
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In addition, when we hosted our land-use change scenario workshop, we had not yet 
expanded the South-East and North-East NSW study landscapes.  Thus, revising the 
scenarios also required adjustments in percentages of conversion to other land uses, 
given that the expansion of the study landscapes to the west added significant amounts 
of crop and pasture in particular.  The guiding principles that were originally developed 
to synthesise land-use change scenario estimates across our three expert sub-groups 
in our workshop were used once again to guide revisions to the exact percentages of 
particular land-use conversions while still remaining true to the relative comparisons 
between study landscapes and land-use change storylines defined by our experts.  
While the types of conversions are presented above in Table 3 to facilitate describing 
the modelling methods (see below), the final scenarios themselves (i.e., the actual 
percentages of each conversion for each study landscape and storyline of future land-
use change) are presented in the Results (see section 3.1.1). 

Modelling Land-use Changes 
To model land uses in our future landscapes, we implemented the specific conversions 
involved in each land-use change scenario for each study landscape.  This involved 
varying the future land extent based on assumptions of sea level rise and converting 
grid cells to different land uses based on a set of simple spatially explicit constraints 
designed to represent the logic of the conversions as expressed in Table 3.  

Several additional spatial data layers were created or sourced to support some of the 
spatial constraints for implementation of land-use conversions.  Some conversions only 
applied to the eastern portions of study landscapes, generally east of the Great 
Dividing Range, so a layer was derived to distinguish these areas using bioregional 
subregions (DSEWPAC 2012a) .  A number of conversions needed to be applied to 
production areas that are currently the most marginal, so an indicator of agricultural 
profitability was used (Marinoni et al. 2012).  There were significant gaps in this layer in 
areas not currently designated as agricultural land use, particularly in eastern portions 
of our study landscapes which could lead to an inadvertent spatial bias when modelling 
the conversions.  So we expanded the original data to cover an area 1km greater than 
the extent of current agricultural land uses (classes 2 & 3 in Table 2) and assigned 
profitability values based on the nearest existing data.  Some conversions were 
intended to be clustered within a certain radius of urban centres, so we created an 
urban centres layer derived from Geoscience Australia GEODATA TOPO 250K Series 
3, selecting "BuiltUpAreas" from the "Habitation" database (Geoscience Australia 
2006).  Finally, some conversions specifically related to carbon sequestration are 
expected to occur in the landscape where growth rates of native trees for carbon 
forestry projects would be most favourable.  Thus, we based these conversions on a 
modelled layer of carbon sequestration potential which incorporated 3-PG 
(Physiological Processes Predicting Growth) growth rates of 6 potential species or 
species groups (Eucalyptus camaldulensis, E. pellita, E. longirostrata, E. tereticornis, 
Khaya spp., Tectona spp.) modelled based on current climate data at 1km resolution 
(Polglase et al. 2008). 

The rules for implementing conversions according to their spatial constraints were then 
implemented using ESRI ArcGIS version 10.0 (Environmental Systems Research 
Institute, Redlands, California).  Each rule was represented by a process workflow 
using ArcGIS modelbuilder.  The process of conversion was sequential.  Each 
subsequent conversion was overlayed on the results of the previous conversion, but 
the selection of land to convert was based on initial extents.  The order of conversions 
(presented in Table 3) was thus selected to represent a plausible order in which these 
land-use changes might occur.  The sole exception to this was for conversion from 
crops and pastures to woody production (conversion type 8, Table 3).  Given the 
amount of conversion to crops and pastures from woody land uses in prior rules, we 
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considered it prudent to use the modified land use distributions immediately prior to 
these rules.  To streamline computation, a generic set of rules were developed for all 
conversions and only the parameters were varied for each scenario.  Conversion rate 
was simply set to zero if a particular conversion did not apply to the scenario being run.  
In this report we provide an overview of the basic logic of the implementation of each 
conversion – the specific percentages of each land use converted under each scenario 
can be found in the Results (section 3.1.1).  Details of the semi-automated ArcGIS 
process workflow can be obtained from the authors upon request. 

Conversion Type 1: Sea level rise 
The potential implications of sea level rise by 2070 were modelled for the two emission 
scenarios used in the land-use change storylines: A1FI and A1B (described more fully 
in Nakicenovic and Swart 2000). The corrected 1sec smoothed and hydrologically-
enforced version of the Shuttle Radar Topography Mission Digital Elevation Model 
(SRTM DEM) for Australia (Gallant and Read 2009; Gallant 2011) was used to define 
potential “still water” sea level rise up to 0.7 and 1.0m used with storylines 3 and 4, and 
1 and 2 respectively. These levels for the A1B and A1FI emission scenarios are 
extreme among current global average projections (Parry et al. 2007), but are more 
consistent with current rates of polar ice melt (Stroeve et al. 2012). When the frequency 
of present storm level surges combined with the uncertainty of future sea level rise are 
considered (Hunter 2010; 2012), these estimates are modest.  

To apply this spatially to our study landscapes in NSW, we identified any land projected 
to be inundated under these sea level rise assumptions and converted it to non-habitat 
for natives.  We then determined the total area of urban land (based on Geoscience 
Australia 2006) projected to be inundated and converted an equivalent area to non-
habitat for natives, placing the converted areas as close as possible to the inundated 
urban lands and drawing from any land use except existing non-habitat for natives and 
native protected areas. 

Conversion Type 2: Loss of native woody systems due to urban expansion 
This conversion was applied specifically in the east, as much of Australia’s population 
expansion is expected to be in coastal and hinterland areas.  We calculated the 
distance to urban areas in the east region of the study area, then identified areas of 
modified native ecosystems (land use class 8) that were closest to existing urban areas 
and converted them to non-habitat for natives.  Where more land was available at the 
closest distance class than the scenario required us to convert, we selected a random 
sub-sample of grid cells up to the required target for conversion. 

Conversion Types 3 & 4: Loss of food production areas due to urban expansion 
Because population expansion is expected to be concentrated in coastal and hinterland 
areas, we implemented this conversion in the eastern portion of each study landscape.  
For both these conversion types, we evaluated urban areas in the east and grouped 
individual areas within one kilometre of each other to define urban centres, then 
calculated the sizes of these urban centres.  We then calculated the ‘indirect distance’ 
to urban centres. Indirect distance is calculated based on the acceptability of adding 
new infrastructure for the land use class being converted to, such that non-habitat for 
natives is infinity permeable, both crop and pasture land uses are highly permeable, 
and the remaining land-use classes are impermeable. This effectively avoids the 
situation where an area to be converted might be linearly close to an urban centre but 
developing it for urban housing would involve placing new infrastructure across high 
value or protected land uses.  We then selected the crop and pasture land uses that 
were indirectly closest to the largest urban centres and converted them to non-habitat 
for natives. 
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Conversion Type 5: Loss of native woody systems to horticulture to support 
urban expansion 
Again, because population expansion is expected to be concentrated in coastal and 
hinterland areas, we implemented this conversion in the eastern portion of each study 
landscape.  We calculated the distance to urban areas in the east region and converted 
the modified native ecosystems that were closest to urban areas to the woody 
production land use. Where more land was available at the closest distance class than 
the scenario required us to convert, we selected a random sub-sample of grid cells up 
to the required target for conversion. 

Conversion Type 6: Loss of native woody systems to production of crops for 
biofuels and biochar 
Conversions to production systems are expected to occur over larger blocks, 
representing shifts of land uses within 2-3 paddocks at a time, so were implemented in 
blocks of 300ha in size.  We first calculated the density of native modified ecosystems 
in blocks of 300ha.  We also calculated the density of crops and pastures without trees 
in these same blocks.  We then selected blocks that had a higher density of crops and 
pastures without trees and a lower density of modified native ecosystems and 
converted the modified native ecosystem grid cells within them into crops and pastures 
without trees.  The net effect was to convert small patches of modified native 
ecosystems where there is high competition/pressure/threats from neighbouring crops 
and pastures, as well as local infrastructure and skills to manage additional cropping 
enterprises at the multiple paddock scale. 

Conversion Type 7: Loss of forest plantations to non-native pastures (low 
productivity areas) and to production of crops for biofuels and biochar 

This was actually implemented as two different conversions because the two causes of 
reduction in plantations had different spatial constraints.  Conversion to non-native 
pasture is expected to occur due to low profitability, while conversion to crops for 
biofuel and biochar production might need to take financial advantage of existing 
infrastructure to handle crop production.  As both are conversions to production 
systems, they are expected to occur in 2-3 paddocks at a time and were thus 
implemented in blocks of 300ha in size. 

To implement conversions due to declining productivity, we identified the mean 
agricultural productivity within blocks of 300ha in size.  We also calculated the density 
of woody production areas within these blocks.  We then selected blocks with the 
lowest mean agricultural profitability (least ongoing income) and lowest density of 
woody production (least likely to be managed profitably) and converted the woody 
production grid cells within them into crops and pastures without trees.  The net effect 
was to convert small low profitability patches of woody production at the multiple 
paddock scale. 

To implement conversions due to pressure to produce biofuels and biochar, we used 
the same blocks identified in the step above and calculated the density of crops and 
pastures without trees within these blocks.  We then selected blocks with the highest 
density of crops and pastures without trees and the lowest density of woody production 
and converted the woody production grid cells within them into crops and pastures 
without trees.  The net effect was to convert small patches to utilise existing 
infrastructure associated with crop production at the multiple paddock scale. 
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Conversion Type 8: Shift production areas to mosaic of more diverse land uses 
including small areas of carbon sequestration and woody biofuels 
This conversion type was also implemented as two different conversions because the 
aims in terms of increasing carbon sequestration versus growing woody crops for 
biofuels had different spatial constraints.  Carbon sequestration plantings might be 
distributed across the landscape according to amount of carbon sequestered (and thus 
income under a carbon market), while woody biofuel production areas need to be 
relatively close to urban centres with processing plants in order to keep transport costs 
low and ensure a profit can be made.  Both were expected to be implemented as small 
components of a broader mosaic, no more than one small paddock (~50ha) in size. 

To implement the mono-culture carbon plantings, we calculated the density of crops 
and pastures without trees in blocks of 50ha.  We then selected those blocks that were 
solely crops and pastures without trees and assigned each a random number.  Using 
our supporting layer of carbon sequestration potential, we calculated the amount of 
carbon sequestered in these blocks.  We then converted whole blocks that had the 
highest carbon yield, but with some random variation, to woody production areas. 

To implement the woody biofuels blocks, we evaluated urban areas in the west portion 
of the study area and grouped individual areas within one kilometre of each other to 
define urban centres.  We calculated the sizes of these urban centres and selected the 
five largest.  We then calculated the distance to each of these five urban centres.  
Using the 50ha blocks of crops and pastures without trees that were defined in the 
previous step, we converted whole blocks that were closest to the five largest urban 
areas, but with some random variation, to woody production areas. 

Conversion Type 9: Loss of scattered paddock trees 
The loss of paddock trees due to both lack of recruitment and clearing permits will likely 
occur more in areas where surrounding land-use intensity is greater.  Thus, to 
implement this conversion we calculated the areas of contiguous patches of crops and 
pastures with scattered trees, then calculated the density of crops and pastures without 
scattered trees surrounding those patches. We then preferentially selected the smallest 
patches of scattered trees surrounded by the greatest density of crops and pastures 
without trees and converted those scattered tree patches to crops and pastures without 
scattered trees. 

Conversion Type 10: Maturation of current environmental plantings 
This simply involved converting all current environmental plantings (land-use class 5) 
into modified native areas (land-use class 8). 

Conversion Types 11 & 12: New environmental plantings in production areas 
These conversions were implemented with more complicated spatial rules, according 
to a range of different landscape design principles.  See the following section for 
details. 

2.2.3 Landscape design principles 

Eliciting Real-world Design Principles 
The key objective of the project was to compare the performance of several 
approaches to landscape design in future landscapes to determine whether one or 
more is likely to improve our landscapes for native species regardless of the exact 
changes in climate, land uses, and vegetation.  To ensure the results of the project 
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could be used by land managers right now to potentially improve their approaches to 
landscape design and management, we wanted to compare the most common existing 
landscape design approaches.  This is because in practice, landscape designs have 
been challenging to implement given that the real world involves many social, political 
and economic complicating factors (Whitten et al. In press).  Rather than explicitly 
modelling all these factors, we can compare existing approaches as they are realised 
on the ground which, by definition, are overcoming many of these constraints and 
complicating factors. 

The challenge for us was that landscape designs as they are achieved on the ground 
can be quite different from the principles of design expressed in planning documents 
(Spooner et al. In press).  Thus, rather than conduct a literature search to define 
common design principles, we needed to elicit them from actual landscape planners 
and managers.  Expert elicitation is an increasingly well-founded approach (Low Choy 
et al. 2009), with a growing range of methodologies based on underlying theories of 
human behaviour and cognition (Carey and Burgman 2008; Gigerenzer 2007; 
Yammarino et al. 1991).  We believe most landscape managers loosely integrate 
theories from landscape ecology and metapopulation biology with the real-world 
constraints they face to make decisions about implementing landscape plans.  As such, 
they carry in their heads a conceptual model for how landscape management can be 
achieved, but they may not necessarily be aware of or able to fully articulate that 
conceptual model.  Yet it was each land manager’s conceptual model that we wanted 
to elicit because it represents the set of landscape design principles managers are able 
to implement in the real world. 

Thus, to develop our real-world design principles, we used an indirect elicitation 
approach (Kuhnert et al. 2010), asking landscape managers about the actions they are 
more likely to take in their landscapes now and in the near future rather than asking 
them directly about the principles they apply.  This allowed us to then infer the 
underlying principles or conceptual models managers use based on the relative 
likelihood and combination of different types of actions (Low Choy et al. 2011).  The 
three most common conceptual models then became our real-world design principles, 
which we analysed alongside a random control for spatial planning and both positive 
and negative controls for amount of effort, making a total of six design principles 
analysed (see section 3.1.2 for more details on controls).  A total of 22 land managers 
participated, including managers from each of our study landscapes, regional NRM 
groups, state governments, federal government, and not-for-profit environmental 
organisations involved in large-scale connectivity conservation initiatives (i.e., National 
Wildlife Corridors). 

To design the survey, we first explored a range of planning documents to develop a list 
of potential actions taken as part of landscape management, connectivity 
enhancement, or ‘connectivity conservation’ (Table 4).  Two of these actions appeared 
to be universal, so were automatically considered to be part of all design principles.  All 
of the remaining 10 actions could be classified as aiming to increase the extent or 
condition of native vegetation in the landscape (5 actions), or to improve the 
connectivity of the landscape (5 actions), two goals which were commonly specified as 
objectives in planning documents.   
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Table 4.   Twelve of the most common actions taken as part of 'landscape 
management'. Based on a brief literature review of regional NRM group 
planning documents and personal knowledge of the project team. 

# On-ground Action Objective 

1 Protect areas of native vegetation on private lands with 
long-term agreements 

Maintain existing vegetation 
(universal action) 

2 Establish management agreements for areas of native 
vegetation on private lands 

Improve quality (universal 
action) 

3 Buffer areas of native vegetation by managing threats in 
areas immediate adjacent to them Improve quality 

4 Manage for natural regeneration* in areas immediately 
bordering native vegetation Increase extent 

5 Revegetate* areas immediately bordering native 
remnants Increase extent 

6 Manage for natural regeneration anywhere within the 
landscape Increase extent 

7 Revegetate anywhere within the landscape Increase extent 

8 
Use the above actions to satisfy targets for increasing 
connectivity rather than target any additional spatial 
priorities 

Increase connectivity 

9 Revegetate and manage for natural regeneration in 
riparian areas Increase connectivity 

10 
Identify regional priority areas and then revegetate or 
manage for natural regeneration anywhere within those 
regional priority areas 

Increase connectivity 

11 
Identify existing ‘local’ linkages between patches of 
native vegetation (roadsides, paddock trees, fenceline 
corridors, etc.) and manage them 

Increase connectivity 

12 
Revegetate ‘local’ linkages (roadsides, paddock trees, 
fenceline corridors, etc.) between patches of native 
vegetation 

Increase connectivity 

* Note that we use the term ‘revegetation’ to specifically mean active planting of native species, 
as distinct from ‘natural regeneration’, which involves management of land but not planting. 

We then designed a survey (Appendix B ) that elicited information on these types of on-
ground actions using four different approaches.  First, we asked comparative questions 
in order to develop a rank order of the frequency with which different actions were 
undertaken in the recent past or anticipated in the near future.  To keep the survey to a 
reasonable length, we assumed land managers always addressed both objectives 
(increasing extent/quality and increasing connectivity) in any landscape management 
approach, so we developed rank orders separately for each type of objective.  To do 
this, each question juxtaposed two on-ground actions and asked which was more 
commonly undertaken in that manager’s landscape.  All possible pairs of actions were 
compared (i.e., we asked 10 questions to develop rank orders for 5 on-ground actions).  
Responses for each land manager were analysed using a modified Analytic Hierarchy 
Process (mAHP) which helps to resolve some inconsistencies in response in part by 
allowing us to record whether the respondent was certain or less certain that one action 
was more common than another, as well as whether a respondent thought the two 
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actions were equally common.  The mAHP was implemented using the software 
MultCSync (Moffett et al. 2005).   

Second, as part of these comparative questions, we asked landscape managers about 
the likelihood that the more common action would actually be undertaken.  For 
example, if a land manager indicated that buffering against threats was more common 
than revegetating adjacent to patches of native vegetation, we asked how likely it was 
that buffering would actually be undertaken (very likely, somewhat likely, somewhat 
unlikely, very unlikely).  We could then assign categorical likelihoods to each of the 
actions that were placed in rank order, which both validated the order and allowed us to 
create a subset of actions (those deemed very or somewhat likely) that collectively 
constituted that land manager’s design approach. 

Thirdly, we provided all respondents with a list of the 10 actions, rephrased to indicate 
the objective not just the action, and asked land managers to indicate which of these 
were part of their normal ‘portfolio’ of actions.  This was a validation question and 
represented a hybrid direct-indirect elicitation, as we still asked about on-ground 
actions rather than design approaches but we asked land managers directly about the 
package and thus the philosophy of their approach.  This allowed us to see whether the 
responses differed between our fully indirect and more direct approaches. 

Fourthly, we included a number of questions in the survey with open-ended responses, 
to develop a broader understanding of, and context for, individual land manager 
responses.  The survey was also implemented as an interview, though respondents 
were provided with a hard copy of the questions for ease of communication.  All 
interviews were conducted and responses recorded by one team member (VAJD) for 
consistency. A range of additional information about each manager’s approach to 
landscape management was captured via the open-ended questions and general 
conversation during the interview. 

To translate the survey responses into design principles, we first used the mAHP to 
rank actions for increasing extent/quality and actions for increasing connectivity.  
However, in the broader discussion as part of each interview, we found that differences 
between the use of revegetation and managing for natural regeneration were largely 
driven by whether individual sites had the potential to naturally regenerate, as well as a 
desire to maintain some revegetation activities in the overall landscape as part of 
community engagement and publicity.  This was universal across all land managers.  
Thus, we combined actions that differed only in whether the emphasis was on natural 
regeneration versus revegetation.  We then used the likelihood ratings for each action 
to create a subset of somewhat likely or very likely actions, in rank order, for each 
landscape manager.  These were double-checked with responses to the more direct 
question of which actions were part of their ‘portfolio’, and adjustments made if 
necessary.   

Our intent was to compare the subset and rank order of likely actions across land 
managers to determine which subsets were most common.  However, we discovered 
that each response was different and so none was more common than another.  This 
was partly because most land managers employed most of the actions we asked 
about, but simply ranked them differently.  Thus, we needed to categorise the wide 
variation we observed into more simply-defined design principle categories. 

We did this by creating six categorical variables to characterise the main sources of 
variation in initial responses (Table 5).  We could then use all of a land manager’s 
surveyed responses (i.e., all four types of data elicited) to categorise their design and 
management approach according to levels of each of these categorical variables.  A 
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predefined set of rules for assigning categories was used to ensure consistent scoring 
across all land managers.   

Table 5.   Categorical variables that we used to define landscape design 
principles       

# Categorical Variable Used in Final Definition of 
Design Principles 

1 Whether buffering was a significant activity or 
not No 

2 High, medium or low emphasis on concentrating 
actions in pre-defined regional priority areas Yes 

3 High or low emphasis on managing and/or 
replanting local links Yes 

4 More likely to manage existing local links or 
replant new local links 

Yes, through association 
with 6 (see text) 

5 High or low emphasis on increasing connectivity 
through emphasis on riparian area improvement No 

6 
Preference for restoring new patches of native 
vegetation in the landscape at small scales 
(<20ha) or large scales (80-100ha) 

Yes 

 

However, when we considered all six of our categorical variables, there was still too 
much variation across land manager responses to define a limited set of common 
approaches.  In order to reduce the number of categories, we performed a series of 
contingency table analyses in SYSTAT version 10 (Systat Software Inc., Chicago, Ill.) 
to explore whether there were any consistent associations in the frequency of different 
responses for different variables.  We found one significant association – land 
managers who placed greater emphasis on large-scale patch restoration compared to 
small-scale patch restoration also placed greater emphasis on replanting local links 
rather than managing existing ones (Fisher’s exact test: P=0.02).  This arose because 
most large-scale patch restoration relies on revegetation rather than natural 
regeneration, so similar tools and techniques are applied to improving connectivity in 
the landscape as well.  We therefore eliminated the categorical variable for managing 
existing versus replanting local links and associated those two actions with small-scale 
versus large-scale restoration, respectively.  

To further reduce the number of categorical variables considered, we eliminated the 
variable related to high or low emphasis on riparian restoration and management.  We 
did this because some respondents indicated this was more about opportunity – in 
some landscapes, riparian areas are too sparse or too degraded to be a significant part 
of a connectivity objective.  Finally, we also eliminated the variable related to significant 
use of buffering or not.  We anticipated that this was going to be the most challenging 
aspect of design principles to model in our study landscapes and we found that 
relatively few land managers currently actively engage in buffering threats through 
management of areas adjacent to patches of native ecosystems.  When buffering was 
rated as a significant activity in interviews, it was because managers were anticipating 
it might become significant in the future.  Yet viable incentive delivery mechanisms for 
activities like buffering are not currently well developed, so other landscape managers 
were sceptical that buffering will become common.   
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The result was a set of four variables, two of which were correlated, that defined our 
final design principles (Table 5).  The three most common combinations of land 
manager responses to our survey based on these variables were then modelled as 
design principles, along with a random control.  These design principles all involved 
four basic actions and some degree of concentrating actions in regional priority areas, 
with different relative emphasis.  The four basic actions were:  

1) building on existing patches through natural regeneration or revegetation in 
adjacent areas 

2) creating new patches (small vs. large) between existing ones through natural 
regeneration or revegetation 

3) managing existing local links between patches 
4) replanting local links between patches 

See section 3.1.2 for full description of the resulting design principles. 

Modelling Design Principles 
As design principles were initially expressed as levels of qualitative categorical 
variables, they needed to be translated into a form that could be modelled on our study 
landscapes.  And because all design principles needed to be compared across land-
use change scenarios that involved different total amounts of environmental plantings, 
design principles needed to be expressed independent of the amount of on-ground 
activity.  Thus, we re-expressed our design principles as the relative percentage of total 
on-ground activities that would be devoted to each of the four actions, both inside and 
outside priority areas.  For example, if a design principle involved a high emphasis on 
concentrating actions in regional priority areas, then 90% of hectares converted to 
environmental plantings would be in regional priority areas.  If a design principle 
involved a high emphasis on local links, then 30% of hectares converted might be in 
small local links (as opposed to 10% for low emphasis on local links).  Combined with 
the total hectare targets for conversion to environmental plantings from the land-use 
change scenarios, these different storyline/design principle combinations could then be 
expressed as numbers of hectares of crop and pasture land uses to be converted to 
environmental plantings via the four basic actions listed above. 

However, these percentages were based on the relative likelihood with which land 
managers would undertake these activities (which is what we asked about in the 
survey), not the relative numbers of hectares the activities involve.  Because local links 
are inherently narrow, managing or restoring them tends to involve many fewer 
hectares than restoration of new patches does.  Thus, we needed to rescale the targets 
for converting local links.  We did that by identifying all possible candidate links in each 
study region (see description of ‘candidate links’ layer below) and estimating that the 
storyline/design principle combination that involved the greatest area converted as part 
of the links (Storyline 4, Design Principle 3) would achieve a conversion of 80% of the 
total area of candidate links.  We then reassigned a target of 80% of the total candidate 
link area to this storyline/design principle combination, and redefined all the other 
targets as percentages of total candidate link area, scaled to preserve the initial relative 
differences between the different storyline/design principle combinations.  See section 
3.1.2 for an example of design principles expressed as a table of conversion targets, 
and Appendix C  for the full set of conversion tables. 

Once the targets for conversion to environmental plantings were defined, we needed to 
develop a modelling process that could select grid cells in our current study landscapes 
and convert them to environmental plantings according to spatial rules that would 
represent the four types of actions both inside and outside of priority areas.  To do this, 
we first needed to define priority areas in our study landscapes.  Our design principle 
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surveys revealed that while there were some differences in approach, landscape 
managers most commonly defined priority areas based on a ‘best of the worst’ 
approach – selecting areas that are predominantly variegated or fragmented rather 
than those that are relictual or still relatively intact (all terms sensu McIntyre and Hobbs 
(1999)).  While complex spatial modelling is sometimes used to inform these decisions, 
in practice the final boundaries of priority areas are usually loosely drawn based on a 
range of quantitative and qualitative inputs.  Thus, for each study landscape, we 
defined hypothetical priority areas by examining our layer of current land-use classes 
and simply digitising boundaries around areas that had both distinct patches of 
modified native and protected native ecosystems as well as a relatively high proportion 
of crops and pastures with scattered paddock trees.  We thus avoided very intensively 
altered areas as well as those that still had sufficient modified native and protected 
native vegetation such that distinct patches were hard to define.  In both study 
landscapes, the resulting regional priority areas constituted about 20% of the total 
landscape. 

The layers of agricultural productivity for each study landscape (initially used to support 
the modelling of the land-use change scenarios as described above in section 2.2.2) 
were also used as supporting layers here.  All the conversions to environmental 
plantings were implemented in areas of relatively lower current profitability.   

Two additional supporting layers were created for each study landscape to facilitate the 
application of the design principles – a layer of ‘candidate patches’ for building on 
existing patches and creating new patches, and a layer of ‘candidate links’ for 
managing and replanting local links between patches.  Candidate patches were defined 
by randomly selecting several thousand grid cells of the two crop and pasture land-use 
classes (classes 2 & 3, Table 2) from the current land-use class base layer, while still 
ensuring a larger proportion than expected were placed in priority areas and that some 
were within one or two grid cells from an existing area of either protected native 
ecosystems, modified native ecosystems, or current environmental plantings (land-use 
classes 8, 9 and 5, respectively, Table 2).  These grid cells then served as centroids for 
candidate patch polygons: some for 20ha patches adjacent to existing native 
vegetation, some for 20ha patches disjunct from existing native vegetation, and some 
for 100ha patches disjunct from existing native vegetation. 

Candidate links were defined by creating a shapefile in ArcGIS and digitising lines 
between all patches of protected native ecosystems, modified native ecosystems, or 
current environmental plantings (land-use classes 8, 9 and 5, respectively) that were at 
least 10ha in size and separated from each other by no more than 4km.  Lines were 
preferentially placed where previous least cost path analyses (Drielsma et al. 2007b) 
had indicated high connectivity potential existed (Drielsma et al. In press; Drielsma and 
Love In prep) and converted to polygons 1-2 grid cells wide.  Patch sizes and distances 
were estimated by maintaining a constant scale of 1:80,000 in the GIS view and 
referring to a printed standard.  The specific parameters were chosen based on 
common views about minimum patch sizes to support native species, and the outer 
limit of inter-patch distances successfully crossed by most native species in a review of 
landscape connectivity in Australia (Doerr et al. 2010). 

The different actions that were part of the design principles in varying proportions were 
then modelled as follows: 

Action 1: Building on Existing Patches 
We selected a subset of 20ha candidate patches* that were in lower productivity areas 
and were adjacent to existing areas of protected native ecosystems, modified native 
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ecosystems, or current environmental plantings.  We then converted all crop and 
pasture land uses within the candidate patch to environmental plantings.  

Action 2: Creating New Patches 
We selected a subset of candidate patches* that were in lower productivity areas and 
were at least 500m away from existing areas of protected native ecosystems, modified 
native ecosystems, or current environmental plantings.  We then converted all crop and 
pasture land uses within the candidate patch to environmental plantings.  Where the 
design principle involved a preference for small-scale patch restoration, 20ha candidate 
patches were selected.  Where the design principle involved a preference for large-
scale patch restoration, 100ha candidate patches were selected.   

Action 3: Managing Existing Local Links 
We selected a subset of candidate links* that were in lower productivity areas and 
converted all crop and pasture land uses in a 1-2 grid-cell width along the indicated link 
to environmental plantings.  Note that only conversions of the crops and pastures with 
scattered trees land use (type 3, Table 2) counted toward this target, as our view was 
that existing local links would contain scattered trees.  Under this action, these 
scattered tree links would be managed for natural regeneration, which falls within our 
broad definition of ‘environmental plantings’. 

Action 4: Replanting New Local Links 
We selected a subset of candidate links* that were in lower productivity areas and 
converted all crop and pasture land uses in a 1-2 grid-cell width along the indicated link 
to environmental plantings.  Note that only conversions of the crops and pastures with 
no trees land use (type 2, Table 2) counted toward this target, as our view was that 
new links would be planted in areas where there were no (or were very few) scattered 
trees to manage instead. 

*The subsets of candidate patches and links selected from the pools of potential 
candidates needed be selected simultaneously to address each of the targets outlined 
in the design principle/storyline combinations.  The reason was that these targets 
involved not just the amount of total area converted through these different actions but 
also the proportions of different initial land uses converted to environmental plantings 
through these actions.  This double set of targets presented a combinatorial problem 
due to the large number of possible solutions and the potential for each candidate link 
or patch within a selection to contribute to multiple targets or influence the contribution 
of other links or patches within that selection through the resolution of overlapping 
areas. Thus the individual and collective contribution of all candidates within a selection 
was only quantifiable through the evaluation of the selection as a whole. 

Exhaustive enumeration of all possible solutions was not possible due to the sheer 
number of possibilities (2N where N is the number of potential candidates in the pool).  
Instead, we developed an automated heuristic search and selection technique using 
the Avenue scripting language within the Arcview GIS software package.  Each 
candidate’s potential contribution to each of the targets was calculated by cross 
tabulating the area of landscape contributing to each target within the area of each of 
the candidate polygons (candidate patches and links).  This cannot provide a definitive 
measure of a single candidate’s contribution to targets when part of a set, without 
considering the influence of all other candidates within that set.  However, it does 
provide an indication of whether or not and by how much an individual candidate may 
potentially contribute to each of the targets. 
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For each of the design principles an initial solution of pseudo-randomly selected 
candidates was generated using a selection probability derived from the overall land 
use change required by the design principle. The subset of candidate polygons 
selected was then grid-cell converted and evaluated relative to conversion targets.  For 
each target not met, potentially contributing candidates were randomly chosen and 
either iteratively added to or removed from the selection, depending on whether the 
selection was under or over target, until their collective potential contribution resolved 
the remaining difference required to meet the target.  Once a single pass addressing all 
targets had been completed, the solution was then re-evaluated and the process 
repeated until all targets had been met.  Given the challenge in meeting all targets 
simultaneously, we considered a target to be met of our conversions came within 10% 
of the target value. 

After initial testing of this process, it was proven to be adequate in resolving the 
majority of design principles within a reasonable time frame, though solutions to a 
number of design principles remained elusive.  These were primarily scenarios where 
the algorithm would repeatedly alternate between two unresolved targets where the 
addressing of one would heavily impact the contributions towards the other.  Thus, we 
implemented several modifications to the technique in attempts to improve the 
performance and reliability of the algorithm once it had been concluded that these 
changes would not influence the validity of the results.  

These modifications included:  
• Seeding initial selections towards suitable solutions through the selection of 

candidates based on their potential contribution to targets.  
• Limiting the number of selection and evaluation passes before regenerating 

another initial solution to avoid converging on locally optimal solutions that did 
not address all targets.  

• And dynamically alternating between addressing all targets, a single target or 
select targets with each pass to reduce competitive jostling between targets. 
 

The final technique was successful in finding suitable solutions for all of the design 
principles with the number of required iterations of the selection and evaluation process 
applied to initial solutions ranging from 2 to 100 passes. The design principle solutions 
were then converted from polygon to raster layers for overlaying on top of the land use 
layers developed for each of the four land-use change storylines. 

2.2.4 Change in native vegetation 

The final component of our future landscapes involved some consideration of shifting 
distributions of native species and thus ecological communities.  The reality is that a 
landscape may become less suitable for a species or assemblage purely due to the 
local environment becoming less suitable as a result of climate change, irrespective of 
any changes in land use or application of landscape design principles.  These changes 
in environmental suitability might be best considered separately for individual species, 
using complex models that take into account physiological processes and tolerances.  
However, the reality is that such models were beyond the scope of this project and 
would produce results that would be difficult to integrate with the current structure of 
the metapopulation capacity model (Drielsma and Ferrier 2009), which utilises 
vegetation communities (in combination with land uses) to define habitat suitability for 
species or species groups being modelled.   
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Given this need to integrate multiple modelling processes, we modelled changes in the 
distribution of vegetation communities.  As individual species are expected to have 
quite different responses to climate change and thus the species composition of 
vegetation communities is expected to change, we used a relatively broad level of 
community classification.  Specifically, in the current and future NSW study 
landscapes, we modelled the vegetation formations defined by Keith (2004) to estimate 
vegetation responses to shifts in environmental suitability. Three formations were 
separated into sub-formations where the structural differences were likely to 
substantially influence their suitability for a range of native species (Table 6).  These 
vegetation formations represent predominantly structural and functional vegetation 
types, which might be expected to be broad enough to still apply to future communities 
with different compositions, and which are also well suited to use in the metapopulation 
capacity models.   

Table 6.   Vegetation formations and subformations for NSW as defined by Keith 
(2004), the vegetation types used in this project.  See classification 
schema in Appendix D  

Formation or Subformation Brief Description 

Rainforests (wet, littoral and dry 
subformations) 

Forests of broad-leaved mesomorphic trees, 
with vines, ferns and palms 

Wet sclerophyll forests (shrubby subformation) Tall forests of scleromorphic trees (typically 
eucalypts) with dense understories of 
mesomorphic shrubs 

Wet sclerophyll forests (grassy subformation) Tall forests of scleromorphic trees (typically 
eucalypts) with dense understories of ferns 
and forbs 

Grassy woodlands Woodlands of scleromorphic trees (typically 
eucalypts), with understories of grasses and 
forbs and sparse shrubs 

Grasslands Closed tussock grasslands with a variable 
compliment of forbs 

Dry sclerophyll forests (shrub/grass 
subformation) 

Forests of scleromorphic trees (typically 
eucalypts), with mixed semiscleromorphic 
shrub and grass understories 

Dry sclerophyll forests (shrubby subformation) Low forests of scleromorphic trees (typically 
eucalypts), with understories of scleromorphic 
shrubs and sparse groundcover 

Heathlands Dense to open shrublands of small-leaved 
scleromorphic shrubs and sedges 

Alpine complex Mosaics of herbfields, grasslands and 
shrublands 

Forested wetlands Ephemerally inundated wetlands with 
permanent tree cover, such as River Red Gum 
forests 

Other wetlands (freshwater and saline) Wet shrublands or sedgelands, usually with a 
dense groundcover of graminoids, and 
shrublands and herbfields of mangroves, 
succulent shrubs or marine herbs 

Semi-arid woodlands (grassy subformation) Open woodlands of scleromorphic trees 
(eucalypts, acacias, casuarinas), with open 
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Formation or Subformation Brief Description 

understories of grasses and forbs 

Semi-arid woodlands (shrubby subformation) Open woodlands of scleromorphic trees 
(eucalypts, acacias, casuarinas), with open 
understories of xeromorphic shrubs and some 
grasses and forbs 

Arid shrublands (chenopod subformation) Open shrublands of xeromorphic shrubs, 
hummock or tussock grasses and ephemeral 
herbs, often dominated by chenopods 

Arid shrublands (acacia subformation) Open shrublands of xeromorphic shrubs, 
hummock or tussock grasses and ephemeral 
herbs, often dominated by Acacia spp. 

 

Spatial models of present day native vegetation patterns were derived from estimated 
likelihoods of occurrence of vegetation classes using a simple kernel regression 
procedure (Lowe 1995) applied within the transformed environmental space generated 
by a generalised dissimilarity model (GDM, Ferrier et al. 2007) of vascular plant 
compositional turnover. This approach was implemented using customised GDM 
software (Manion 2012).  GDM is a statistical technique for modelling the compositional 
dissimilarity for a given biological group between pairs of locations in space or time, as 
a non-linear multivariate function of environmental differences between these locations. 
Coupled with the kernel regression procedure, this approach was found to be 
equivalent in performance to maximum entropy methods (Dudik et al. 2007; Phillips et 
al. 2006) for predicting the distribution of individual species (Elith et al. 2006).  Ferrier 
et al. (2007) also used a similar approach to model distributions of vegetation 
communities within New South Wales (e.g., Department of Environment and 
Conservation 2004), replacing records of individual species with a training dataset 
based on vegetation classes.   The kernel regression models the density of presence 
records and produces a layer of occurrence likelihoods for each class listed in the 
training data.  

A fitted GDM model was derived for NSW using the state-wide floristic survey data 
compiled from the NSW Vegetation Information System database, vetted by Dr Vicki 
Logan for use in GDM (Logan et al. 2009).  A representative random sample of 
900,000 site-pairs was derived from the over 1.4 million survey sites, using NSW 
bioregional subregions as the strata (Figure 3). Sampling was weighted by the log of 
the summed species richness within subregions and a small bias increased sampling 
within subregions relative to between subregions. This method of sampling the billions 
of possible site-pairs for GDM analysis is described in more detail in Rosauer et al. (in 
review) and was implemented using Biodiverse software (Laffan et al. 2010).  
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Figure 3.  The response data used in the GDM model of plant compositional 

turnover.   

Spatial environmental data used in the model were compiled from best available 
sources and resampled to a common 3-second grid, approximating 90m.  A 3-second 
digital elevation model, available as a derivative of the 1sec corrected and smoothed 
SRTM DEM (Gallant 2011), was used with ANUCLIM version 6.1 software (Xu and 
Hutchinson 2011) to derive monthly climate variables, representing 30 year averages 
centred on 1990, that were then used to generate a series of climate predictors 
(described in Williams et al. 2012).   

The monthly climate variables were adjusted for local topography using a scaling factor 
derived from using the r.sun routine in GRASS GIS (GRASS Development Team 2011) 
with the 3-second DEM.  Representative monthly estimates of radiation relative to an 
unshaded horizontal surface were obtained for the 15th day.  This ratio was used to 
adjust monthly incoming shortwave radiation, net radiation, maximum temperature and 
potential evaporation following the procedures in Wilson and Gallant (2000) and Allen 
et al. (1998).  The topographic adjustments were then propagated throughout the 
climate predictors.   

A series of primary and secondary derivatives of the 3-second smoothed and 
hydrologically-enforced DEM, developed by J. Gallant and co-workers (listed in 
Appendix D , Table 38), were compiled as supplementary landform predictors to test 
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for inclusion in the vegetation models, where these are independent of the climate 
predictors.  In addition to the soil and substrate variables listed in Williams et al. (2012), 
soil attributes modelled from soil spectra measurements (Viscarra Rossel 2011; 
Viscarra-Rossel and Chen 2011) and recent 250m gridded (9 second) composite 
national soil attributes (Jacquier 2011c; a; b) were also compiled.  Furthermore, a 
composite index of soil water holding capacity was derived from the topographic 
wetness index (Gallant et al. 2012g), the soil depth variable derived from the Atlas of 
Australian soils (McKenzie et al. 2000; Bureau of Rural Sciences 2000) and soil water 
holding capacity (Jacquier 2011a) using the method described in (Claridge et al. 2000).   

This compilation of best available, high-resolution climate, landform and substrate 
variables resulted in 54 candidate predictors (Appendix D ) being tested for inclusion in 
the GDM model of plant compositional turnover.  To create a final model, a backward 
stepwise variable elimination procedure was used.  Each variable was also tested for 
additional complexity by increasing the number of splines from a minimum of 3 to 4.  
Variables or spline additions that contributed at least 0.05% of the partial deviance 
explained were retained.  Geographic distance was also included in the model after 
testing all other predictors. 

The final model was then also projected into the future using eight climate change 
scenarios, the four emissions scenarios that were part of the original definition of each 
of the four storylines (see Table 1), replicated twice using two different global climate 
models (GCMs) with contrasting estimates of future rainfall.  The two GCMs chosen 
were the MIROC-M model (wetter future, Hasumi and Emori 2004) and the CSIRO Mk 
3.5 model (drier future, Gordon et al. 2010). These GCMs were chosen because they 
are among the top performing models assessed for Australian conditions (Crimp et al. 
2012) and represent the best and worst case outcomes with respect to plausible 
temperature and rainfall futures for a given emissions scenario (Clarke et al. 2011).  
These GCMs also provided outputs for all climatic variables relevant to modelling 
vegetation patterns.  Despite contrasting rainfall projections, both GCMs resulted in 
similar to current or significantly reduced landscape water availability annually once 
temperature and evaporation are taken into consideration (Figure 4). 

Monthly climate scenario data for the year 2070 were obtained from OZCLIM (Ricketts 
and Page 2007; CSIRO 2007) and downscaled using ANUCLIM 6.1 software (Xu and 
Hutchinson 2011) with the current climate, representing a 30-year average centred on 
1990. The same calculations and topographic conditioning as described above were 
applied. The future climate predictors for each of the eight climate change scenarios 
were used along with the current substrate and terrain predictors to develop projections 
of the fitted generalised dissimilarity model. Each of the eight outputs is thus a set of 
future environmental variables scaled by the coefficients of the fitted model.  
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Figure 4.  Average precipitation deficit (rainfall minus evaporation) across the 

three study landscapes for the current (C1990) and future climate 
scenarios (s1d = storyline 1 wet future, s2d = storyline 1 dry future, and 
so on). Details are given in Appendix D   

Finally, we needed to assign each grid cell in our study landscapes to a predicted 
vegetation formation/subformation for the current landscapes and for each of the eight 
climate change scenarios based on the results of the GDM projections of 
environmental data.  Predicted vegetation classes for our current study landscapes in 
NSW were developed using a representative set of training data for sites across all of 
NSW assigned to 98 vegetation classes (Keith 2002). The training data, attributed with 
the environmental profile of the transformed predictors from the fitted model, was used 
to assign the scenario transformed predictors to a vegetation class based on their 
profile environmental similarity and using the kernel regression procedure. The 
resulting probability grids for the 98 classes were then aggregated into 
formations/subformations (Table 6) according to the class with the highest predicted 
probability of occurrence.  Where ties occurred (more than one vegetation class with 
the same probability), these were assigned to the class that had the greatest predicted 
untied extent for that scenario.  Results were projected to NSW Lamberts, majority 
resampled to a 100m grid, and clipped to the respective study region.  

2.2.5 Bringing together design principles, land-use change and changes in 
native vegetation to create future landscapes 

The land-use changes estimated at our expert workshop, the spatial placement of 
environmental plantings according to design principles elicited from current landscape 
managers, and the effects of climate on the distributions of native vegetation 
communities were all modelled into the future using parallel modelling processes.  As 
they are all important components of future climate-affected landscapes, we needed to 
bring them together to produce modelled future landscapes that incorporate all these 
types of changes.   

The design principles are implemented through complex spatial rules for a subset of 
land-use conversions (conversions to new environmental plantings).  Thus, we needed 
to combine the implemented design principle output layers with the output layers from 
the other land use conversions to produce a single land use layer for each possible 
storyline/design principle combination, for each study landscape (Figure 5).  We did 
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this by simply giving precedence to the design principles over the other land-use 
changes, for each land-use change scenario.  Thus, if a particular grid cell was part of 
a new environmental planting according to a design principle but was also changed to 
a different land use in the land-use conversions, its final future land use would be a 
new environmental planting.  Our rationale was that once an environmental planting is 
established in an area, that area is unlikely to change to a different land use for at least 
the next 100 years.  In addition, there is some pressure to establish environmental 
plantings early in any climate adaptation strategy for biodiversity, because of the long 
lead time before plantings or regrowth mature and thus provide full benefits for 
biodiversity. 

Our metapopulation capacity model used both the integrated land use/landscape 
design layer and a vegetation class layer as separate inputs to create a cross grid.  
Thus, our future land uses and future vegetation formation/subformations (wet and dry 
versions for each storyline/design principle in each study landscape) were combined as 
the first step in the metapopulation modelling process, creating a modelled landscape 
in which every grid cell was defined by both a land use and by the vegetation class that 
would be there, based on environmental suitability, if all land were still intact native 
ecosystems.  The result was 96 future landscapes (2 study landscapes x 4 storylines of 
land-use change x 6 design principles x 2 GCMs; Figure 5), represented as cross grids, 
which we could then evaluate for their capacity to support native species without 
intensifying problems with invasive species. 
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Figure 5.  Diagram showing generation of half the future landscapes for one 
study landscape, North-East NSW. Through implementing four different 
scenarios of land-use change, overlaying those with four different 
design principles for environmental plantings plus two controls, and 
combining those future land uses with two different global climate 
models (GCMs) used in projections of future vegetation community 
distributions, 48 different futures are modelled for each study 
landscape. 
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2.3 Evaluating Metapopulation Capacity of Future 
Landscapes 

To determine the degree to which our different future landscapes might benefit 
biodiversity, we used Rapid Evaluation of Metapopulation Persistence (REMP).  This is 
a modelling approach that estimates the capacity of a landscape to support viable 
populations of species chosen by the user (Drielsma and Ferrier 2009; Drielsma et al. 
2007a).  A number of other modelling approaches focus on presence of many species 
at once, including those originally developed for planning conservation reserves like 
Marxan (Ball et al. 2009), which optimises a set of reserves based on 
representativeness of entities present.  Such conservation planning tools have been 
popular because of the need for landscape managers to design and manage 
landscapes that support all native species.  However, the stated objectives of most 
landscape management initiatives are to ensure the persistence of native species – a 
more process-based goal and one that is not necessarily synonymous with species 
presence.  Thus, we chose to use a modelling approach that is process-based and 
fundamentally structured around the goal of persistence, but considered how we could 
apply it in a novel way that would take it beyond its current single-species application. 

2.3.1 Key species and species groups 

To use REMP to evaluate our future landscapes in a novel way for a range of species, 
we applied a generic focal species (GFS) approach.  Developed to help overcome 
some of the criticism of the traditional focal species approach (Lambeck 1997; 
Lindenmayer et al. 2002), generic focal species combine multiple characteristics that 
make a group of species sensitive to a particular threat (Watts et al. 2010).  The GFS is 
thus a theoretical or virtual species which combines the needs of many real species.  In 
our case, we were interested in species that have been sensitive to past habitat 
alteration and fragmentation, the threats that landscape design and management have 
traditionally been employed to overcome.  This includes species that are habitat 
specialists, that have large area requirements per individual, and that have relatively 
poor dispersal abilities.  Yet these three characteristics are rarely if ever present in a 
single species.  By creating a generic focal species, we could source data from multiple 
species and incorporate all these characteristics, thus evaluating how well a landscape 
would support a fairly broad range of species with substantially different characteristics 
while alleviating the need to parameterise and run many individual models. 

Given the fundamentally different ecology of plants and animals, we chose to model 
plant and animal GFSs separately.  For our plant GFS, we chose native orchids with 
particular reference to the genus Pterostylus (the greenhood orchids).  Orchids are 
specialists in the sense that they are sensitive to land-use change and dependent on 
mycorrhizal fungi in the soil, though they occur over a wide range of wet and dry 
environments (Jones and Bolger 1988).  The widespread genus Pterostylus can be 
found throughout both our study landscapes and into the Wimmera catchment.  While 
orchids don’t have large area requirements per individual plant, they may be severely 
dispersal limited (Swarts et al. 2009).  Pollination in Pterostylus is accomplished largely 
by small flies and gnats that move over relatively small distances (Adams and Lawson 
1993) and seeds of all native orchids are so small that they can be considered 
unassisted dispersers – not dispersed by animals or wind (Hughes et al. 1994) – and 
they do not survive for long periods in the seed bank.  Very long-distance dispersal is 
possible over evolutionary time scales, but probably not over ecological time scales 
(Jersakova and Malinova 2007).  Furthermore, native orchids are often key targets of 
conservation actions not only because they are species of concern but also because 
they are iconic. 
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We chose to model two animal GFSs because animal habitat specialists tend to be 
restricted to either wet or dry environments and we wanted to ensure we captured the 
effect of design principles and future landscapes on both.  Our wet fauna GFS was 
designed to represent animal species that are specialists on wet forest types and/or 
rainforests, while our dry fauna GFS was designed to represent animal species that are 
specialists on grassy woodlands and/or dry forest types.  We developed lists of species 
(including mammals, birds and reptiles) that fell into these categories, for which some 
data were available for parameterising the models, and which we believed were 
sensitive to landscape change either because of large area requirements or poor 
dispersal abilities (Table 7, Figure 6). 

Table 7.   List of species used to define two animal generic focal species (GFSs) 
sensitive to landscape change   

Wet fauna GFS  
(wet forest/rainforest specialists) 

Dry fauna GFS  
(woodland/dry forest specialists) 

Agile Antechinus 
Antechinus agilis 

Barking Owl* 
Ninox connivens 

Dusky Antechinus* 
Antechinus swainsonii 

Boulenger’s Skink 
Morethia boulengeri 

Double-eyed Fig Parrot* 
Cyclopsitta diophthalma 

Brown Treecreeper* 
Climacteris picumnus 

Eastern Bristlebird* 
Dasyomis brachypterus 

Brush-tailed Phascogale 
Phascogale tapoatafa 

Marbled Frogmouth* 
Podargus ocellatus 

Bush Stone-curlew* 
Burhinus grallarius 

Red-legged Pademelon* 
Thylogale stigmatica 

Grey-crowned Babbler* 
Pomatostomus temporalis 

Rufous Scrub-bird* 
Atrichornis rufescens 

Hooded Robin* 
Melanodryas cucullata 

Sooty Owl* 
Tyto tenebricosa 

Speckled Warbler* 
Chthonicola sagittata 

Stephen’s Banded Snake* 
Hoplocephalus stephensii 

Squirrel Glider* 
Petaurus norfolcensis 

Superb Lyrebird 
Menura novaehollandiae 

Yellow-footed Antechinus 
Antechinus flavipes 

 

* Species previously parameterised for REMP by NSW Office of Environment and Heritage 
based on expert opinion, which provided data we used in our own GFS parameterisation 

Landscape management is sometimes questioned on the grounds that increasing 
landscape connectivity in particular may increase problems with exotic invasive species 
(Rahel 2007; Vila and Ibanez 2011; With 2004).  So we were also interested in whether 
design principles significantly enhanced the capacity of future landscapes to support 
key exotic invasive species.  To provide a preliminary exploration of this issue, we 
selected one exotic plant species and one exotic animal species to model in addition to 
our native GFSs.  For our plant species, we chose to model the peppercorn tree 
(Schinus molle) as it is present across all our study landscapes including the Wimmera, 
has the potential to become invasive and exclude native species, and was recently 
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noted by the Invasive Species Council as an exotic species that could be strongly 
favoured by landscape management to improve connectivity (ISC 2012).  For our 
animal species, we chose to model the red fox (Vulpes vulpes) as it is present across 
all our study landscapes and is an established threat to native fauna (e.g., Short and 
Smith 1994).  In addition, the species already has a significant impact on livestock 
production (Saunders et al. 1995), and there is a widespread belief that improvements 
in landscape connectivity will favour foxes and lead to greater livestock impacts.  This 
concern is currently one of the main impediments to the implementation of landscape 
plans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Images of some species incorporated into generic focal species for 
metapopulation capacity modelling. Clockwise from left: Tiger Orchid 
(Diuris sulphurea), Image: CSIRO/Veronica Doerr; Brown Treecreeper 
(Climacteris picumnus), Image: Orion Weldon; Yellow-footed 
Antechinus (Antechinus flavipes), Image: Sarah Knutie. 

2.3.2 Parameterisation of models 

Our modelling approach, REMP, builds on the concept of metapopulation capacity, 
originally developed by Hanski and Ovaskainen (2000) to estimate the ability of real 
fragmented landscapes to support viable metapopulations of species.  The concept 
was something of a paradigm shift, taking metapopulation biology from a largely 
theoretical discipline into real-world applications.  In the process, it also facilitated a 
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more process-orientated approach to landscape modelling than was previously 
possible at a population (as opposed to individual) level.  This is because it combined 
pattern and process, using some understanding of key ecological processes like home-
range establishment, resource utilisation, and dispersal, and integrated them with a 
spatial map of suitable habitat. 

However, the original applications still modelled landscapes in a binary, patch-matrix 
form, limiting their use in real landscapes with more of a variegated structure, where 
the suitability of an area for both settlement and dispersal movement might follow a 
more continuous distribution.  The key innovation that REMP provided was a new 
technique to calculate the metapopulation capacity of a landscape using raster data at 
relatively fine scales of resolution, effectively modelling continuous variation in 
parameters but with a relatively simple operational process, allowing the concept of 
metapopulation capacity to be practically applied to spatially complex real-world 
landscapes.  Please see Drielsma et al. (2007a) and Drielsma and Ferrier (2009) for 
full details of the methodology employed in REMP. 

As a result of this integration between pattern and process, the parameters that REMP 
uses are closely based on real ecological processes as well the spatial scale of 
resolution with which species experience their environments (Table 8).  Assigning 
values to each of these parameters thus requires fairly detailed ecological data and/or 
carefully considered expert opinion.  In previous applications of REMP, these have 
been derived almost solely from expert opinion and only for fauna species.  To give our 
parameterisation a stronger grounding in published data and to apply the approach to 
plants, we derived more specific interpretations for each parameter based on types of 
ecological data most commonly available (Table 8). 

We needed to derive all necessary REMP parameters for 10 dry fauna species and 10 
wet fauna species (see Table 7), for one native plant group (orchids), for one invasive 
animal species (red fox), and for one invasive plant species (peppercorn tree).  To 
estimate initial REMP parameters for our single species models (peppercorn tree and 
foxes), we conducted literature reviews, drawing preferentially on information available 
for the ecology of these species in Australia, but utilising additional information from 
other countries where necessary, particularly those with somewhat similar climates and 
environments (e.g., southern Africa for peppercorn tree).  For the foxes, we also 
consulted with an expert, Peter Catling, particularly to parameterise the relative habitat 
suitability of different vegetation types and land uses. 
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Table 8.   Parameters used in Rapid Evaluation of Metapopulation Persistence (REMP). Including their explanation in ecological 
terms, and the specific interpretation we used to derive values for each of our species based on published data and expert 
opinion. 

# REMP Parameter(s) Abbreviation Ecological Explanation Specific Interpretation for Sourcing Data 

1 Relative suitability (between 0 
and 100) for each vegetation 
type x land use combination 

Hij The proportion of required resources 
supplied by a given combination of 
vegetation type and land use relative to 
ideal habitat for the species or species 
group in question 

Matrix of relative presence in different vegetation types 
assuming unmodified by human activities (i.e., “best” 
land use), and relative presence in different land-use 
types assuming they were modifications of the most 
suitable vegetation type, multiplied together 

2 Distance over which an 
individual would regularly 
utilise resources from each 
vegetation type x land use 
combination 

Pij Spatial scale of habitat supplementation 
and/or complementation – the distance 
over which an individual would 
incorporate each vegetation type x land 
use combination in a home range* 

Maximum observed home-range width** (or maximum 
pollination distance for plants) adjusted according to 
relative suitability of each vegetation type x land use 
combination (i.e., Pij ≈ MaxP * Hij) 

3 Distance over which an 
individual or seed would travel 
during dispersal through each 
vegetation type x land use 
combination 

DPij Permeability (expressed as maximum 
distance that can be travelled) through 
different vegetation type x land use 
combinations during dispersal  

Maximum observed dispersal distance of the species 
(or its seed dispersers) adjusted according to relative 
suitability of each vegetation type x land use 
combination (i.e., DPij ≈ MaxDP * Hij) 

4 Minimum viable habitat area - 
amount of most suitable 
habitat required to support a 
long-term viable population 

MVH Minimum viable population size in the 
best habitat expressed in terms of area, 
regardless of whether this is in a single 
population or in multiple connected 
subpopulations 

Size of smallest known home range divided by effective 
population size (Ne) that occupies one home range, 
multiplied by 5000 (i.e. area required for Ne of 5000)** 

 

* Note that a ‘home range’ for plants was deemed to be the area over which an individual plant would draw resources from the soil and/or the distance over 
which a pollinator might move to bring in genetically distinct pollen from a different plant (whichever was greater). 
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** Maximum home-range diameter was initially estimated assuming a circular home range so that MaxP = 2 * (√(maximum HR area)/π) * 100.  However, we 
subsequently updated this assumption to assume a rectangular home range with a long side that was double the length of the short side so that MaxP = 2 * 
(√(maximum HR area)/2) * 100  [note that HR area is in hectares, while MaxP is in meters, thus the final multiplication by 100 in both formulae.] 

** Based on Traill et al.’s (2007) meta-analysis of minimum viable population sizes, which suggested an Ne of 3577-5129 was a fairly universal requirement for 
population viability across many different taxonomic groups and life histories.  
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To estimate initial REMP parameters for the fauna species contributing to our generic 
focal species models, we employed two different processes, one for the relative habitat 
suitability parameters (#1 in Table 8), and another for all other parameters.  We defined 
the relative habitat suitability parameters for each generic focal species based on data 
for the individual species that had previously been parameterised for REMP (see Table 
7).  To do this, we graphed the species-specific habitat suitability values for each 
vegetation type and for each land use that had previously been estimated by experts 
and examined the overall patterns of suitability across the species.  We then assigned 
suitability values for the generic focal species that represented an approximate average 
of these patterns, exaggerated slightly to ensure a narrower niche of habitat 
specialisation. Our goal was to model the generic focal species as a habitat specialist 
with a niche that was narrower than ~75% of the species examined.   

For the other parameters, we sourced data for all of the species contributing to our 
GFSs.  Seven of the dry fauna species and eight of the wet fauna species had been 
previously parameterised for REMP using expert opinion.  For six of these previously 
parameterised species and for all other species, we sourced demographic data as 
described in Table 8 from the published literature and from our own expert sources.  
Thus, for six species we had data from both NSW OEH’s experts and from our 
sources.  Based on a comparison of those two data sources, we concluded that the 
former data was characterised by generally inflated estimates of MVH area (probably 
due to experts estimating a minimum area of typical suitable habitat, rather than the 
minimum area of maximum quality habitat).  Therefore, we adjusted all prior estimates 
of MVH down by a factor of 2.  Initial estimates for REMP parameters were then 
calculated based on the prior NSW OEH data (with the correction to the MVH values), 
based on the demographic data we extracted from the literature, or by averaging 
estimates where we had both sources of data. 

To combine data across species into parameters for each GFS, we initially used 25th 
percentile values for MaxP and MaxDP (i.e., that were smaller than 75% of the 
individual species’ values) and 75th percentile values for MVH (i.e., that were larger 
than 75% of the individual species’ values).  We did not want to use maximum values 
because the GFS approach combines types of sensitivity to landscape change that 
aren’t usually present in single species, so the use of maximum values could create a 
theoretical species too different from real species to be useful.  However, we were still 
concerned that for the dry environment specialists, the 25th/75th percentile values may 
have created an unrealistic theoretical species and/or that maintaining 75% of 
vulnerable dry environment specialists under climate change might be too ambitious a 
goal.  Thus, in addition to the 75th percentile GFSs (DryGFS_75 and WetGFS_75), we 
also created a GFS for the dry fauna species based on median values (DryGFS_50). 

To provide initial REMP parameters for our plant generic focal species, native orchids, 
we sourced data at the level of genera, focusing on Pterostylus, or sometimes at the 
level of all native orchids in general as many of the required parameters have only 
been studied in one or two species of native orchids but might be expected to be 
similar across the group.  To supplement the sparse information available in the 
published literature, we consulted an expert, Mark Clements, who has particularly 
worked on the genus Pterostylus.  To inform the relative suitability parameters, we 
sourced presence records for Pterostylus spp. from the Atlas of Living Australia 
(http://www.ala.org.au/) and qualitatively matched them to our base layers of vegetation 
formations and land uses.  We then integrated this information with data from the 
literature and expert opinion on susceptibility to changes in land use and environmental 
preferences. 

http://www.ala.org.au/
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To provide a validation step, we used the REMP parameters derived for the Brown 
Treecreeper (Climacteris picumnus), which is a species that some members of the 
project team (E. Doerr, V. Doerr and M. Davies) know in detail, including its precise 
distribution in a portion of our South-East NSW study landscape south-east of Wagga 
Wagga, NSW.  We ran REMP for this species in the current South-East NSW study 
landscape and compared the resulting predicted occupancy map to our own knowledge 
of the species’ occupancy patterns.  We actually found that they differed significantly, 
with REMP predicting no occupancy in any of the remnants <300ha in size that 
currently support the species.  (The species can be present in remnants down to 20ha 
in size, so 300ha is actually considered a large remnant).  It was not entirely clear 
whether this difference was the result of: 

• inaccurate parameterisation, despite our attempts to do this more robustly than 
has been done before 

• overly strict parameterisation, much like using the 75th percentile values 
seemed too strict for the dry fauna 

• subtle mismatches in the ecological interpretation of the REMP parameters and 
the way they are actually used mathematically in the modelling 

• time lags in response to landscape change which mean that current patterns of 
occupancy do not accurately reflect where species are truly maintaining viable 
populations 

Fortunately, this project did not necessarily require absolutely accurate modelling of 
metapopulation capacity – just an ability to compare relative metapopulation capacity 
or change in metapopulation capacity across future landscapes.  Thus, our real 
concern was that our initial approach to parameterisation might lead to a bias in 
comparing the effects of design principles that might be purely due to the methodology.  
REMP needed to be able to compare all design principles on a level playing field.  But 
the Brown Treecreeper results suggested that using our initial approach to 
parameterisation, there might be an inherent bias against design principles that 
involved lots of small changes in the landscape.   

To solve this problem, we wanted to adjust our parameters in a consistent way across 
all our species and GFSs such that the model of Brown Treecreeper occupancy in the 
current South-East NSW study landscape predicted occupancy in at least some 
smaller remnants, particularly those close to larger remnants with very permeable land 
uses between them.  Thus, we performed a series of sensitivity analyses to explore 
how sensitive predicted occupancy in smaller remnants was to the various REMP 
parameters.  We found that it was most sensitive to minimum viable habitat area 
(parameter #4 in Table 8) and that for a completely isolated patch of high-quality 
habitat to achieve a high probability of occupancy it needed to be 3 or 4 times larger 
than the specified MVH value.  Predicted occupancy was also relatively sensitive to 
variation in MaxP and MaxDP values (parameters #2 and 3 in Table 8).  It was also 
sensitive to low suitability values for the land-use class ‘crops and pastures with 
scattered paddock trees’.  In all cases, we could identify clear reasons why these were 
not just sensitivities but real causes of error in predicted occupancy, and were able to 
develop and apply the following corrections to these parameters across all our species 
and GFSs: 

1. Divide all MVH values by 3.75.  This correction resulted in isolated patches 
larger than the MVH value having a high probability of occupancy and produced 
reasonably accurate occupancy maps for the Brown Treecreeper in the SE 
NSW study landscape. 
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2. To calculate MaxP, we had initially assumed a circular home range.  However, 
because territories tend to have irregular shapes, we adjusted this assumption 
so that home ranges are assumed to be rectangular with the long side twice the 
length of the short side.  Thus maximum home-range width could be estimated 
according to the following formula:  MaxP = 2 * (√(maximum HR area)/2) * 100.   

3. We initially reduced DP values for crops and pastures without trees (i.e., ‘matrix 
habitat’) to match the maximum gap-crossing distances recorded or estimated 
for a species.  However, one has to remember that DP values add to the cost of 
a movement in a cumulative fashion because they feed into a least cost path 
calculation which relies on a cumulative cost function.  So if the maximum gap-
crossing distance is 100m and one sets the DP value for matrix habitat 
accordingly, then an animal starting on an edge and crossing a 50m gap will not 
be able to cross another gap of more than 50m because it has accumulated too 
much cost already.  In reality, individuals might cross several of these gaps.  
Therefore, we increased DP values for matrix to twice the maximum gap-
crossing distance. 

4. We found that our land-use layers did not discriminate accurately between 
patches of woodland and areas of scattered trees, as many areas identified as 
‘crops and pastures with scattered trees’ were actually privately owned 
woodland or even dry forest remnants.  Therefore we increased the H values for 
land use 3 (crops and pastures with scattered trees) to more closely match the 
H values of land uses 8 and 9 (private and protected native vegetation, 
respectively). 

As a result of these corrections, the Brown Treecreeper model predicted occupancy of 
some smaller remnants, particularly in highly permeable areas, and we believe our 
methodological approach provides an unbiased way to compare the effects of 
landscape design principles on relative species and GFS viability. 

Runs using initial REMP parameters for the fauna GFSs predicted little or no 
occupancy in current landscapes, indicating that the combination of limited movement 
and large area requirements was an unrealistic combination of traits.  Furthermore, we 
found that the scale of dispersal movements seen in a species were rather 
unsurprisingly correlated with its area requirements (as characterised by MVH values).  
Because of this correlation and the observed sensitivity of REMP to variation in MVH, 
we adopted 25th percentile values of MVH for all fauna GFSs.  Using these reduced 
MVH values yielded realistic occupancy maps over current landscapes for all of the 
generic focal species. 

2.3.3 Running REMp (rapid evaluation of metapopulation persistence) 

The REMP software was configured to run all six species and GFSs (orchids, 
wetGFS75, dryGFS50, dryGFS75, peppercorn tree, and fox) in single runs and to 
batch across multiple computers to enable us to run the metapopulation capacity model 
simultaneously for multiple future landscapes.  We first ran the model for our current 
study landscapes to confirm the processes were working appropriately and to permit 
calculations of change in metapopulation capacity between current and future 
landscapes.  We then ran the REMP model 96 times, using the cross grids for each of 
our future landscapes (2 study landscapes x 4 storylines of land-use change x 6 design 
principles x 2 GCMs).   

From each run, we extracted two variables representing the metapopulation capacity of 
the landscape for each species or GFS.  We extracted the size of the largest potential 
metapopulation (LPM), expressed as a proportion of the threshold metapopulation size 
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estimated to ensure population viability.  For example, the largest potential 
metapopulation in a given landscape might be 1.6 times the threshold, suggesting the 
landscape has the capacity to support a viable population in the future with some 
buffer.  In contrast, the largest potential metapopulation might be 0.4 times the 
threshold, suggesting the landscape does not have the capacity to support a viable 
population in the future.  We also extracted the total area occupied by all potential 
viable metapopulations in the landscape (area occupied).  Using these values for both 
current and future landscapes, we calculated the difference between future landscape 
values and those for the species or GFS in the relevant current landscape.  This 
allowed us to explore the degree of improvement (or loss) that might be achieved in the 
future, both independent of and scaled to the current capacity of the landscape. 

2.4 Analysing Performance of Design Principles 

We calculated summary statistics for future values and change from current for both 
variables related to metapopulation capacity for each of our species and species 
groups: 1) the largest potential metapopulation in the future landscape (expressed as a 
proportion of the threshold estimated to provide viability), 2) the total area occupied by 
all potential viable metapopulations in the future landscape.  Each of these summary 
statistics has a slightly different interpretation which could be used to help inform 
management. 

For formal statistical analyses, we focused on the change in values from the current 
landscapes, as this most directly represents the effect of design principles (and our 
other covariates) rather than the effect of starting conditions.  When evaluating the 
cost-effectiveness of different landscape design approaches, this would also be the 
parameter that would be analysed relative to cost.  To facilitate comparison of native 
species groups (which we hope to respond positively to design principles) and invasive 
species (which we hope to respond negatively to design principles) in the same final 
models, we reversed the sign of the response variable for invasive species. Thus, the 
response variable represents the amount of ‘improvement’ in metapopulation capacity, 
with improvement defined for native species groups as an increase and improvement 
defined for invasive species as a decrease. 

We used a Generalised Linear Modelling (GLM) approach, with species within future 
landscapes as our units of analysis (n=576; 96 future landscapes x 6 species or 
GFSs).  We also used an information theoretic approach, specifying a series of 
candidate models based on a priori hypotheses about the factors likely to affect 
changes in metapopulation capacity.  Potential predictor variables were categorical and 
included: design principle (DP; six levels), land-use change storyline (SLine; four 
levels), Global Climate Model used in combination with emissions scenarios linked to 
storylines to model the vegetation change (GCM; two levels), study landscape (Lscape; 
two levels), and species or GFS (Species; six levels).  We also considered as potential 
predictors all two-way interaction terms involving design principles, such as DP*SLine 
if, for example, design principles differ in their effectiveness depending on the amount 
of investment in environmental plantings inherent in the different storylines. Our a priori 
hypotheses and resulting candidate models are shown in Table 9. 
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Table 9.   Candidate hypotheses about the factors likely to affect changes in metapopulation capacity in future landscapes and 
resulting model parameterisation. Abbreviations defined in preceding paragraph of the main text.   

Model# Hypothesis Model 
1 All factors except DP have main effects (BaseModel1) Lscape+Species+SLine+GCM 
2 All factors including DP have main effects BaseModel1 + DP 
3 Main effects but DP effect differs between landscapes BaseModel1 + DP + (DP*Lscape) 
4 Main effects but DP effect differs between species BaseModel1 + DP + (DP*Species) 
5 Main effects but DP effect differs between storylines BaseModel1 + DP + (DP*SLine) 
6 Main effects but DP effect differs between GCMs BaseModel1 + DP + (DP*GCM) 
7 Main effects but DP effects differs between all others BaseModel1 + DP + (DP*Lscape) + (DP*Species) + (DP*SLine) + 

(DP*GCM) 
8 All factors except DP have main effects and interactions (BaseModel2) Lscape + Species + SLine + GCM + (Lscape*Species) + 

(Lscape*SLine) + (Lscape*GCM) + (Species*SLine) + 
(Species*GCM) + (SLine*GCM) + (Lscape*Species*Sline) + 
(Lscape*Species*GCM) + (Lscape*Sline*GCM) + 
(Species*Sline*GCM) + (Lscape*Species*Sline*GCM) 

9 DP has main effects only but all other factors have main and full 
interaction effects 

BaseModel2 + DP 

10 DP has main effects and interaction with Lscape - all other factors have 
main and full interaction effects 

BaseModel2 + DP + (DP*Lscape) 

11 DP has main effects and interaction with Species - all other factors have 
main and full interaction effects 

BaseModel2 + DP + (DP*Species) 

12 DP has main effects and interaction with SLine - all other factors have 
main and full interaction effects 

BaseModel2 + DP + (DP*SLine) 

13 DP has main effects and interaction with GCM - all other factors have 
main and full interaction effects 

BaseModel2 + DP + (DP*GCM) 

14 DP has main effects and all two-way interactions - all other factors have 
main and full interaction effects 

BaseModel2 + DP + (DP*Lscape) + (DP*Species) + (DP*SLine) + 
(DP*GCM) 
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Conceptually, the first seven models (#1-7) build on the background hypothesis that the 
factors that biodiversity managers cannot control – the landscape they work with, the 
species they manage, future climates and resulting land-use changes – all affect the 
change in metapopulation capacity of their landscapes in the future but in independent 
ways.  For example, changes in metapopulation capacity may differ between 
landscapes and between future climates, but future climate has a similar effect in all 
landscapes.  The second seven models (#8-14) build on the background hypothesis 
that all the factors that biodiversity managers cannot or generally do not control have 
complex interacting effects.  This is essentially the hypothesis that the impacts of 
climate change on metapopulation capacity will be highly context-dependent and thus 
different everywhere and for all species.  Within each of these two groups, we then 
explore hypotheses specifically about the effects of design principles – the primary 
factor that biodiversity managers can control.  We only explore hypotheses about main 
effects of design principles and two-way interactions, because higher order interactions 
represent situations in which it would be too difficult for landscape managers to 
implement different design principles in different contexts (e.g., for different climate 
futures in different landscapes and for different species). 

These candidate models were then compared using Akaike’s Information Criterion, 
corrected for small sample size relative to the number of parameters modelled (AICc).  
The lowest AICc value from any model was subtracted from the AICc values of each 
model to yield ∆AICc values which were then used to rank candidate models.  Using 
this approach, the model with the greatest support based on the data has a ∆AICc 
value of zero and models with increasing ∆AICc values have decreasing levels of 
support.  We also calculated Akaike weights for each model (ω), which represent the 
approximate probability that the model is the best model of the candidate set.   

We evaluated the overall effect of design principles by examining the Akaike weights of 
models that included a design principle effect and by performing post-hoc paired 
comparisons to calculate design principle effect sizes.  We used Akaike weights 
calculated for the subset of models that included design principles to calculate 
weighted averages of effect sizes across all models, including upper and lower 95% 
confidence levels (Bonferroni-corrected for multiple comparisons).  Design principle 
effects were considered robust if the weighted average confidence interval did not 
include zero.  The weighted average effect size itself and the size of the confidence 
interval then provided information about how much one design principle was likely to 
improve landscape metapopulation capacity in the future relative to another.   Where 
an interaction between design principles and another variable was included in the top-
ranked model based on ∆AICc values, separate models were constructed for each of 
the different levels of the other variable to explore how design principle effects might 
vary within and across these levels.  All analyses were performed in SYSTAT version 
13.1 (Systat Software Inc., Chicago, Ill.).   
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3 Results and Outputs  

3.1 Future Landscapes 

Our 96 modelled future landscapes combined the effects of changes in land-use 
according to four storylines of likely future change, different approaches to landscape 
design in terms of the placement of environmental plantings in the landscape, and 
changes in native vegetation community distributions according to both relatively wet 
and relatively dry global climate models.  Here we provide results for each of these 
components separately, then provide the results of combining these types of landscape 
change to produce our future landscapes. 

3.1.1 Land-use change scenarios 

The final land-use change scenarios, the specific estimated percentages of 
conversions from one land use to another according to our four future storylines of 
land-use change, were similar across our storylines and study landscapes in terms of 
the types of conversions that might occur in the future.  They differed largely in the 
percentages of the different conversions.  These are shown in a series of conversion 
tables, with one table for each storyline in each study landscape (Tables 10-17). 

An example of the spatial implementation of these scenarios is depicted in Figure 7, 
which shows the modelled changes except the new environmental plantings (which 
were modelled as design principles – see below) in our South-East NSW study 
landscape, with the current study landscape depicted as well as the future landscape 
according to Storyline 1, Adaptation Without Global Mitigation.  Figure 8 shows the 
same comparison but depicts a smaller portion of the study landscape to show some of 
the detailed modelled changes.  Note that this storyline is particularly characterised by 
loss of scattered paddock trees and a reduction in extent of privately managed native 
vegetation (land-use class 8, modified native) as productive uses in the surrounding 
landscape are expanded and intensified, as well as the addition of small blocks of 
woody production areas throughout the landscape, representing woody biofuel crops 
and monoculture carbon plantings.   

A full set of images of modelled future land-use changes, according to all four 
storylines and in both study landscapes, is available in Appendix E .  The modelling 
approach resulted in all changes being modelled with an absolute error rate of <2.5%.  
The set of modelled future land uses differ particularly in the degree to which native 
vegetation on private lands is retained and the degree to which production-based land 
uses include woody components for taking advantage of biofuel and carbon markets.  
The most obvious degree of land-use change occurs in Storyline 4, Global Fix with 
Proactive Australia, which resulted in land-use change to approximately 6% of the 
South-East NSW study landscape and 5% of the North-East NSW study landscape 
(including environmental plantings, applied according to design principles – see section 
3.1.2).  While these percentages may seem relatively small, they represent large 
amounts of total area (~1 million hectares in each study landscape) and changes 
among relatively broad classes of land use, and thus would involve very substantial 
changes in markets, infrastructure and land management.
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Table 10.  Proportional conversion from current to future land uses for South-East NSW, Storyline 1   
                To 

 

From  

Storyline 1:  Adaptation Without Global Mitigation (A1FI, High intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

6. Environmental 
plantings 2050 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 121ha 
(inundation) 

      

2. Crops and 
pastures 

   0.2% - in small bits 
around biofuel 

processing centres 

0.1% - in small bits 
in areas with best 
growth potential 

0.4% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

 75%    10% - in areas with 
lowest profit 

  

4. Woody 
production 

 5% - in areas with 
lowest profit 

15% -  near other 
crops & pastures 

     

5. Env. 
planting c.2009 

     100%  

8. Modified 
native woody  

10% of the east – 
near urban 

0% of the west 

12% - next to 
existing crops & 

pastures 

 1% of the east - 
near urban 

0% of the west 

   

9. Native 
protected  
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Table 11.  Proportional conversion from current to future land uses for South-East NSW, Storyline 2   
                To 

 

From  

Storyline 2:  Late Wake-up Call (A1FI, Medium intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

6. Environmental 
plantings 2050 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 121ha 
(inundation) 

      

2. Crops and 
pastures 

   0.7% - in small bits 
around biofuel 

processing centres 

0.5% - in small bits 
in areas with best 
growth potential 

0.8% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

 70%    25% - in areas with 
lowest profit 

(increasing to 
moderate profit) 

  

4. Woody 
production 

 5% - in areas with 
lowest profit 

10% -  near other 
crops & pastures 

     

5. Env. 
planting c.2009 

     100%  

8. Modified 
native woody  

10% of the east – 
near urban 

0% of the west 

8% - next to 
existing crops & 

pastures 

 1% of the east - 
near urban 

0% of the west 

   

9. Native 
protected  
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Table 12.  Proportional conversion from current to future land uses for South-East NSW, Storyline 3   
                To 

 

From  

Storyline 3:  Global Fix with Reactive Australia (A1B, High intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

7. Environmental 
plantings 2030 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 112ha 
(inundation) 

      

2. Crops and 
pastures 

   0.1% - in small bits 
around biofuel 

processing centres 

0.2% - in small bits 
in areas with best 
growth potential 

0.2% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

 45%    8% - in areas with 
lowest profit 

  

4. Woody 
production 

 no change in this 
scenario 

 

     

5. Env. 
planting c.2009 

     100%  

8. Modified 
native woody  

5% of the east – 
near urban 

0% of the west 

5% - next to 
existing crops & 

pastures 

 1% of the east - 
near urban 

0% of the west 

   

9. Native 
protected  
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Table 13.  Proportional conversion from current to future land uses for South-East NSW, Storyline 4   
                To 

 

From  

Storyline 4:  Global Fix with Proactive Australia (A1B, Medium intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

7. Environmental 
plantings 2030 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 112ha 
(inundation) 

      

2. Crops and 
pastures 

   0.5% - in small bits 
around biofuel 

processing centres 

2.0% - in small bits 
in areas with best 
growth potential 

1% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

 30%    40% - in areas with 
lowest profit 

(increasing to 
moderate profit) 

  

4. Woody 
production 

 10% - next to 
existing crops and 

pastures 

 

     

5. Env. 
planting c.2009 

     100%  

8. Modified 
native woody  

5% of the east – 
near urban 

0% of the west 

not predicted for 
this scenario 

 1% of the east - 
near urban 

0% of the west 

   

9. Native 
protected  
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Table 14.  Proportional conversion from current to future land uses for North-East NSW, Storyline 1   
                To 

 

From  

Storyline 1:  Adaptation Without Global Mitigation (A1FI, High intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

6. Environmental 
plantings 2050 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 228ha 
(inundation) 

      

2. Crops and 
pastures 

0.2%  of the east- 
near urban 

  0.2% - in small bits 
around biofuel 

processing centres 

0% - in small bits in 
areas with best 
growth potential 

0.2% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

2% of the east - 
near urban 

65%    10% - in areas with 
lowest profit 

  

4. Woody 
production 

 30% - in areas with 
lowest profit 

20% -  near other 
crops & pastures 

     

5. Env. 
planting 2010 

     100%  

8. Modified 
native woody  

7.5% of the east – 
near urban 

0% of the west 

17% - next to 
existing crops & 

pastures 

     

9. Native 
protected  
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Table 15.  Proportional conversion from current to future land uses for North-East NSW, Storyline 2   
                To 

 

From  

Storyline 2:  Late Wake-up Call (A1FI, Medium intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

6. Environmental 
plantings 2050 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 228ha 
(inundation) 

      

2. Crops and 
pastures 

0.2% of the east - 
near urban 

  0.4% - in small bits 
around biofuel 

processing centres 

0.2% - in small bits 
in areas with best 
growth potential 

0.4% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

2% of the east - 
near urban 

60%    25% - in areas with 
lowest profit 

(increasing to 
moderate profit) 

  

4. Woody 
production 

 30% - in areas with 
lowest profit 

20% -  near other 
crops & pastures 

     

5. Env. 
planting 2010 

     100%  

8. Modified 
native woody  

7.5% of the east – 
near urban 

0% of the west 

15% - next to 
existing crops & 

pastures 

     

9. Native 
protected  
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Table 16.  Proportional conversion from current to future land uses for North-East NSW, Storyline 3   
                To 

 

From  

Storyline 3:  Global Fix with Reactive Australia (A1B, High intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

7. Environmental 
plantings 2030 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 165ha 
(inundation) 

      

2. Crops and 
pastures 

0.1% of the east - 
near urban 

  0.1% - in small bits 
around biofuel 

processing centres 

0.1% - in small bits 
in areas with best 
growth potential 

0.4% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

0.5% of the east - 
near urban 

35%    5% - in areas with 
lowest profit 

 

  

4. Woody 
production 

 none for this 
scenario 

 

     

5. Env. 
planting 2010 

     100%  

8. Modified 
native woody  

2.5% of the east – 
near urban 

0% of the west 

8% - next to 
existing crops & 

pastures 

     

9. Native 
protected  
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Table 17.  Proportional conversion from current to future land uses for North-East NSW, Storyline 4   
                To 

 

From  

Storyline 4:  Global Fix with Proactive Australia (A1B, Medium intensity) by 2070 

1. Non-habitat for 
natives 

2. Crops and 
pastures 

3. Crops and 
pastures with 
paddock trees 

4. Woody 
production 

7. Environmental 
plantings 2030 

8. Modified native 
woody 

9. Native 
protected  

1. Non-habitat 
for natives 

100% + 165ha 
(inundation) 

      

2. Crops and 
pastures 

0.1% of the east - 
near urban 

  0.3% - in small bits 
around biofuel 

processing centres 

1.0% - in small bits 
in areas with best 
growth potential 

0.8% - in areas with 
lowest profit 

  

3. Crops and 
pastures with 
paddock trees 

0.5% of the east - 
near urban 

25%    40% - in areas with 
lowest profit 

(increasing to 
moderate profit) 

  

4. Woody 
production 

 10% - near other 
crops & pastures 

     

5. Env. 
planting 2010 

     100%  

8. Modified 
native woody  

2.5% of the east – 
near urban 

0% of the west 

      

9. Native 
protected  
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Figure 7.  Current (above) and one future (below) South-East NSW study 
landscape. All land-use changes are depicted except the establishment 
of environmental plantings. The future landscape is based on Storyline 
1, Adaptation Without Global Mitigation. A full set of images is 
available in Appendix E  
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Figure 8.  Portions of the current (above) and one future (below) South-East NSW 
study landscape. All land-use changes are depicted except the 
establishment of environmental plantings, and the future landscape is 
based on Storyline 1, Adaptation Without Global Mitigation. Legend is 
given in Figure 7.  

3.1.2 Real-world design principles 

Our elicitation of managers’ conceptual models of landscape design revealed two 
common approaches to the spatial placement of ‘environmental plantings’ (which 
included management of natural regeneration).  We modelled both of these common 
approaches, as well as a less common but contrasting approach.  We also included a 
random spatial control, and positive and negative controls for amount of restoration.  
The three real-world design principles and the random spatial control differed in their 
relative emphasis on regional prioritisation, managing and/or rebuilding individual local 
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links, and the preferred scale of revegetation/restoration works (Table 18).  We 
describe each of these design principles along with the controls in more detail below 
and provide simplified diagrams that illustrate the key differences between the three 
real-world principles and the spatial control in Figure 9.  
 
Table 18.  Real-world landscape design principles and a random spatial control   

and the key ways in which they differ conceptually   

Key 
Characteristics 
(from Table 5) 

Random 
(DP1) 

Building 
Bridges & 
Islands 
(DP2) 

Building 
Bridges & 
Vegetation 
Extent (DP3) 

Increasing 
Vegetation 
Extent 
(DP4) 

Degree of 
emphasis on 
concentrating 
actions in regional 
priority areas 

No 
emphasis 

High High Medium 

Degree of 
emphasis on local 
links 

Randomly 
determined 
based on 
opportunities 
available 

High High Low 

Preferred scale for 
restoring new 
patches 

No 
preference 

Large  

(100ha) 

Small  

(20ha) 

Small  

(20ha) 

Preference for 
managing existing 
vs. replanting new 
local links 

No 
preference 

Replant Manage 
existing 

Manage 
existing 

 

Negative Control – No Further Restoration (DP0) 
This ‘design principle’ was included as a control to ensure we could compare all design 
approaches, which involve some degree of environmental plantings and natural 
regeneration projects in the future, with doing nothing.  Thus, this design principle 
involves no further environmental plantings beyond what is on the ground now. 

Random Spatial Control (DP1) 
This ‘design principle’ was included as a control to compare what could be 
accomplished via landscape design activities (the other design principles) versus 
simpler approaches that lack a broader design view, yet still involve the same amount 
of environmental plantings.  Under these simpler approaches, landscape managers 
would deliver incentives to any willing landowner who comes forward regardless of 
where they are in the landscape.  

Building Bridges & Islands (DP2) 
This was one of the two most common design principles used by our survey 
respondents (5/22 respondents).  It involves a high degree of regional targeting (i.e. 
90% of environmental plantings occur in predefined regional priority areas), a high 
emphasis on managing or restoring local links (e.g., fenceline corridors, scattered 
trees), and creating new patches in the landscape via large-scale restoration programs 
such as Greening Australia’s Whole of Paddock Rehabilitation (WOPR, Fifield and 
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Streatfield 2009).  As a result of the significant statistical association between using 
large-scale restoration approaches (as opposed to small-scale) and doing more 
restoration of new local links compared to management of existing local links, this 
design approach also involves an emphasis on replanting new local links. 

Many of our survey respondents also indicated that a high ability to engage in regional 
targeting was probably a result of current relatively low investment levels.  At higher 
levels of investment, it will likely become harder to find enough willing land managers to 
work with in priority areas (unless there is significant innovation in the types of incentive 
programs and the funding per hectare they are willing to offer).  Therefore, we relaxed 
the degree of regional targeting under two of our land-use change storylines that 
involved significant conversion of land to environmental plantings (Storylines 2 and 4). 

Building Bridges & Vegetation Extent (DP3) 
This was the other most common design principle used by our survey respondents 
(5/22 respondents).  It involves a high degree of regional targeting (i.e. undertaking the 
majority of environmental plantings in predefined regional priority areas) and a high 
emphasis on managing or restoring local links (e.g. fenceline corridors, scattered 
trees).  But in contrast to the previous design principle, this one involves creating new 
patches in the landscape through smaller-scale revegetation activities. The underlying 
theory is that improving vegetation extent may be more important than achieving a 
specific patch size (or that large patches may be too challenging socially and 
economically).  There is also a slightly stronger emphasis on local links compared to 
the previous design principle because when new patches are small in scale (compared 
to large), more resources are available to devote to links.  As a result of the significant 
statistical association between using small-scale restoration approaches and doing 
more management of existing local links compared to replanting, this design approach 
also involves an emphasis on managing existing local links.  As above, we relaxed the 
degree of regional targeting under two of our land-use change storylines that involved 
significant conversion of land to environmental plantings (Storylines 2 and 4). 

Increasing Vegetation Extent (DP4) 
This design principle involves only a moderate amount of regional targeting, a low 
emphasis on local links, and the creation of new patches using small-scale restoration 
activities.  It was only used by 2 out of our 22 survey respondents, but given that half 
the respondents used medium or even low regional targeting, we wanted to include a 
design principle that involved something other than high regional targeting.  Among the 
medium regional targeting design principles used by our respondents (n=7), low 
emphasis on local links was more common than high emphasis on local links (4/7), and 
small-scale restoration (along with managing existing local links) was more common 
than large-scale restoration (5/7).  Hence, we chose to model this design principle 
which values improving vegetation extent more than spatial configuration.  Given that 
this design principle already involves lower regional targeting than the others we chose 
to model, we applied it in the same way across all storylines rather than adjusting for 
lower ability to regionally target at higher investment levels. 

Positive Control – Achieving ~30% Native Vegetation Cover (DP5) 
This ‘design principle’ was included as a positive control to assess whether the sheer 
volume of effort devoted to restoration of native ecosystems might be more important 
than the details of the spatial placement of restoration projects.  This represented 
approximately 5-10 times more environmental plantings than any of the other design 
principle/storyline combinations.  Such a large volume of investment in environmental 
plantings would be impossible to achieve on the ground using any complex spatial 
rules.  Thus, we implemented this design principle by simply converting all crops and 
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pastures with scattered trees to environmental plantings and then selecting among 
candidate patches and links in areas of crops and pastures without scattered trees until 
approximately 30% cover was achieved. 
 
Spatial Control (DP1) 

 

Building Bridges & Islands (DP2) 
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Building Bridges & Vegetation Extent (DP3) 
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Increasing Vegetation Extent (DP4) 
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Figure 9.  Illustration of basic differences between the real-world design 
principles and the spatial control as they would be implemented on an 
individual property. Blue areas are new environmental plantings 
implemented according to the design principles. 

 

In addition to these differences, all respondents universally indicated that their top 
priority was still building on and improving existing native vegetation remnants: largely 
through in-fill, adding to the margins (through both revegetation – i.e. plantings – and 
facilitating natural regeneration, though the former was generally more common), and 
improving management to enhance ecological condition.  Thus, in all design principles 
aside from the controls, we specified that half of the conversions to environmental 
plantings should build on existing patches (remnants or previous environmental 
plantings) and half should be applied as described above in the different design 
principles.  The relative emphases in the different design principles on regional 
prioritisation, local links, and type of restoration for local links were then expressed as 
different percentages of the total land-use conversion to environmental plantings (Table 
19). 
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Table 19.  Differences among real-world design principles in terms of the 
percentage of environmental plantings allocated to different types of 
activities. In some cases, the percentages also differ between the land-
use change storylines based on different levels of investment in 
environmental plantings (SLs = land-use change storylines). 

 Building 
Bridges & 
Islands  

Storylines 
 1 & 3 

Building 
Bridges & 
Islands  

Storylines 
2 & 4 

Building 
Bridges & 
Veg Extent  

Storylines 
 1 & 3 

Building 
Bridges & 
Veg Extent  

Storylines 
2 & 4 

Increasing 
Veg Extent 

 
 All 
Storylines 

% in 
regional 
priority area 

90 60 90 60 50* 

% building 
on existing 

50 50 50 50 50 

% restoring 
new patches 

30 30 20 20 40 

Size of 
those 
patches 

100ha 100ha 20ha 20ha  20ha 

% restoring 
new local 
links 

15 15 10 10 4 

% managing 
existing 
local links 

5 5 20 20 6 

*This still involves some degree of regional targeting, as regional priority areas constitute <50% 
of each landscape. 

Once we combined these percentages with the estimated percentages of land uses to 
be converted to environmental plantings according to the land-use change storylines, 
we then had specific area-based targets for each combination of study landscape, 
land-use change storyline, and design principle.  Area targets for links were converted 
to percentages of all possible candidate links (as described in section 2.2.3).  For 
example, in Storyline 1, Adaptation Without Global Mitigation, 0.4% of crops and 
pastures without trees and 10% of crops and pastures with scattered trees are 
converted to new environmental plantings by 2050.  The South-East NSW study 
landscape currently contains 9,713,190 ha of crops and pastures without trees and 
1,360,261 ha of crops and pastures with scattered trees.  Thus, total hectare targets for 
converting to environmental plantings are 38,853 ha of crops and pastures without 
trees and 136,026 ha of crops and pastures with scattered trees.  Applying the Building 
Bridges and Islands design principle as specified in Table 19, along with our 
conversion for links targets, results in specific targets for conversion to environmental 
plantings as detailed in Table 20.  The full set of target tables for modelling design 
principles is provided in Appendix C .  Note of course that DP0 and DP5, the negative 
and positive controls for amount of environmental plantings were implemented 
independent of the amount of land to be converted to environmental plantings specified 
in the land-use change storylines. 
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An example of the spatial implementation of these design principles is depicted in 
Figure 10, which shows two design principles applied in our South-East NSW study 
landscape (with the size of environmental plantings enhanced to make them visible).  
At this scale, one of the most obvious differences between the two design principles 
depicted is in the degree of spatial targeting and thus concentration of on-ground 
actions in particular portions of the landscape.  Figure 11 also shows two design 
principles (also with sizes of areas enhanced), but depicts a smaller portion of the 
study landscape to show some of the detailed modelled changes.  While the 
differences may still appear to be subtle, note the smaller number but larger area of 
new patches in the top figure (Building Bridges and Islands) as well as the larger 
number of small local links.  The bottom figure (Increasing Vegetation Extent) includes 
many more small new patches of environmental plantings.  The full set of figures 
depicting all study landscape/land-use change storyline/design principle combinations 
is provided in Appendix F . 

Table 20.  Example of detailed targets for converting crops and pastures (C&P) 
with and without scattered trees to environmental plantings. This table 
applies the Building Bridges and Islands design principle and land-use 
change Storyline 1, Adaptation Without Global Mitigation, to the 
South-East NSW study landscape. 

Current 
Land 
Use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
total 
candidate 
links 
identified 

Out of 
priority 
area – 
links  - 
prop of 
total 
candidate 
links 
identified 

Total in 
ha 

% 

C&P no 
trees 

        0.0975 0.0075 38853 22.2 

C&P 
with 
trees 

        0.0325 0.0025 136026 77.8 

Total in 
ha 

78,695 8,744 47,217 5,246 0.1300 0.0100 174,879 100 
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Figure 10. Two design principles, Building Bridges & Islands (above) and 

Increasing Vegetation Extent (below), applied to the placement of new 
environmental plantings in Storyline 2, Late Wake-up Call, within the 
South-East NSW study landscape. Full set of images available in 
Appendix F  
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Figure 11.  Portions of the South-East NSW study landscape with two design 

principles, Building Bridges & Islands (above) and Increasing 
Vegetation Extent (below), applied to the placement of new 
environmental plantings under Storyline 4, Global Fix with Proactive 
Australia. Legend is given in Figure 10. 

 

  

4 
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3.1.3 Current and future vegetation 

The fitted model of current plant compositional turnover for NSW (Figure 12) used 20 
predictors and explained 45.8% of the variation in observed compositional dissimilarity 
between sites (Figure 13).  The spatial patterns of four of the most influential scaled 
variables (other than geographic distance) are shown as examples in Figure 14.  These 
relate to water availability and the presence of kaolinite clay minerals in the lower soil 
horizon.  Scaled environmental predictors for current and projected climate scenarios 
were derived from this fitted model.  The last 10% of the trend line from each end of the 
fitted functions for each predictor (Figure 13) was extrapolated into novel climates, 
where relevant.   

 
Figure 12. The fitted GDM model for NSW, transformed by the logit link function 
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Figure 13. Relative contribution of each predictor to compositional turnover in 
the fitted model for NSW, determined from the summed value 
(weights) of the spline coefficients (above). Fitted functions for each 
predictor (below).  Variable definitions are given in Appendix D   



74    Designing landscapes for biodiversity under climate change 

 
Figure 14. General spatial pattern of four scaled environmental predictors 

derived from the GDM model of vascular plant compositional 
turnover. Maximum potential evaporation (EVXtran), maximum 
precipitation relative to evaporation (ADXtran), maximum precipitation 
(PTXtran), Kaolinite clay minerals in the B soil horizon (KAO90tran).  
Variable definitions are given in Appendix D    

The resulting model of current vegetation extent in the absence of disturbance across 
the Southeast NSW Study Landscape is presented in Figure 15.  Vegetation extent 
derives from predicted probabilities for 98 individual vegetation classes grouped into 15 
formations/subformations (see classification schema in Appendix D ).  Rare formation 
type 3 (grassy wet sclerophyll forests) was predicted to not have a dominant 
occurrence in any of the study landscapes, and was dropped from the legend.  The 
maximum predicted probability at each cell, derived as an aggregate of all predicted 
probabilities for the vegetation classes within each formation/subformation, is shown in 
the bottom panel of Figure 15. This provides a measure of confidence in the prediction 
at each 100m grid cell location.   

The environmental profile of the training data (values derived from the GDM-scaled 
predictor values) was used with the 8 climate scenarios to derive future vegetation 
patterns.  The resulting changes in the number of hectares of each vegetation 
formation are listed in Table 21 for the South-East study landscape and Table 22 for 
the North-East study landscape. 

 



 

Designing landscapes for biodiversity under climate change 75 

 
Figure 15.  Current predicted vegetation formations for the Southeast NSW study 

landscape (above) and the maximum predicted probabilities 
associated with the modelled vegetation classes aggregated into 
formations (below) 
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Table 21.   Extent in hectares of current and projected future vegetation formations across the South-East NSW study landscape 
(15,371,220 ha)   

Vegetation Formation Current Story 1 dry Story 1 wet Story 2 dry Story 2 wet Story 3 dry Story 3 wet Story 4 dry Story 4 wet 
01. Rainforests (humid & dry forms) 217,064 5,325 316,363 22,445 286,630 29,094 270,755 58,783 280,089 
02. Wet sclerophyll forests (shrubby form) 6,619 12,613 102,712 110,770 79,363 48,107 32,676 51,900 28,275 
03. Wet sclerophyll forests (grassy form) 0 0 0 0 0 0 0 0 0 
04. Grassy woodlands 5,026,723 1,060,563 2,490,728 1,250,717 2,924,298 1,705,206 3,055,857 2,194,293 3,479,739 
05. Grasslands 1,440,273 2,341,780 898,772 1,923,254 707,294 1,448,136 771,077 1,089,902 833,261 
06. Dry sclerophyll forests (shrubby/grass) 2,425,586 4,909,307 4,766,702 4,561,941 4,378,871 3,857,531 3,695,457 3,508,465 3,386,545 
07. Dry sclerophyll forests (shrubby form) 784,642 450,546 723,859 741,085 734,440 858,582 910,884 1,001,610 933,740 
08. Heathlands 412,046 17,455 373,954 274,431 353,138 192,781 331,837 282,295 424,925 
09. Alpine complex 287,564 33,678 162,792 59,483 190,113 109,646 225,058 117,218 244,998 
10. Forested wetlands 542,367 124,323 297,845 377,692 337,419 559,227 425,356 469,223 394,956 
11. Other wetlands (freshwater and saline) 142,535 44,075 174,141 62,354 249,853 136,662 272,786 171,886 248,618 
12. Semi-arid woodlands (grassy form) 1,001,748 1,656,156 1,364,920 1,189,694 1,159,769 942,619 1,040,498 1,177,239 1,048,779 
13. Semi-arid woodlands (shrubby form) 1,631,090 3,477,660 2,059,934 3,269,405 2,028,284 3,420,587 2,230,307 3,028,035 2,057,449 
14. Arid shrublands (chenopod form) 1,452,963 626,114 1,596,433 1,287,016 1,925,880 1,951,293 2,101,479 2,161,178 2,007,436 
15. Arid shrublands (acacia form) 0 611,625 42,065 240,933 15,868 111,749 7,193 59,193 2,410 
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Table 22.  Extent in hectares of current and projected future vegetation formations across the North-East NSW study landscape 
(15,510,740 ha)   

Vegetation Formation Current Story 1 dry Story 1 wet Story 2 dry Story 2 wet Story 3 dry Story 3 wet Story 4 dry Story 4 wet 
01. Rainforests (humid & dry forms) 622,839 161,143 754,825 226,070 754,536 247,224 659,651 271,321 678,749 
02. Wet sclerophyll forests (shrubby form) 887,275 199,902 3,294,956 270,852 2,420,727 321,811 1,680,682 384,601 1,725,079 
03. Wet sclerophyll forests (grassy form) 0 0 0 0 0 0 0 0 0 
04. Grassy woodlands 2,468,970 1,264,904 247,198 1,573,982 538,172 1,566,990 1,068,152 1,732,573 1,124,779 
05. Grasslands 2,110,920 2,080,115 2,293,128 2,301,497 2,323,428 2,301,158 2,451,352 2,296,466 2,454,152 
06. Dry sclerophyll forests (shrubby/grass) 5,021,477 5,262,207 4,941,715 6,046,759 5,147,558 6,022,985 5,184,071 5,934,403 5,127,842 
07. Dry sclerophyll forests (shrubby form) 1,858,588 3,144,082 1,107,957 2,556,568 1,569,741 2,547,353 1,890,674 2,420,909 1,870,351 
08. Heathlands 46,543 1,754 81,481 3,028 155,067 4,439 281,499 6,690 263,738 
09. Alpine complex 0 0 0 0 0 0 0 0 0 
10. Forested wetlands 298,890 167,172 419,838 185,074 409,421 196,700 363,739 206,285 369,294 
11. Other wetlands (freshwater and saline) 141,071 266,294 83,687 123,700 107,800 129,204 139,921 137,484 137,643 
12. Semi-arid woodlands (grassy form) 1,967,345 1,989,483 1,951,008 2,031,596 1,889,209 1,998,255 1,645,014 1,977,456 1,632,095 
13. Semi-arid woodlands (shrubby form) 86,731 67,207 289,189 141,334 155,351 130,166 113,088 105,628 100,558 
14. Arid shrublands (chenopod form) 0 48,443 86 364 203 207 271 91 319 
15. Arid shrublands (acacia form) 91 858,034 45,672 49,916 39,527 44,248 32,626 36,833 26,141 

 



78    Designing landscapes for biodiversity under climate change 

Across both study landscapes and almost all emissions scenarios and GCMs, the 
models show a reduction in the extent of grassy woodlands, which are generally 
replaced by semi-arid woodlands (shrubby subformation) and dry sclerophyll forests.  
In addition, most of the future vegetation models show an increase in the extent of 
semi-arid woodlands, though minimally under a wetter GCM.  More specific patterns 
are evident within each study landscape.  For example, the South-East NSW study 
landscape generally shows increases in shrubby vegetation types (like the 
shrubby/grassy subformations of dry sclerophyll forests and semi-arid woodlands) and 
decreases in grassy woodlands.  In contrast, changes in the North-East NSW study 
landscape may depend more heavily on whether a wetter future or drier future was 
modelled, with shifts toward wet sclerophyll forests under wetter futures and toward dry 
sclerophyll forests under drier futures.   

However, it is critical to interpret these results as indicative of relative differences rather 
than as precise predictions of future vegetation because they do not take into account 
all influences on future vegetation communities.  For example, these models assume 
no human interactions, so fire regimes are driven solely by natural processes such as 
lightening strike, where these correlate with the climate predictors.  In addition, the 
Keith formations are relatively broad classes and the Forested Wetlands formation in 
particular incorporates systems that are continuously inundated as well as those that 
are predominantly terrestrial with only very episodic inundation.  As a result, this 
vegetation formation is projected in some of the models to exist in areas where it 
almost certainly will not in the future (e.g., along the south coast of NSW).  Yet these 
areas are relatively small compared to the size of our study landscapes and the relative 
differences between climate futures are still sensible (Appendix G ). 

The percentage change in vegetation extents relative to current under Storyline 1 for 
the South-East NSW study landscape is given as an example in Table 23, and the 
resulting spatial maps are shown in Figure 16.  The complete set of spatial maps 
showing future vegetation for the two NSW study landscapes is given in Appendix G .   

 

Table 23.  Change in current and projected extents of vegetation across the 
Southeast NSW Study Landscape (15,371,220 ha), comparing Storyline 
1 wet (S1W) and dry (S1D) plausible climate futures.  

Vegetation Formation %current %S1D %change %S1W %change 
01. Rainforests (humid & dry forms) 1.41 0.03 -1.38 2.06 0.65 
02. Wet sclerophyll forests (shrubby form) 0.04 0.08 0.04 0.67 0.63 
03. Wet sclerophyll forests (grassy form) 0.00 0.00 0.00 0.00 0.00 
04. Grassy woodlands 32.70 6.90 -25.80 16.20 -16.50 
05. Grasslands 9.37 15.23 5.86 5.85 -3.52 
06. Dry sclerophyll forests (shrubby/grass) 15.78 31.94 16.16 31.01 15.23 
07. Dry sclerophyll forests (shrubby form) 5.10 2.93 -2.17 4.71 -0.40 
08. Heathlands 2.68 0.11 -2.57 2.43 -0.25 
09. Alpine complex 1.87 0.22 -1.65 1.06 -0.81 
10. Forested wetlands 3.53 0.81 -2.72 1.94 -1.59 
11.Other wetlands (freshwater and saline) 0.93 0.29 -0.64 1.13 0.21 
12. Semi-arid woodlands (grassy form) 6.52 10.77 4.26 8.88 2.36 
13. Semi-arid woodlands (shrubby form) 10.61 22.62 12.01 13.40 2.79 
14. Arid shrublands (chenopod form) 9.45 4.07 -5.38 10.39 0.93 
15. Arid shrublands (acacia form) 0.00 3.98 3.98 0.27 0.27 
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Figure 16.  Vegetation formations for Storyline 1 projected across the Southeast 

NSW study landscape. The dry scenario derives from the CSIRO Mk 
3.5 Global Climate Model (GCM) and the wet scenario derives from the 
Miroc-M GCM.   
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3.1.4 Synthesised future landscapes 

Our two current landscapes and our 96 future landscapes are specified as cross-grids, 
which combine the results of the land-use change modelling, including the application 
of design principles for placement of new environmental plantings, and the vegetation 
modelling.  In these cross-grids, each grid cell is characterised by both a land use and 
a vegetation type for the vegetation that would be there in the absence of modified land 
uses.  As a result, there are 135 different identities possible for each grid cell (15 
vegetation formations x 9 land uses).  One example of a cross-grid is presented in 
Figure 17.  Given the large number of possible identities for each grid cell and the fine 
resolution of our modelling (100m grid cells), visual presentation of the future 
landscapes in this form is not as informative as presenting the land use changes and 
vegetation changes separately (as we have done in the previous sections), so we only 
provide an example and not the full set of cross-grids. 
 

 
Figure 17.  Cross-grid for storyline 2 (Late Wakeup Call), design principle 2 

(Building Bridges and Vegetation Extent) with vegetation formation 
patterns shown for the dry climate future (CSIRO Mk3.5 GCM). Each 
grid cell is defined by both a land use and a vegetation type (in the 
absence of disturbance), each colour is thus a different land use x 
vegetation type combination. 

 

  



 

Designing landscapes for biodiversity under climate change 81 

3.2 Metapopulation Capacity of Future Landscapes 

3.2.1 Parameters for key species groups 

We were able to obtain demographic data for calculating REMP parameters for 8 of 10 
dry fauna species and 4 of 10 wet fauna species, as well as for orchids, peppercorn 
tree, and foxes (Table 24). REMP parameters were then estimated using a 
combination of these demographic data and prior estimates based on expert opinion, 
with the various corrections and adjustments suggested by our validation testing and 
sensitivity analyses (see section 2.3.2). Final estimates of MaxP, MaxDP, and MVH are 
shown in Table 25 along with an indication of whether they were derived solely from 
existing NSW OEH-sourced expert opinion, CSIRO-sourced literature and expert 
opinion, or a combination of the two. A complete listing of REMP parameters including 
H values, P values, and DP values for all combinations of vegetation type and land-use 
class can be found in Appendix H . 
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Table 24.  Demographic parameters including minimum home-range size (Min HR), maximum home-range size (Max HR) and 
maximum dispersal distance* (Max DD) extracted from published data or from CSIRO-sourced expert opinion   

Group Species  Min HR 
(ha) 

Max HR 
(ha) 

Max DD 
(m) 

Sources 

Dry 
Fauna 

Boulenger’s Skink 
Morethia boulengeri 

0.001 0.1 200 (Henle 1989; John Wombey pers.comm.) 

Dry 
Fauna 

Brown Treecreeper 
Climacteris picumnus 

1.5 15 4000 (Doerr and Doerr 2005; 2006; 2007; Doerr et al. 2010; 2011b; 
Doerr et al. 2006; Cooper and Walters 2002b; a; Cooper et 
al. 2002) 

Dry 
Fauna 

Brush-tailed Phascogale 
Phascogale tapoatafa 

25 145 6500 (Soderquist and Lill 1995; Soderquist 1995; Traill and Coates 
1993; van der Ree et al. 2001) 

Dry 
Fauna 

Bush Stone-curlew  
Burhinus grallarius 

15 250 8000 (Anderson 1991; Gates 2001; Johnson and Baker-Gabb 
1994; Schodde and Mason 1980; Wilson 1989) 

Dry 
Fauna 

Grey-crowned Babbler 
Pomatostomus temporalis 

2 50 2707 (Adam and Robinson 1996; Baldwin 1975; Bedggood 1973; 
Blackmore et al. 2011; Brown et al. 1983; Counsilman 1977; 
Horton 1973; King 1980; Rowley 1961; Tzaros 1997) 

Dry 
Fauna 

Speckled Warbler 
Chthonicola sagittata 

4 12 3000 (Bell 1984; Ford et al. 1985; Gardner 2002; Gardner et al. 
2003; Tzaros 1996) 

Dry 
Fauna 

Squirrel Glider 
Petaurus norfolcensis 

2 6 3200 (Menkhorst et al. 1988; Quin 1995; van der Ree 2002; van 
der Ree and Bennett 2003) 

Dry 
Fauna 

Yellow-footed Antechinus 
Antechinus flavipes 

0.5 1.5 720 (Marchesan and Carthew 2004; 2008; Smith 1984; Traill and 
Coates 1993) 
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Group Species  Min HR 
(ha) 

Max HR 
(ha) 

Max DD 
(m) 

Sources 

Wet 
Fauna 

Agile Antechinus 
Antechinus agilis 

1.5 4 6000 (Banks et al. 2011; Fisher 2005; Kraaijeveld-Smit et al. 2002) 

Wet 
Fauna 

Dusky Antechinus 
Antechinus swainsonii 

0.2 0.5 3000 (Dickman 1986; Kraaijeveld-Smit et al. 2007) 

Wet 
Fauna 

Eastern Bristlebird 
Dasyomis brachypterus 

2 10 5000 (Bain et al. 2012; Baker 1998; Baker et al. 2012; Baker and 
Clarke 1999; Clarke and Bramwell 1998; Hartley and 
Kikkawa 1994; Holmes 1989) 

Wet 
Fauna 

Superb Lyrebird 
Menura novaehollandiae 

4 25 10000 (Kenyon 1972; Kwapena 1991; Lill 1979; Reilly 1988; 
Robinson and Frith 1981; Smith 1968) 

Native 
Flora 

Greenhood Orchids 
Pterostylus spp. 

0.1** *** 1500 (Arditti and Ghani 2000; Dressler 1982; Hughes et al. 1994; 
Jersakova and Malinova 2007; Machon et al. 2003; Murren 
and Ellison 1998; Peakall 1989; 1990; Peakall and Beattie 
1996; Peakall and Schiestl 2004) 

Invasive 
Flora 

Peppercorn Tree 
Schinus molle 

0.3** *** 6000 (Howard and Minnich 1989; Iponga 2010; Iponga et al. 2009; 
Richardson et al. 2010; Silva et al. 2005) 

Invasive 
Fauna 

Red Fox 
Vulpes vulpes 

100 700 20000 (Catling and Burt 1995; Peter Catling pers.comm.; Coman et 
al. 1991; Moseby et al. 2009; Saunders et al. 1995; Van Dyck 
and Strahan 2008) 

* Due to the difficulty of estimating dispersal distance for most species, we used the maximum recorded value where data were limited (n < 20) or even 
anecdotal, but used the 90th percentile value where more data existed (n ≥ 20). 

** For the plants taxa, minimum HR size was estimated based on expected density across an area of suitable habitat. 

*** Maximum home-range sizes were not required for the plants as minimum viable habitat values were estimated differently for these taxa (see text). 
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Table 25.   Final estimates of REMP parameters, including maximum value of movement at the home-range scale (Max P), maximum 
value of movement at the dispersal scale (Max DP), and the size of the minimum viable habitat (MVH). Source(s) refers to 
expert opinion obtained by the NSW Office of Environment & Heritage (NSW OEH) and/or literature and expert opinion 
collated by CSIRO as detailed in Table 24. Entities (species or species groups) that were included in final REMP modelling 
are shown in bold type.  

Group Species  Max P 
(m) 

Max DP 
(m) 

MVH 
(ha) 

Source(s) 

Dry 
Fauna 

Barking Owl 
Ninox connivens 500 50000 50000 NSW OEH 

Dry 
Fauna 

Boulenger’s Skink 
Morethia boulengeri 45 200 1 CSIRO 

Dry 
Fauna 

Brown Treecreeper 
Climacteris picumnus 461 3750 1000 NSW OEH + CSIRO 

Dry 
Fauna 

Brush-tailed Phascogale 
Phascogale tapoatafa 1703 6500 16667 CSIRO 

Dry 
Fauna 

Bush Stone-curlew 
Burhinus grallarius 2236 8000 10000 CSIRO 

Dry 
Fauna 

Grey-crowned Babbler 
Pomatostomus temporalis 750 3854 3167 NSW OEH + CSIRO 

Dry 
Fauna 

Hooded Robin 
Melanodryas cucullata 375 30000 3750 NSW OEH 

Dry 
Fauna 

Speckled Warbler 
Chthonicola sagittata 432 3250 1677 NSW OEH + CSIRO 

Dry 
Fauna 

Squirrel Glider 
Petaurus norfolcensis 548 5600 1292 NSW OEH + CSIRO 
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Group Species  Max P 
(m) 

Max DP 
(m) 

MVH 
(ha) 

Source(s) 

Dry 
Fauna 

Yellow-footed Antechinus 
Antechinus flavipes 173 720 333 CSIRO 

Dry 
Fauna 

Dry GFS 75 
 389 3375 1073 NSW OEH + CSIRO 

Dry 
Fauna 

Dry GFS 50 
 481 4727 1073 NSW OEH + CSIRO 

Wet 
Fauna 

Agile Antechinus 
Antechinus agilis 283 6000 1000 CSIRO 

Wet 
Fauna 

Dusky Antechinus 
Antechinus swainsonii 100 3000 133 CSIRO 

Wet 
Fauna 

Double-eyed Fig Parrot 
Cyclopsitta diophthalma 2500 50000 5417 NSW OEH 

Wet 
Fauna 

Eastern Bristlebird 
Dasyomis brachypterus 355 5000 1099 NSW OEH + CSIRO 

Wet 
Fauna 

Marbled Frogmouth 
Podargus ocellatus 250 20000 721 NSW OEH 

Wet 
Fauna 

Red-legged Pademelon 
Thylogale stigmatica 250 5000 721 NSW OEH 

Wet 
Fauna 

Rufous Scrub-bird 
Atrichornis rufescens 150 20000 544 NSW OEH 

Wet 
Fauna 

Sooty Owl 
Tyto tenebricosa 2500 50000 12500 NSW OEH 
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Group Species  Max P 
(m) 

Max DP 
(m) 

MVH 
(ha) 

Source(s) 

Wet 
Fauna 

Stephen’s Banded Snake 
Hoplocephalus stephensii 250 4000 1281 NSW OEH 

Wet 
Fauna 

Superb Lyrebird 
Menura novaehollandiae 707 10000 2667 CSIRO 

Wet 
Fauna 

Wet GFS 75 
 250 5000 721 NSW OEH + CSIRO 

      

Native 
Flora 

Native Orchids 
(esp. Pterostylus spp.) 60 1500 133 CSIRO 

Invasive 
Flora 

Peppercorn Tree 
Schinus molle 200 6000 400 CSIRO 

Invasive 
Fauna 

Red Fox 
Vulpes vulpes 3742 20000 66667 CSIRO 

* Due to the difficulty of estimating dispersal distance for most species, we used the maximum recorded value where data were limited (n < 20) or even 
anecdotal, but used the 90th percentile value where more data existed (n ≥ 20). 

** For the plants taxa, minimum HR size was estimated based on expected density across an area of suitable habitat. 

*** Maximum home-range sizes were not required for the plants as minimum viable habitat values were estimated differently for these taxa (see text). 
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3.2.2 General metapopulation capacity results 

Summary statistics revealed there was substantial variation within and among species 
and case study areas in terms of the metapopulation capacity of future landscapes.  
This was true both when metapopulation capacity was expressed as the largest 
potential metapopulation in the landscape (divided by the threshold metapopulation 
size required for sustaining a viable population) as well as when it was expressed as 
the total area occupied by all potential viable metapopulations.   

The largest potential metapopulation (LPM) for each species in every future landscape 
was larger than the estimated threshold (i.e., LPM was always >1).  Yet the challenges 
we found in parameterising the REMP models to ensure that design principles could be 
compared without bias meant that we cannot interpret the metapopulation capacity 
estimates in an absolute sense – only in a relative or comparative sense.  Thus, the 
average future LPM values (Figure 18) suggest that in future landscapes, orchids will 
be least well supported, dry woodland and forest fauna specialists may be best 
supported, but wet forest fauna specialists may be equally well supported in North-East 
New South Wales.  In terms of the invasive species we examined, peppercorn trees 
will be supported much more so than foxes. 

While these results seem to suggest that orchids may be of most concern into the 
future, it is actually the change in size of the LPM from current that gives a better 
indication of climate and design principle effects separate from the legacy of current 
landscape conditions.  The changes in LPM, expressed as future minus current LPM 
(Figure 19), show that reductions or increases in LPM for orchids were actually quite 
small.  Instead, wet forest fauna specialists and dry woodland and forest fauna 
specialists (depending on how narrowly the specialisation is defined) experienced on 
average substantial declines in largest potential metapopulation sizes.  Declines in 
LPM for wet forest fauna specialists were larger in our North-East NSW landscape 
compared to the South-East landscape.  But they were also more variable, suggesting 
the potential for effects of design principles, climate, and land-use storylines. 

Finally, changes in LPM for invasive species were quite interesting, with decreases in 
LPM for foxes fairly universal across all our future landscapes, but substantial 
increases in LPM for peppercorn tree, particularly in the South-East NSW landscape.  
Again high variability, particularly for peppercorn tree in both case study areas, 
suggests a strong potential for design principle, climate, or land-use storyline effects.   
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Figure 18.  Average size of the largest potential metapopulation (LPM) in future 

landscapes, expressed as a factor of the minimum viable 
metapopulation size, shown for the South-East New South Wales 
landscape (top) and the North-East New South Wales landscape 
(bottom). Error bars show one standard deviation. 
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Figure 19.  Average change in the size of the largest potential metapopulation 

(LPM), expressed as future LPM minus current LPM, shown for the 
South-East New South Wales landscape (top) and the North-East New 
South Wales landscape (bottom). Error bars show one standard 
deviation.  

While the largest potential metapopulation expresses something about the maximum 
capacity of a landscape, it is not a whole-of-landscape measure.  As a result, these 
results do not present a sufficiently complete picture because the largest 
metapopulation in a landscape may only be minimally influenced by the design 
principles, which involve spreading environmental plantings and natural regeneration 
projects throughout the landscape.  In contrast, the total area occupied by all potential 
viable metapopulations (i.e. all those larger than the threshold for a viable 
metapopulation) is a whole-of-landscape measure, though its weakness is that an 
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increase in this parameter can be due in part to larger areas needing to be occupied 
when habitat quality is lower.  Thus, interpreting the results from these two response 
variables in concert should give the most useful indication of the metapopulation 
capacity of future landscapes. 

The average area occupied by potential viable metapopulations of each species in 
future landscapes was largest for the invasive species we modelled, and smallest for 
wet forest fauna specialists ( 

Figure 20).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20.  Average area occupied (in km2) by all potential viable 
metapopulations in future landscapes, shown for the South-East New 
South Wales landscape (top) and the North-East New South Wales 
landscape (bottom). Error bars show one standard deviation. 
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Yet, again, it is actually the change in area occupied from current area occupied that 
gives a better indication of climate and design principle effects separate from the 
legacy of current landscape conditions.  On average across all species groups in both 
landscapes, smaller areas were occupied in our future landscapes, with the exception 
of a very small average increase in area occupied by wet forest fauna specialists in the 
South-East NSW landscape.  The largest average decreases in area occupied were by 
the invasive species.  However, the variances for almost every species in both 
landscapes were quite large, suggesting that design principle, climate, or land-use 
storyline effects may have a significant influence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21.  Average change in area occupied (in km2) by all potential viable 
metapopulations in future landscapes, shown for the South-East New 
South Wales landscape (top) and the North-East New South Wales 
landscape (bottom). Error bars show one standard deviation. 
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Considering the descriptive results for both parameters of metapopulation capacity in 
concert, our native species groups appeared to experience declines in area occupied in 
future landscapes slightly more than they experienced increases in occupancy, despite 
the fact that considerable effort was devoted to environmental plantings and natural 
regeneration projects in most of the future landscapes.  Despite some increases in 
area occupied, they usually showed strong declines in the size of the largest potential 
metapopulation, suggesting greater fragmentation of areas occupied in the future.  In 
contrast, foxes showed stronger decreases in area occupied and only small decreases 
in the size of the largest potential metapopulation, suggesting losses in fox habitat 
around the margins of existing metapopulations rather than increasing fragmentation of 
existing populations.  Finally, peppercorn tree showed a third distinct pattern – 
generally decreases in the area occupied by viable metapopulations but increases in 
the size of the largest potential metapopulation.  This suggests increases in functional 
connectivity for this species in future landscapes despite reductions in suitable habitat. 

3.3 General Performance of Design Principles 

3.3.1 Largest metapopulation - model selection results 

When we analysed the factors affecting the amount of improvement in the size of the 
largest potential metapopulation (future minus current LPM values for native species 
groups and current minus future LPM values for invasive species), the comparison of 
AICc values across our 14 candidate models revealed that there was only one model 
that was likely to be the best model given the data (Table 26).  This was the model that 
incorporated DP (design principle), an interaction between DP and Species, and all 
additional factors plus all their interaction effects.  All other models had substantially 
smaller Akaike weights, and models that did not incorporate interaction terms among 
the covariates (Landscape, Species, Storyline, GCM) had vanishingly small Akaike 
weights and thus very little support from the data. 
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Table 26.   Comparison of AICc values of all candidate models with improvement 
in the largest potential metapopulation size as the response variable, 
ordered from the model with the greatest support (largest Akaike 
weight, w) to the model with the least support 

Model# Hypothesis df AICc ∆AICc w 

11 
DP has main effects and 
interaction with Species - all other 
factors have main and full 
interaction effects 

125, 450 3688.14 0.00 0.999999 

8 
All factors except DP have main 
effects and interactions 
(BaseModel2) 

95, 480 3716.34 28.20 7.51E-07 

9 
DP has main effects only but all 
other factors have main and full 
interaction effects 

100, 475 3723.40 35.26 2.21E-08 

10 
DP has main effects and 
interaction with Lscape - all other 
factors have main and full 
interaction effects 

105, 470 3729.19 41.05 1.22E-09 

13 
DP has main effects and 
interaction with GCM - all other 
factors have main and full 
interaction effects 

105, 470 3734.77 46.63 7.49E-11 

14 
DP has main effects and all two-
way interactions - all other factors 
have main and full interaction 
effects 

150, 425 3739.04 50.90 8.83E-12 

12 
DP has main effects and 
interaction with SLine - all other 
factors have main and full 
interaction effects 

115, 460 3752.67 64.53 9.71E-15 

1 All factors except DP have main 
effects (BaseModel1) 10, 565 4862.70 1174.56 8.9E-256 

2 All factors including DP have main 
effects 15, 560 4872.52 1184.38 6.5E-258 

3 Main effects but DP effect differs 
between landscapes 20, 555 4882.40 1194.26 4.7E-260 

6 Main effects but DP effect differs 
between GCMs 20, 555 4882.92 1194.78 3.6E-260 

5 Main effects but DP effect differs 
between storylines 30, 545 4903.78 1215.64 1.1E-264 

4 Main effects but DP effect differs 
between species 40, 535 4918.45 1230.31 6.9E-268 

7 Main effects but DP effects differs 
between all others 65, 510 4976.83 1288.69 1.5E-280 
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The best ranked of our candidate models had an adjusted R2 value of 0.959, 
suggesting it explained over 95% of the variation in the amount of improvement 
(increase for native species groups or loss for invasive species) in the size of the 
largest potential metapopulation across all our future landscapes and species/species 
groups.  Significance tests revealed that all parameters in the model were significant 
predictors of improvement in LPM except DP (design principle), which remained in the 
final model because the interaction between DP and Species was significant (Table 
27).   
 

Table 27.   Analysis of variance table for the top-ranked candidate model with 
improvement in the largest potential metapopulation size as the 
response variable. Model F=104.031; df=125, 450; p<0.0001. 

Predictor df F-Ratio p-Value 

Lscape 1 111.87 0.000 

SLine 3 6.28 0.000 

GCM 1 363.53 0.000 

Species 5 936.20 0.000 

DP 5 1.45 0.204 

SLine*Lscape 3 14.15 0.000 

GCM*Lscape 1 208.08 0.000 

Species*Lscape 5 245.86 0.000 

GCM*SLine 3 2.97 0.032 

Species*SLine 15 20.20 0.000 

Species*GCM 5 476.23 0.000 

DP*Species 25 3.92 0.000 

GCM*SLine*Lscape 3 3.93 0.009 

Species*SLine*Lscape 15 13.44 0.000 

Species*GCM*Lscape 5 95.46 0.000 

Species*GCM*SLine 15 16.15 0.000 

Species*GCM*SLine*Lscape 15 12.03 0.000 

Error 450   
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3.3.2 Largest metapopulation - design principle effects 

Despite the presence of the design principle variable in the best model, post-hoc paired 
comparisons revealed no significant differences between any of the design principles in 
their effects on improvement in LPM (Table 28).  Effect sizes were all quite small – 
generally less than one-tenth the average improvement in LPM within design principles 
– and all 95% confidence intervals encompassed zero.  Least squares means based 
on the top-ranked model showed a trend toward least improvement under DP0 (no 
further environmental plantings) and most improvement under DP5 (environmental 
plantings to restore 30% native vegetation cover) but with high variance resulting in no 
significant differences (Figure 22).  Note also that all least square means were 
negative, thus there was no actual improvement in the mean size of the largest 
potential metapopulation for any design principle.  The trend was for DP5 to result in 
the least reduction in LPM size for native species and the least increase in LPM size for 
invasive species. 

 
Table 28.   Design principle effect sizes and upper and lower 95% Bonferroni 

confidence intervals for models with improvement in the largest 
potential metapopulation size as the response variable. All 
parameters calculated as weighted averages across all candidate 
models that included a design principle main effect, weighted by 
model Akaike weights. 

Pair Comparison Weighted Average Effect Size lowerCI upperCI 
DP0-DP1 -0.446 -7.697 6.805 
DP0-DP2 -0.906 -8.157 6.345 
DP0-DP3 -1.303 -8.554 5.948 
DP0-DP4 -0.991 -8.242 6.26 
DP0-DP5 -1.77 -9.021 5.481 
DP1-DP2 -0.46 -7.711 6.791 
DP1-DP3 -0.857 -8.109 6.394 
DP1-DP4 -0.546 -7.797 6.706 
DP1-DP5 -1.324 -8.575 5.927 
DP2-DP3 -0.397 -7.648 6.854 
DP2-DP4 -0.085 -7.337 7.166 
DP2-DP5 -0.864 -8.115 6.387 
DP3-DP4 0.312 -6.939 7.563 
DP3-DP5 -0.467 -7.718 6.785 
DP4-DP5 -0.779 -8.03 6.473 
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Figure 22.  Least squares means of the amount of improvement in the size of the 
largest potential metapopulation (LPM) in future landscapes as a 
function of design principles modelled, based on the top ranked of the 
candidate models 

To further explore the interaction between DP and Species, we modelled all main 
effects (Lscape, SLine, DP and GCM) for each species individually to determine 
whether the design principle effect applied to all or only a subset of species and to 
perform post-hoc paired comparisons.  Note that we had insufficient sample size to 
also include all interaction effects in these single-species models.  When analysing the 
improvement in size of the largest potential metapopulation (LPM), we found that there 
was only a significant design principle effect for foxes (F=5.39, p<0.0001).  The degree 
of improvement in LPM for all other species was not influenced by design principles (all 
F<1.62, all p>0.165).    Paired comparisons showed that for foxes, DP5 (environmental 
plantings to restore 30% native vegetation cover) improved landscapes (i.e. led to a 
decrease in the largest potential fox metapopulation) more than any other design 
principle.  The effect sizes for the comparisons between DP5 and all other design 
principles were large (>3.1) and their 95% confidence intervals did not overlap zero.  
There were no clear differences between the other five design principles (DP0, DP1, 
DP2, DP3 and DP4) as effect sizes for all these comparisons were small (<1.3) and 
confidence intervals around them did encompass zero (Table 29).  Least squares 
means showed a definite improvement under DP5 compared to the other design 
principles, but also a slight trend for DP1-DP4 to be better than DP0 (Figure 23). 
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Table 29.   For foxes only: design principle effect sizes and upper and lower 95%  

Bonferroni confidence intervals for models with the improvement in 
largest potential metapopulation size as the response variable 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 -1.268 -4.122 1.585 

DP0-DP2 -0.72 -3.573 2.134 

DP0-DP3 -0.594 -3.447 2.259 

DP0-DP4 -1.13 -3.984 1.723 

DP0-DP5 -4.38 -7.233 -1.526 

DP1-DP2 0.549 -2.305 3.402 

DP1-DP3 0.674 -2.179 3.528 

DP1-DP4 0.138 -2.715 2.992 

DP1-DP5 -3.112 -5.965 -0.258 

DP2-DP3 0.126 -2.728 2.979 

DP2-DP4 -0.41 -3.264 2.443 

DP2-DP5 -3.66 -6.514 -0.807 

DP3-DP4 -0.536 -3.39 2.317 

DP3-DP5 -3.786 -6.639 -0.932 

DP4-DP5 -3.25 -6.103 -0.396 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 23.  For foxes only: least squares means of the amount of improvement in 
the size of the largest potential metapopulation (LPM) in future 
landscapes as a function of design principles modelled 
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Table 30.   Comparison of AICc values of all candidate models with improvement 
in the area occupied by all potential viable metapopulations as the 
response variable, ordered from the model with the greatest support 
(largest Akaike weight, w) to the model with the least support 

Model# Hypothesis df AICc ΔAICc w 

11 

DP has main effects and 
interaction with Species - all 
other factors have main and full 
interaction effects 

125, 450 15912.69 0.00 0.999999 

14 

DP has main effects and all two-
way interactions - all other 
factors have main and full 
interaction effects 

150, 425 15976.18 63.48 1.64E-14 

9 
DP has main effects only but all 
other factors have main and full 
interaction effects 

100, 475 16567.76 655.07 5.7E-143 

10 

DP has main effects and 
interaction with Lscape - all other 
factors have main and full 
interaction effects 

105, 470 16579.33 666.64 1.7E-145 

13 
DP has main effects and 
interaction with GCM - all other 
factors have main and full 
interaction effects 

105, 470 16581.13 668.44 7.1E-146 

12 

DP has main effects and 
interaction with SLine - all other 
factors have main and full 
interaction effects 

115, 460 16612.04 699.35 1.4E-152 

8 
All factors except DP have main 
effects and interactions 
(BaseModel2) 

95, 480 16614.19 701.50 4.7E-153 

4 Main effects but DP effect differs 
between species 40, 535 17168.54 1255.85 2E-273 

2 All factors including DP have 
main effects 15, 560 17214.49 1301.80 2.1E-283 

1 All factors except DP have main 
effects (BaseModel1) 10, 565 17218.25 1305.56 3.2E-284 

3 Main effects but DP effect differs 
between landscapes 20, 555 17224.47 1311.78 1.4E-285 

Model# Hypothesis df AICc ΔAICc w 

6 Main effects but DP effect differs 
between GCMs 20, 555 17224.87 1312.18 1.2E-285 

7 Main effects but DP effects 
differs between all others 65, 510 17227.94 1315.251 2.5E-286 

5 Main effects but DP effect differs 
between storylines 30, 545 17246.93 1334.24 1.9E-290 

	  

3.3.3 Area of occupancy - model selection results 

When we analysed the factors affecting the amount of improvement in the area 
occupied by all potential viable metapopulations (future minus current area occupied 
for native species groups and current minus future area occupied for invasive species), 
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the comparison of AICc values across our 14 candidate models revealed that there 
was only one model that was likely to be the best model given the data (Table	  30).  This 
was the model that incorporated DP (design principle), an interaction between DP and 
Species, and all additional factors plus all their interaction effects – the same top model 
as for improvement in LPM.  All other models had extremely small Akaike weights, and 
thus very little support from the data.	  

The best ranked of our candidate models had an adjusted R2 value of 0.961, 
suggesting it explained over 96% of the variation in the amount of improvement 
(increase for native species groups or loss for invasive species) in the area occupied 
by all potential viable metapopulations across all our future landscapes and 
species/species groups.  Significance tests revealed that all parameters in the model 
were significant predictors of improvement in area occupied (Table 31). 

	  
Table 31.   Analysis of variance table for the top-ranked candidate model with 

improvement in area occupied by all potential viable metapopulations 
as the response variable. Model F=92.341; df=125, 450; p<0.0001. 

Predictor df F-Ratio p-Value 

Lscape 1 53.751 0.000 

SLine 3 3.191 0.024 

GCM 1 24.743 0.000 

Species 5 809.315 0.000 

DP 5 35.952 0.000 

SLine*Lscape 3 5.367 0.001 

GCM*Lscape 1 82.305 0.000 

Species*Lscape 5 27.431 0.000 

GCM*SLine 3 7.245 0.000 

Species*SLine 15 71.369 0.000 

Species*GCM 5 534.492 0.000 

DP*Species 25 46.285 0.000 

GCM*SLine*Lscape 3 3.073 0.028 

Species*SLine*Lscape 15 33.239 0.000 

Species*GCM*Lscape 5 176.147 0.000 

Species*GCM*SLine 15 5.355 0.000 

Species*GCM*SLine*Lscape 15 5.144 0.000 

Error 450   
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3.3.4 Area of occupancy – design principle effects 

The design principle effect was significant as a main effect in the top-ranked model 
when analysing improvement in area of occupancy as the response variable.  Post-hoc 
paired comparisons revealed that DP5 (environmental plantings to restore 30% native 
vegetation cover) achieved greater improvements than all other design principles, but 
there were no clear differences between any of the other design principles.  
Comparisons involving DP5 had effect sizes an order of magnitude larger than other 
comparisons, and their 95% confidence intervals did not encompass zero (Table 32).  
Least squares means based on the top-ranked model showed much more 
improvement under DP5 but also a weak trend for DP1-DP4 to show slightly more 
improvement than DP0 (no further environmental plantings; Figure 24).   

 
Table 32.   Design principle effect sizes and upper and lower 95% Bonferroni 

confidence intervals for models with improvement in the area 
occupied by all potential viable metapopulations as the response 
variable. All parameters calculated as weighted averages across all 
candidate models that included a design principle main effect, 
weighted by model Akaike weights. 

Pair Comparison Weighted Average Effect Size lowerCI upperCI 
DP0-DP1 -39731.635 -127341 47877.54 

DP0-DP2 -47241.406 -134851 40367.77 

DP0-DP3 -38957.177 -126566 48652 

DP0-DP4 -36920.062 -124529 50689.12 

DP0-DP5 -338185.115 -425794 -250576 

DP1-DP2 -7509.771 -95118.9 80099.41 

DP1-DP3 774.458 -86834.7 88383.64 

DP1-DP4 2811.573 -84797.6 90420.75 

DP1-DP5 -298453.479 -386063 -210844 

DP2-DP3 8284.229 -79324.9 95893.41 

DP2-DP4 10321.344 -77287.8 97930.52 

DP2-DP5 -290943.708 -378553 -203335 

DP3-DP4 2037.115 -85572.1 89646.29 

DP3-DP5 -299227.937 -386837 -211619 

DP4-DP5 -301265.052 -388874 -213656 
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Figure 24.  Least squares means of the amount of improvement in the area 
occupied by all potential viable metapopulations in future landscapes 
(in ha) as a function of design principles modelled, based on the top 
ranked of the candidate models 

To further explore the interaction between DP and Species, we modelled all main 
effects (Lscape, SLine, DP and GCM) for each species individually to determine 
whether the design principle effect applied to all or only a subset of species and to 
perform post-hoc paired comparisons.  Note that we had insufficient sample size to 
also include all interaction effects in these single-species models.  When analysing the 
improvement in area occupied by all potential viable metapopulations, we found that 
the design principle effect was significant for all species/species groups except our wet 
forest fauna specialist group (for wet forest fauna, F=0.217, p=0.954).  Paired 
comparisons showed that for all the native species groups and for foxes, DP5 
(environmental plantings to restore 30% native vegetation cover) improved landscapes 
more than any other design principle.  The opposite pattern was observed for 
peppercorn trees, as DP5 decreased the quality of landscapes (i.e. increased the area 
occupied by all potential viable metapopulations of this invasive species) more than 
any other design principle.  The effect sizes for the comparisons between DP5 and all 
other design principles were at least five times larger than all the other effect sizes, and 
their 95% confidence intervals did not overlap zero.  There were no clear differences 
between the other five design principles (Table 33, Table 34, Table 35, Table 36, Table 
37).  Least squares means showed a definite landscape improvement under DP5 
compared to the other design principles for native species groups and foxes, and a 
definite decline under DP5 for peppercorn trees (Figure 25, Figure 26, Figure 27, 
Figure 28, Figure 29).  Most importantly, it was only under DP5 that positive changes in 
occupancy (and thus actual improvement in occupancy relative to current landscapes) 
were seen on average for native species groups.  The corollary was that the opposite 
pattern was true for peppercorn trees - only under DP5 were negative improvements 
(and thus an actual increase in occupancy) observed. 
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Least Squares Means
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Table 33.   For DryGFS75 only: design principle effect sizes and upper and lower 
95% Bonferroni confidence intervals for models with the improvement 
in area occupied by all potential viable metapopulations as the 
response variable. 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 -67,410.63 -478,223.78 343,402.53 

DP0-DP2 2,983.13 -407,830.03 413,796.28 

DP0-DP3 -72,100.00 -482,913.16 338,713.16 

DP0-DP4 -66,738.75 -477,551.91 344,074.41 

DP0-DP5 -530,505.63 -941,318.78 -119,692.47 

DP1-DP2 70,393.75 -340,419.41 481,206.91 

DP1-DP3 -4,689.38 -415,502.53 406,123.78 

DP1-DP4 671.875 -410,141.28 411,485.03 

DP1-DP5 -463,095.00 -873,908.16 -52,281.84 

DP2-DP3 -75,083.13 -485,896.28 335,730.03 

DP2-DP4 -69,721.88 -480,535.03 341,091.28 

DP2-DP5 -533,488.75 -944,301.91 -122,675.59 

DP3-DP4 5,361.25 -405,451.91 416,174.41 

DP3-DP5 -458,405.63 -869,218.78 -47,592.47 

DP4-DP5 -463,766.88 -874,580.03 -52,953.72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25. For DryGFS75 only: least squares means of the improvement in the 

area occupied by all potential viable metapopulations in future 
landscapes as a function of design principles modelled 
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Least Squares Means
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Table 34.   For foxes only: design principle effect sizes and upper and lower 95% 

Bonferroni confidence intervals for models with the improvement in 
area occupied by all potential viable metapopulations as the response 
variable 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 -261,881.25 -778,808.01 255,045.51 

DP0-DP2 -390,836.25 -907,763.01 126,090.51 

DP0-DP3 -207,242.50 -724,169.26 309,684.26 

DP0-DP4 -229,863.13 -746,789.88 287,063.63 

DP0-DP5 -1,525,944.38 -2,042,871.13 -1,009,017.62 

DP1-DP2 -128,955.00 -645,881.76 387,971.76 

DP1-DP3 54,638.75 -462,288.01 571,565.51 

DP1-DP4 32,018.13 -484,908.63 548,944.88 

DP1-DP5 -1,264,063.13 -1,780,989.88 -747,136.37 

DP2-DP3 183,593.75 -333,333.01 700,520.51 

DP2-DP4 160,973.13 -355,953.63 677,899.88 

DP2-DP5 -1,135,108.13 -1,652,034.88 -618,181.37 

DP3-DP4 -22,620.63 -539,547.38 494,306.13 

DP3-DP5 -1,318,701.88 -1,835,628.63 -801,775.12 

DP4-DP5 -1,296,081.25 -1,813,008.01 -779,154.49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26.  For foxes only: least squares means of the improvement in the area 
occupied by all potential viable metapopulations in future landscapes 
as a function of design principles modelled 
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Least Squares Means
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Table 35.   For peppercorn trees only: design principle effect sizes and upper and 
lower 95% Bonferroni confidence intervals for models with the largest 
potential metapopulation size as the response variable. 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 289,978.75 -306,078.78 886,036.28 

DP0-DP2 143,496.88 -452,560.66 739,554.41 

DP0-DP3 247,761.25 -348,296.28 843,818.78 

DP0-DP4 270,656.88 -325,400.66 866,714.41 

DP0-DP5 1,391,496.25 795,438.72 1,987,553.78 

DP1-DP2 -146,481.88 -742,539.41 449,575.66 

DP1-DP3 -42,217.50 -638,275.03 553,840.03 

DP1-DP4 -19,321.88 -615,379.41 576,735.66 

DP1-DP5 1,101,517.50 505,459.97 1,697,575.03 

DP2-DP3 104,264.38 -491,793.16 700,321.91 

DP2-DP4 127,160.00 -468,897.53 723,217.53 

DP2-DP5 1,247,999.38 651,941.84 1,844,056.91 

DP3-DP4 22,895.63 -573,161.91 618,953.16 

DP3-DP5 1,143,735.00 547,677.47 1,739,792.53 

DP4-DP5 1,120,839.38 524,781.84 1,716,896.91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27.  For peppercorn trees only: least squares means of the improvement 
in the area occupied by all potential viable metapopulations in future 
landscapes as a function of design principles modelled 
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Table 36.   For orchids only: design principle effect sizes and upper and lower 

95% Bonferroni confidence intervals for models with the improvement 
in area occupied by all potential viable metapopulations as the 
response variable 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 -85,388.13 -278,879.25 108,103.00 

DP0-DP2 -18,272.50 -211,763.62 175,218.62 

DP0-DP3 -84,208.13 -277,699.25 109,283.00 

DP0-DP4 -82,973.75 -276,464.87 110,517.37 

DP0-DP5 -533,219.38 -726,710.50 -339,728.25 

DP1-DP2 67,115.63 -126,375.50 260,606.75 

DP1-DP3 1,180.00 -192,311.12 194,671.12 

DP1-DP4 2,414.38 -191,076.75 195,905.50 

DP1-DP5 -447,831.25 -641,322.37 -254,340.13 

DP2-DP3 -65,935.63 -259,426.75 127,555.50 

DP2-DP4 -64,701.25 -258,192.37 128,789.87 

DP2-DP5 -514,946.88 -708,438.00 -321,455.75 

DP3-DP4 1,234.38 -192,256.75 194,725.50 

DP3-DP5 -449,011.25 -642,502.37 -255,520.13 

DP4-DP5 -450,245.63 -643,736.75 -256,754.50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28.  For orchids only: least squares means of the improvement in the area 
occupied by all potential viable metapopulations in future landscapes 
as a function of design principles modelled 
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Least Squares Means
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Table 37.   For DryGFS50 only: design principle effect sizes and upper and lower 
95% Bonferroni confidence intervals for models with the improvement 
in area occupied by all potential viable metapopulations as the 
response variable 

Pair Comparison Effect Size lowerCI upperCI 
DP0-DP1 -98,969.38 -525,021.17 327,082.42 

DP0-DP2 -21,298.13 -447,349.92 404,753.67 

DP0-DP3 -105,650.63 -531,702.42 320,401.17 

DP0-DP4 -99,650.63 -525,702.42 326,401.17 

DP0-DP5 -707,414.38 -1,133,466.17 -281,362.59 

DP1-DP2 77,671.25 -348,380.54 503,723.04 

DP1-DP3 -6,681.25 -432,733.04 419,370.54 

DP1-DP4 -681.25 -426,733.04 425,370.54 

DP1-DP5 -608,445.00 -1,034,496.79 -182,393.21 

DP2-DP3 -84,352.50 -510,404.29 341,699.29 

DP2-DP4 -78,352.50 -504,404.29 347,699.29 

DP2-DP5 -686,116.25 -1,112,168.04 -260,064.46 

DP3-DP4 6,000.00 -420,051.79 432,051.79 

DP3-DP5 -601,763.75 -1,027,815.54 -175,711.96 

DP4-DP5 -607,763.75 -1,033,815.54 -181,711.96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29.  For DryGFS50 only: least squares means of the improvement in the 
area occupied by all potential viable metapopulations in future 
landscapes as a function of design principles modelled 

Design Principles 

Im
pr

ov
em

en
t i

n 
A

re
a 

O
cc

up
ie

d 
(in

 h
a)

 



 

Designing landscapes for biodiversity under climate change 107 

4 Discussion  

4.1 Comparing Design Principles 

Analyses of the effects of design principles on both our measures of change in the 
metapopulation capacity of landscapes suggested that one of the design principles we 
tested generally out-performed the others for a range of species, landscapes, and 
climate futures.  Our top-ranked models had high Akaike weights and explained very 
high percentages of the variance in the amount of improvement in metapopulation 
capacity.  Both these models included a main effect of design principles, as well as an 
interaction between design principles and species.  Post-hoc paired comparisons 
revealed that effect sizes for certain design principle comparisons were significantly 
different from zero.  Design Principle 5, which involved restoring ~30% cover of native 
vegetation in our case study landscapes, consistently performed better than all the 
others.  Compared to the others, this design principle significantly reduced both the 
largest potential metapopulation and the overall area occupied by potential viable 
metapopulations for foxes, and significantly increased the area occupied by potential 
viable metapopulations for dry woodland and forest specialist fauna (defined both 
narrowly and a bit more broadly) as well as orchids.   

Design Principle 5 was not one of our ‘real-world’ design principles as it involved 
implementing 5-10 times the amount of environmental plantings as were originally 
specified in our land-use change storylines, which were already somewhat optimistic 
estimates.  For example, the land-use change storylines specified environmental 
plantings over ~1-3% of the total area of each landscape, yet 12-15% of the total area 
needed to be converted to environmental plantings to implement DP5.  To put this in a 
real-world practical context, current maximum percentages of environmental plantings 
observed in Australian landscapes are 2% (Holbrook Landcare in southern NSW) and 
5% (Wallatin catchment in Western Australia) and these percentages were only 
achieved over much smaller scales (sub-catchments) than modelled in this project.  
Thus, 3% conversion to environmental plantings at the scale of three catchment areas 
is still a very significant increase in activity from what is currently happening on the 
ground.  Conversion of 12-15% of landscapes of this size thus seems impractical at the 
moment. 

The real-world design principles and the spatial control, which all focused on details of 
spatial planning and were implemented within the storyline-based limits on amounts of 
environmental plantings, were not significantly different in their effects on the 
metapopulation capacity of landscapes.  These results suggest that if DP5 is not 
implementable and landscape managers need to select the best of the current 
alternative options, effort devoted to careful and detailed spatial planning of 
environmental planting sites may not reliably produce better landscape-scale outcomes 
compared to a simpler random approach. 

4.2 Which Design Principles are Sufficient and at What 
Scales? 

While DP5 performed better than all the other design principles, all of them or none of 
them might still constitute best practice.  In other words, all of them could significantly 
improve landscapes for the future or all of them could be insignificant compared to 
negative effects of land-use and vegetation changes on biodiversity.  We can only draw 
limited conclusions here, in part because we need to be cautious about absolute 
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interpretation of the metapopulation capacity numbers, but on average, actual positive 
changes in landscapes in the future only occurred under Design Principle 5.  All other 
design principles (and associated amounts of conversion to environmental plantings) 
tended to be associated with decreases in both the largest potential metapopulation 
and the area occupied by all potential viable populations for native species groups.  
Only foxes improved across all design principles, with reductions in the area occupied 
by all potential viable metapopulations seen on average for all design principles, with 
significantly greater reductions under DP5. 

This suggests that none of the currently implementable, real-world design principle 
approaches and associated amounts of environmental plantings (including natural 
regeneration projects) will be sufficient to maintain current metapopulation capacity of 
our landscapes for a range of species, let alone improve our landscapes.  They are 
simply not enough to counteract the likely influences of climate-based reductions in 
suitable habitat for many species and the influences of land-use intensification that are 
expected to reduce the total amount of native habitats (for both fauna and flora) as well 
as functional connectivity between what remains.  Of the design principles we tested, 
only DP5 was sufficient to counteract these effects and improve landscapes into the 
future on average. 

However, other design principles and amounts of restoration might still achieve positive 
benefits at smaller scales, and for less vulnerable species groups.  This is a particularly 
important point as our results also showed only weak, non-significant trends for the 
real-world design principles and the random spatial control to be better than doing 
nothing.  But our results apply specifically to achieving landscape benefits at quite large 
scales – scales that might be required to facilitate species’ range shifts under climate 
change, but that are in fact much larger than the scale of individual metapopulations.  
We also deliberately decided to model species groups that are thought to be most 
vulnerable to landscape change in order to encompass the needs of most species, not 
just many species.  Thus, these results should not be interpreted as over-riding a 
wealth of existing studies on landscape design which suggest that real-world design 
principles are still likely to be better than doing nothing when trying to achieve local 
goals, improve individual metapopulations, and support many native species.  Instead, 
the primary conclusion should be that the details of spatial placement of environmental 
plantings might still influence local outcomes and should thus be planned based on 
local goals, knowledge, and local scale research, while larger landscape-scale goals 
for most species may best be achieved by simply increasing the amount of effort, with 
little need for detailed spatial planning. 

4.3 What Falls Through the Cracks? 

There were two key exceptions to the general conclusions presented above.  First, 
changes in metapopulation capacity for wet forest specialist fauna were not influenced 
by design principles.  Even DP5 did not on average result in improved metapopulation 
capacity for this species group compared to the other design principles, and many of 
the future landscapes involving DP5 still resulted in declines in both the largest 
potential metapopulation and the area occupied by all potential viable metapopulations 
relative to current landscapes.  Given that wet forests are among the vegetation types 
most likely to decline purely due to changes in climate, it is perhaps not surprising that 
the specialists who live in these vegetation types are ‘climate losers’, and the effect of 
climate on their future persistence is much greater than the effects of anything land 
managers can control, like landscape design and management.  Thus, it seems 
unlikely that there is much that policy-makers and landscape managers can do to 
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prevent declines in these types of species – we may only be able to minimise the 
degree of declines. 

The second exception to the general conclusions is that the patterns of landscape 
improvement for peppercorn tree were exactly opposite to those presented above.  In 
our models, peppercorn trees behaved almost exactly like the majority of native 
species groups.  So while DP5 increased metapopulation capacity for most native 
species (an improvement in landscape quality), it also increased metapopulation 
capacity for peppercorn trees (a decline in landscape quality).  Thus, it may not be 
possible to identify approaches to landscape design that are simultaneously good for 
native species and neutral or detrimental to all invasive species.  It is likely that 
improving landscapes for native species will inherently involve some risk of proliferation 
by some invasive species, which will need to be managed in different, complementary 
ways.  The species that are most likely need special management are those that 
behave in the landscape in similar ways to native species – for example, plants that are 
considered environmental weeds but not agricultural weeds, and that may be 
somewhat dispersal limited. 

4.4 Other Levers to Improve Metapopulation Capacity of 
Landscapes 

In addition to design principles, all other factors that we analysed (and interactions 
between them) influenced the improvement in metapopulation capacity of landscapes.  
While some of these factors are not under the control of landscape managers (like the 
landscape they are managing and the future climate), aspects of land-use change 
storyline have the potential to be influenced and planned at landscape scales much 
more than they are now.  The intent would not be to prevent land-use change, but to 
encourage changes in the productive portions of our landscapes that will provide 
secondary biodiversity benefits on top of production benefits, either because of the type 
of change or its spatial placement in the landscape.  This would involve truly integrated 
land-use planning and landscape design, simultaneously considering portions of the 
landscape reserved for conservation and portions of the landscape used for production. 

For example, our land-use change storylines incorporated different amounts of woody 
plantings for biofuel production, but the spatial implementation of these new plantings 
was based purely on the production system, including transport to processing facilities.  
By planning the locations of future processing facilities, it would be possible to 
influence the locations of woody biofuel plantings, which might then affect the 
metapopulation capacity of landscapes for native species.  While our land-use change 
storylines were intended to collectively reflect the range of possible futures rather than 
represent individual scenarios to explore in detail, the fact that storylines consistently 
influenced improvements in metapopulation capacity suggests that spatial planning of 
land-use changes should be further explored, particularly as it may provide a viable 
alternative to increasing the amount of restoration currently undertaken by an order of 
magnitude (i.e. DP5). 

Note also that the fact that all the interaction terms between our covariates were 
significant contributors to our final models suggests that future metapopulation capacity 
of landscapes may be difficult to predict and the effects of individual factors will be 
difficult to predict.  Any general principles for landscape managers to use under climate 
change may be difficult to derive, and other levers for improving individual landscapes 
may be best discovered through adaptive management of those landscapes.  However, 
adaptive management in situations in which actions have long lead times before they 
can provide the benefits sought (e.g., planting seedlings to solve the problem of lack of 
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nesting hollows in trees) can be challenging, particularly in climate adaptation where 
we may not be able to anticipate problems far enough in advance. 

4.5 Putting These Results in a Broader Context 

4.5.1 Limitations of this study 

There are a range of limitations that influence the types of conclusions we can draw 
from this study.  First, as stated a few times in this report, we cannot use our analyses 
to draw detailed conclusions about specific land-use change scenarios or about 
absolute viability of species in future landscapes.  Our modelling needed to be 
relatively coarse to address questions about landscape design under climate change 
within the timeframe available.  A much more refined approach could be more 
predictive and could potentially help differentiate effects of design principles if they are 
relatively small and context-dependent.  Refinements could include improving future 
vegetation models by using a larger and more representative training dataset which 
would improve the relatively low confidence in our modelled vegetation formations (e.g. 
see bottom panel of Figure 15).  Refinements could also include incorporating habitat 
condition in a more detailed way than the broad land use classes we used, and using 
more complex habitat models to determine the habitat suitability parameters used in 
REMP.  However, a more refined approach would also need to develop new ways of 
integrating all the different types of models we used in a more seamless fashion (see 
section 5.3 below) and would require significant investment in terms of time to develop 
methods and access to dedicated high performance servers as this work is extremely 
computationally intensive. 

One final limitation to be aware of is that, particularly given that our results suggested 
that climate and related land-use effects might be different in different places for 
different species, any conclusions we draw can only be applied within the range of 
variation we examined.  For example, design principles might have very different 
effects if land-use changes end up being quite different from any of the storylines we 
modelled.  In particular, there may be other practical, implementable design principles 
that we didn’t model that could have consistently positive effects on improvement in 
metapopulation capacity.  While our real-world design principles were quite different 
conceptually and on the small on-ground scales at which they are currently 
implemented, the differences appeared more subtle when applied at very large scales.  
It would be worthwhile trying to find a way to model some of the nuanced details of the 
different approaches to landscape design that were revealed in our landscape manager 
interviews (e.g. attempting to ‘complete’ a local landscape before investing elsewhere).  
It would also be worthwhile to explore alternative design approaches other than simply 
an order of magnitude increase in effort (see section 5.2 below and section 4.4 above).  
Even if they aren’t considered implementable at the moment, if analyses showed they 
were effective, researchers and practitioners could focus on ways to break down the 
barriers to implementation. 

4.5.2 Landscape design as climate adaptation 

Landscape design and management or ‘connectivity conservation’ is often heralded as 
a primary approach to climate adaptation for biodiversity management with some 
debate as to the most appropriate set of design principles.  Yet our analyses to date 
suggest that no current principle of spatial implementation is better than another at 
maintaining or improving the persistence of native species and arresting the spread of 
invasive species in future landscapes impacted by climate change.  Furthermore, none 
of the most common current approaches nor random spatial implementation of the 
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primary on-ground actions will, on average across the range of future landscapes we 
modelled, prevent a loss in the metapopulation capacity of landscapes.  This does not 
mean that landscape design and management is not a helpful approach to climate 
adaptation, but rather that the total amount of restoration of native systems is unlikely 
to be sufficient in many places to reduce overall declines in biodiversity, even if there 
are significant increases in amount (up to 3-4% conversion of the total area of whole 
catchments). 

It may be that for landscape design and management to truly fulfil climate adaptation 
goals, we need to think beyond current approaches to implementation and the social 
and economic impediments that appear to constrain them.  Possible approaches that 
could be explored, at least initially through modelling, might include: 

• greater spatial targeting, with one viable potential metapopulation completely 
restored before moving on to the next 

• defining priority areas for spatial targeting based on directions of projected 
species’ distribution shifts rather than based on current landscape 
fragmentation 

• designing the location and spatial pattern of productive land uses as well (like 
woody biofuel plantings or farm forestry projects) to ensure they provide some 
biodiversity benefits 

• restoration of native vegetation in much larger units like whole properties 
(similar to some approaches being used in GondwanaLink) 

The latter could help achieve DP5, at least on some scales, and might still be 
achievable in certain parts of Australia.  One of the most striking observations during 
our modelling was that when we model restoration works in the approximate sizes in 
which individual projects tend to occur at the moment (e.g., <20ha), many thousands of 
individual restoration projects are required to implement even quite modest 
conversions of a landscape to native vegetation.  If individual projects remain at this 
size, literally hundreds of thousands would be required to improve metapopulation 
capacity at landscape scales.  As each individual restoration project tends to be at least 
partially funded and managed through individual contracts with land managers, simply 
the labour and transaction costs for site visits by a field officer, contracting, and 
managing any incentive payments would be massive.  Thus, we may need to stop 
thinking that our current ideas about landscape design and management give us a 
ready-made climate adaptation strategy for biodiversity, and instead conceive of 
something quite new to sustain our biodiversity in the future. 

4.6 Key Messages for Policy-Makers and Landscape 
Managers – What is Best-Practice? 

Considering both the results we obtained and the limitations to the research, we 
suggest six broad key messages arising from this research to help inform how best to 
use landscape design and management as a climate adaptation approach for terrestrial 
biodiversity.  They fall into four categories: The Good, The Bad, The Ugly, and The 
Silver Lining. 

 
The Good 

• Enable local planners and managers:  As details of the spatial placement of 
restoration projects may not have a strong influence on landscape-scale 
outcomes, local managers can still make local decisions that suit their goals 
and opportunities without compromising goals at larger scales.   



112    Designing landscapes for biodiversity under climate change 

• Simply align boundaries to create large corridors for climate change:  We 
may need to manage large landscapes to facilitate species’ range shifts under 
climate change, but the amount of restoration within those landscapes is more 
important than the details of what is done where.  Thus, achieving cross-
boundary collaboration in establishing these corridors could be as simple as 
agreeing on the boundaries, then letting different landscape managers within 
those boundaries make their own individual decisions.   

 
The Bad 

• Some invasive species will need special management:  Some (but not all) 
invasive species will likely benefit from increasing the amount of native 
vegetation and landscape connectivity.  These are most likely to be those that 
co-occur with native vegetation (those that are specifically environmental 
invasives rather than problematic on agricultural or urban lands) and that may 
be somewhat dispersal-limited, or rely on native species as dispersal agents.  
Thus, landscape design and management initiatives should include coordinated 
plans to manage the risk of spread of these particular species. 

 
The Ugly 

• There may be little we can do to help the ‘climate losers’:  Some species 
will likely lose so much suitable area purely due to changes in climate that there 
may be little landscape managers can do to prevent declines in these species’ 
chances of persisting into the future. 

• To arrest biodiversity declines, we may need an order of magnitude more 
restoration than we are planning at present:  Restoring a much greater 
proportion of large landscapes (to achieve ~30% native vegetation cover at the 
scale of multiple catchments) may be needed to counteract the effects of 
climate-related changes in land use and native vegetation and ensure that we 
improve the ability of landscapes to support viable populations of native species 
into the future.   

 
The Silver Lining 

• Concentrating effort could achieve persistence on small scales:  While 
achieving 30% native vegetation cover at the scales of multiple whole 
catchments may currently seem unattainable, that goal should be achievable at 
smaller scales in some landscapes.  Thus, by concentrating effort in priority 
areas even more than we do at present, we could focus on creating single 
metapopulations likely to be viable into the future, then build greater landscape-
scale effort from there.  Given that it will take time for climate-related changes to 
occur, this could be a no-regrets approach right now that does not preclude 
greater climate adaptation in the future. 

• Spatial planning of all types of land uses could provide new, creative 
solutions:  There is the possibility that integrating spatial planning of productive 
land uses with planning restoration of native vegetation could significantly 
improve future landscapes for biodiversity without the need to achieve ~30% 
native vegetation cover.  However, further research is needed to identify the 
options. 
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5 Gaps and Future Research 
Directions  

5.1 Introduction 

The reality is that very little research has been conducted on the consequences of 
landscape design under climate change.  Thus, while this project made strides toward 
informing the design of resilient future landscapes, many gaps remain, including 
investigating quite different general approaches than the one we’ve used.  Rather than 
create an exhaustive list of research gaps here, we have chosen to focus on our 
existing approach (overlaying persistence-based models on top of models of future 
landscapes that integrate both land use and vegetation change) and the ways in which 
this approach could be extended to address additional questions and/or revised to 
ensure we could place greater confidence in the results. 

5.2 Building on the Modelling Framework  

In this project, we linked emissions scenarios with likely changes in land use.  We did 
this in a way that allowed us to create spatially-explicit GIS layers of future land uses, 
which could then feed into other modelling processes to assess the consequences for 
biodiversity.  When implementing this approach, we kept it as generic as possible to 
ensure that changes could be made in the future to address a range of other questions 
or more refined questions with minimal effort.  Thus, we now have a modelling 
framework that would allow us to explore the biodiversity consequences of land use 
change under climate change in a wide variety of additional ways, for relatively little 
additional research costs. 

Specifically, we could use our framework to explore: 

1.  Other theoretical best approaches to landscape design.  In this project we 
tested current approaches that were practical to implement and only one theoretical 
blue-sky approach.  But some stakeholders want to know the full extent of what 
must be done to ensure long-term species persistence in the hopes that we can 
tackle the specific hurdles to implementation.  If we could provide a range of best 
approaches in addition to one based simply on amount of restoration, it would 
provide stakeholders with the opportunity to work on the hurdles to implementation 
they perceive could most readily be tackled. 

2.  Alternative landscape design and management approaches for individual 
landscape managers.  Managers such as Catchment Management Authorities 
(CMAs) may want to explore whether small differences between their specific 
approaches and the design principles we tested result in better outcomes, or 
whether one of several approaches they might be considering would be better.  Our 
framework could be applied in this ‘downscaled’ context to compare a greater range 
of design options while still considering the interdependencies with the broader 
landscape beyond CMA boundaries. 

3.  Consequences of landscape change at a national scale.  The production of 
broad-scale land use change scenarios for Australia, for example through integrated 
socio-economic and environmental analysis, represents an opportunity to explore 
the consequences for biodiversity in this ‘upscaled’ context.   
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4.  Usefulness of integrated landscape design.  In this project, we assumed that 
changes in urban and production areas would be driven by social and economic factors 
and not by considerations of the consequences for biodiversity.  Thus, landscape 
managers charged with managing biodiversity essentially need to ‘work around’ these 
other land uses.  This assumption currently reflects reality.  However, it is possible that 
outcomes for biodiversity at landscape scales could be significantly improved if we 
could design landscapes in an integrated fashion, considering the spatial placement of 
all land uses (see section 4.4 above).  We can use our modelling framework to explore 
the degree of benefit for biodiversity we might be able to obtain from such fully 
integrated landscape planning to help determine whether this should be a major focus 
for the future. 

5.3 Developing True Integrated Modelling Approaches 

All potential approaches to modelling and understanding the biodiversity effects of 
landscape changes, including the application of landscape design principles, would 
benefit from a more seemless, purpose-built approach to constructing such models.  
Given the relatively short time frame of this project, our aim was to link several pre-
existing but often quite different modelling approaches as best we could to provide 
some immediate practical information for policy-makers and land managers.   

Yet many of the challenges we encountered in the project and many of the limitations 
to our conclusions stem from the fact that these separate modelling approaches were 
not inherently designed to work together.  The result was that we were unable to take 
full advantage of all the innovations inherent in some of the individual tools.  For 
example, the great advantage of Generalised Dissimilarily Modelling (GDM) is that it 
models biotic and environmental dissimilarity rather than specific communities which 
may not be the same under future climates.  But because we needed to use specific 
vegetation communities in the metapopulation persistence model, we needed to 
sacrifice much of the richness in a GDM analysis.  While it may often be useful to 
translate results into specific entities that land managers can relate to, a more robust 
result could be achieved by ensuring all components of the modelling process could 
build on the dissimilarity results, or at least make use of all the likelihood surfaces for 
each vegetation class, leaving the translation into real-world entities as a final step. 

The lack of a purpose-built modelling approach also meant we needed to develop a 
quick and relatively simple methodology for implementing landscape design principles 
that could integrate with existing raster-based land use layers.  This proved to be quite 
challenging for a number of reasons.   

First, the on-ground actions we needed to model in the design principles are generally 
not executed in the real world in a grid fashion or over a single existing land use.  
Environmental plantings and areas managed for natural regeneration are usually wildly 
irregular in shape and often of a minimum size, and incorporating existing paddock 
trees in some parts but not all.  Thus, the design principles needed to be implemented 
as polygons that might cover a few underlying initial land uses, and subsequently 
converted to raster format.   

Second, even though we greatly simplified our design principles relative to the richness 
and variety of most of the approaches implemented by the individual land managers we 
surveyed, they still involved several different actions and several different spatial 
conditions for those actions (e.g., create new plantings within priority areas and 
adjacent to existing native vegetation).  Even that level of complexity proved difficult to 
model in a remotely realistic fashion, particularly when trying to model large amounts of 
conversion to environmental plantings and over our relatively large landscapes, where 
conversion needed to be automated.   
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Finally, these two challenges interacted such that it was impossible to meet all our 
actual targets for conversion to environmental plantings across all our future storylines.  
While we could select polygons to convert to environmental plantings that represented 
all the required spatial conditions, their original land uses were not in the right 
proportions to meet our targets.  If we selected polygons to meet the targets for the 
different original land uses, they did not meet the spatial conditions.  While an iterative 
selection process helped us reach these two types of goals simultaneously as much as 
possible, considerable manual adjustment was sometimes required.  A modelling 
approach developed specifically for modelling real-world landscape design approaches 
in the context of other land uses could alleviate some of these problems and provide 
more accurate representation of design principles and their constituent on-ground 
actions. 

5.4 Improving Our Ability to Parameterise Persistence-based 
Models 

One of the primary limitations to our approach is that at this point, we should only apply 
it in a comparative or relative sense.  In other words, we’re not yet able to make 
absolute predictions or projections about persistence of species in future landscapes.  
In part this is because of the issues we encountered when parameterising the 
metapopulation capacity models.  Persistence, or population viability, is inherently a 
function of birth, death, immigration, and emigration, so population models must 
incorporate parameters related to these life history traits in one way or another (in 
contrast to presence-based or compositional models).  Yet immigration and emigration 
(collectively, dispersal) are historically poorly understood, and there is a particular 
paucity of data for Australian species.  Thus, our ability to accurately parameterise 
metapopulation capacity models for individual species is questionable, let alone for 
generic focal species where data must be integrated from a range of individual species.  
The result is that it’s unclear whether our initial parameterisations failed to accurately 
predict occupancy in current landscapes (see section 2.3.2) because of issues with the 
metapopulation capacity modelling approach, time lags in species responses to 
landscape change, or simply because of inaccurate data for parameterisation.  The 
reality is that we must know more about how real species utilise real landscapes if we 
aim for our landscape planning to achieve the actual goal of species persistence.  It is 
often assumed that climate adaptation science must inherently use modelling 
techniques rather than empirical research because we can’t directly study the future.  
Yet this is one way in which traditional, empirical research could usefully contribute to 
climate adaptation. 
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Appendix A  Land-use Change 
Storylines – additional information 

More complete text description of the land-use change storylines, and the guiding 
principles used by each expert sub-group in our scenario-building workshop (native 
vegetation, agriculture and biofuels, and forestry and carbon plantings) to define the 
relative differences in specific land-use changes between the different study 
landscapes and storylines. 

A.1 Text Descriptions of Storylines 

A.1.1 Storyline 1:  Adaptation Without Global Mitigation 

Storyline: In the Adaptation without Global Mitigation storyline, the world’s major 
greenhouse gas producers fail to make significant emissions reductions.  As a result, 
Australia does not advance its own mitigation policies much further than it has already.  
However, Australia recognises that even if it must rely on the rest of the world to 
achieve significant mitigation, Australia still has control over its ability to adapt to a 
changing climate.  Thus, some effort is devoted to coping with the effects of climate 
change, though not so much that it might weaken our economy relative to other 
countries.  Without a strong carbon market to make environmental plantings profitable, 
their main purpose becomes adaptation of biodiversity (rather than carbon 
sequestration).  Thus, using land for environmental plantings tends to be devalued 
relative to using it for food and biofuel production because of the strong pressure to 
adapt agriculture and find solutions to high fuel prices. 
 
Details according to key drivers of and barriers to change: 
Climate change:  In accordance with the A1FI IPCC emissions scenarios involving 
large temperature change (up to 4.5°C by 2070) and associated major decreases in 
water availability, more catastrophic climatic extremes, and many changes in 
seasonality. 

Relative profitability of food vs. carbon:  A weak and mostly local carbon market, 
elevating the relative profitability of using land for carbon sequestration but not 
sufficiently to make it a major competitor for food production.  Thus, land uses are 
expected to shift on the margins based on finer-scale constraints and drivers.  There 
will be pressure for the type of food production to shift in many areas due to changing 
climate. 

Approaches to use of scarce water:  Landuse shifts away from flood irrigation, 
particularly in more marginal areas, and other irrigation restricted to wetter 
seasons/years.  Gradual changes in farming practices together with increasing water 
storage, water use efficiency, water recycling and water regulation driven by increasing 
water prices (scarcity). 

Social response to change:  An acceptance of the need for incremental but not 
transformational change. 
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A.1.2 Storyline 2:  Late Wake-up Call 

Storyline: In the Late Wake-up Call storyline, both Australia and the rest of the world 
continue with largely business-as-usual practices for the next two decades, making 
only minor incremental efforts at mitigation and adaptation.  However, as the rate of 
climate change begins to increase and the effects become more apparent, more 
significant mitigation and adaptation measures are put in place (in the rest of the world 
as well as in Australia) with increasing public acceptance of the need to change.  As 
the action comes a bit late, some opportunities are missed, actions become more 
expensive, and responses are less coordinated and less well planned than they might 
otherwise be.   
 
Details based on key drivers of and barriers to change: 
Climate change:  In accordance with the A1FI IPCC emissions scenarios involving 
large temperature change (up to 4°C by 2070) and associated major decreases in 
water availability, more catastrophic climatic extremes, and many changes in 
seasonality. 

Relative profitability of food vs. carbon:  A late shift to making carbon sequestration 
much more profitable than it is now (via a global carbon market) though food 
production will always have high value.  There will be pressure for the type of food 
production to shift in many areas (e.g. from cropping to grazing or mixtures) due to 
changing climate, and some pressure for more alternative fuel production due to high 
fossil fuel costs. 

Approaches to use of scarce water:   Mixed responses to reduced water availability: 
Gradually increasing storage/hoarding of water including increases in dam building at 
all scales, late intensive regulation and recycling with sudden very high water prices, 
widespread but late landuse shifts away from irrigation farming toward dryland farming 
or mixed carbon/biodiversity conservation, and rapidly escalating water conflicts. 
Social response to change:  A late shift to greater acceptance of transformational 
change because it will suddenly seem necessary. 

A.1.3 Storyline 3:  Global Fix with Reactive Australia 

Storyline: In the Global Fix with Reactive Australia storyline, the world’s major 
greenhouse gas producers tackle mitigation relatively early and in a serious way, 
employing a combination of many different solutions such as increased reliance on 
various non-fossil-fuel energy sources as well as a variety of approaches to increasing 
carbon sequestration.  Australia increases its efforts at mitigation, but as we are not 
one of the world’s biggest producers of greenhouse gases, our efforts at mitigation lag 
behind those of the rest of the world and/or we opt to essentially buy mitigation 
services from other countries (e.g., by investing in forest protection in Indonesia, 
Malaysia, etc.).  We still experience the benefits of global mitigation, but concentrate 
more on adaptation than mitigation.  Because the rest of the world is somewhat 
successfully working on mitigation, we also have less need to adapt relative to some 
other storylines in which climate change continues to accelerate. 
 
Details according to key drivers of and barriers to change: 
Climate change:  In accordance with the A1B IPCC emissions scenarios involving 
more moderate temperature change (~2.5-3°C by 2070) and associated decreases in 
water availability, disruptive but mostly not catastrophic increases in climatic extremes, 
and some changes in seasonality. 



118    Designing landscapes for biodiversity under climate change 

Relative profitability of food vs. carbon:  A shift to making carbon sequestration 
somewhat more profitable than it is now (via a small global carbon market or one to 
which Australia only has limited access), though food production will always have high 
value and emphasis will still be on shifting land uses to carbon sequestration at the 
margins with only some changes in areas more profitable for other uses. There will be 
some pressure for the type of food production to shift in marginal areas due to 
changing climate. 

Approaches to use of scarce water:  Gradual increases in prices, water use 
efficiency, recycling and storage and relatively minor shifts in irrigation water use 
practices, with more emphasis on using marginal irrigation land and associated water 
to both maintain biodiversity and increase carbon sequestration.  

Social response to change:  An acceptance of the need for incremental rather than 
transformational change. 

A.1.4 Storyline 4: Global Fix with Proactive Australia 

Storyline:  In the Global Fix with Proactive Australia storyline, the world’s major 
greenhouse gas producers tackle mitigation relatively early and in a serious way, 
employing a combination of many different solutions such as increased reliance on 
various non-fossil-fuel energy sources as well as a variety of approaches to increasing 
carbon sequestration.  As a forward-thinking developed nation, Australia joins with this 
group of leading nations.  We concentrate on both mitigation and adaptation both in 
significant ways.  But because the world is somewhat successfully tackling mitigation, 
we have less need to adapt relative to some other storylines in which climate change 
continues to accelerate. 
 
Details according to key drivers of and barriers to change: 
Climate change:  In accordance with the A1B IPCC emissions scenarios involving 
more moderate temperature change (~2.5-3°C by 2070) and associated decreases in 
water availability, disruptive but mostly not catastrophic increases in climatic extremes, 
and some changes in seasonality. 

Relative profitability of food vs. carbon:  A shift to making carbon sequestration 
much more profitable than it is now (via a global carbon market), though food 
production will always have high value.  There will be some pressure for the type of 
food production to shift in marginal areas due to changing climate. 

Approaches to use of scarce water:  Relatively rapid increases in water prices, water 
use efficiency, recycling and storage, and moderate shifts in irrigation water use 
practices, with emphasis on using marginal irrigation land and associated water to 
increase carbon sequestration, with biodiversity conservation as a lower priority. 

Social response to change:  A shift to greater acceptance of transformational 
change. 

A.2 Guiding Principles for Relative Differences in Land-use 
Changes 

Native Vegetation Sub-group 
 
Overall: 

• We assumed that native vegetation not currently protected was the current land 
use most likely to be converted to built-up areas under pressure from increasing 
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population growth and rises in sea level.  Thus, the Native Vegetation group 
considered increases in built-up areas while the other groups did not. 

• Portions of study landscapes that currently involve less intensive land uses 
have the greatest potential to shift to more intensive land uses, particularly 
under pressure for greater food production given projected population growth.  
Thus, we restricted some land use conversions to certain portions of study 
landscapes. 

• Native grasslands are often not recognised as significant biodiversity assets, 
are often assumed to sequester less carbon than woody systems, and are often 
degraded to the point where they are not eligible for formal protection status.  
Thus, any native grasslands not currently under a formal protected status are 
likely to be converted to other land uses. 

• Some areas of modified pasture contain native grasslands and degraded 
grassy woodlands that need to be distinguished in base maps, and appropriate 
spatial data exist to do this. Some of these areas are likely to convert to the 
intensive uses while other upland areas that are less suited to intensive farming 
may remain native pastures.   

• The actual mix of outcomes and their implications for native vegetation will 
depend on the findings of the other subgroups, but generally the extent of 
native vegetation was considered stable and potentially increasing (driven by 
revegetation incentives). In some areas of managed native forests, increased 
selective timber harvesting may occur in the future as the timber volume of 
forests increases over future decades, depending on rainfall outcomes.  

• Conversion to annual crop should only be considered where slope <25% 
 
Between storylines: 

• Storylines associated with the A1B emissions scenarios involve lower rises in 
sea level and thus less need to convert native vegetation to built-up areas 
(despite similar projections for population growth among the emissions 
scenarios). 

• Sea level rises may be the primary driver for conversion to built-up areas as 
increases in population may primarily result in greater human density in already 
built-up areas rather than expansion of built up areas.  

• Storylines involving an increase in the relative value of carbon will be 
associated with less land use conversion of native and degraded native 
systems because these will be preserved for their carbon values.  However, this 
won’t be true in the Late Wake-up Call storyline, as the land use conversion to 
more intensive production will have happened before the increase in the value 
of carbon. 

 
Between study landscapes: 

• Most existing native vegetation in the Wimmera CMA is already formally 
protected, so there is little likelihood of significant conversion of native 
vegetation to other land uses in this study landscape. 

• Study landscapes differ in the amount of less intensive land uses (e.g., 
degraded native woodlands & grasslands used as pastures).  As these are 
likely to convert to more intensive land uses, the total amount of land use 
change will differ across study landscapes. 

• Population growth will impact the study landscapes differently as it is expected 
to be concentrated around existing urban areas (increasing urbanisation) and in 
some coastal areas (sea and tree changers), albeit at higher elevations within 
these areas due to sea level rise. 

• Differences in rainfall between the study areas are projected to remain (i.e., all 
are projected to decrease but the Border Ranges will still have more than the 



120    Designing landscapes for biodiversity under climate change 

other study landscapes).  Thus, conversion of native vegetation to more 
intensive land uses may include relatively more conversion to woody vegetation 
types in the Border Ranges compared to the other study landscapes. 

 
Forestry and Carbon Plantings Sub-group 
 
Overall: 

• We assumed that all new plantings would be environmental plantings rather 
than monocultures.  This is because the Australian federal government is 
currently emphasising the use of such plantings in its various policies to try to 
achieve carbon and biodiversity benefits in concert. 

• Degraded woodlands should be easier and more economical to convert to 
environmental plantings than annual crops.  Thus, in all scenarios and in all 
landscapes, we indicated that a higher proportion of degraded woodlands would 
be converted. 

• While overall amounts of land use conversion to environmental plantings were 
increased approximately by an order of magnitude compared to the 
recommendations from the workshop (from an original maximum of 2% to a 
maximum of ~25%), we paid particularly careful attention to the original relative 
percentages to distinguish between storylines and study landscapes. 

• Environmental plantings were generally constrained to certain portions of the 
study landscapes based on where they had a chance of being more profitable 
than other land uses (based on results from Polglase et al. 2011), and/or were 
likely to make a greater contribution to landscape-scale biodiversity outcomes.   

• As commercial plantations will likely be stressed by a drying climate and are not 
eligible for any carbon credits via current government policies, we anticipated 
either a stable or declining industry (depending on the storyline and study 
landscape) but never an increase in plantations.  Thus, assuming the demand 
for wood products rises at least in line with population, those products will 
increasingly come from elsewhere. 

 
Between storylines:   

• Opportunities & need for environmental plantings are greatest in Global Fix with 
Proactive Australia followed by Late Wake-up Call, Adaptation without Global 
Mitigation, and finally Global Fix with Reactive Australia.  This is because: 

o Storylines associated with drier, warmer climate scenarios (A1FI 
emissions scenarios) create more pressure to shift land uses away from 
cropping in drier areas because it will be less profitable. 

o Environmental plantings assist with biodiversity adaptation as well as 
mitigation via carbon sequestration, so will be most profitable where 
both adaptation and mitigation are financially rewarded, even if the 
actions come late (as in the Late Wake-up Call storyline). 

o This type of land use change requires producers to more fundamentally 
shift their practices from a production mindset to more of a conservation 
mindset, which can be a significant change for many people.  Thus, 
storylines associated with greater acceptance of transformational 
change will involve more adoption of environmental plantings. 

• Environmental plantings could expand outside of the areas likely to be most 
profitable under storylines involving the greatest acceptance of transformational 
change and focus on adaptation for biodiversity (Global Fix with Proactive 
Australia and to a lesser extent Late Wake-up Call). 

• Decline in plantations linked to climate (emissions) scenarios, with greater 
declines as water availability decreases. 
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Between study landscapes: 
• Decline in plantations linked not just to relative water availability between study 

landscapes but to existing problems with pests and disease which make some 
areas (esp. in Border Ranges) more marginal at the moment and thus less able 
to cope with additional challenges like climate change. 

• Relative opportunities for environmental plantings between the study 
landscapes (highest in Wimmera CMA) depend on land tenure, as privately 
held lands are more likely to undergo conversion. 

• Relative opportunities for environmental plantings (highest in Wimmera CMA) 
also depend on relative profitability of these plantings versus other land uses.  
This is influenced by: 

o How dry the climate is, as wetter environments make food production 
more profitable. 

o Land values, as land owners in areas with high land values are under 
greater pressure to profit from their land. 

 
Agriculture and Biofuels Sub-group 
 
Overall: 

• Increases in population are anticipated as part of all of the storylines, so 
demand for food will continue to increase.  Thus, while the storylines and study 
landscapes differ in the amount of agricultural land that might be converted to 
other uses, all involve some intensification of remaining agricultural land. 

• We often restricted land use conversion to more marginal areas because that’s 
where existing land uses will become less profitable (and thus where there will 
be greater pressure to change). 

• An overall drier climate and management of production risk encourages the 
future use of a mosaic food/carbon/biofuels mix, which relies heavily on low-
water-use perennial grasses and short-rotation trees. 

• Many more changes are anticipated in the agricultural realm, but largely in 
terms of the types of crops grown, the types of non-native pasture grasses 
seeded (though likely to be legumes and such), cropping seasons, 
management of by-products like stubble, etc.  As these finer variations are 
unlikely to differ significantly in their biodiversity benefits, they were not 
specified in our scenarios.  For example, we considered conversions from 
cropping to grazing but not conversions between different types of crops. 

 
Between storylines: 

• The degree to which annual crops will be converted to non-native pastures 
differs only slightly between the scenarios based on loss in productivity for 
cropping enterprises due to a drying climate, with the more extreme climate 
scenarios (A1FI) driving larger changes. 

• The scenarios only show moderate difference in the percentages of conversion 
to a mosaic food/carbon/biofuels mix.  This is because the drivers of change are 
quite different but they lead to similar outcomes, specifically because the 
mosaic mix combines food production, biofuels production, and carbon 
sequestration.  For example, in the Adaptation Without Global Mitigation 
storyline, conversion to a mosaic mix is promoted by demand for biofuels and 
loss of productivity for cropping enterprises, tempered by risks of growing 
biofuels in a drying climate.  In the Late Wake-up Call storyline, there is a bit 
less of a demand for biofuels and slightly less loss of productivity for cropping, 
but tempered by slightly reduced risks of growing biofuels and an increase in 
the value of carbon.  The end result is that similar percentages of annual crop 
are converted to biofuels in both scenarios. 
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• The Global Fix with Proactive Australia storyline is the only one that involves a 
significant global carbon market established early.  Thus, there will be slightly 
more conversion to a mosaic food/carbon/biofuels mix in this storyline because 
there is a chance that carbon values will be high enough to compete with food 
production as the most profitable enterprises and conversion will be slightly 
above what might be driven by loss of agricultural productivity. 

• However, the greatest conversion to a mosaic food/carbon/biofuels mix will 
occur under the Late Wake-up Call storyline, where a late-established global 
carbon market will be a more moderate driver but the more extreme climate 
scenario and lack of mitigation will push fossil fuel prices higher thus driving 
conversion to biofuels. 

• The mosaic food/carbon/biofuels mix may provide some small benefits for 
biodiversity over the land uses it is likely to replace.  Thus, under the most 
adaptive storyline (Global Fix with Proactive Australia), there may be pressure 
to spatially plan some of that conversion in line with landscape design principles 
(as for environmental plantings). 

• Considering the conversion of managed native forests to more intensive 
management for biofuels/biochar is somewhat simpler, as it varies across the 
storylines due to fossil fuels becoming more expensive in the storylines 
associated with more extreme emissions scenarios.  While biofuels might also 
be favoured in more adaptive storylines, the biodiversity and long-term carbon 
storage values of managed native forests will also be recognised so biofuels will 
more likely to be sourced from land uses that are already relatively intensive 
and less native. 

• Conversion of plantations to intensive management for biofuels/biochar will 
similarly be driven by costs of fossil fuels but also by financial opportunities 
under more adaptive storylines as plantations are less likely to lose biodiversity 
and long-term carbon storage values due to the conversion. 

 
Between study landscapes: 

• Relative rainfall in the different areas means that under a drying climate 
(regardless of exactly how dry), the Wimmera CMA will experience the greatest 
loss in productivity of cropping and the Border Ranges will experience the least, 
with S2SK2C somewhere in between.  This loss in productivity will be directly 
associated with the amount of land use conversion away from cropping. 

• The relative opportunities for annual crops being converted to a biofuels mix are 
about the same across the study landscapes, so differences in the amount of 
land use conversion away from cropping will mostly involve differences in the 
amount of cropped area converted to non-native pastures, rather than the 
amount converted to a biofuels mix. 

• The study landscapes differ in the amount of managed native forest they have, 
which has the potential to be managed more intensively for the production of 
biofuels and biochar.  But the percentage conversion of managed native forests 
to more intensive management for biofuels/biochar will be similar across the 
study landscapes that have managed native forests. 
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Appendix B  The Landscape Design 
Survey 

Landscape Design:  what does it mean to you? 
A survey of land manager approaches to landscape design for the project ‘The 
architecture of resilient landscapes: scenario modelling to reveal best-practice design 
principles for climate adaptation’ funded by the National Climate Change Adaptation 
Research Facility (NCCARF) and led by Veronica Doerr of CSIRO’s Climate 
Adaptation Flagship. 
 
The Survey 
After a chat about your approaches to landscape management, we will ask you a 
series of questions in which you compare two different actions you might take to 
support biodiversity in the landscapes you manage and indicate which of these actions 
you more commonly undertake.  We’ll also ask you how likely you would be to 
undertake the chosen action (very likely, somewhat likely, somewhat unlikely, very 
unlikely).  It should take ~45 minutes to complete the survey. 

So to set the scene, imagine you are in charge of deciding which actions your 
organisation and/or your colleagues and partners will use to improve the persistence of 
terrestrial biodiversity in the landscape you currently manage.  So ‘persistence’ is your 
goal and you are working with the terrestrial portions (as opposed to freshwater areas) 
of your landscape. 

Most NRM decisions tend to be based on a combination of the likely ecological value of 
different management actions and on how readily they can be implemented (including 
cost, landholder willingness, etc.).  These are all very understandable and appropriate 
considerations.  Thus, the decisions you make in this survey should also involve these 
considerations.  In other words, please tell us what you would more commonly DO 
rather than what you think would be best. 
 
Broad differences in approach 
In your decision-making, do you tend to do things the same way (or use the same 
decision rules or approaches) throughout the entire landscape you manage?  Or do 
you prioritise your actions differently in different areas?  For example, do you separate 
your landscape into areas that have been mostly cleared versus those that are more 
intact and make very different decisions in each of these areas?  Or do you prioritise 
different actions for threatened vegetation communities compared to more common 
vegetation communities? 

If you do prioritise actions differently in different parts of your landscape, what is the 
main way in which you define these different parts?  We will then ask you to answer the 
following questions for each part of your landscape, so we’re looking for very broad 
categorical differences here, not the fine detail. 
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Questions about area/extent and quality 
 
 
Comparing Actions 
 

 
Likelihood of Implementing Choice 

1.  Would you more commonly: 

• Manage for natural regeneration 
specifically adjacent to existing 
patches 

• Revegetate specifically adjacent to 
existing patches1 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

2.  Would you more commonly: 

• Manage for natural regeneration 
anywhere in the landscape 

• Revegetate anywhere in the 
landscape 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

3.  Would you more commonly: 

• Manage for natural regeneration 
specifically adjacent to existing 
patches 

• Manage for natural regeneration 
anywhere in the landscape 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

4.  Would you more commonly: 

• Revegetate specifically adjacent to 
existing patches 

• Revegetate anywhere in the 
landscape 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

5.  Would you more commonly: 

• Buffer/manage threats specifically 
adjacent to existing patches 

• Manage for natural regeneration 
specifically adjacent to existing 
patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

                                                           

 
1 Note that we use the term ‘revegetation’ to specifically mean active planting of native species, 
as distinct from ‘natural regeneration’. 
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6.  Would you more commonly: 

• Buffer/manage threats specifically 
adjacent to existing patches 

• Revegetate specifically adjacent to 
existing patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

7.  Would you more commonly: 

• Manage for natural regeneration 
anywhere in the landscape 

• Buffer/manage threats specifically 
adjacent to existing patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

8.  Would you more commonly: 

• Revegetate anywhere in the 
landscape 

• Buffer/manage threats specifically 
adjacent to existing patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

9.  Would you more commonly: 

• Manage for natural regeneration 
anywhere in the landscape 

• Revegetate specifically adjacent to 
existing patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

10.  Would you more commonly: 

• Revegetate anywhere in the 
landscape  

• Manage for natural regeneration 
specifically adjacent to existing 
patches 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

 
Questions about connectivity 
 
Comparing Actions 
 

 
Likelihood of Implementing Choice 

11.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere in 
the landscape (i.e. through the 
activities noted in the previous 
section) 

• Revegetating and/or managing for 
natural regeneration anywhere 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 
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within identified ‘regional’ corridors 
12.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere in 
the landscape (i.e. through the 
activities noted in the previous 
section) 

• Revegetating and/or managing for 
natural regeneration in riparian 
areas 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

13.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration in riparian 
areas 

• Revegetating and/or managing for 
natural regeneration anywhere 
within identified ‘regional’ 
corridors2 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

14.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere in 
the landscape (i.e. through the 
activities noted in the previous 
section) 

• Managing existing ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

15.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere in 
the landscape (i.e. through the 
activities noted in the previous 
section) 

• Revegetating to create 
new/restored ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

                                                           

 
2 Note that we refer to both ‘regional’ and ‘local’ corridors/linkages.  ‘Regional’ corridors are 
swaths of land within which there might be many patches and local connections.  ‘Local’ 
corridors/connections are between two patches of native vegetation and might consist of a 
roadside, planted corridor, vegetated fenceline/wind break, or even some scattered paddock 
trees. 
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16.  Would you more commonly improve 
connectivity by: 

• Managing existing ‘local’ 
corridors/linkages 

• Revegetating to create 
new/restored ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

17.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere 
within identified ‘regional’ corridors 

• Managing existing ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

18.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration anywhere 
within identified ‘regional’ corridors 

• Revegetating to create 
new/restored ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

19.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration in riparian 
areas 

• Managing existing ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

20.  Would you more commonly improve 
connectivity by: 

• Revegetating and/or managing for 
natural regeneration in riparian 
areas 

• Revegetating to create 
new/restored ‘local’ 
corridors/linkages 
 

How likely is it that you would actually 
implement the chosen action? 

• Very likely 
• Somewhat likely 
• Somewhat unlikely 
• Very unlikely 

 

  

 
 
 
Supplementary questions 
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21a.  Given the list of goals and actions below, please indicate which goals/actions you 
currently include in your on-ground approaches to managing your landscape.  
(Note that these are the same actions we have asked you about above, but this 
gives us more information about how you would ‘package’ them together, 
particularly when considering the broad goals they address.) 

# Goal & Action In portfolio 
yes/no? 

1 Protect areas of native vegetation with long-term agreements Yes 

2 Improve quality of native vegetation through management Yes 

3 Improve quality of native vegetation by buffering/managing 
threats in areas immediate adjacent 

 

4 Increase the size of patches of native vegetation by managing 
for natural regeneration* in areas immediately adjacent 

 

5 Increase the size of patches of native vegetation by 
revegetating* areas immediately adjacent 

 

6 Increase the total amount of native vegetation by managing for 
natural regeneration anywhere within the landscape 

 

7 Increase the total amount of native vegetation by revegetation 
anywhere within the landscape 

 

8 Increase connectivity by revegetating or managing for natural 
regeneration anywhere within the landscape 

 

9 Increase connectivity by focusing revegetation and regeneration 
actions in riparian areas 

 

10 Increase connectivity by identifying ‘regional’ corridors and then 
revegetating or managing for natural regeneration anywhere 
within those regional corridors 

 

11 Increase connectivity by identifying existing ‘local’ linkages 
between patches of native vegetation (roadsides, paddock trees, 
fenceline corridors, etc.) and managing them 

 

12 Increase connectivity by revegetating ‘local’ linkages (roadsides, 
paddock trees, fenceline corridors, etc.) between patches of 
native vegetation 

 

 

21b.  If you had no real-world constraints (imagine excellent funding, willing land 
owners with properties full of opportunities, etc.), would you do things differently?  If so, 
how would you change your responses above - which of the above actions would you 
include or exclude? 
 

22a.  You may have noticed that all our questions focus on just three types of actions – 
those designed to increase the area/extent of native communities, those designed to 
improve the quality of native vegetation, and those designed to increase or at least 
manage connectivity in the landscape.  Are there any other significant actions you 
currently engage in that don’t fit within these broad descriptions? 

22b.  Are there any other actions you are considering taking in the future to specifically 
help with climate adaptation? 
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23a.  If you engage in revegetation (planting) or sign agreements with other people to 
revegetate, do you require that only local species are planted? 

 

• Don’t engage in or contract revegetation 
• Yes, only local species may be planted 
• No, plantings are not restricted to local species 

 

23b.  If you answered ‘yes’ to question 23a, do you anticipate that this will continue to 
be your policy/approach into the future (next 20 years)? 

 

24.  We will need to contact a smaller number of survey respondents to ask a few 
follow-up questions about how much certain combinations of actions are likely to 
influence the persistence of native species.  Are you willing to be contacted again? 

 

 
“This work was carried out with financial support from the Australian Government 
(Department of Climate Change and Energy Efficiency) and the National Climate Change 
Adaptation Research Facility. The views expressed herein are not necessarily the views of the 
Commonwealth, and the Commonwealth does not accept responsibility for any information or 
advice contained herein.” 
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Appendix C  Conversion Targets to 
Environmental Plantings – according to 
design principles 

This appendix presents additional information about the targets for conversion of land 
to environmental plantings for each of the Storyline and design principle combinations 
(for DP1-DP4, the real-world design principles and the spatial control). In the following 
tables, orange-highlighted cells represent the specific targets applied here. Targets for 
building on existing patches and creating new patches are expressed in hectares, while 
targets for local links are expressed as proportions of the total candidate link area for 
the study landscape.  Conversions of crops and pastures no trees (C&P no trees) to 
local links model the action of replanting local links, while conversions of crops and 
pastures with scattered trees (C&P with trees) to local links model the action of 
managing existing links.  Hence specific targets for each of those land uses are 
indicated. Other actions simply need to reach a total hectares converted, such that the 
distribution among the two land uses after all actions have been implemented matches 
the relative percentages presented in the final column. 

South-East NSW study landscape: 

Storyline 1: Adaptation Without Global Mitigation 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.004 crops & pastures converted to env plantings 2050 
0.1 crops & pastures with scattered trees converted to env plantings 

2050 
  
9713190 current area of crops & pastures 
1360261 current area of crops & pastures with scattered trees 
 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2050 
Land use Total in 

ha 
C&P no 
trees 

38,853 

C&P with 
trees 

136,026 

Total in 
ha 

174,879 
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Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.27 In priority area – new patches (100 ha patches) 
0.03 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0975 in priority area new 
0.0325 in priority area existing 
0.0075 out of priority area new 
0.0025 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0975 0.0075 38,853 22.2 

C&P 
with 
trees 

        0.0325 0.0025 136,026 77.8 

Total 
in ha 

78,695 8,744 47,217 5,246 0.1300 0.0100 174,879 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (20 ha patches) 
0.02 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0667 in priority area new 
0.1333 in priority area existing 
0.0067 out of priority area new 
0.0133 out of priority area existing 

 
 
 
To Environmental Plantings by 2050 
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Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0667 0.0067 38,853 22.2 

C&P 
with 
trees 

        0.1333 0.0133 136,026 77.8 

Total 
in ha 

78,695 8,744 31,478 3,498 
 

0.2000 0.0200 174,879 100 

 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.016 in priority area new 
0.024 in priority area existing 
0.016 out of priority area new 
0.024 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0160 0.0160 38,853 22.2 

C&P 
with 
trees 

        0.0240 0.0240 136,026 77.8 

Total 
in ha 

43,720 43,720 34,976 34,976 0.0400 0.0400 174,879 100 
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South-East NSW study landscape: 

Storyline 2: Late Wake-up Call 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.008 crops & pastures converted to env plantings 2050 
0.25 crops & pastures with scattered trees converted to env plantings 

2050 
  
9713190 current area of crops & pastures 
1360261 current area of crops & pastures with scattered trees 
 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2050 
Land use Total in 

ha 
C&P no 
trees 

77,706 

C&P with 
trees 

340,065 

Total in 
ha 

417,771 

 

Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.30 In priority area – building on existing (20 ha patches) 
0.20 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (100 ha patches) 
0.12 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.1575 in priority area new 
0.0525 in priority area existing 

0.105 out of priority area new 
0.035 out of priority area existing 

 
 
 
To Environmental Plantings by 2050 
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Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1575 0.1050 77,706 18.6 

C&P 
with 
trees 

        0.0525 0.0350 340,065 81.4 

Total 
in ha 

125,331 83,554 75,199 50,132 0.2100 0.1400 417,771 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.3 In priority area – building on existing (20 ha patches) 
0.2 Out of priority area – building on existing (20 ha patches) 

0.12 In priority area – new patches (20 ha patches) 
0.08 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.1033 in priority area new 
0.2067 in priority area existing 

0.07 out of priority area new 
0.14 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1033 0.0700 77,706 18.6 

C&P 
with 
trees 

        0.2067 0.1400 340,065 81.4 

Total 
in ha 

125,331 83,554 50,132 33,422 0.3100 0.2100 417,771 100 
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Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.036 in priority area new 
0.054 in priority area existing 
0.036 out of priority area new 
0.054 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0360 0.0360 77,706 18.6 

C&P 
with 
trees 

        0.0540 0.0540 340,065 81.4 

Total 
in ha 

104,443 104,443 83,554 83,554 0.0900 0.0900 417,771 100 

 

South-East NSW study landscape: 

Storyline 3: Global Fix With Reactive Australia 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.002 crops & pastures converted to env plantings 2030 
0.08 crops & pastures with scattered trees converted to env plantings 

2030 
  
9713190 current area of crops & pastures 
1360261 current area of crops & pastures with scattered trees 
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Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2030 
Land use Total in 

ha 
C&P no 
trees 

19,426 

C&P with 
trees 

108,821 

Total in 
ha 

128,247 

 

Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.27 In priority area – new patches (100 ha patches) 
0.03 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.075 in priority area new 
0.025 in priority area existing 

0.0075 out of priority area new 
0.0025 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0750 0.0075 19,426 15.1 

C&P 
with 
trees 

        0.0250 0.0025 108,821 84.9 

Total 
in ha 

57,711 6,412 34,627 3,847 0.1000 0.0100 128,247 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
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0.05 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (20 ha patches) 
0.02 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0467 in priority area new 
0.0933 in priority area existing 
0.0067 out of priority area new 
0.0133 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0467 0.0067 19,426 15.1 

C&P 
with 
trees 

        0.0933 0.0133 108,821 84.9 

Total 
in ha 

57,711 6,412 23,085 2,565 0.1400 0.0200 128,247 100 

 

 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.012 in priority area new 
0.018 in priority area existing 
0.012 out of priority area new 
0.018 out of priority area existing 
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To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0120 0.0120 19,426 15.1 

C&P 
with 
trees 

        0.0180 0.0180 108,821 84.9 

Total 
in ha 

32,062 32,062 25,649 25,649 0.0300 0.0300 128,247 100 

 
 

South-East NSW study landscape: 

Storyline 4: Global Fix With Proactive Australia 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.01 crops & pastures converted to env plantings 2030 
0.40 crops & pastures with scattered trees converted to env plantings 

2030 
  
9713190 current area of crops & pastures 
1360261 current area of crops & pastures with scattered trees 
 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2030 
Land use Total in 

ha 
C&P no 
trees 

97,132 

C&P with 
trees 

544,104 

Total in 
ha 

641,236 
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Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.30 In priority area – building on existing (20 ha patches) 
0.20 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (100 ha patches) 
0.12 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.24 in priority area new 
0.08 in priority area existing 

0.1575 out of priority area new 
0.0525 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.2400 0.1575 97,132 15.1 

C&P 
with 
trees 

        0.0800 0.0525 544,104 84.9 

Total 
in ha 

192,371 128,247 115,423 76,948 0.3200 0.2100 641,236 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.3 In priority area – building on existing (20 ha patches) 
0.2 Out of priority area – building on existing (20 ha patches) 

0.12 In priority area – new patches (20 ha patches) 
0.08 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.16 in priority area new 
0.32 in priority area existing 

0.1067 out of priority area new 
0.2133 out of priority area existing 
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To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1600 0.1067 97,132 15.1 

C&P 
with 
trees 

        0.3200 0.2133 544,104 84.9 

Total 
in ha 

192,371 128,247 76,948 51,299 0.4800 0.3200 641,236 100 

 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.052 in priority area new 
0.078 in priority area existing 
0.052 out of priority area new 
0.078 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0520 0.0520 97,132 15.1 

C&P 
with 
trees 

        0.0780 0.0780 544,104 84.9 

Total 
in ha 

160,309 160,309 128,247 128,247 0.1300 0.1300 641,236 100 
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North-East NSW study landscape: 

Storyline 1: Adaptation Without Global Mitigation 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.002 crops & pastures converted to env plantings 2050 
0.1 crops & pastures with scattered trees converted to env plantings 

2050 
  
12120236 current area of crops & pastures 

1486978 current area of crops & pastures with scattered trees 
 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2050 
Land use Total in 

ha 
C&P no 
trees 

24,240 

C&P with 
trees 

148,698 

Total in 
ha 

172,938 

 

Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.27 In priority area – new patches (100 ha patches) 
0.03 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0975 in priority area new 
0.0325 in priority area existing 
0.0075 out of priority area new 
0.0025 out of priority area existing 
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To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0975 0.0075 24,240 14 

C&P 
with 
trees 

        0.0325 0.0025 148,698 86 

Total 
in ha 

77,822 8,647 46,693 5,188 0.1300 0.0100 172,938 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (20 ha patches) 
0.02 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0667 in priority area new 
0.1333 in priority area existing 
0.0067 out of priority area new 
0.0133 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0667 0.0067 24,240 14 

C&P 
with 
trees 

        0.1333 0.0133 148,698 86 

Total 
in ha 

77,822 8,647 31,129 3,459 0.2000 0.0200 172,938 100 

 



 

Designing landscapes for biodiversity under climate change 143 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.016 in priority area new 
0.024 in priority area existing 
0.016 out of priority area new 
0.024 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0160 0.0160 24,240 14 

C&P 
with 
trees 

        0.0240 0.0240 148,698 86 

Total 
in ha 

43,235 43,235 34,588 34,588 0.0400 0.0400 172,938 100 

 

North-East NSW study landscape: 

Storyline 2: Late Wake-up Call 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.004 crops & pastures converted to env plantings 2050 
0.25 crops & pastures with scattered trees converted to env plantings 

2050 
  
12120236 current area of crops & pastures 

1486978 current area of crops & pastures with scattered trees 
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Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2050 
Land use Total in 

ha 
C&P no 
trees 

48,481 

C&P with 
trees 

371,745 

Total in 
ha 

420,225 

 
Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.30 In priority area – building on existing (20 ha patches) 
0.20 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (100 ha patches) 
0.12 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.1575 in priority area new 
0.0525 in priority area existing 

0.105 out of priority area new 
0.035 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1575 0.1050 48,481 11.5 

C&P 
with 
trees 

        0.0525 0.0350 371,745 88.5 

Total 
in ha 

126,068 84,045 75,641 50,427 0.2100 0.1400 420,225 100 
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Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.3 In priority area – building on existing (20 ha patches) 
0.2 Out of priority area – building on existing (20 ha patches) 

0.12 In priority area – new patches (20 ha patches) 
0.08 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.1033 in priority area new 
0.2067 in priority area existing 

0.07 out of priority area new 
0.14 out of priority area existing 

 
To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1033 0.0700 48,481 11.5 

C&P 
with 
trees 

        0.2067 0.1400 371,745 88.5 

Total 
in ha 

126,068 84,045 50,427 33,618 0.3100 0.2100 420,225 100 

 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.036 in priority area new 
0.054 in priority area existing 
0.036 out of priority area new 
0.054 out of priority area existing 
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To Environmental Plantings by 2050 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0360 0.0360 48,481 11.5 

C&P 
with 
trees 

        0.0540 0.0540 371,745 88.5 

Total 
in ha 

105,056 105,056 84,045 84,045 0.0900 0.0900 420,225 100 

 

North-East NSW study landscape: 

Storyline 3: Global Fix With Reactive Australia 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.004 crops & pastures converted to env plantings 2030 
0.05 crops & pastures with scattered trees converted to env plantings 

2030 
  
12120236 current area of crops & pastures 

1486978 current area of crops & pastures with scattered trees 

 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2030 
Land use Total in 

ha 
C&P no 
trees 

48,481 

C&P with 
trees 

74,349 

Total in 
ha 

122,830 
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Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.27 In priority area – new patches (100 ha patches) 
0.03 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.075 in priority area new 
0.025 in priority area existing 

0.0075 out of priority area new 
0.0025 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0750 0.0075 48,481 39.5 

C&P 
with 
trees 

        0.0250 0.0025 74,349 60.5 

Total 
in ha 

55,273 6,141 33,164 3,685 0.1000 0.0100 122,830 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.45 In priority area – building on existing (20 ha patches) 
0.05 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (20 ha patches) 
0.02 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.0467 in priority area new 
0.0933 in priority area existing 
0.0067 out of priority area new 
0.0133 out of priority area existing 
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To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0467 0.0067 48,481 39.5 

C&P 
with 
trees 

        0.0933 0.0133 74,349 60.5 

Total 
in ha 

55,273 6,141 22,109 2,457 0.1400 0.0200 122,830 100 

 

Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.012 in priority area new 
0.018 in priority area existing 
0.012 out of priority area new 
0.018 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0120 0.0120 48,481 39.5 

C&P 
with 
trees 

        0.0180 0.0180 74,349 60.5 

Total 
in ha 

30,707 30,707 24,566 24,566 0.0300 0.0300 122,830 100 
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North-East NSW study landscape: 

Storyline 4: Global Fix With Proactive Australia 
 
PROPORTION OF CURRENT LAND USE AREA TO BE CONVERTED, 
AND CURRENT LAND USE AREA 

0.008 crops & pastures converted to env plantings 2030 
0.40 crops & pastures with scattered trees converted to env plantings 

2030 
  
12120236 current area of crops & pastures 

1486978 current area of crops & pastures with scattered trees 

 

Design Principle 1: Random control 
Random selection among candidate centroids and candidate links 
 
To Environmental Plantings by 2030 
Land use Total in 

ha 
C&P no 
trees 

96,962 

C&P with 
trees 

594,791 

Total in 
ha 

691,753 

 

Design Principle 2: Building Bridges and Islands 
Proportion of total hectares to be converted: 

0.30 In priority area – building on existing (20 ha patches) 
0.20 Out of priority area – building on existing (20 ha patches) 
0.18 In priority area – new patches (100 ha patches) 
0.12 Out of priority area – new patches (100 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.24 in priority area new 
0.08 in priority area existing 

0.1575 out of priority area new 
0.0525 out of priority area existing 

 
 
 
 
 
 



150    Designing landscapes for biodiversity under climate change 

To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(100 
ha) 

Out of 
priority 
area – 
new 
patches 
(100 
ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.2400 0.1575 96,962 14 

C&P 
with 
trees 

        0.0800 0.0525 594,791 86 

Total 
in ha 

207,526 138,351 124,516 83,010 0.3200 0.2100 691,753 100 

 

Design Principle 3: Building Bridges and Veg Extent 
Proportion of total hectares to be converted: 

0.3 In priority area – building on existing (20 ha patches) 
0.2 Out of priority area – building on existing (20 ha patches) 

0.12 In priority area – new patches (20 ha patches) 
0.08 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.16 in priority area new 
0.32 in priority area existing 

0.1067 out of priority area new 
0.2133 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.1600 0.1067 96,962 14 

C&P 
with 
trees 

        0.3200 0.2133 594,791 86 

Total 
in ha 

207,526 138,351 83,010 55,340 0.4800 0.3200 691,753 100 
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Design Principle 4: Increasing Veg Extent 
Proportion of total hectares to be converted: 

0.25 In priority area – building on existing (20 ha patches) 
0.25 Out of priority area – building on existing (20 ha patches) 

0.2 In priority area – new patches (20 ha patches) 
0.2 Out of priority area – new patches (20 ha patches) 

 
Proportion of candidate link areas to be converted: 

0.052 in priority area new 
0.078 in priority area existing 
0.052 out of priority area new 
0.078 out of priority area existing 

 
To Environmental Plantings by 2030 
Land 
use 

In 
priority 
area – 
building 
on 
existing 
(20 ha) 

Out of 
priority 
area – 
building 
on 
existing 
(20 ha) 

In 
priority 
area – 
new 
patches 
(20 ha) 

Out of 
priority 
area – 
new 
patches 
(20 ha) 

In priority 
area – 
links - 
prop of 
candidate 
links  

Out of 
priority 
area – 
links  - 
prop of 
candidate 
links  

Total in 
ha 

% 

C&P no 
trees 

        0.0520 0.0520 96,962 14 

C&P 
with 
trees 

        0.0780 0.0780 594,791 86 

Total 
in ha 

172,938 172,938 138,351 138,351 0.1300 0.1300 691,753 100 
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Appendix D  Vegetation Change 
Modelling – additional methods 

This appendix presents additional information about the methods involved in modelling 
vegetation formations/subformations and current and future projections over the two 
NSW study landscapes.  

The candidate environmental predictors considered in the development of the fitted 
GDM model are listed in Table 38.  These are grouped into four types.  Topo-climatic 
predictors have been adjusted by an index of terrain radiation exposure and insolation 
derived from a physical model of solar radiation interacting with topography.  The 
climatic predictors include derivatives of rainfall and minimum temperature that have 
not been adjusted by topography.  The regolith predictors are substrate proxies for 
direct and indirect factors associated with the soil environment.  The landform 
predictors are proxies for additional terrain factors potentially influencing vegetation 
patterns that are not necessarily captured by the solar radiation model.  The overall 
approach to compiling predictors and testing them in a model of biodiversity pattern 
was outlined by Williams et al. (2012).  

The schema for grouping the 98 NSW vegetation classes (Keith 2002) into the 15 
formations and subformations selected for use in REMP metapopulation capacity 
modelling are listed in Table 39.  A general description of the formations was given in 
Table 6.  

 Finally, the average future climates across the two study areas are summarised in  

Table 40.  These projections applied data from OZCLIM which averages the trend in 
climate at any location and point in time, equivalent to a long-term average.  Figure 30 
& Figure 31 show these averages graphically for ease of comparison across study 
landscapes and future climates. 

 

Table 38.   Candidate environmental predictor variables compiled at 3sec 
resolution for use in the GDM model of compositional turnover. See 
main text for the variables remaining in the final fitted model. 

Group Short name Name Units Source citation 

Topoclimate ADI 
Precipitation deficit (precipitation 
relative to evaporation)- monthly 
minimum 

Mm 
(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Topoclimate ADX 
Precipitation deficit (precipitation 
relative to evaporation) - monthly 
maximum 

Mm 
(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate TNI Minimum temperature - monthly 
minimum °C (Xu and Hutchinson 

2011) 

Climate TNX Minimum temperature - monthly 
maximum °C 

(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Topoclimate TXI Maximum temperature - monthly 
minimum °C 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate TXX Maximum temperature - monthly 
maximum °C 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate TRI Diurnal range temperature - monthly 
minimum °C (Xu and Hutchinson 

2011), (Wilson and 
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Group Short name Name Units Source citation 
Gallant 2000) 

Topoclimate TRX Diurnal range temperature - monthly 
maximum °C 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Climate TRA Annual temperature range – TXMAX – 
TNMIN °C 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Climate PTI Precipitation - monthly minimum Mm (Xu and Hutchinson 
2011) 

Climate PTX Precipitation - monthly maximum Mm (Xu and Hutchinson 
2011) 

Topoclimate EVI Evaporation - monthly minimum Mm 
(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate EVX Evaporation - monthly maximum Mm 
(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate RAI Solar radiation (rainfall-cloudiness 
modified) - monthly minimum MJ/m2/day 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate RAX Solar radiation (rainfall-cloudiness 
modified) - monthly maximum MJ/m2/day 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate RHI Humidity - month max relative % 
(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate RHX Humidity - annual mean relative % 
(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Climate SPT1MP Precipitation - solstice seasonality ratio Ratio 
(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate SPT2MP Precipitation - equinox seasonality ratio Ratio 
(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate PTRX Precipitation - max difference between 
successive months mm/day 

(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate PTRI Precipitation - min difference between 
successive months mm/day 

(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate TNRX Temperature - max difference in min 
between successive months °C/day 

(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Climate TNRI Temperature - min difference in min 
between successive months °C/day 

(Xu and Hutchinson 
2011), (Williams et al. 
2012) 

Topoclimate TXRX Temperature - max difference in max 
between successive months °C/day 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Topoclimate TXRI Temperature - min difference in max 
between successive months °C/day 

(Xu and Hutchinson 
2011), (Wilson and 
Gallant 2000) 

Regolith MAG Magnetic anomalies nanoTesla, nT (Milligan 2010) 

Regolith GRAV Bouger gravity anomalies Gal (Geoscience Australia 
2009) 

Regolith BD30 soils - bulk density in top 30cm from 
ASRIS best composite mapping Mg/m3 (Jacquier 2011b) 
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Group Short name Name Units Source citation 

Regolith CLAY30 soils - clay fraction in top 30cm from 
ASRIS best composite mapping % (Jacquier 2011c) 

Regolith PAWC1M 
soils - plant available water holding 
capacity 0-1m from ASRIS best 
composite mapping 

Mm (Jacquier 2011a) 

Regolith WII weathering intensity index  Index (Wilford 2012) 

Regolith PC1_20 Spectra of surficial topsoils 0-20cm – 
Principal component 1 Index (Viscarra-Rossel and 

Chen 2011) 

Regolith PC2_20 Spectra of surficial topsoils 0-20cm – 
Principal component 2 Index (Viscarra-Rossel and 

Chen 2011) 

Regolith PC3_20 Spectra of surficial topsoils 0-20cm – 
Principal component 3 Index (Viscarra-Rossel and 

Chen 2011) 

Regolith PC1_80 Spectra of surficial subsoils 60-80cm – 
Principal component 1 Index (Viscarra-Rossel and 

Chen 2011) 

Regolith PC2_80 Spectra of surficial subsoils 60-80cm – 
Principal component 2 Index (Viscarra-Rossel and 

Chen 2011) 

Regolith PC3_80 Spectra of surficial subsoils 60-80cm – 
Principal component 3 index (Viscarra-Rossel and 

Chen 2011) 

Regolith ILL20 relative abundance of illite clay minerals 
in surficial topsoil (0-20cm) Proportion (Viscarra Rossel 

2011) 

Regolith KAO20 relative abundance of kaolinite clay 
minerals in surficial topsoil (0-20cm) Proportion (Viscarra Rossel 

2011) 

Regolith SME20 relative abundance of smectite clay 
minerals in surficial topsoil (0-20cm) proportion (Viscarra Rossel 

2011) 

Regolith ILL80 relative abundance of illite clay minerals 
in surficial subsoil (60-80cm) proportion (Viscarra Rossel 

2011) 

Regolith KAO80 relative abundance of kaolinite clay 
minerals in surficial subsoil (60-80cm) proportion (Viscarra Rossel 

2011) 

Regolith SME80 relative abundance of smectite clay 
minerals in surficial subsoil (60-80cm) proportion (Viscarra Rossel 

2011) 

Regolith CTIDEPTH 
Soil depth in metres derived from a 
topographic wetness index scaled by 
map unit soil depth range 

Metres KJW unpublished, 
(Claridge et al. 2000) 

Regolith CTIPAWC 
Soil water holding capacity in mm 
derived from a topographic wetness 
index scaled by map unit soil depth 
range and water holding capacity 

Mm KJW unpublished, 
(Claridge et al. 2000) 

Landform  MRVBF Multiresolution valley bottom flatness 
index class  Index 

(Gallant and Austin 
2012a), (Gallant and 
Dowling 2003) 

Landform  CONAREA catchment contributing area  m2 (Gallant et al. 2012d) 
Landform  ELVFR1000 elevation focal range within 1000m  M (Gallant et al. 2012c) 
Landform  ELEVFR300 elevation focal range within 300m  M (Gallant et al. 2012a) 
Landform  SLPRELIEF slope relief class  Index (Gallant et al. 2012f) 

Landform  TPICLASS Topographic position index  index (Gallant and Austin 
2012b) 

Landform  TPIMASK Topographic position mask  Index (Gallant and Austin 
2012b) 

Landform  SLOPEDEG slope in degrees sampled  Degrees (Gallant et al. 2012e) 
Landform  SLPFM300 300m focal median of percent slope  Percent (Gallant et al. 2012b) 
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Table 39.   Schema for grouping 98 NSW vegetation classes into the 
formations/subformations used in metapopulation capacity modelling. 
See Table 6 in the main text for definitions of the classes used for 
REMP  

CLASS CLASS_NAME FORMATION CODE 

Class 
for 

REMP 
     

001  Subtropical Rainforests  Rainforests RF 1 

002 
 Northern Warm Temperate 
Rainforests  Rainforests RF 1 

003  Cool Temperate Rainforests  Rainforests RF 1 
004  Dry Rainforests  Rainforests RF 1 
005  Littoral Rainforests  Rainforests RF 1 

006  North Coast Wet Sclerophyll Forests 
 Wet sclerophyll forests (Shrubby 
subformation) WSF(s) 2 

007  South Coast Wet Sclerophyll Forests 
 Wet sclerophyll forests (Shrubby 
subformation) WSF(s) 2 

008 
 Northern Escarpment Wet 
Sclerophyll Forests 

 Wet sclerophyll forests (Shrubby 
subformation) WSF(s) 2 

009 
 Southern Escarpment Wet 
Sclerophyll Forests 

 Wet sclerophyll forests (Shrubby 
subformation) WSF(s) 2 

010 
 Northern Tableland Wet Sclerophyll 
Forests 

 Wet sclerophyll forests (Grassy 
subformation) WSF(g) 3 

011 
 Southern Tableland Wet Sclerophyll 
Forests 

 Wet sclerophyll forests (Grassy 
subformation) WSF(g) 3 

015 
 Sydney Coastal Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

016 
 Sydney Hinterland Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

017 
 Sydney Montane Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

019 
 Coastal Dune Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

020  North Coast Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

021 
 Northern Hinterland Wet Sclerophyll 
Forests 

 Wet sclerophyll forests (Grassy 
subformation) WSF(g) 3 

022 
 South Coast Sands Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

024 
 Southern Lowland Wet Sclerophyll 
Forests 

 Wet sclerophyll forests (Grassy 
subformation) WSF(g) 3 

025 
 Northern Escarpment Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

026  South East Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

027 
 Northern Tableland Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

028 
 Southern Tableland Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

029 
 Western Slopes Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

030 
 Pilliga Outwash Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

031  Wallum Sand Heaths  Heathlands HL 8 
032  Sydney Coastal Heaths  Heathlands HL 8 
033  Northern Montane Heaths  Heathlands HL 8 
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CLASS CLASS_NAME FORMATION CODE 

Class 
for 

REMP 
034  Sydney Montane Heaths  Heathlands HL 8 
035  Southern Montane Heaths  Heathlands HL 8 
036  Alpine Heaths  Alpine complex AC 9 
040  Tableland Clay Grassy Woodlands  Grassy woodlands GW 4 
041  New England Grassy Woodlands  Grassy woodlands GW 4 
042  Western Slopes Grassy Woodlands  Grassy woodlands GW 4 

044  Western Peneplain Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

045  Subalpine Woodlands  Grassy woodlands GW 4 
046  Temperate Montane Grasslands  Grasslands GL 5 
047  Semi-arid Floodplain Grasslands  Grasslands GL 5 
048  Coastal Swamp Forests  Forested wetlands FOW 10 
050  Coastal Floodplain Wetlands  Forested wetlands FOW 10 

051 
 Coast and Tableland Riverine 
Forests  Forested wetlands FOW 10 

052  Inland Riverine Forests  Forested wetlands FOW 10 

053  Inland Floodplain Woodlands 
 Semi-arid woodlands (Grassy 
subformation) SAW(g) 12 

054  Coastal Heath Swamps  Freshwater wetlands FRW 11 
055  Montane Bogs and Fens  Freshwater wetlands FRW 11 
056  Coastal Freshwater Lagoons  Freshwater wetlands FRW 11 
057  Inland Saline Lakes  Saline  wetlands SL 11 
058  Mangrove Swamps  Saline  wetlands SL 11 

059  Riverine Chenopod Shrublands 
 Arid shrublands (Chenopod 
subformation) AS(c) 14 

060  Aeolian Chenopod Shrublands 
 Arid shrublands (Chenopod 
subformation) AS(c) 14 

061  Dune Mallee Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

062  Sand Plain Mallee Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

063  Semi-arid Sand Plain Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

064 
 Sydney Sand Flats Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

065  South Coast Heaths  Heathlands HL 8 

066 
 Northern Gorge Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

067  Clarence Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

068  New England Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

069 
 Hunter-Macleay Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

070  Coastal Headland Heaths  Heathlands HL 8 
071  Saltmarshes  Saline  wetlands SL 11 
072  Coastal Valley Grassy Woodlands  Grassy woodlands GW 4 
074  Montane Lakes  Freshwater wetlands FRW 11 

075 
 Southern Warm Temperate 
Rainforests  Rainforests RF 1 

078  Montane Wet Sclerophyll Forests 
 Wet sclerophyll forests (Grassy 
subformation) WSF(g) 3 

079  Central Gorge Dry Sclerophyll  Dry sclerophyll forests (Shrub/grass DSF(sg) 6 



 

Designing landscapes for biodiversity under climate change 157 

CLASS CLASS_NAME FORMATION CODE 

Class 
for 

REMP 
Forests subformation) 

080  Cumberland Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

081 
 Southern Hinterland Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

082 
 Southern Wattle Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

084 
 Upper Riverina Dry Sclerophyll 
Forests 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

086 
 Southern Tableland Grassy 
Woodlands  Grassy woodlands GW 4 

088  Riverine Sandhill Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

089  Inland Rocky Hill Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

090  Riverine Plain Woodlands 
 Semi-arid woodlands (Grassy 
subformation) SAW(g) 12 

091  Riverine Plain Grasslands  Grasslands GL 5 
092  Inland Floodplain Shrublands  Freshwater wetlands FRW 11 

094  Subtropical Semi-arid Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

095  Desert Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

097  North-west Floodplain Woodlands 
 Semi-arid woodlands (Grassy 
subformation) SAW(g) 12 

098  Gibber Chenopod Shrublands 
 Arid shrublands (Chenopod 
subformation) AS(c) 14 

099  Stony Desert Mulga Shrublands 
 Arid shrublands (Acacia 
subformation) AS(a) 15 

100  Sand Plain Mulga Shrublands 
 Arid shrublands (Acacia 
subformation) AS(a) 15 

101  Brigalow Clay Plain Woodlands 
 Semi-arid woodlands (Grassy 
subformation) SAW(g) 12 

102  North-west Plain Shrublands 
 Arid shrublands (Acacia 
subformation) AS(a) 15 

103  Gibber Transition Shrublands 
 Arid shrublands (Acacia 
subformation) AS(a) 15 

104  Alpine Fjaeldmarks  Alpine complex AC 9 

106  Yetman Dry Sclerophyll Forests 
 Dry sclerophyll forests (Shrubby 
subformation) DSF(sh) 7 

107  North-west Alluvial Sand Woodlands 
 Semi-arid woodlands (Shrubby 
subformation) SAW(s) 13 

108  Inland Floodplain Swamps  Freshwater wetlands FRW 11 
109  Floodplain Transition Woodlands  Grassy woodlands GW 4 
110  Western Slopes Grasslands  Grasslands GL 5 
112  Seagrass Meadows  Saline  wetlands SL 11 

113 
 North-west Slopes Dry Sclerophyll 
Woodlands 

 Dry sclerophyll forests (Shrub/grass 
subformation) DSF(sg) 6 

114  Alpine Herbfields  Alpine complex AC 9 
115  Alpine Bogs and Fens  Alpine complex AC 9 
116  Maritime Grasslands  Grasslands GL 5 
119  Western Vine Thickets  Rainforests RF 1 
120 C120  Forested wetlands FOW 10 
124 C124  Grasslands GL 5 
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CLASS CLASS_NAME FORMATION CODE 

Class 
for 

REMP 
125 C125  Arid shrublands (Acacia subform) AS(a) 15 

 

 
Table 40.    Average current and future climates across the three study 

landscapes for key climatic predictors in the fitted GDM model   

Current conditions, 30-year average centred on 1990 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 131.76 289.09 229.49 90.15 298.52 227.54 135.27 276.12 242.31 

Maximum monthly 
precipitation (mm) 53.69 386.08 116.55 27.98 281.84 67.68 36.45 179.95 58.52 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-62.11 313.22 6.56 -44.71 275.25 23.04 -15.31 175.00 18.61 

Minimum monthly 
temperature (°C) -0.77 10.99 3.00 -5.54 9.40 2.06 1.12 4.80 3.68 

Maximum monthly 
diurnal temperature 
range (°C) 

7.38 29.80 15.41 7.32 27.02 15.27 11.05 23.11 16.75 

Storyline 1 dry climate scenario (CSIRO Mk 3.5) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 180.25 392.98 282.86 165.16 335.88 284.40 191.09 277.37 260.74 

Maximum monthly 
precipitation (mm) 49.58 312.67 105.73 27.29 284.54 69.02 23.40 105.39 33.22 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-73.99 152.82 -35.25 -51.20 167.52 -22.74 -28.56 86.60 -11.16 

Minimum monthly 
temperature (°C) 3.05 15.00 6.90 -2.28 12.96 5.36 4.55 8.06 7.14 

Maximum monthly 
diurnal temperature 
range (°C) 

7.96 20.80 16.81 8.28 18.60 15.93 12.69 19.02 17.73 

Storyline 1 wet climate scenario (Miroc M) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 143.46 324.59 251.11 111.56 335.04 252.38 180.61 305.60 268.61 

Maximum monthly 
precipitation (mm) 81.45 607.95 178.10 31.43 331.95 82.83 35.58 161.77 53.82 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-40.48 471.86 23.74 -21.93 325.19 29.93 -10.97 145.83 12.40 

Minimum monthly 
temperature (°C) 3.15 14.69 6.92 -2.66 13.05 5.44 3.65 7.55 6.59 

Maximum monthly 
diurnal temperature 
range (°C) 

7.45 19.22 15.52 7.72 19.69 16.07 13.28 18.70 17.76 

Storyline 2 dry climate scenario (CSIRO Mk 3.5) 
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Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 153.20 319.64 256.90 111.36 326.79 250.45 177.85 297.53 260.24 

Maximum monthly 
precipitation (mm) 50.50 318.48 107.47 27.65 265.97 65.49 25.33 119.14 37.17 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-62.36 169.17 -25.87 -41.45 192.82 -9.53 -29.07 101.41 -8.17 

Minimum monthly 
temperature (°C) 2.17 14.08 6.00 -3.03 12.14 4.60 3.80 7.31 6.35 

Maximum monthly 
diurnal temperature 
range (°C) 

7.78 20.42 16.42 8.06 18.39 15.71 12.45 18.75 17.49 

Storyline 2 wet climate scenario (Miroc M) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 141.03 316.40 246.11 109.08 326.69 246.80 176.73 298.76 262.63 

Maximum monthly 
precipitation (mm) 75.06 556.79 163.51 30.56 320.25 78.20 35.24 165.65 54.29 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-39.18 423.71 17.79 -22.16 313.68 27.87 -10.42 150.17 13.80 

Minimum monthly 
temperature (°C) 2.31 13.84 6.06 -3.28 12.21 4.67 3.12 6.95 5.93 

Maximum monthly 
diurnal temperature 
range (°C) 

7.36 19.20 15.44 7.63 19.43 15.85 12.93 18.51 17.51 

Storyline 3 dry climate scenario (CSIRO Mk 3.5) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 152.30 318.31 255.65 110.88 325.54 249.45 177.23 296.57 259.45 

Maximum monthly 
precipitation (mm) 51.30 335.05 109.20 28.16 249.41 62.98 26.99 132.84 41.13 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-59.40 186.93 -22.08 -38.96 211.45 -4.94 -25.91 115.24 -3.56 

Minimum monthly 
temperature (°C) 2.04 13.94 5.87 -3.14 12.02 4.49 3.68 7.20 6.23 

Maximum monthly 
diurnal temperature 
range (°C) 

7.76 20.36 16.36 8.03 18.36 15.68 12.42 18.72 17.46 

Storyline 3 wet climate scenario (Miroc M) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 140.74 315.15 245.37 108.72 325.40 245.96 176.15 297.70 261.74 

Maximum monthly 
precipitation (mm) 69.41 511.83 150.66 29.79 309.99 74.45 34.94 169.28 54.87 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-38.73 379.27 11.76 -22.82 303.45 25.65 -10.60 154.04 14.48 

Minimum monthly 
temperature (°C) 2.19 13.94 6.01 -3.53 12.00 4.22 2.64 6.37 5.31 
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Maximum monthly 
diurnal temperature 
range (°C) 

6.71 18.78 14.95 7.42 18.33 15.12 11.94 17.90 16.81 

Storyline 4 dry climate scenario (CSIRO Mk 3.5) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 147.86 311.56 249.50 108.56 319.32 244.54 174.10 291.85 255.57 

Maximum monthly 
precipitation (mm) 51.30 335.05 109.20 28.16 249.41 62.98 26.99 132.84 41.13 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-56.47 192.69 -19.17 -37.16 212.26 -2.15 -24.25 116.06 -1.87 

Minimum monthly 
temperature (°C) 1.39 13.26 5.21 -3.69 11.41 3.93 3.09 6.65 5.64 

Maximum monthly 
diurnal temperature 
range (°C) 

1.28 31.94 16.16 3.21 29.93 15.58 7.38 24.95 17.27 

Storyline 4 wet climate scenario (Miroc M) 
Statistics  Northeast NSW Southeast NSW Wimmera 
Predictor variable  min max mean min max mean min max mean 
Maximum monthly 
evaporation (mm) 138.96 309.15 241.71 106.92 319.17 241.86 173.29 292.76 257.33 

Maximum monthly 
precipitation (mm) 69.41 511.83 150.66 29.79 309.99 74.45 34.94 169.28 54.87 

Maximum monthly 
precipitation (water) 
deficit (mm) 

-37.67 381.41 12.96 -22.45 303.58 26.20 -9.91 154.24 15.06 

Minimum monthly 
temperature (°C) 1.54 13.26 5.35 -3.99 11.41 3.73 2.29 6.00 4.94 

Maximum monthly 
diurnal temperature 
range (°C) 

6.88 18.87 15.00 7.42 18.39 15.12 11.92 17.89 16.79 
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Figure 30.  Comparison of two temperature-related climate variables across 

study landscapes and future climates  
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Figure 31.  Comparison of three precipitation-related climate variables across 

study landscapes and future climates 
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Appendix E  Modelled Changes in Land Use 

This appendix presents images of modelled current and future land uses, prior to applying design rules for new environmental plantings.  

 

 
Figure 32.  Current land uses of the South-East NSW study landscape  
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Figure 33.  Future land uses of the South-East NSW study landscape under Storyline 1  
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Figure 34.  Future land uses of the South-East NSW study landscape under Storyline 2  
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Figure 35.  Future land uses of the South-East NSW study landscape under Storyline 3 
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Figure 36.  Future land uses of the South-East NSW study landscape under Storyline 4 
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Figure 37.  Current land uses of the North-East NSW study landscape 
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Figure 38.  Future land uses of the North-East NSW study landscape under Storyline 1 
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Figure 39.  Future land uses of the North-East NSW study landscape under Storyline 2 
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Figure 40.  Future land uses of the North-East NSW study landscape under Storyline 3 
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Figure 41.  Future land uses of the North-East NSW study landscape under Storyline 4 
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Appendix F  Modelled Application of Design Principles 

This appendix presents images of the future land uses with environmental plantings placed according to design principles elicited from current 
landscape managers plus an additional principle for extensive plantings to achieve ~30% native vegetation cover (DP5).  Note that one 
additional design principle that we modelled, no future plantings, results in a future land-use layer that is the same as the baseline land use so 
is not depicted here (see the images in Appendix E). The design principles were implemented using the spatial rules outlined in sections 2.2.5 
and 3.1.2.  and are enhanced in size in the images to make the small individual units (20ha) visible at this scale. 

Table 41.  Key to maps of design principle implementation 

Study Landscape Storyline Design Principle 
Extent 
(ha) Dataset 

Map 
Reference 

North Eastern NSW 

Adaptation without global mitigation 

Random 192,660 NS1D1  Figure 42 

Building Bridges and Islands 172,154 NS1D2  Figure 43 

Building Bridges and Vegetation Extent 153,773 NS1D3 Figure 44 

Increasing Vegetation Extent 184,209 NS1D4  Figure 45 

Extensive Environmental Plantings 2,026,098 NS1D5 Figure 46 

Late wake-up call 

Random 464,058 NS2D1  Figure 47 

Building Bridges and Islands 412,596 NS2D2  Figure 48 

Building Bridges and Vegetation Extent 393,148 NS2D3  Figure 49 

Increasing Vegetation Extent 437,937 NS2D4  Figure 50 

Extensive Environmental Plantings 2,026,098 NS2D5 Figure 51 

Global fix with reactive Australia 

Random 135,561 NS3D1  Figure 52 

Building Bridges and Islands 126,683 NS3D2  Figure 53 

Building Bridges and Vegetation Extent 112,970 NS3D3  Figure 54 

Increasing Vegetation Extent 130,797 NS3D4  Figure 55 
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Study Landscape Storyline Design Principle 
Extent 
(ha) Dataset 

Map 
Reference 

Extensive Environmental Plantings 2,026,098 NS3D5 Figure 56 

Global fix with proactive Australia 

Random 761,562 NS4D1  Figure 57 

Building Bridges and Islands 707,201 NS4D2  Figure 58 

Building Bridges and Vegetation Extent 597,935 NS4D3  Figure 59 

Increasing Vegetation Extent 719,746 NS4D4  Figure 60 

Extensive Environmental Plantings 2,026,098 NS4D5 Figure 61 

South Eastern NSW 

Adaptation without global mitigation 

Random 183,793 SS1D1  Figure 62 

Building Bridges and Islands 152,703 SS1D2  Figure 63 

Building Bridges and Vegetation Extent 136,968 SS1D3  Figure 64 

Increasing Vegetation Extent 169,692 SS1D4  Figure 65 

Extensive Environmental Plantings 1,652,994 SS1D5 Figure 66 

Late wake-up call 

Random 418,597 SS2D1  Figure 67 

Building Bridges and Islands 364,035 SS2D2  Figure 68 

Building Bridges and Vegetation Extent 352,433 SS2D3  Figure 69 

Increasing Vegetation Extent 393,445 SS2D4  Figure 70 

Extensive Environmental Plantings 1,652,994 SS2D5 Figure 71 

Global fix with reactive Australia 

Random 138,155 SS3D1  Figure 72 

Building Bridges and Islands 116,051 SS3D2  Figure 73 

Building Bridges and Vegetation Extent 102,048 SS3D3  Figure 74 

Increasing Vegetation Extent 126,017 SS3D4  Figure 75 

Extensive Environmental Plantings 1,652,994 SS3D5 Figure 76 

Global fix with proactive Australia Random 639,167 SS4D1  Figure 77 
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Study Landscape Storyline Design Principle 
Extent 
(ha) Dataset 

Map 
Reference 

Building Bridges and Islands 552,011 SS4D2  Figure 78 

Building Bridges and Vegetation Extent 513,804 SS4D3  Figure 79 

Increasing Vegetation Extent 577,861 SS4D4  Figure 80 

Extensive Environmental Plantings 1,652,994 SS4D5 Figure 81 
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Figure 42.  Northeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 1 
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Figure 43.  Northeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 2  
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Figure 44.  Northeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 3   
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Figure 45.  Northeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 4   
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Figure 46.  Northeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 5 
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Figure 47.  Northeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 1  
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Figure 48.  Northeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 2   
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Figure 49.  Northeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 3   
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Figure 50.  Northeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 4   
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Figure 51.  Northeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 5 
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Figure 52.  Northeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 1   
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Figure 53.  Northeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 2   
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Figure 54.  Northeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 3   
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Figure 55.  Northeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 4   
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Figure 56.  Northeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 5   
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Figure 57.  Northeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 1   
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Figure 58.  Northeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 2   
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Figure 59.  Northeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 3  
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Figure 60.  Northeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 4  



 

Designing landscapes for biodiversity under climate change 195 

 
Figure 61.  Northeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 5  
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Figure 62. Southeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 1   
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Figure 63.  Southeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 2   
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Figure 64.  Southeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 3   
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Figure 65.  Southeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 4   
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Figure 66.  Southeast NSW future land use and environmental planting scenario for Storyline 1, Design Principle 5   
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Figure 67.  Southeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 1   
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Figure 68.  Southeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 2   
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Figure 69.  Southeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 3   
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Figure 70.  Southeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 4   
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Figure 71.  Southeast NSW future land use and environmental planting scenario for Storyline 2, Design Principle 5   
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Figure 72. Southeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 1   
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Figure 73. Southeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 2   
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Figure 74.  Southeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 3   
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Figure 75. Southeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 4   
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Figure 76. Southeast NSW future land use and environmental planting scenario for Storyline 3, Design Principle 5   
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Figure 77.  Southeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 1   
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Figure 78.  Southeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 2   
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Figure 79. Southeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 3   
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Figure 80.  Southeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 4   
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Figure 81.  Southeast NSW future land use and environmental planting scenario for Storyline 4, Design Principle 5   
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Appendix G  Modelled Changes in 
Vegetation Classes 

This appendix presents images of modelled current and future vegetation formations, 
with the maximum predicted probability of occurrence of a vegetation class for each 
image.  Tables appear below the images indicating the total number of hectares 
assigned to each formation. 

The current predicted vegetation formation distributions (derived from a kernel 
regression of the scaled environmental predictors resulting from the fitted GDM model) 
represent the distributions before European settlement. The prediction applied 30-year 
average climate data centred on 1990. The maximum predicted probabilities at each 
cell, derived as an aggregated of all predicted probabilities, are shown in the bottom 
panel of the current vegetation model figures. This provides a measure of confidence in 
the prediction at each 100m grid cell location. The accuracy and comprehensiveness of 
the vegetation class training data used to generate the predictions can influence the 
resulting maximum predicted values.  

The projected vegetation formations and maximum predicted probabilities in 2070, for 
alternative plausible wet and dry futures are presented following the current distribution 
figures for all four storylines and each study landscape.  

The legend colouring for vegetation formations approximates the Native Vegetation 
Information System (NVIS) major vegetation subgroups (MVS). This legend was 
derived by comparing a cross classification of the respective grids for the current 
vegetation patterns across the three study landscapes, two in NSW and one in Victoria. 
Comparable vegetation classes were assigned the MVS legend colour, or the next 
most comparable colour if the colour had already been assigned, or the MVS class that 
best matched the NSW vegetation formation description. 
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Figure 82.  Current vegetation in the South-East NSW study landscape. Current 

predicted vegetation formations (above) and the maximum predicted 
probabilities associated with the modelled vegetation classes 
aggregated into formations (below). 
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Figure 83.  Vegetation formations for Storyline 1 projected across the South-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 84.  Maximum predicted probabilities for Storyline 1 vegetation formations 

projected across the South-East NSW study landscape  
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Figure 85.  Vegetation formations for Storyline 2 projected across the South-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 86.  Maximum predicted probabilities for Storyline 2 vegetation formations 

projected across the South-East NSW study landscape   
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Figure 87.  Vegetation formations for Storyline 3 projected across the South-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   

 



 

Designing landscapes for biodiversity under climate change 223 

 
Figure 88.  Maximum predicted probabilities for Storyline 3 vegetation formations 

projected across the South-East NSW study landscape   
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Figure 89.  Vegetation formations for Storyline 4 projected across the South-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 90.  Maximum predicted probabilities for Storyline 4 vegetation formations 

projected across the South-East NSW study landscape   
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Figure 91.  Current vegetation in the North-East NSW study landscape. Current 

predicted vegetation formations (above) and the maximum predicted 
probabilities associated with the modelled vegetation classes 
aggregated into formations (below). 
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Figure 92.  Vegetation formations for Storyline 1 projected across the North-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 93.  Maximum predicted probabilities for Storyline 1 vegetation formations 

projected across the North-East NSW study landscape   
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Figure 94.  Vegetation formations for Storyline 2 projected across the North-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 95.  Maximum predicted probabilities for Storyline 2 vegetation formations 

projected across the North-East NSW study landscape   
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Figure 96.  Vegetation formations for Storyline 3 projected across the North-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 97.  Maximum predicted probabilities for Storyline 3 vegetation formations 

projected across the North-East NSW study landscape   
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Figure 98.  Vegetation formations for Storyline 4 projected across the North-East 

NSW study landscape. The dry scenario (above) derives from the 
CSIRO Mk 3.5 Global Climate Model (GCM) and the wet scenario 
(below) derives from the Miroc-M GCM.   
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Figure 99.  Maximum predicted probabilities for Storyline 4 vegetation formations 

projected across the North-East NSW study landscape  
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Appendix H  Final REMP Parameters 

Table 42.   Relative habitat suitability values (Hi, Table 8) used in REMP for each vegetation formation x land use combination, 
organised by species or species group. The numbers in the column headings correspond to each of the land-use         
classes we modelled (Table 2).   

ENTITY CODE VEG_TYPE H1 H2 H3 H4 H5 H6 H7 H8 H9 
Dry GFS_75 F01 Rainforests 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Wet sclerophyll forests (shrubby subformation) 0 4 14 4 8 12 16 18 20 
Dry GFS_75 F01 Wet sclerophyll forests (grassy subformation) 0 4 14 4 8 12 16 18 20 
Dry GFS_75 F01 Grassy woodlands 0 20 70 20 40 60 80 90 100 
Dry GFS_75 F01 Grasslands 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Dry sclerophyll forests (shrub/grass subformation) 0 20 70 20 40 60 80 90 100 
Dry GFS_75 F01 Dry sclerophyll forests (shrubby subformation) 0 16 56 16 32 48 64 72 80 
Dry GFS_75 F01 Heathlands 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Alpine complex 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Forested wetlands 0 10 35 10 20 30 40 45 50 
Dry GFS_75 F01 Other wetlands (freshwater and saline) 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Semi-arid woodlands (grassy subformation) 0 20 70 20 40 60 80 90 100 
Dry GFS_75 F01 Semi-arid woodlands (shrubby subformation) 0 16 56 16 32 48 64 72 80 
Dry GFS_75 F01 Arid shrublands (chenopod subformation) 0 0 0 0 0 0 0 0 0 
Dry GFS_75 F01 Arid shrublands (acacia subformation) 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Rainforests 0 10 40 10 40 60 80 90 100 
Wet GFS_75 F02 Wet sclerophyll forests (shrubby subformation) 0 10 40 10 40 60 80 90 100 
Wet GFS_75 F02 Wet sclerophyll forests (grassy subformation) 0 10 40 10 40 60 80 90 100 
Wet GFS_75 F02 Grassy woodlands 0 0 0 0 0 0 0 0 0 
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ENTITY CODE VEG_TYPE H1 H2 H3 H4 H5 H6 H7 H8 H9 
Wet GFS_75 F02 Grasslands 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Dry sclerophyll forests (shrub/grass subformation) 0 2 8 2 8 12 16 18 20 
Wet GFS_75 F02 Dry sclerophyll forests (shrubby subformation) 0 2 8 2 8 12 16 18 20 
Wet GFS_75 F02 Heathlands 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Alpine complex 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Forested wetlands 0 2 8 2 8 12 16 18 20 
Wet GFS_75 F02 Other wetlands (freshwater and saline) 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Semi-arid woodlands (grassy subformation) 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Semi-arid woodlands (shrubby subformation) 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Arid shrublands (chenopod subformation) 0 0 0 0 0 0 0 0 0 
Wet GFS_75 F02 Arid shrublands (acacia subformation) 0 0 0 0 0 0 0 0 0 
Fox F03 Rainforests 0.5 4.5 4.5 2.5 2 2 2.5 3.5 2.5 
Fox F03 Wet sclerophyll forests (shrubby subformation) 1 9 9 5 4 4 5 7 5 
Fox F03 Wet sclerophyll forests (grassy subformation) 1 9 9 5 4 4 5 7 5 
Fox F03 Grassy woodlands 10 90 90 50 40 40 50 70 50 
Fox F03 Grasslands 8 72 72 40 32 32 40 56 40 
Fox F03 Dry sclerophyll forests (shrub/grass subformation) 7 63 63 35 28 28 35 49 35 
Fox F03 Dry sclerophyll forests (shrubby subformation) 5 45 45 25 20 20 25 35 25 
Fox F03 Heathlands 4 36 36 20 16 16 20 28 20 
Fox F03 Alpine complex 7 63 63 35 28 28 35 49 35 
Fox F03 Forested wetlands 5 45 45 25 20 20 25 35 25 
Fox F03 Other wetlands (freshwater and saline) 1 9 9 5 4 4 5 7 5 
Fox F03 Semi-arid woodlands (grassy subformation) 9 81 81 45 36 36 45 63 45 
Fox F03 Semi-arid woodlands (shrubby subformation) 7 63 63 35 28 28 35 49 35 
Fox F03 Arid shrublands (chenopod subformation) 6 54 54 30 24 24 30 42 30 
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ENTITY CODE VEG_TYPE H1 H2 H3 H4 H5 H6 H7 H8 H9 
Fox F03 Arid shrublands (acacia subformation) 6 54 54 30 24 24 30 42 30 
Peppercorn F04 Rainforests 0 0 0 0 0 0 0 0 0 
Peppercorn F04 Wet sclerophyll forests (shrubby subformation) 0 4 18 4 20 19 18 18 16 
Peppercorn F04 Wet sclerophyll forests (grassy subformation) 0 4 18 4 20 19 18 18 16 
Peppercorn F04 Grassy woodlands 0 18 81 18 90 85.5 81 81 72 
Peppercorn F04 Grasslands 0 14 63 14 70 66.5 63 63 56 
Peppercorn F04 Dry sclerophyll forests (shrub/grass subformation) 0 18 81 18 90 85.5 81 81 72 
Peppercorn F04 Dry sclerophyll forests (shrubby subformation) 0 14 63 14 70 66.5 63 63 56 
Peppercorn F04 Heathlands 0 14 63 14 70 66.5 63 63 56 
Peppercorn F04 Alpine complex 0 0 0 0 0 0 0 0 0 
Peppercorn F04 Forested wetlands 0 20 90 20 100 95 90 90 80 
Peppercorn F04 Other wetlands (freshwater and saline) 0 0 0 0 0 0 0 0 0 
Peppercorn F04 Semi-arid woodlands (grassy subformation) 0 10 45 10 50 47.5 45 45 40 
Peppercorn F04 Semi-arid woodlands (shrubby subformation) 0 10 45 10 50 47.5 45 45 40 
Peppercorn F04 Arid shrublands (chenopod subformation) 0 14 63 14 70 66.5 63 63 56 
Peppercorn F04 Arid shrublands (acacia subformation) 0 10 45 10 50 47.5 45 45 40 
Orchid F05 Rainforests 0 0 0 0 0 0 0 0 0 
Orchid F05 Wet sclerophyll forests (shrubby subformation) 0 0 30 20 50 60 75 85 100 
Orchid F05 Wet sclerophyll forests (grassy subformation) 0 0 30 20 50 60 75 85 100 
Orchid F05 Grassy woodlands 0 0 27 18 45 54 67.5 76.5 90 
Orchid F05 Grasslands 0 0 6 4 10 12 15 17 20 
Orchid F05 Dry sclerophyll forests (shrub/grass subformation) 0 0 27 18 45 54 67.5 76.5 90 
Orchid F05 Dry sclerophyll forests (shrubby subformation) 0 0 27 18 45 54 67.5 76.5 90 
Orchid F05 Heathlands 0 0 24 16 40 48 60 68 80 
Orchid F05 Alpine complex 0 0 24 16 40 48 60 68 80 
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ENTITY CODE VEG_TYPE H1 H2 H3 H4 H5 H6 H7 H8 H9 
Orchid F05 Forested wetlands 0 0 15 10 25 30 37.5 42.5 50 
Orchid F05 Other wetlands (freshwater and saline) 0 0 0 0 0 0 0 0 0 
Orchid F05 Semi-arid woodlands (grassy subformation) 0 0 0 0 0 0 0 0 0 
Orchid F05 Semi-arid woodlands (shrubby subformation) 0 0 0 0 0 0 0 0 0 
Orchid F05 Arid shrublands (chenopod subformation) 0 0 0 0 0 0 0 0 0 
Orchid F05 Arid shrublands (acacia subformation) 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Rainforests 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Wet sclerophyll forests (shrubby subformation) 0 5 16 5 9 13 17 19 20 
Dry GFS_50 F06 Wet sclerophyll forests (grassy subformation) 0 5 16 5 9 13 17 19 20 
Dry GFS_50 F06 Grassy woodlands 0 25 80 25 45 65 85 95 100 
Dry GFS_50 F06 Grasslands 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Dry sclerophyll forests (shrub/grass subformation) 0 25 80 25 45 65 85 95 100 
Dry GFS_50 F06 Dry sclerophyll forests (shrubby subformation) 0 20 64 20 36 52 68 76 80 
Dry GFS_50 F06 Heathlands 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Alpine complex 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Forested wetlands 0 12.5 40 12.5 22.5 32.5 42.5 47.5 50 
Dry GFS_50 F06 Other wetlands (freshwater and saline) 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Semi-arid woodlands (grassy subformation) 0 25 80 25 45 65 85 95 100 
Dry GFS_50 F06 Semi-arid woodlands (shrubby subformation) 0 20 64 20 36 52 68 76 80 
Dry GFS_50 F06 Arid shrublands (chenopod subformation) 0 0 0 0 0 0 0 0 0 
Dry GFS_50 F06 Arid shrublands (acacia subformation) 0 0 0 0 0 0 0 0 0 
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Table 43.   Distance over which each vegetation formation x land use combination might be incorporated into a home range (Pi, Table 
8), organised by species or species group. The numbers in column headings correspond to each of the land-use classes 
we modelled (Table 2). 

ENTITY CODE VEG_TYPE P1 P2 P3 P4 P5 P6 P7 P8 P9 
Dry GFS_75 F01 Rainforests 25 75 150 75 200 200 200 200 200 
Dry GFS_75 F01 Wet sclerophyll forests (shrubby subformation) 40 120 240 120 320 320 320 320 320 
Dry GFS_75 F01 Wet sclerophyll forests (grassy subformation) 40 120 240 120 320 320 320 320 320 
Dry GFS_75 F01 Grassy woodlands 50 150 300 150 400 400 400 400 400 
Dry GFS_75 F01 Grasslands 10 30 60 30 80 80 80 80 80 
Dry GFS_75 F01 Dry sclerophyll forests (shrub/grass subformation) 50 150 300 150 400 400 400 400 400 
Dry GFS_75 F01 Dry sclerophyll forests (shrubby subformation) 50 150 300 150 400 400 400 400 400 
Dry GFS_75 F01 Heathlands 10 30 60 30 80 80 80 80 80 
Dry GFS_75 F01 Alpine complex 10 30 60 30 80 80 80 80 80 
Dry GFS_75 F01 Forested wetlands 40 120 240 120 320 320 320 320 320 
Dry GFS_75 F01 Other wetlands (freshwater and saline) 10 30 60 30 80 80 80 80 80 
Dry GFS_75 F01 Semi-arid woodlands (grassy subformation) 50 150 300 150 400 400 400 400 400 
Dry GFS_75 F01 Semi-arid woodlands (shrubby subformation) 50 150 300 150 400 400 400 400 400 
Dry GFS_75 F01 Arid shrublands (chenopod subformation) 10 30 60 30 80 80 80 80 80 
Dry GFS_75 F01 Arid shrublands (acacia subformation) 10 30 60 30 80 80 80 80 80 
Wet GFS_75 F02 Rainforests 50 50 100 50 250 250 250 250 250 
Wet GFS_75 F02 Wet sclerophyll forests (shrubby subformation) 50 50 100 50 250 250 250 250 250 
Wet GFS_75 F02 Wet sclerophyll forests (grassy subformation) 50 50 100 50 250 250 250 250 250 
Wet GFS_75 F02 Grassy woodlands 25 25 50 25 125 125 125 125 125 
Wet GFS_75 F02 Grasslands 10 10 20 10 50 50 50 50 50 
Wet GFS_75 F02 Dry sclerophyll forests (shrub/grass subformation) 40 40 80 40 200 200 200 200 200 
Wet GFS_75 F02 Dry sclerophyll forests (shrubby subformation) 40 40 80 40 200 200 200 200 200 
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ENTITY CODE VEG_TYPE P1 P2 P3 P4 P5 P6 P7 P8 P9 
Wet GFS_75 F02 Heathlands 10 10 20 10 50 50 50 50 50 
Wet GFS_75 F02 Alpine complex 10 10 20 10 50 50 50 50 50 
Wet GFS_75 F02 Forested wetlands 40 40 80 40 200 200 200 200 200 
Wet GFS_75 F02 Other wetlands (freshwater and saline) 10 10 20 10 50 50 50 50 50 
Wet GFS_75 F02 Semi-arid woodlands (grassy subformation) 25 25 50 25 125 125 125 125 125 
Wet GFS_75 F02 Semi-arid woodlands (shrubby subformation) 25 25 50 25 125 125 125 125 125 
Wet GFS_75 F02 Arid shrublands (chenopod subformation) 10 10 20 10 50 50 50 50 50 
Wet GFS_75 F02 Arid shrublands (acacia subformation) 10 10 20 10 50 50 50 50 50 
Fox F03 Rainforests 250 875 875 500 500 500 500 625 500 
Fox F03 Wet sclerophyll forests (shrubby subformation) 300 1050 1050 600 600 600 600 750 600 
Fox F03 Wet sclerophyll forests (grassy subformation) 300 1050 1050 600 600 600 600 750 600 
Fox F03 Grassy woodlands 1000 3500 3500 2000 2000 2000 2000 2500 2000 
Fox F03 Grasslands 1000 3500 3500 2000 2000 2000 2000 2500 2000 
Fox F03 Dry sclerophyll forests (shrub/grass subformation) 900 3150 3150 1800 1800 1800 1800 2250 1800 
Fox F03 Dry sclerophyll forests (shrubby subformation) 700 2450 2450 1400 1400 1400 1400 1750 1400 
Fox F03 Heathlands 600 2100 2100 1200 1200 1200 1200 1500 1200 
Fox F03 Alpine complex 800 2800 2800 1600 1600 1600 1600 2000 1600 
Fox F03 Forested wetlands 700 2450 2450 1400 1400 1400 1400 1750 1400 
Fox F03 Other wetlands (freshwater and saline) 300 1050 1050 600 600 600 600 750 600 
Fox F03 Semi-arid woodlands (grassy subformation) 1000 3500 3500 2000 2000 2000 2000 2500 2000 
Fox F03 Semi-arid woodlands (shrubby subformation) 900 3150 3150 1800 1800 1800 1800 2250 1800 
Fox F03 Arid shrublands (chenopod subformation) 800 2800 2800 1600 1600 1600 1600 2000 1600 
Fox F03 Arid shrublands (acacia subformation) 800 2800 2800 1600 1600 1600 1600 2000 1600 
Peppercorn F04 Rainforests 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Wet sclerophyll forests (shrubby subformation) 50 50 200 100 200 200 200 200 200 
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ENTITY CODE VEG_TYPE P1 P2 P3 P4 P5 P6 P7 P8 P9 
Peppercorn F04 Wet sclerophyll forests (grassy subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Grassy woodlands 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Grasslands 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Dry sclerophyll forests (shrub/grass subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Dry sclerophyll forests (shrubby subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Heathlands 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Alpine complex 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Forested wetlands 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Other wetlands (freshwater and saline) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Semi-arid woodlands (grassy subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Semi-arid woodlands (shrubby subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Arid shrublands (chenopod subformation) 50 50 200 100 200 200 200 200 200 
Peppercorn F04 Arid shrublands (acacia subformation) 50 50 200 100 200 200 200 200 200 
Orchid F05 Rainforests 60 60 60 60 60 60 60 60 60 
Orchid F05 Wet sclerophyll forests (shrubby subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Wet sclerophyll forests (grassy subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Grassy woodlands 60 60 60 60 60 60 60 60 60 
Orchid F05 Grasslands 60 60 60 60 60 60 60 60 60 
Orchid F05 Dry sclerophyll forests (shrub/grass subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Dry sclerophyll forests (shrubby subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Heathlands 60 60 60 60 60 60 60 60 60 
Orchid F05 Alpine complex 60 60 60 60 60 60 60 60 60 
Orchid F05 Forested wetlands 60 60 60 60 60 60 60 60 60 
Orchid F05 Other wetlands (freshwater and saline) 60 60 60 60 60 60 60 60 60 
Orchid F05 Semi-arid woodlands (grassy subformation) 60 60 60 60 60 60 60 60 60 
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ENTITY CODE VEG_TYPE P1 P2 P3 P4 P5 P6 P7 P8 P9 
Orchid F05 Semi-arid woodlands (shrubby subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Arid shrublands (chenopod subformation) 60 60 60 60 60 60 60 60 60 
Orchid F05 Arid shrublands (acacia subformation) 60 60 60 60 60 60 60 60 60 
Dry GFS_50 F06 Rainforests 25 100 200 100 250 250 250 250 250 
Dry GFS_50 F06 Wet sclerophyll forests (shrubby subformation) 40 160 320 160 400 400 400 400 400 
Dry GFS_50 F06 Wet sclerophyll forests (grassy subformation) 40 160 320 160 400 400 400 400 400 
Dry GFS_50 F06 Grassy woodlands 50 200 400 200 500 500 500 500 500 
Dry GFS_50 F06 Grasslands 10 40 80 40 100 100 100 100 100 
Dry GFS_50 F06 Dry sclerophyll forests (shrub/grass subformation) 50 200 400 200 500 500 500 500 500 
Dry GFS_50 F06 Dry sclerophyll forests (shrubby subformation) 50 200 400 200 500 500 500 500 500 
Dry GFS_50 F06 Heathlands 10 40 80 40 100 100 100 100 100 
Dry GFS_50 F06 Alpine complex 10 40 80 40 100 100 100 100 100 
Dry GFS_50 F06 Forested wetlands 40 160 320 160 400 400 400 400 400 
Dry GFS_50 F06 Other wetlands (freshwater and saline) 10 40 80 40 100 100 100 100 100 
Dry GFS_50 F06 Semi-arid woodlands (grassy subformation) 50 200 400 200 500 500 500 500 500 
Dry GFS_50 F06 Semi-arid woodlands (shrubby subformation) 50 200 400 200 500 500 500 500 500 
Dry GFS_50 F06 Arid shrublands (chenopod subformation) 10 40 80 40 100 100 100 100 100 
Dry GFS_50 F06 Arid shrublands (acacia subformation) 10 40 80 40 100 100 100 100 100 
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Table 44.   Distance over which an individual or seed would travel during dispersal through each vegetation type x land use 
combination (DPi, Table 8), organised by species or species group. The numbers in column headings correspond to each 
of the land-use classes we modelled (Table 2). 

ENTITY CODE VEG_TYPE DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8 DP9 
Dry GFS_75 F01 Rainforests 50 200 1650 750 1650 1650 1650 1650 1650 
Dry GFS_75 F01 Wet sclerophyll forests (shrubby subformation) 80 320 2640 1200 2640 2640 2640 2640 2640 
Dry GFS_75 F01 Wet sclerophyll forests (grassy subformation) 80 320 2640 1200 2640 2640 2640 2640 2640 
Dry GFS_75 F01 Grassy woodlands 100 400 3300 1500 3300 3300 3300 3300 3300 
Dry GFS_75 F01 Grasslands 20 80 660 300 660 660 660 660 660 
Dry GFS_75 F01 Dry sclerophyll forests (shrub/grass subformation) 100 400 3300 1500 3300 3300 3300 3300 3300 
Dry GFS_75 F01 Dry sclerophyll forests (shrubby subformation) 100 400 3300 1500 3300 3300 3300 3300 3300 
Dry GFS_75 F01 Heathlands 20 80 660 300 660 660 660 660 660 
Dry GFS_75 F01 Alpine complex 20 80 660 300 660 660 660 660 660 
Dry GFS_75 F01 Forested wetlands 80 320 2640 1200 2640 2640 2640 2640 2640 
Dry GFS_75 F01 Other wetlands (freshwater and saline) 20 80 660 300 660 660 660 660 660 
Dry GFS_75 F01 Semi-arid woodlands (grassy subformation) 100 400 3300 1500 3300 3300 3300 3300 3300 
Dry GFS_75 F01 Semi-arid woodlands (shrubby subformation) 100 400 3300 1500 3300 3300 3300 3300 3300 
Dry GFS_75 F01 Arid shrublands (chenopod subformation) 20 80 660 300 660 660 660 660 660 
Dry GFS_75 F01 Arid shrublands (acacia subformation) 20 80 660 300 660 660 660 660 660 
Wet GFS_75 F02 Rainforests 100 300 4000 1500 5000 5000 5000 5000 5000 
Wet GFS_75 F02 Wet sclerophyll forests (shrubby subformation) 100 300 4000 1500 5000 5000 5000 5000 5000 
Wet GFS_75 F02 Wet sclerophyll forests (grassy subformation) 100 300 4000 1500 5000 5000 5000 5000 5000 
Wet GFS_75 F02 Grassy woodlands 50 150 2000 750 2500 2500 2500 2500 2500 
Wet GFS_75 F02 Grasslands 20 60 800 300 1000 1000 1000 1000 1000 
Wet GFS_75 F02 Dry sclerophyll forests (shrub/grass subformation) 80 240 3200 1200 4000 4000 4000 4000 4000 
Wet GFS_75 F02 Dry sclerophyll forests (shrubby subformation) 80 240 3200 1200 4000 4000 4000 4000 4000 
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ENTITY CODE VEG_TYPE DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8 DP9 
Wet GFS_75 F02 Heathlands 20 60 800 300 1000 1000 1000 1000 1000 
Wet GFS_75 F02 Alpine complex 20 60 800 300 1000 1000 1000 1000 1000 
Wet GFS_75 F02 Forested wetlands 80 240 3200 1200 4000 4000 4000 4000 4000 
Wet GFS_75 F02 Other wetlands (freshwater and saline) 20 60 800 300 1000 1000 1000 1000 1000 
Wet GFS_75 F02 Semi-arid woodlands (grassy subformation) 50 150 2000 750 2500 2500 2500 2500 2500 
Wet GFS_75 F02 Semi-arid woodlands (shrubby subformation) 50 150 2000 750 2500 2500 2500 2500 2500 
Wet GFS_75 F02 Arid shrublands (chenopod subformation) 20 60 800 300 1000 1000 1000 1000 1000 
Wet GFS_75 F02 Arid shrublands (acacia subformation) 20 60 800 300 1000 1000 1000 1000 1000 
Fox F03 Rainforests 1250 5000 5000 2500 3000 3000 3000 3750 2500 
Fox F03 Wet sclerophyll forests (shrubby subformation) 1500 6000 6000 3000 3600 3600 3600 4500 3000 
Fox F03 Wet sclerophyll forests (grassy subformation) 1500 6000 6000 3000 3600 3600 3600 4500 3000 
Fox F03 Grassy woodlands 5000 20000 20000 10000 12000 12000 12000 15000 10000 
Fox F03 Grasslands 5000 20000 20000 10000 12000 12000 12000 15000 10000 
Fox F03 Dry sclerophyll forests (shrub/grass subformation) 4500 18000 18000 9000 10800 10800 10800 13500 9000 
Fox F03 Dry sclerophyll forests (shrubby subformation) 3500 14000 14000 7000 8400 8400 8400 10500 7000 
Fox F03 Heathlands 3000 12000 12000 6000 7200 7200 7200 9000 6000 
Fox F03 Alpine complex 4000 16000 16000 8000 9600 9600 9600 12000 8000 
Fox F03 Forested wetlands 3500 14000 14000 7000 8400 8400 8400 10500 7000 
Fox F03 Other wetlands (freshwater and saline) 1500 6000 6000 3000 3600 3600 3600 4500 3000 
Fox F03 Semi-arid woodlands (grassy subformation) 5000 20000 20000 10000 12000 12000 12000 15000 10000 
Fox F03 Semi-arid woodlands (shrubby subformation) 4500 18000 18000 9000 10800 10800 10800 13500 9000 
Fox F03 Arid shrublands (chenopod subformation) 4000 16000 16000 8000 9600 9600 9600 12000 8000 
Fox F03 Arid shrublands (acacia subformation) 4000 16000 16000 8000 9600 9600 9600 12000 8000 
Peppercorn F04 Rainforests 200 1200 1200 600 1200 1200 1200 1200 1200 
Peppercorn F04 Wet sclerophyll forests (shrubby subformation) 300 1800 1800 900 1800 1800 1800 1800 1800 



 

Designing landscapes for biodiversity under climate change 245 

ENTITY CODE VEG_TYPE DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8 DP9 
Peppercorn F04 Wet sclerophyll forests (grassy subformation) 300 1800 1800 900 1800 1800 1800 1800 1800 
Peppercorn F04 Grassy woodlands 1000 6000 6000 3000 6000 6000 6000 6000 6000 
Peppercorn F04 Grasslands 700 4200 4200 2100 4200 4200 4200 4200 4200 
Peppercorn F04 Dry sclerophyll forests (shrub/grass subformation) 1000 6000 6000 3000 6000 6000 6000 6000 6000 
Peppercorn F04 Dry sclerophyll forests (shrubby subformation) 900 5400 5400 2700 5400 5400 5400 5400 5400 
Peppercorn F04 Heathlands 700 4200 4200 2100 4200 4200 4200 4200 4200 
Peppercorn F04 Alpine complex 200 1200 1200 600 1200 1200 1200 1200 1200 
Peppercorn F04 Forested wetlands 2000 12000 12000 6000 12000 12000 12000 12000 12000 
Peppercorn F04 Other wetlands (freshwater and saline) 1500 9000 9000 4500 9000 9000 9000 9000 9000 
Peppercorn F04 Semi-arid woodlands (grassy subformation) 900 5400 5400 2700 5400 5400 5400 5400 5400 
Peppercorn F04 Semi-arid woodlands (shrubby subformation) 800 4800 4800 2400 4800 4800 4800 4800 4800 
Peppercorn F04 Arid shrublands (chenopod subformation) 800 4800 4800 2400 4800 4800 4800 4800 4800 
Peppercorn F04 Arid shrublands (acacia subformation) 800 4800 4800 2400 4800 4800 4800 4800 4800 
Orchid F05 Rainforests 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Wet sclerophyll forests (shrubby subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Wet sclerophyll forests (grassy subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Grassy woodlands 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Grasslands 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Dry sclerophyll forests (shrub/grass subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Dry sclerophyll forests (shrubby subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Heathlands 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Alpine complex 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Forested wetlands 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Other wetlands (freshwater and saline) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Semi-arid woodlands (grassy subformation) 100 1000 1000 250 500 500 500 500 500 
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ENTITY CODE VEG_TYPE DP1 DP2 DP3 DP4 DP5 DP6 DP7 DP8 DP9 
Orchid F05 Semi-arid woodlands (shrubby subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Arid shrublands (chenopod subformation) 100 1000 1000 250 500 500 500 500 500 
Orchid F05 Arid shrublands (acacia subformation) 100 1000 1000 250 500 500 500 500 500 
Dry GFS_50 F06 Rainforests 50 300 2400 1000 2400 2400 2400 2400 2400 
Dry GFS_50 F06 Wet sclerophyll forests (shrubby subformation) 80 480 3840 1600 3840 3840 3840 3840 3840 
Dry GFS_50 F06 Wet sclerophyll forests (grassy subformation) 80 480 3840 1600 3840 3840 3840 3840 3840 
Dry GFS_50 F06 Grassy woodlands 100 600 4800 2000 4800 4800 4800 4800 4800 
Dry GFS_50 F06 Grasslands 20 120 960 400 960 960 960 960 960 
Dry GFS_50 F06 Dry sclerophyll forests (shrub/grass subformation) 100 600 4800 2000 4800 4800 4800 4800 4800 
Dry GFS_50 F06 Dry sclerophyll forests (shrubby subformation) 100 600 4800 2000 4800 4800 4800 4800 4800 
Dry GFS_50 F06 Heathlands 20 120 960 400 960 960 960 960 960 
Dry GFS_50 F06 Alpine complex 20 120 960 400 960 960 960 960 960 
Dry GFS_50 F06 Forested wetlands 80 480 3840 1600 3840 3840 3840 3840 3840 
Dry GFS_50 F06 Other wetlands (freshwater and saline) 20 120 960 400 960 960 960 960 960 
Dry GFS_50 F06 Semi-arid woodlands (grassy subformation) 100 600 4800 2000 4800 4800 4800 4800 4800 
Dry GFS_50 F06 Semi-arid woodlands (shrubby subformation) 100 600 4800 2000 4800 4800 4800 4800 4800 
Dry GFS_50 F06 Arid shrublands (chenopod subformation) 20 120 960 400 960 960 960 960 960 
Dry GFS_50 F06 Arid shrublands (acacia subformation) 20 120 960 400 960 960 960 960 960 
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Table 45.   Parameters used in REMP that apply across all vegetation formations and land uses, including grid cell sizes relevant to 
resource utilisation (SC_CS) and dispersal (LC_CS) as well as minimum viable habitat area (MVH, Table 8) 

CODE ENTITYNAME SC_CS H 
MIN 

H 
MAX 

P 
MIN 

P 
MAX LC_CS MVH DP 

MIN 
DP 

MAX 
F01 Dry GFS_75 100 0 100 10 400 200 1100 20 3300 
F02 Wet GFS_75 100 0 100 10 250 300 750 20 5000 
F03 Fox 500 0 100 250 3500 1000 66666 1250 20000 
F04 Peppercorn 100 0 100 50 200 200 400 200 12000 
F05 Orchid 100 0 100 60 60 200 133 100 1000 
F06 Dry GFS_50 100 0 100 10 500 200 1100 20 4800 
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