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Abstract 

Mass plant mortality is increasingly common under anthropogenic climate change, typically 

affecting foundation species and potentially signalling the start of regime change. The first sub-

Antarctic example was observed with the landscape-scale dieback of dominant keystone 

species Macquarie cushions (Azorella macquariensis, Apiaceae) commencing 2008/2009. The 

rapid onset and extent of dieback resulted in the endemic species’ listing as critically 

endangered in 2010. It was hypothesised that the dieback was primarily driven by a change in 

the regional climate, resulting in reduced plant available water that facilitated a secondary 

pathogenic infection of weakened cushions. In this thesis, I quantify the condition of A. 

macquariensis and its fellfield (alpine) microclimate on Macquarie Island eight years after the 

onset of its decline in condition, and investigate associated ecosystem interactions to inform 

strategic conservation management actions. Field sampling was undertaken at sites across the 

extent of the island, randomly stratified by terrain class and geographic location, to capture the 

suite of putative microclimates experienced by A. macquariensis. First, I quantified the extent 

and variation of cushion dieback, showing that although variable, dieback remained pervasive 

and more extensive in the north. Topographic modelling showed a significant latitudinal 

dieback gradient, while derived terrain variables associated with water stress were unimportant. 

Second, microclimate modelling was used to clarify the role of microclimate stress and 

potential interactions with the currently unidentified pathogen/s. This revealed that cushion 

dieback was driven by microclimate extremes broadly known to promote (humidity) or 

suppress (freezing) pathogen activity. Variables associated with water stress remained 

unimportant. Fine-scale condition classes showed a latitudinal gradient in cushion condition 

where the most advanced dieback occurred in the north, consistent with the location of less 

extreme cold conditions. Third, qualitative network models were used to improve 

understanding of fellfield interactions. These demonstrated the loss of interactions and 

ecosystem resilience as the keystone cushion’s condition declined. Using insights from the 

previously described models and published literature, a qualitative mechanistic state-transition 

model was built to formalise the transitions between condition classes, capturing knowledge 

about the system. Finally, I discuss potential management options for A. macquariensis and the 

associated fellfield, under a framework of management intervention level and potential to effect 

lasting change, including the risk of not acting. In summary, secondary interactions with the 

currently unknown pathogen/s have been shown to be more important in determining the 
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condition of A. macquariensis than water stress variables. Refined condition classes and 

microclimate data provided an improved baseline, revealing important insights about dieback 

progression and location, including that natural refugia in the south are protected by 

significantly colder microclimates. Under the current and projected climate conditions, it is 

expected that dieback will remain pervasive, removing cover of this keystone species over time. 

If the fellfield ecosystem and the associated iconic terraces are to be maintained as a prominent 

landform on the island, adaptive intervention management actions will need to be considered 

and implemented within a suitable timeframe. These findings have broader implications for 

managing sub-Antarctic fellfield ecosystems and Azorella species more generally under future 

climates. 
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General introduction 

Background 

Accelerated global climate change has occurred since the mid-20th century and has resulted in 

increased variability, higher temperatures and altered precipitation regimes (Field et al. 2014). 

These changes occur as either long-term climate ‘presses’ (i.e. consistent rise in temperatures, 

sea level, or a decrease in rainfall) or alternatively as extreme climate ‘pulses’ (i.e. floods, fire, 

cyclones, or heat waves) (Harris et al. 2018). The largest contribution to the drivers of global 

climate change is the increase in the anthropogenic atmospheric concentration of CO2 

(Intergovernmental Panel on Climate Change, IPCC 2013). Since the late 19th century there 

has been a consistent rise in the global average of the combined land and ocean surface 

temperature of 0.78°C (range 0.72 to 0.85) (IPCC 2013). Climate models show that under all 

representative concentration pathways (RCP), except for the conservative RCP2.6 scenario, the 

climate will continue to warm during the 21st century, exceeding 1.5 °C above the historical 

average. These changes to temperature will include increasingly high extreme maximum 

temperatures and decreasing extreme minimum temperatures. The climate has also become 

more variable with more extreme events since 1950. The climate has also become more 

variable with more extreme events since 1950, for example, increased heavy precipitation 

events, increased warm days and nights, and a decline in freezing events (IPCC 2013). The 

occurrence of extreme climatic events is expected to continue (IPCC 2013). The precipitation 

response under projected change will vary across the world, but continue to become 

increasingly variable, where historically dry regions will get drier and wet regions wetter (IPCC 

2013) 

The change in climate, and in particular the increased variation with an increasing number of 

extreme events, are altering species’ distributions, abundance and phenology (Parmesan and 

Yohe 2003; Pecl et al. 2017; Harris et al. 2018). Those species with limited dispersal ability or 

with narrow distributions, such as those in alpine zones or on islands, are most at risk from 

changes in climate variability and extremes (Settele et al. 2014). Despite the large change in 

climatic variables, species’ extinctions, or substantial reductions in their conservation status, 

are often driven by the indirect consequences of climate change (Cahill et al. 2013; Ockendon 

et al. 2014). Common indirect effects of climate change include changes in habitat availability, 

food resources, predation, phenology, pollination interactions, and pathogen exposure (Cahill 
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et al. 2013; Ockendon et al. 2014). For example, a well-known example of both direct and 

indirect climate threats affecting multiple taxa on a landscape-scale is the decline in amphibian 

distribution and abundance across Central and South America, in response to increased climate 

variability and temperature, and the indirect threat of improved conditions for the amphibian 

chytrid fungus Batrachochytrium dendro (Rohr and Raffel 2010). Increasingly, climate change 

is also resulting in cases of mass plant mortality across a diverse range of ecosystems (see 

Harris et al. 2018; Hoffmann et al. 2019), and often of foundation species (i.e. dominant species 

that determine the diversity of associated taxa and modulate nutrients or energy within the 

system, Ellison 2019). Global examples of mass plant mortality in response to climate change 

include: (i) the death of 7 400 ha of tropical mangroves in northern Australia in 2015/16 in 

response to drought, extreme temperatures and a drop in sea level (Duke et al. 2017); (ii) 

dieback of 20 % of trembling aspen (Populus tremuloides Michx.) during severe drought in 

western North America (Michaelian et al. 2011); and (iii) widespread canopy mortality 

affecting 1.5% of dominant eucalypt and banksia species over 1 350 ha in Southwest Western 

Australia, following drought and extreme heat (Matusick et al. 2013). The negative 

consequences of current and projected climate change, such as the loss of long-lived foundation 

species, will be substantial for biodiversity, their biotic interactions and ecosystem services 

(Settele et al. 2014; Valiente-Banuet et al. 2015; Pecl et al. 2017). 

Under a changing climate, climate refugia are increasingly important for the survival of long-

lived species (Ashcroft 2010; Keppel et al. 2015). Climate refugia are created by complex 

topography, which decouples the local microclimate from the surrounding macroclimate, 

through a change in elevation, slope or aspect (Ashcroft 2010; Dobrowski 2011). Therefore, 

topographically complex areas with a large elevation change are more buffered from climate 

change effects, potentially allowing species to persist under more suitable, stable climate 

conditions (Suggitt et al. 2011; Graae et al. 2018). Considering climate at an appropriately fine-

scale is important for determining appropriate conservation actions and refugia, because 

species’ condition and distribution respond closely to fine-scale climate variation (Körner and 

Hiltbrunner 2018). In alpine systems, plants such as cushion-plants and bryophytes are very 

low growing and particularly influenced by near-ground and soil temperatures, and hence 

respond strongly to the associated microclimates (Körner and Hiltbrunner 2018). Consequently, 

microrefugial models are increasingly used to determine areas of conservation significance 

(Lenoir et al. 2017; Lembrechts et al. 2019; Maclean 2020), despite the challenges of capturing 

fine-scale climate variation and linking local scale variation to coarse-resolution simulations 
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of future climates (Baker et al. 2017). The identification and management of future climate 

refugia, at an appropriately fine-scale, is essential for effective conservation management to 

maintain biological diversity over the long-term (Keppel et al. 2015).  

To identify effective refugia, it is important to understand the ecological requirements and 

necessary biotic interactions of the focal species. The interactions between biotic systems and 

climate change variables are notoriously complex, and often have nonlinear responses that have 

limited predictability with sudden changes (Folke et al. 2004; Walther 2010). These non-linear 

and sudden responses to climate change may lead to a regime shift, where the system moves 

from one stable state to another (Folke et al. 2004; Walther 2010), which can ultimately result 

in ecological collapse (Bland et al. 2018). Biotic interactions may help buffer against ecological 

collapse, by mediating some of the direct and indirect effects of climate through individual 

species, and therefore improving ecosystem resilience (Valiente-Banuet et al. 2015). The loss 

of one keystone1 species, a species that has a disproportionate effect on the ecological function 

of the system (Jones et al. 1994), or foundation species, a dominant species that similarly 

facilitates biotic diversity but also stabilises ecosystem processes (Ellison et al. 2005), can 

therefore result in the subsequent loss of multiple dependent species (Valiente-Banuet et al. 

2015). This loss of the keystone or foundation species may then potentially trigger the initiation 

of a regime shift. However, regime shifts, and ultimately ecosystem collapse, are particularly 

hard to predict, because of the complexity of biotic interaction and the potential for multiple 

drivers of change (Petraitis 2013). 

To undertake evidence-based conservation that effectively addresses climate change threats, a 

strong evidence base is required to facilitate effective and strategic conservation decisions 

(Sutherland et al. 2004). Conservation evidence is particularly important when managing 

species threatened by climate change, because the outcomes of potential recovery actions have 

a high level of associated uncertainty, due to the potential for complex non-linear interactions 

between multiple species (see Hoeppner and Hughes 2019). To develop an evidence-base, 

strategic (often long-term) biotic and abiotic monitoring is needed, which clearly defines the 

question and has a rigorous study design with the power to answer the associated question 

                                                 
1 I use the term keystone here, as it has been previously been used to describe the role of Azorella species, which 

have properties of a keystone species (Hugo et al. 2004, le Roux et al. 2005, Nyakatya & McGeoch 2008). More 

recently, dominant plants that fulfil this role and stabilise ecosystem processes have been referred to as foundation 

species, with the use of ‘keystone’ restricted to herbivores and predators only (Ellison et al. 2005, Ellison 2019). 

While Azorella species may be the dominant vascular species in fellfield ecosystems, they have highly variable 

cover that at times is very low, particularly in comparison to the non-vascular bryophytes (Selkirk 2012), requiring 

the term foundation species to be used with nuance.  
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(Lindenmayer and Likens 2010). The resultant baseline data can then be used in qualitative and 

quantitative models, to clarify the ecosystem structure, interaction strengths, and identify 

drivers and thresholds of change (see examples in Petraitis 2013; Bland et al. 2018). Similarly, 

baseline biotic and abiotic data provides the ability to develop microrefugial models, 

identifying areas within the landscape where the species or ecosystem may persist in the future 

(see Ashcroft and Gollan 2013; Lenoir et al. 2017; Maclean et al. 2017). Baseline data, together 

with model outcomes and considered engagement with key stakeholders, can then be used to 

make strategic evidence-based conservation management decisions, to provide the highest 

likelihood of success and the most effective use of the increasingly limited conservation 

funding (see Sutherland et al. 2004). 

Southern ocean islands and Macquarie Island 

The effect of climate change is particularly apparent at high latitudes, with accelerated warming 

of more than 1°C in the last 40 to 50 years in the Antarctic Ocean and southern ocean islands 

(SOI) in the sub-Antarctic (Frénot et al. 2005). Historically the sub-Antarctic islands were 

described as cool, windy and wet environments with highly equable climates (Adamson et al. 

1988; Bergstrom and Chown 1999; Pendlebury and Barnes-Keoghan 2007). However, since 

the 1960s the climate of many sub-Antarctic islands is changing to one that is warmer, windier, 

predominantly drier, and with greater variation in weather extremes (Adamson et al. 1988; 

Frénot et al. 1997; Tweedie and Bergstrom 2000; le Roux and McGeoch 2008a; Adams 2009). 

The change in climate across the sub-Antarctic islands is not consistent. For example, the 

change in precipitation is particularly variable between islands, with Îles Kerguelen, Marion 

and Prince Edward Islands experiencing significantly decreased annual precipitation (Frénot et 

al. 1997; le Roux and McGeoch 2008a; Lebouvier et al. 2011), while the more southerly 

Macquarie Island has 55% more precipitation during winter, and 30% higher annual 

precipitation (Bergstrom et al. 2015). Some of the most well-documented changes have 

occurred on Marion Island, which has had an above average 1.2 °C increase in mean 

temperatures since 1966, and an annual decrease in rainfall of 25 mm.yr-1 to 2000 (le Roux and 

McGeoch 2008a). It is likely that the greatest impact on Marion Island species has occurred 

from a significant increase in climatic variability in combination with a drier climate (le Roux 

and McGeoch 2008a). 

Similar to global trends, the change in climate is resulting in altered species distributions, 

abundance, and condition on the southern ocean islands. On the rapidly warming Marion Island, 
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vascular plants have moved up elevation at a rate of 3.4 ± 0.8 m.yr-1 from 1966, resulting in a 

reorganisation of communities on the island (le Roux and McGeoch 2008b). On Macquarie 

Island coastal plant species have increased in cover and / or abundance with a changing climate 

(Scott and Kirkpatrick 2013). While the resultant trend of changing climates is not as clear on 

Îles Kerguelen, affecting different species differently, Acaena magellanica (Lam.) Vahl 

(Rosaceae) has also increased in distribution with warming climates (Frénot et al. 1997). In 

contrast, dieback occurred in Azorella selago Hook. (Apiaceae) populations on several islands 

in Îles Kerguelen following a period of low annual rainfall in the mid-late 1990s, which was 

the first observation indicating this species might be sensitive to drought (Frénot et al. 1997). 

Experimental research on A. selago on Marion Island that simulated the potential climate 

change impacts of reduced rainfall and increased shade (an indirect effect of increased 

temperature), resulted in increased stem death, confirming the sensitivity of A. selago to 

changing conditions (le Roux et al. 2005). The milder climate on the southern ocean islands is 

increasing invasive species’ ability to establish (Frénot et al. 2005; Lebouvier et al. 2011; 

Chown et al. 2012; Pertierra et al. 2016) and exacerbating their impact (Phiri et al. 2009; 

McClelland et al. 2018). The changing distribution of native species, and the increasing 

potential of establishment and impact of invasive species are resulting in unexpected biological 

responses to climate on these islands. These species’ responses provide a valuable opportunity 

to undertake research in a comparatively biotically simple system. Providing a better 

understanding of the complex biotic responses to climate change, which will have application 

not only across the other southern ocean islands but more generally across more complex global 

systems (Bergstrom and Chown 1999). 

 

Rationale and thesis aims 

Over the past 40 years the climate of sub-Antarctic Macquarie Island (Fig. 1) has changed 

(Bergstrom et al. 2015). Observations suggest the climate is moving to a system with higher 

wind speed, increased but more episodic rainfall, a drier background atmosphere (Adamson et 

al. 1988; Adams 2009), with less cloud cover and more sunshine hours (Bergstrom et al. 2015). 

In the 2008/2009 Austral summer, the keystone endemic species Azorella macquariensis 

Orchard (Macquarie cushions, Apiaceae, Fig. 2a-d) and bryophytes in the associated fellfield 

(also referred to as fjeldmark or feldmark) ecosystem underwent a rapid decline in condition   

5



 

Fig. 1. The location of Macquarie Island, in the context of the southern ocean islands (S40° – S50°), 

with a more detailed hill-shaded relief of Macquarie Island, showing the general topography across the 

undulating plateau. 
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Fig. 2. The patterned Macquarie Island fellfield landscape dominated by Azorella macquariensis 

(Macquarie cushions) and associated bryophytes (a.), sparse cushions on Boot Hill (b.), extensive A. 

macquariensis carpets in the south of the island (c.), and cushions within a short-grassland ecosystem 

(d.). Examples of A. macquariensis dieback across a variety of habitats (e. – h.), noting the large area 

of dieback radiating out from the camera and additional dieback areas in the background naturally thin 

carpets (e.), the loss of canopy integrity (f.), the simultaneous dieback of A. macquariensis and 

Pleurophyllum hookeri Hook. (Asteraceae) (g.) and, the peat ‘holes’ in a short-grassland, previously 

occupied by cushions (h.).   
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across the island (Whinam et al. 2014; Bergstrom et al. 2015). Dieback (Fig. 2e-h) was recorded 

at 88% of 115 island-wide sites in 2008/2009 (Bergstrom et al. 2015). This change resulted in 

its listing as critically endangered under the Environment Protection and Biodiversity 

Conservation (EPBC) Act 1999 (TSSC 2010). Initial research hypothesised that 17 consecutive 

years of low summer plant available water leading up to the event was the primary driver of 

A. macquariensis dieback (Bergstrom et al. 2015). The weakened plants were hypothesised to 

be more susceptible to a secondary pathogenic infection as a result of climatic stress 

(Bergstrom et al. 2015). What appears to be the main pathogen is expressed as a yellow 

chlorosis line that moves across the cushion (Whinam et al. 2014). However, the drivers of 

dieback and the response of the ecosystem remained untested, which limited the ability to 

provide well-informed conservation advice. 

In this thesis, I aim to overcome key limits to understanding the system by quantifying the 

response, changing interactions and condition of Azorella macquariensis and the surrounding 

fellfield ecosystem to the changing climate. I then draw on this new evidence to inform strategic 

conservation management through the provision of recommended recovery actions and 

research priorities. 

 

Study system and Azorella as a keystone species 

Macquarie Island (54°30’S, 158°55’E) is a small sub-Antarctic Island of 12,390 ha, 34 km long 

and no more than 5km wide, orientated slightly northeast to southwest (Selkirk et al. 1990) 

(Fig.1). The island is one of three Australian sub-Antarctic islands, located approximately 1500 

km southeast from Tasmania to Antarctica. Macquarie Island was listed as World Heritage in 

1997 for its unique geological features (criterion viii), and its exceptional natural beauty and 

phenomena (criterion vii) (Parks and Wildlife Service 2006). 

The island is characterised by a low undulating alpine plateau interspersed with lakes, tarns, 

and bogs, ranging from 200 m above sea level (asl) and to 435m asl at the highest point in the 

south of the island (Selkirk et al. 1990). Macquarie Island supports 47 vascular flora species 

(Flora of Australia 1993; Selkirk 2012), including three extant weed species (Williams et al. 

2019). However, the highest flora diversity is recorded in the non-vascular species, with a 

further 86 species of mosses and 51 species of liverworts (Selkirk et al. 1990). The sparse 

fellfield ecosystem (< 50% cover) dominates the Macquarie Island plateau, supporting a low 
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diversity of both vascular and non-vascular flora, including 18 vascular plant species, 18 

mosses, 12 liverworts and 14 lichen species (Selkirk 2012). The study species, Azorella 

macquariensis, is the dominant vascular plant on the plateau, with a highly variable cover that 

typically ranges between 0.60 – 49.85 % (Selkirk 2012) (Fig 2a-d). 

The genus Azorella Lamarck (Apiaceae) contains 27 species that are widespread across 

fellfield (alpine – sub-alpine) ecosystems in the sub-Antarctic, southern South American 

steppes and altiplano highlands of the southern and central Andes (Nicolas and Plunkett 2012). 

Following new phylogenic analyses of nuclear rDNA spacers (ITC and ETS), the taxonomy of 

this genus has been reassessed and a case made for the inclusion of the Huanaca, Mulinum, 

Schizeilema, Laretia and Stilbocarpa genera within the Azorella genus, resulting in Azorella 

containing 58 species in 10 sections (Plunkett and Nicolas 2017). This thesis follows the 

taxonomy used by the Royal Tasmanian Botanical Gardens (Australia), who have yet to adopt 

Plunkett and Nicolas (2017). Azorella are long-lived species with slow growth rates (Frénot et 

al. 1993; Frénot et al. 1998), where many individuals have been estimated to be older than 80 

years (le Roux and McGeoch 2004) and in some cases estimated to be up to ~700 years (Kleier 

and Rundel 2004). The cushion growth form of Azorella is common to many other alpine or 

desert species and is important for ameliorating water loss and temperature within the cushion, 

through the overall reduction of mechanical wind stress (Ashton and Gill 1965; He et al. 2014).  

Azorella species are an important component of the fellfield ecosystem and are also considered 

ecosystem engineers, i.e. that the species create, modify and maintain a habitat that facilitates 

other species, or landscape processes, through the modification of both abiotic and biotic 

components of a system (see Jones et al. 1994). Azorella have been shown to ameliorate 

extreme temperatures, water availability and concentrate nutrient and soil organic carbon 

resources within their canopy (Barendse and Chown 2001; Arroyo et al. 2003; Cavieres et al. 

2007; Nyakatya and McGeoch 2008; Almeida et al. 2013). The genus is well known to have 

an overall positive effect on the species richness of the surrounding vascular flora community 

under increasing abiotic stress, significantly affecting community diversity and structure in the 

Andes and sub-Antarctic (e.g. Arredondo-Nunez et al. 2009; Cavieres and Badano 2010; le 

Roux et al. 2013; Raath-Krüger et al. 2019). Azorella species are also important for 

microarthropod communities, with significantly higher abundance and a different composition 

beneath Azorella cushions in comparison to the surrounding fellfield ecosystems (Barendse 

and Chown 2001; Hugo et al. 2004; Bergstrom et al. 2015).   
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Thesis outline 

This thesis focusses on quantifying the environmental conditions that drive dieback severity 

and extent, and the consequence of these relationships for the fellfield ecological community. 

In the thesis the first two chapters quantify the variation in island-wide dieback at different 

scales, with the purpose of identifying physical correlates of dieback extent under current 

climate conditions. The third chapter uses qualitative models to better understand the drivers 

of change in cushion condition and the complex response of the fellfield ecosystem to climate 

change. The fourth chapter uses a strategic decision making framework, integrating the 

knowledge gained from this thesis, together with published case studies, to provide 

recommended recovery actions for A. macquariensis and the associated fellfield ecosystem. 

Each of the four data chapters are written as standalone publications, hence, there is some 

repetition of the study system description and key threatening processes across the chapters.  

In Chapter 1, the variation of A. macquariensis cover and condition (dieback) were quantified 

across both geographic and environmental space, to provide a spatially representative baseline 

for monitoring future change, and the first island-wide assessment of condition since 2012. 

Bergstrom et al. (2015)’s original hypothesis suggested that dieback extent was positively 

related to high evapotranspiration rates. Clarifying the relationship between local climate 

variation and dieback would provide important evidence for the role of climate change in the 

ongoing dieback of A. macquariensis, and provide the ability to identify climate refugia for 

A. macquariensis. In this chapter I test the relationship between dieback extent and high 

evapotranspiration rates, using topographically-derived proxies for evapotranspiration (27 m2 

resolution), based on the well-described relationship between topography and microclimate 

(see Dobrowski 2011). 

In Chapter 2, fine-scale cushion condition classes were developed and used in combination 

with microclimate data, to provide a better understanding of the drivers of dieback progression 

across Macquarie Island. The condition and distribution of plants are known to vary in response 

to climate on a fine-scale. Therefore to draw appropriate conclusions about a species’ response 

to local change, it is necessary to use data at an appropriately fine-scale (Körner and 

Hiltbrunner 2018). Microclimate was modelled at a site scale (27 m2) to allow for both an 

island-wide coverage and comparatively fine site-scale air measurements at the height 

representative of A. macquariensis canopies.  Although the pathogen or pathogens involved 

clearly play a significant role, attempts by other research groups to date to identify them have 
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been largely unsuccessful. Pursuing the identity and biology of the apparent pathogen complex 

was not part of the aim of this thesis. In this chapter, a microclimate model was used to test 

support for two conceptual mechanistic dieback models, where dieback extent was either 

related to microclimate conditions that (i) cause plant water-stress, and/or (ii) pathogen activity, 

which might be acting additively or synergistically. The results of the chapter provide a better 

understanding of the progression of A. macquariensis dieback and the characteristics of natural 

southern refugia, to better inform baseline information for future monitoring. 

In Chapter 3, qualitative modelling methods are used to describe and test the response of the 

Azorella-centred fellfield ecosystem to the direct and indirect threats of climate change. A 

state-transition diagram incorporates the knowledge gained from the qualitative models and 

previous chapters to describe the transition of cushion condition in response to multiple drivers 

of change on the fellfield. Predicting the response of biotic systems to climate change is 

complex (Petraitis 2013), therefore the comparatively biotically simple Macquarie Island 

fellfield (Selkirk et al. 1990) provided a good model system to test and describe such responses. 

The models used in chapter 3 provide a more structured and precise understanding of the 

complex interactions on the fellfield, including the response of keystone A. macquariensis to 

current and predicted environmental change. This articulation of the process of fellfield 

ecosystem collapse, through the loss of underpinning keystone interactions, provides an 

important step in describing the risk of ecosystem collapse by clarifying and communicating 

assumptions (see Bland et al. 2018). The outcomes of this chapter provide clear future 

hypotheses to be tested, but most importantly demonstrate the need for time-critical 

management and research. 

Chapter 4 synthesises the new knowledge gained from Chapters 1 to 3, updating the causal 

pathway model (Hoffmann et al. 2019) describing direct and indirect drivers of A. 

macquariensis dieback, and subsequently recommends recovery actions to maintain ecosystem 

function. While a growing number of Australian and international threatened species and 

ecological community recovery plans discuss the threats of climate change, very few plans 

recommend actions to address climate threats or have the boldness to improve the species’ 

conservation status in the long-term (Hoeppner and Hughes 2019). I use a structured decision 

making framework (Gregory et al. 2012) to identify the full range of potential recovery actions 

for A. macquariensis and fellfield ecosystem to maintain ecosystem function. I go on to discuss 

the associated advantages and potential risks of uncertain outcomes for high intervention 

recovery actions, to facilitate informed future conservation management decisions. Given the 
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ongoing, pervasive dieback described in Chapters 1 to 3, Chapter 4 emphasises the need for 

research and recovery actions to be time-critical and undertaken simultaneously. 

Finally, in the general discussion, I discuss the implications of the results of this thesis more 

broadly for the sub-Antarctic and high altitude ecological communities under current and 

projected climate change, and the subsequent consequences for their conservation status.  
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Abstract Extensive dieback in dominant plant species in response to climate change is increasingly common.
Climatic conditions and related variables, such as evapotranspiration, vary in response to topographical complex-
ity. This complexity plays an important role in the provision of climate refugia. In 2008/2009, an island-wide
dieback event of the keystone cushion plant Azorella macquariensis Orchard (Apiaceae) occurred on sub-Antarctic
Macquarie Island. This signalled the start of a potential regime shift, suggested to be driven by increasing vapour
pressure deficit. Eight years later, we quantified cover and dieback across the range of putative microclimates to
which the species is exposed, with the aim of explaining dieback patterns. We test for the influence of evapotran-
spiration using a suite of topographic proxies and other variables as proposed drivers of change. We found higher
cover and lower dieback towards the south of the island. The high spatial variation in A. macquariensis popula-
tions was best explained by latitude, likely a proxy for macroscale climate gradients and geology. Dieback was
best explained by A. macquariensis cover and latitude, increasing with cover and towards the north of the island.
The effect sizes of terrain variables that influence evapotranspiration rates were small. Island-wide dieback
remains conspicuous. Comparison between a subset of sites and historical data revealed a reduction of cover in
the north and central regions of the island, and a shift south in the most active areas of dieback. Dieback
remained comparatively low in the south. The presence of seedlings was independent of dieback. This study pro-
vides an empirical baseline for spatial variation in the cover and condition of A. macquariensis, both key variables
for monitoring condition and ‘cover-debt’ in this critically endangered endemic plant species. These findings
have broader implications for understanding the responses of fellfield ecosystems and other Azorella species
across the sub-Antarctic under future climates.

Key words: Azorella, climate change, dieback, sub-Antarctic, terrain variables.

INTRODUCTION

The effects of anthropogenic climate change have now
been documented in ecosystems across the globe
(Field et al. 2014). Many plant species, for example,
are undergoing rapid changes in condition and distri-
bution (Parmesan & Yohe 2003; Chen et al. 2011),
and differing rates of species’ responses are resulting in
the formation of novel communities (le Roux &
McGeoch 2008; Chown et al. 2013). As climate
conditions change, dominant species may become dis-
placed by those better adapted to current conditions.
This is well illustrated by the growing number of land-
scape-scale plant mortality events across different

ecosystems in Australia and elsewhere (Breshears et al.
2005; Allen et al. 2010; Carnicer et al. 2011; Duke
et al. 2017; Harris et al. 2018; Hoffmann et al. 2019).
Three such examples include (i) dieback of overstorey
species extending across 12 000 km2 of south-western
North American woodlands, driven by the interactions
of drought and bark beetle infestations (Breshears
et al. 2005), (ii) extensive northern Australian man-
grove dieback along 1000 km of coastline, as a
response to climate change and extreme events (Harris
et al. 2018), and (iii) increase in arctic browning across
Alaskan boreal forests (reduction in the normalised
difference vegetation index, NDVI) between 1982 and
2003, which may be attributed to multiple factors
including drought stress, insect damage, disease, wild-
fire and changes in resource allocation (Verbyla 2008).
The first case of a landscape-scale plant mortality
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event in the sub-Antarctic occurred on Macquarie
Island in 2008/2009. Dieback of the keystone plant
species Azorella macquariensis Orchard (Apiaceae,
Macquarie cushion) was observed at 88% of sites sur-
veyed across the island (Bergstrom et al. 2015). Die-
back was found in even very spatially isolated
individuals, with the few unaffected populations
observed mainly at higher elevations and towards the
south of the island (Bergstrom et al. 2015).
Two explanations were proposed to explain the die-

back event. First, a pathogen may have emerged as a
result of the change in climate (Whinam et al. 2014).
No definitive relationship between a disease-causing
pathogen and unhealthy cushions has been established
to date. However, multiple potentially pathogenic taxa
were identified, suggesting potential susceptibility to
infection under stressful conditions (Bergstrom et al.
2015). Second, a significant change in the regional cli-
mate over the past ~40 years across Macquarie Island
has resulted in a decadal reduction in plant available
water (PAW) during the summer growing season
(Bergstrom et al. 2015). The functional morphology of
A. macquariensis, where it both quickly loses and takes-
up water (Rolland et al. 2015), suggests that while it is
well adapted to cope with small daily variations in
weather, it may be susceptible to the current change in
the regional climate, where extended periods between
rainfall and increased evapotranspiration are increas-
ingly common (Bergstrom et al. 2015). The closely
related species A. selago has been shown experimen-
tally to experience increased stem death and early
senescence under reduced rainfall conditions, imply-
ing that the genus may be negatively impacted by cli-
mate change (see le Roux et al. 2005). These two
hypotheses are not mutually exclusive as climate
change may weaken plant condition facilitating a sec-
ondary pathogenic infection (Bergstrom et al. 2015;
Hoffmann et al. 2019).
Regardless of the proximate cause of mortality, cli-

mate change is implicated in the widespread dieback
of A. macquariensis on the island (Whinam et al. 2014;
Bergstrom et al. 2015). Given the evidence, it is
important to quantify the variation in A. macquariensis
distribution and condition (dieback) across both geo-
graphic and environmental space. Azorella populations
increase with elevation (Phiri et al. 2015), and A. mac-
quariensis populations have been observed in higher
densities, with lower levels of dieback in the south of
the island (Bergstrom 2013, updated 2014), which is
also higher in elevation. A strong correlation between
local climate variation and A. macquariensis dieback
would (i) provide evidence for the role of climate
change in dieback and (ii) identify potential areas, or
microrefugia, where A. macquariensis may best survive
should the current climate trajectory continue. Such
baseline data provide essential information for under-
standing the drivers of change and physiological and

ecological mechanisms responsible for observed decli-
nes in the states of ecosystems (Bland et al. 2018).
Conservation and management decisions about
regime change or ecosystem collapse in the Azorella-
dominated fellfield ecosystems are best underpinned
by knowledge of the system’s past and current state, so
that departure of ecosystems from historic baselines
can be quantified (see Bland et al. 2018).
Here, we quantify the current distribution of

A. macquariensis cover and dieback across both geo-
graphic and environmental space to generate a spa-
tially representative baseline for monitoring future
change, and to better understand the mechanisms
driving A. macquariensis dieback. We simultaneously
provide an update on the condition of A. macquarien-
sis populations across Macquarie Island eight years
after the dieback event was first observed and five
years after the first island-wide assessment (Whinam
et al. 2014; Bergstrom et al. 2015). Specifically, we
expected: (i) A. macquariensis populations to increase
in cover and condition with an increase in latitude
and elevation (Bergstrom et al. 2015), with these
variables representing island-wide macroscale gradi-
ents that are well known elsewhere to be related to
various dimensions of microclimate (Dobrowski
2011), (ii) in addition, if dieback is driven by finer-
scale topography that relates to high evapotranspira-
tion, then the population condition will vary across
Macquarie Island and be negatively related to vari-
ables associated with high moisture stress (i.e. high
wind exposure or low topographic wetness index),
(iii) A. macquariensis recruitment will be negatively
related to the proportion of dieback, because if evap-
otranspiration negatively impacts adult plants in the
form of dieback it may be expected also to affect
recruitment. Based on the outcome, we discuss
assessment and monitoring priorities to inform
potential options for management of this species in
the face of ongoing climate change.

METHODS

Macquarie Island (54°300S, 158°550E) is a small, narrow
sub-Antarctic island of 12 390 ha (Selkirk et al. 1990)
(Fig. 1). It is characterised by a low, undulating alpine pla-
teau with numerous lakes, tarns and bogs, ranging between
200 and 433 m above sea level (asl) (Selkirk et al. 1990).
The island has historically had a consistently cool, misty
and windy climate, with the plateau regularly shrouded in
cloud (Selkirk et al. 1990). However, over the past 40 years
there has been a significant change in local climate resulting
in a significant increase in evapotranspiration (Bergstrom
et al. 2015). The island has experienced an increase in tem-
perature (Adamson et al. 1988; Tweedie & Bergstrom
2000; Pendleybury & Barnes-Keoghan 2007), sunshine
hours, average wind speeds (Bergstrom et al. 2015), and a
higher number of annual cyclonic wind events (Adams
2009). Although there has been a 35% increase in total
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precipitation to 1080 mm year�1, it is now more episodic
and primarily occurs during winter (Bergstrom et al. 2015).

Azorella macquariensis Orchard (Apiaceae) is a highly vari-
able perennial herb that forms tight cushions or extensive
mats, depending on the exposure of the site (Orchard
1989) (Fig. 2). A. macquariensis undergoes a winter dor-
mancy, where the leaves brown from late March and new
leaves emerge in September (Taylor 1955). The winter
senescence suggests that the additional winter rainfall has
little value for the species. Within the plateau ecosystems,
the endemic A. macquariensis occurs as the dominant spe-
cies on the east-facing higher slopes, fellfield and polar
desert zones, and as sub-dominant species in short-grass-
lands at mid-elevations (Selkirk 2012; Bricher et al. 2013).
Azorella macquariensis is considered a keystone species on
the fellfield ecosystem because it facilitates a larger more
diverse micro-arthropod population, accumulates soil car-
bon beneath the plant through the deposition of leaf litter
(Bergstrom et al. 2015) and is likely to facilitate floristic
diversity through the amelioration of climatic stress (see le
Roux & McGeoch 2010).

Terrain variables

The data from the single weather station on Macquarie
Island, located at sea level on the northern end of the island,
are generally considered unrepresentative of conditions on
the plateau (Fitzgerald & Kirkpatrick 2017). Therefore, we
first considered the effect of two macroscale gradients (eleva-
tion and latitude) that are well known to serve as proxies for
climate conditions, even across relatively short distances of
<34 km (Dobrowski 2011). However, variation in climatic
conditions between sites, and microclimates experienced at
fine spatial scales, can be approximated at these finer scales
by inferring the effects of topography on microclimate
(Dobrowski 2011; Maclean et al. 2015). A suite of landscape
variables (which we refer to as terrain variables) that are
known to affect microclimate variation were therefore
derived from the 5 m 9 5 m resolution Macquarie Island
Digital Elevation Model (DEM) (Brolsma 2008). This
model had a particular emphasis on those variables likely to
influence plant condition via their effects on evapotranspira-
tion rates (see Bricher et al. 2013 for methods). Soil variables
and parent geology were considered for inclusion within the
models. However, soil variables only had weak relationships
with both cover and dieback (r < �0.16) and parent geology
showed very little variation across sites on the island [domi-
nated (73%) by two classes]. The ecological rationale for
including each variable in either the terrain class model or
statistical analyses is described in Appendix S1: Table S1.1.
In the case of highly correlated variables (r > 0.70), one vari-
able was excluded from analysis to minimise collinearity.

Site selection and field survey

Survey sites were randomly stratified by four terrain classes
from the Terrain Class Model and eight geographic blocks
(see Appendix S1: Figs S1.1.–S1.8.). This resulted in 70
sites, including eight sites where A. macquariensis was
absent. An additional 20 sites, bringing the total number of

sites to 90, were established to increase spatial representa-
tion in areas of core A. macquariensis habitat and were pri-
marily collocated with historical sites. The position of
sampled sites thus represented the range of topographies
experienced by A. macquariensis on Macquarie Island, and
consequently, the putative range of microclimates that exist
on the island within those areas that A. macquariensis is
known to occupy (Appendix S1: Fig. S1.5.). In addition, to
characterise directly soil texture and gravel proportions as a
potential determinant of cushion cover and condition, a soil
pit was dug at each site through the top 250 mm of the soil
profile (within the primary A. macquariensis root-zone). The
proportion of four classes of gravel was visually estimated:
coarse gravel (60–20 mm), medium gravel (20–6 mm), fine
gravel (6–2 mm) and fine earth fraction (<2 mm) (Sonter
et al. 2000).

To understand the area of A. macquariensis that could
potentially be affected by dieback, the total cover (m2) of
A. macquariensis at each site was quantified. Sites were sur-
veyed during the active growing season of A. macquariensis
(October to March), between January and March 2017. To
obtain a representative sample over highly spatially variable
A. macquariensis populations, a circular site (15 m radius,
706.86 m2 in area) was established and split into four
quadrants through the magnetic cardinal points (north,
east, south, west). The total percentage cover of A. mac-
quariensis at each quadrant was estimated visually using
cover estimates of 1% increments for 1–10% cover, and 5%
increments above 10%. Throughout the study, the same
three people, with significant vegetation survey experience,
recorded the visual percentage cover at each site to remove
inter-observer error (Wintle et al. 2013; Morrison 2016).
The area (m2) of A. macquariensis was calculated per quad-
rant (cushion quadrant percent cover multiplied by quad-
rant area, 176.72 m2) and summed to determine the total
area (m2) of cover at the site. No attempt was made to
determine the number of individuals within a site, given the
high likelihood that most mat forms, and even discrete
cushions, include multiple individuals (Mortimer et al.
2008; Cerfonteyn et al. 2011). The proportion (%) of
A. macquariensis dieback (defined as stem death) (Fig. 2d–
f) was estimated visually as a function of total A. macquar-
iensis cover in each quadrant at each site, using the same
method to estimate total A. macquariensis cover. The total
proportion of A. macquariensis dieback (%) was then calcu-
lated for the site. To assess A. macquariensis regeneration
under the presence of varying levels of dieback, the pres-
ence/absence of seedlings within each circular site was
recorded.

Statistical analysis

To assess the potential effect of climate on A. macquariensis
cover, we modelled the relationship between the proportion
of A. macquariensis (Cover, between 0 and 1) and variables
that (i) describe a site’s position along the macroscale cli-
mate (Latitude (as measured by Northing), elevation, dis-
tance to west coast (West_Dist)) and (ii) the effects of local
terrain on site conditions (topographic wetness index (Wet-
ness_Index), topographically deflected wind speed (Wind_-
Speed), and solar radiation (Solar_Rad)) (see Appendix S1:
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Fig. 1. Location of Macquarie Island (a); the spatial distribution of the five terrain clusters: 1 (red), associated with highest
elevation and solar radiation levels with moderate wind exposure and wetness index; 2 (blue), moderate to high elevation,
moderate wind exposure, amongst the highest wetness index; 3 (green), lower wind exposure, low to intermediate wetness
index; 4 (purple), highest wind exposures, typically low to moderate wetness index; 5 (orange) was not surveyed as it
describes hyper-saturated habitat that does not support Azorella populations (b); Location of survey sites over the predicted
distribution of Azorella macquariensis (green) on the island (cream indicates no distribution model due to cloud; thin black
lines indicate walking trails) (Bergstrom et al. 2015) (c). [Colour figure can be viewed at wileyonlinelibrary.com]
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Table S1.1). Exploratory analysis was conducted to explore
the potential for strong non-linear relationships between
A. macquariensis cover and predictor variables by modelling
cover using generalised additive models (GAM; fam-
ily = beta, link = logit) with smoothing applied to each of
the predictor variables (mgcv; Wood 2017). Cover showed
some evidence of an approximately quadratic relationship
with West_Dist and, therefore, West_Dist^2 term was
included in further analysis.

For inference, we modelled proportion of A. macquarien-
sis as a function of the seven previously described predictors
(including West_Dist^2) using a beta regression model with
a logit link function (using the R package ‘betareg’; Zeileis
et al. 2016). Beta regression requires that the values of the
response variable lie in the open unit interval (0,1) and,
therefore, to accommodate sites with zero cover we applied
the transformation (y 9 (n�1) + 0.5)/n, where n is the
sample size (following Zeileis et al. 2016). There was no
spatial autocorrelation in the A. macquariensis cover model,
as assessed over the ecologically relevant 22 km spatial lag
distance, using global Moran’s I, prior to model averaging
(Bivand et al. 2017). Model uncertainty was addressed
using multimodel inference (Cade 2015), where model
averaging was applied across 42 candidate models in the
top 95% confidence set (Appendix S2: Table S2.1). We

estimated effect sizes of predictors based on the model-av-
eraged regression coefficients using the ‘MuMIn’ package
in R (Barton & Barton 2018), after standardising estimates
based on partial standard deviations (Cade 2015). This
standardisation method is necessary to account for the
changing multicollinear covariance structures in models
that include different predictors, and enables the estimation
of predictor relative importance that can be averaged across
all candidate models. The ratio of the absolute value of
model-averaged standardised regression coefficients, scaled
relative to a maximum of 1 for the strongest predictor, was
plotted to provide an estimate of variable importance (Cade
2015). The same statistical approach and terrain variables
were used to assess the impact of climate on A. macquarien-
sis dieback. In addition, total A. macquariensis cover (Cover)
was included as a covariate, as well as Cover^2, because
Cover had an approximately quadratic relationship with
A. macquariensis dieback in the exploratory GAM. Model
averaging was applied across 30 candidate dieback models
in the top 95% confidence set (Appendix S2: Table S2.2).
Similarly, no spatial autocorrelation occurred within the
dieback model within ecologically relevant scales.

The change in A. macquariensis cover since 2009/2010
was examined using 20 sites that were collocated across
surveys. This is the earliest and only comparable dataset

Fig. 2. Forms of Azorella macquariensis found on Macquarie Island, discrete cushions (a), mats (b) and terraces (c), stages
and forms of observed dieback (d and e) and example of naturally occurring dieback on and around the canopy from wind
scour (f). Dieback is defined as the occurrence of individual stem death within the cushion and represented by the brown to
black colouration in figures d – f. [Colour figure can be viewed at wileyonlinelibrary.com]
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available prior to 2016/2017. For the purpose of this com-
parison, the three regions of Macquarie Island determined
by equal latitudinal extent were used, with sites in the
northern (n = 2), central (n = 14) and southern (n = 4)
parts of the island. Previous A. macquariensis dieback sur-
veys were done at a 5 9 5 m scale, predominantly in the
northern and southern region of the island between 2008/
2009 and 2011/2012 (Bergstrom 2013, updated 2014;
Bergstrom et al. 2015), and annually since 2009/2010 in
the central region at 2 m 9 2 m scale (Whinam et al.
2014). Survey intensity declined between 2012 and 2015,
particularly in the north that initially had three times as
many sites (reduction in survey intensity in the north
occurred primarily because of the complete loss of A. mac-
quariensis from some historical sites), and in the south
where monitoring ceased in 2012. Therefore, the full data-
sets of all three studies were not compared across all years
because the number and spatial distribution of sites
assessed changed substantially over the eight year period.
To evaluate whether the full results of the comparison
across periods were a possible artefact of small sample size,
we included the results from the current season separated
by region, north (n = 15), central (n = 41) and southern
(n = 26) for comparison.

The presence of A. macquariensis seedlings was compared
under different levels of A. macquariensis cover (m2),
A. macquariensis dieback (%) and fine earth fraction of
growing substrate (FEF) (%) using a generalised linear
model (GLM) with a binomial distribution and a logit link
function. The FEF was used in the GLM as we expected
the presence of A. macquariensis seedlings to be influenced
by soil texture and more likely to occur in open areas (bare
ground is negatively correlated with FEF values,
r = �0.48), as the species is a weak competitor (Taylor
1955). The variance inflation factors (VIFs) (Barton & Bar-
ton 2018) of the seedling model were low (<2) and no spa-
tial autocorrelation occurred over the ecologically relevant
22 km spatial lag distance (global Moran’s I, Bivand et al.
2017). An adjusted D2 goodness-of-fit for the seedling
model was calculated using the formula: D2 = 1 � [(n �
1)/(n � p)] x [1 � D2], where n = number of observations,
p = number of parameters and D2 = (null deviance – resid-
ual deviance)/null deviance (Guisan & Zimmermann 2000).
Hierarchical partitioning was used to estimate the individ-
ual explanatory power of each predictor variable in the
seedling model using the R package ‘hier.part’ (Walsh &
Mac Nally 2015). This provided goodness-of-fit measures
for all potential models under all combinations, and calcu-
lated the increasing goodness-of-fit with each additional
predictor, which was then averaged over the models to pro-
vide the individual effects (Mac Nally 2000).

To investigate the interdependence of A. macquariensis
cover and dieback and the effect of the lag (‘cover debt’)
between the onset of dieback and its impact on cushion
cover, simple models of cover were fitted using linear and
exponential spread of dieback for the northern, central and
southern regions of Macquarie Island. The models took the
form of cover (tx) = cover (t0) – dieback (tx�4), and were
run under both linear and exponential spread of dieback.
Current (t0) median cover and current dieback values (m2)
were used for each region and modelled forward. Linear
progression of dieback was determined between t0 (current

median dieback, m2) and t�10 (2006/2007, before the die-
back event and assumed to be 0 m2) for each region and
then extrapolated forward. For the purpose of this illustra-
tion, the exponential (y = x2) dieback for each region was
calculated as an incremental increase of 1% of cover at t0.
In these models, we have thus assumed (i) no cushion
recovery, (ii) stem removal occurs following four years of
dieback (an estimate for the progression from first infection
to complete removal based on personal observation in the
field, although this is likely to vary both spatially and tem-
porally) and (iii) wind removes dead stems but does not
accelerate dieback, which may potentially occur in situ
through the loss of cushion integrity (a conservative
assumption, see Hoffmann et al. 2019). All analyses were
performed using R Studio 3.4.1 (R Core Team 2017).

RESULTS

Azorella cover

The cover of A. macquariensis was highly variable
across sites, ranging from 0.00 (n = 8) to 609.67 m2

(Table 1, Figs 3a, 4a). Where present, A. macquar-
iensis cover was also highly variable within sites
(n = 82), differing between quadrants by up to
114.9 m2 (or 65% of the quadrant), with a coefficient
of variation of over 68%. Latitude was the only sig-
nificant predictor (Table 2), with cover increasing
from north to south (Fig. 3a). Latitude had the lar-
gest absolute standardised estimate (1.00) and
approximately three times the effect size of the next
most important coefficients, Elevation (0.34) and
West_Dist^2 (0.29) (Fig. 5a). There was an increase
in cover with elevation and a gradual decline in cover
with distance from the west coast; cover drops shar-
ply at the eastern limit of its range on the island. Of
the local terrain scale variables, Wind_Speed (0.166)
had almost three times the relative effect than Solar_-
Rad (0.059) (Fig. 5a), but both effect sizes were
small.

Azorella dieback

The extent of dieback was also highly variable across
sites at which A. macquariensis was present, with an
average of 26.9% (� SD 21.5%) cover affected by
dieback (Table 1). Dieback was observed in 98.7%
of sites surveyed and absent from only one site in the
centre of the island. Three sites had < 2% dieback,
16 ≤ 10% dieback and 17% had levels of dieback >
50% (Fig. 4b).
Both the covariate A. macquariensis cover (Cover

and Cover^2) and the predictor latitude significantly
explained dieback (Table 2). Dieback significantly
increased with decreasing latitude, to the north of the
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island. The relationship between dieback and cover
was modal, with low dieback in areas of low cover,
high dieback with intermediate cover and low die-
back in areas of high cover (Table 2). This shows
that the highest proportion of dieback was recorded
predominantly in the centre of the island, where
there was both high cover and comparatively high lat-
itude (Fig. 3b). The model-averaged estimate of
effect size shows that latitude, cover and cover^2
have the highest coefficient values (1.00, 0.97, 0.79,
respectively) (Fig. 5b). Latitude and cover had
between 7.00 and 8.83 times the effect on dieback
than all other terrain variables (Fig. 5b). However,
Solar_Rad, Wetness_Index and Wind_Speed had a
larger effect size than West_Dist.
Seedlings were recorded at over a quarter of the sites

(n = 22, 26.8%), and no seedlings were observed to
be affected by dieback. Fine earth fraction (FEF) was
the only significant predictor of the presence of
A. macquariensis seedlings (adjusted D2 = 0.116),
explaining 85.86% of the independent contribution
(Table 3). Fewer seedlings were observed where the
fine earth fraction was higher in the top 250 mm of the
soil profile.

Change in extent and distribution of dieback

At the 20 sites compared across periods, median
A. macquariensis cover (%) declined from 40.00%
(1st quartile, Q1, 17.50% – 3rd quartile, Q3,
60.63%) in 2009/2010 to 26.64% (Q1, 10.24% –
Q3, 53.13%) in 2016/2017. Median cover in the
north declined from 21.25% to 7.50% (Fig. 6a). In
the central region, median cover declined from
20.6% to 17.50% and variation in cover was also
highest in this region in both periods (Fig. 6a). In

contrast, median cover in the south across periods
was comparatively similar. The median cover of the
complete dataset from 2016/2017 was also highest
in the south of the island compared with the other
regions (and therefore not a small sample size effect)
(Fig. 6a). However, the interquartile range (IQR,
Q1 – Q3) in the south in the current data set was
four times higher (40.4%) and the median 20.6%
lower than in the subset of sites, suggesting that a
sample size larger than 20 is necessary for a repre-
sentative estimate of cover in this part of the island.
The median cover was only slightly lower in the
northern and central regions between the 20 sites
and full dataset, declining by 1.5% and 8.8%,
respectively.
Mean dieback across the island changed in abso-

lute terms from 32 � 29% (SD) in 2008/2009 (Berg-
strom et al. 2015) to 28.2 � 22.4% (SD) eight years
later. However, the proportion cushions affected by
dieback at the subset of sites declined from 40.00%
in 2009/2010 (Q1 17.50% - Q3 60.63%) to 25.65%
in 2016/2017 (Q1 10.24 – Q3 53.13%). The median
proportion of cover affected by dieback was lower in
2016/2017 across the northern and central regions by
23.97% and 11.84%, respectively (Fig. 6b). The
median proportion of the dieback present at sites was
most variable in the central region of the island dur-
ing both periods, with a slightly higher interquartile
range (IQR) in 2016/2017 of 46.09% (Fig 6b). In
contrast, the IQR of dieback (%) in the north
declined by 9.24% (Fig. 6b). The median proportion
of dieback in the south remained low with a marginal
increase (Fig. 6b). Dieback at the subset of sites in
2016/2017 and the full dataset was very similar in all
three regions, differing least in the north (�2.4%)
and most in south (+5.6%) (Fig. 6b). However, the
full dataset shows higher variability in dieback in the

Table 1. Azorella macquariensis cover and dieback descriptive statistics at the 90 field sites across Macquarie Island (total site
area = 706.86 m2). Cover and dieback presented at an island-wide and regional level, regions represent three equal latitudinal
extents

N Min.† Max. Mean (�SD) c.v. (%)

Cover
Total Azorella cover (m2) 90 0.9 609.7 181.7 (�162.2) 88.7
Total Azorella cover (%) 90 0.1 86.7 25.7 (�22.8) 88.7

Northern cover (%) 19 1.3 21.2 6.68 (�6.17) 92.5
Central cover (%) 43 0.1 57.5 22.4 (�17.3) 77.1
Southern cover (%) 28 9.3 86.2 43.7 (�24.9) 57.0

Dieback
Total Azorella dieback (m2) 82 0.0 226.6 54.5 (�58.3) 107.1
Azorella with dieback (%) 82 0.0 86.8 26.9 (�21.5) 80.2

Northern dieback (%) 15 6.0 86.8 33.3 (�23.8) 71.4
Central dieback (%) 41 0.0 80.4 29.6 (�23.2) 78.3
Southern dieback (%) 26 0.2 58.8 18.7 (�0.2) 78.4

†Min excludes eight sites with no A. macquariensis cover (n = 82).
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north (IQR increase by 21.1%) and south (IQR
increase by 12.0%) again showing that more than 20
sites are needed to obtain a representative estimate of
dieback.
The cover loss models demonstrate the implica-

tions of differences in initial cushion cover, and the
rate of dieback, for the time to complete loss of the
species from a landscape (Fig. 7). As might be
expected, the comparatively low cover at northern
sites is first to reach a point where cushion cover is
equal to dieback (where cover and dieback lines
intersect, Fig. 7). Under the assumption of no recov-
ery, this is the point at which remaining cover repre-
sents extinction debt (which we term ‘cover debt’),
or the point at which local functional extinction
occurs. Starting with current cover and dieback levels
on the island, illustrative time to complete cover debt
(i.e. 100% dieback cover where the dieback and
cover trajectories intersect) under linear dieback pro-
gression ranges from 8 to 22 years across the island.

Complete loss of cushion cover under the exponen-
tial model ranges from 8 to 10 years (Fig. 7).

DISCUSSION

Using a stratified random design to capture the full
range of microclimate conditions that Azorella mac-
quariensis is exposed to on Macquarie Island, we have
shown that cushion cover and condition are highly
variable and that dieback is pervasive. Almost a dec-
ade after it was first observed, dieback remains a con-
spicuous feature of A. macquariensis populations
across Macquarie Island. Although based on the lim-
ited evidence comparable across periods the total
area affected by island-wide dieback appears to have
stabilised, the location of the most active dieback has
shifted southwards, from the north to central region
of the island. As a result of the high variability in
both cover and dieback, multiple assessment and

Fig. 3. Total cover of Azorella macquariensis (m2) (a) and A. macquariensis cover affected by dieback (%) (b) at each
706.86 m2 site 2017.

doi:10.1111/aec.12758 © 2019 Ecological Society of Australia

898 C. R. DICKSON ET AL.

29



monitoring sites are needed in each region to obtain
a representative estimate of the conservation status of
this species.

Latitude was the strongest predictor of both cush-
ion cover and dieback, with elevation having a smal-
ler effect in explaining variation in both. The
dominant effect of these macroscale gradients may be
expected in systems such as Macquarie Island, that
is, that have relatively low levels of topographic com-
plexity (elevational extent, and variation in slope and
aspect) and high oceanic influence (Dobrowski
2011). Macroscale gradients are well known to form
a proxy for multiple other ecological gradients, which
then influence the distribution and abundance of spe-
cies (Gaston 2000). Our models suggest that cushion
cover and condition are driven by variables correlated
with latitude but not captured by finer-scale topo-
graphic variables. On Macquarie Island, latitude is
moderately correlated not only with elevation
(r = 0.31) but also with the island’s geology
(r = �0.32). For example, vegetation communities
occurring on ultramafic soils in the north have been
shown to be sparse and stunted compared to vegeta-
tion on surrounding soil types (Adamson et al.
1993). Our results support the interpretation that
cushion cover is predominantly determined by multi-
ple covarying gradients (Bricher et al. 2013). In this
case, the macroscale gradients that together result in
increasing cover to the south of the island, where soil
conditions may be better but which is also higher,
cooler and likely to experience more frequent low
cloud.
There was weak evidence of terrain effects on both

A. macquariensis cover and dieback. Terrain variables
represented between 3.5 and 16.6% of the relative
effect size of latitude. Although small, these effects

Table 2. Relationships between terrain variables and (a)
total cover of Azorella macquariensis (m2) and (b) proportion
of A. macquariensis with dieback (%). Averaged beta regres-
sion models showing the estimated coefficients with stan-
dard error and Wald’s z-value for predictor variables.
Significant variables in bold (P < 0.05), ordered by effect
size (see Fig. 5)

Variable
Estimated

coefficient (SE) z P

(a) Azorella cover
Intercept �1.13 (0.10) 10.83 <0.001
Latitude† �0.46 (0.10) 4.43 <0.001
Elevation 0.16 (0.11) 1.44 0.151
West_Dist �0.04 (0.08) 0.51 0.613
West_Dist^2 �0.13 (0.12) 1.08 0.279
Wind_Speed 0.08 (0.11) 0.73 0.468
Solar_Rad 0.03 (0.07) 0.38 0.703
Wetness_Index 0.02 (0.06) 0.27 0.785

(b) Azorella dieback
Intercept �1.01 (0.10) 9.74 <0.001
Latitude† 0.38 (0.10) 3.71 <0.001
Cover 0.37 (0.10) 3.53 <0.001
Cover^2 �0.30 (0.11) 2.83 0.005
Elevation 0.04 (0.08) 0.53 0.599
Solar_Rad �0.04 (0.08) 0.49 0.627
Wetness_Index �0.03 (0.07) 0.42 0.674
Wind_Speed 0.02 (0.06) 0.35 0.728
West_Dist <0.001 (0.05) 0.00 1.000

†Measured as northing, that is, the inverse of latitude.

Fig. 4. Frequency distributions of (a) Azorella macquariensis cover (%) and (b) A. macquariensis dieback (%) across sites,
with mean values shown by the dashed lines.
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Fig. 5. Effect size of each terrain variable (ratio of the absolute value of the standardised regression coefficient) on Azorella
macquariensis (a) cover and (b) dieback.

Table 3. The relationship between Azorella macquariensis seedling frequency and Azorella cover, dieback and fine earth frac-
tion within the top 250 mm of the soil profile. Hierarchical partitioning showing the independent contribution of each variable
(I). Significant variable for both tests in bold (P < 0.05). GLM dispersion parameter for binomial family taken to be 1, null
deviance 95.375 on 81 d.f., and residual deviance 82.203 on 78 d.f

Variable

Generalised linear model
Hierarchical partitioning

Estimated
coefficient SE z P Independent contribution (%)

Intercept 0.13 0.64 0.20 0.841
Azorella cover (m2) <�0.01 <0.01 �0.47 0.642 2.65
Azorella dieback (%) 0.02 0.01 1.35 0.178 11.49
Fine earth fraction (%) �0.04 0.01 �2.94 0.003 85.86
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were most pronounced for A. macquariensis cover,
which increased with wind speed and solar radiation,
supporting the findings of a species distribution
model (SDM) that incorporated variables from satel-
lite imagery (Bricher et al. 2013). The suggestion that
terrain effects operating at scales finer than macro-
scale gradients may be important provides impetus
for the value of empirical microclimate information

to further explore these effects. Topographic wetness
index, a surrogate for soil moisture, was least impor-
tant in the cover model, which supports current
physiological understanding of the species that sug-
gests that A. macquariensis is ombrotrophic, that is,
largely dependent on atmospheric water (Bergstrom
et al. 2015). The elevation and terrain effects suggest
that dieback was more likely prevalent at sites with

Fig. 6. Comparison of Azorella macquariensis (a) cover (%) and (b) dieback (%) at 20 collocated sites in the southern
(n = 2), central (n = 14), and northern (n = 4) regions of Macquarie Island, between 2009/2010 and 2016/2017 (median,
upper and lower quartiles, and range). For comparison, the full data from the 2016/2017 season are shown (All_2016–2017),
also separated into southern (n = 26 sites), central (n = 41) and northern (n = 15) parts of the island.

Fig. 7. Azorella macquariensis cover loss models showing the illustrative rate of cushion cover (solid lines) loss under two die-
back (dashed lines) rates of spread, linear (a) and exponential (b). Cover and dieback are initiated (time 0) at the 2016/2017
median site values for the north (light grey), central (medium grey) and southern (black) regions of Macquarie Island. Each
time step represents 1 year.
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higher elevation, lower solar radiation (steep slopes at
lower elevations), dry soils and greater wind expo-
sure. This provides some support for the hypothesis
that A. macquariensis dieback will be most prevalent
in areas that are traditionally considered more water-
stressed, and concurs with the drought-sensitivity
demonstrated for its sister species A. selago (le Roux
et al. 2005). Given the strong positive relationship
between A. macquariensis dieback and cover and
negative relationship between dieback and latitude,
these insights provide useful information about the
likely location of future dieback. Southern popula-
tions with comparatively low elevation, and higher
solar radiation, appear most promising for sustaining
healthy populations should current climate trends
continue.
The role of the pathogen in the viability of such

refugia will also have to be considered by not only
considering fine-scale empirical data on abiotic con-
ditions but also better understanding the pathogen/s
involved in the dieback. To date the pathogen(s)
responsible for dieback has not been identified,
although a wide range of potential fungal, bacterial
and oomycetes, including the pathogenic Rosellinia
sp. (Xylariaceae) were identified in association with
A. macquariensis (Bergstrom et al. 2015). Despite the
unknown identity of the pathogen(s), under the cur-
rent warmer and wetter winters on Macquarie Island
(Adams 2009; Bergstrom et al. 2015), the milder
conditions may facilitate disease spread (see Harvell
et al. 2002). For example, climate modelling of a
pathogen currently of significant concern in Aus-
tralia, Phytophthora cinnamomi Rands (Oomyceta),
found that this species is likely to increase its active
range into alpine zones where the pathogen was pre-
sent, but previously latent due to harsh winters (Bur-
gess et al. 2017). Prior to the island-wide
A. macquariensis dieback event, single isolated occur-
rences of brown dieback patches with yellow chloro-
sis lines were recorded in the 1980s and 1990s
(Whinam et al. 2014; Bergstrom et al. 2015), sug-
gesting that pathogen/s were present but latent within
the system. The change in secondary biotic interac-
tions under altered climates has been shown to often
be more important in determining the decline or
extinction of a species, than the direct impact of
change in local climate (Cahill et al. 2013; Ockendon
et al. 2014), and this could be the case for A. mac-
quariensis (Hoffmann et al. 2019).
Although limited comparable data are available to

evaluate island-wide changes in dieback since its ini-
tiation, evidence from the subset of sites that are
comparable show that high cushion dieback is now
concentrated in the central region of the island, south
of where the dieback event was first recorded a dec-
ade ago. Previous assessments of dieback found
increases of 20 and 40% over a three-year period at

different sites (Whinam et al. 2014; Bergstrom et al.
2015), which are higher than the island-wide dieback
we found. Given the high level of island-wide vari-
ability in cover and dieback, and the different meth-
ods used in each period, this comparison has to be
treated with caution. Nonetheless, the consequence
of sustained island-wide dieback is that there has
been a loss of cushion cover, particularly in the
northern and central regions, resulting in the com-
plete loss of the species at some northern historical
monitoring sites (authors DMB, JW, personal
observation).
Levels of variation in the extent of dieback at indi-

vidual sites in both the centre and south of the island
are high. This implies that dieback may still be reach-
ing its full potential and that these regions, particu-
larly the island’s central fellfield, could still undergo
a reduction in cover similar to that which has
occurred in the north. The illustrative cover loss
models under linear and exponential progression of
dieback demonstrate the effect of ‘cover debt’ on the
island, that is, they clearly show how current cover as
a proxy for population size overestimates the conser-
vation status of the species. However, dieback cover
on its own is also not a reliable proxy for conserva-
tion status because it is dependent on current cush-
ion cover – evident from the different trajectories
between regions of the island. Percentage dieback on
its own is not adequate because this percentage could
remain relatively constant, masking a shifting baseline
of total cover loss. Collecting both A. macquariensis
cover and dieback data are therefore essential
because projections for future A. macquariensis differ
substantially depending on the starting cover, histori-
cal rates of loss and rate of spread of dieback. Fur-
ther data of the type we present here will enable
evidence-based, predictive models of changes in the
conservation status of the species.

Prospects

Azorella macquariensis grows slowly (Taylor 1955;
Bergstrom et al. 1997), and is thought to produce
comparatively low levels of seed (Orchard 1989;
Shaw 2005). Little is known about the recruitment
capacity of A. macquariensis, and to date, germination
trials for ex situ management have been unsuccessful
(Bergstrom et al. 2015, L. Perrins Royal Tasmanian
Botanical Gardens, personal communication 2018).
Similarly, in situ and ex situ germination studies for
the closely related species A. selago have been unsuc-
cessful (Dorne 1974; Fr�enot & Gloaguen 1994). In
the field, A. selago has been shown to have low
recruitment, a short dispersal distance, and to facili-
tate the survival of its own seedlings (Haussmann
et al. 2010). Yet current populations of this species
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elsewhere in the sub-Antarctic apparently remain in
good condition (P.C. le Roux personal communica-
tion 2018). Consequently, while the presence of
A. macquariensis seedlings is encouraging and demon-
strates that the species has the capacity to regenerate
in areas of dieback, its ecology suggests that any
recovery is likely to be slow and patchy.
The spatial baseline of variation in A. macquarien-

sis cover and condition (dieback) that we provide
here will enable effective monitoring to detect
future changes in the population extent and struc-
ture of this threatened, endemic species on Mac-
quarie Island. We have shown that it is essential to
measure both cover and dieback at spatially explicit
sites (including information on sample grain and
extent) in future assessment and monitoring exer-
cises. Further knowledge of fine-scale habitat condi-
tions and pathogen identity and ecology is key to
identifying potential refuges for the species on the
island. The areas of greatest conservation value for
the species remain in the south of the island, where
the highest cover and lowest dieback currently
occur. Well-designed, regular monitoring of the
cover and dieback of A. macquariensis will form an
essential component of conservation management of
this World Heritage site during a time of changing
weather patterns.
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Appendix A (Thesis) 

___________________________________________________________________________ 

Published as: 

APPENDIX S1. 

TERRAIN CLASS MODEL AND SITE SELECTION 

Identifying terrain classes 

A terrain class model (TCM) was developed to stratify the selection of sampled field sites to 

represent the breadth of microclimate conditions to which Azorella macquariensis is exposed. 

Terrain classes, i.e. discrete areas within the landscape that share similar terrain structure, were 

identified using a fuzzy c-means clustering (cluster package in R) on terrain variables, to assign 

cluster membership to each site based on the terrain characteristics of the site. Terrain variables 

were calculated as in Bricher et al. (2013), using a 5m x 5m resolution Digital Elevation Model 

(DEM) of Macquarie Island (Brolsma 2008). Because the large field sites (706.86 m2) were 

selected on ground with likely lower precision than the resolution of the DEM, the DEM 

derived variables (5m x 5m) were aggregated to 100m x 100m, and all further analysis for the 

TCM was conducted on these aggregated data. Variables used in the TCM included those that 

capture different mechanisms through which terrain variation might affect microclimate 

variation conditions: elevation; slope; surface curvature; topographic wetness index 

(Wetness_Index); solar radiation (Solar_Rad); and topographically-deflected wind speed 

(Wind_Speed) (Table S1.1.). Slope was highly correlated with Solar_Rad (r = 0.74) and was 

therefore excluded from the TCM. The maximum correlation between variables was between 

Wetness_Index and Solar_Rad (r = 0.511; Fig. S1.1). The optimum number of cluster centres 

was determined by comparison of three different metrics: (i) Xie-Beni Index (Fig. S1.2), which 

measures the overall compactness and separation of clusters (Xie and Beni 1991); (ii) cluster 

stability (Fig. S1.3), which is the pairwise correlation between cluster solutions seeded with 

different initial cluster centres (similar to method of Mahlstein and Knutti 2010); and (iii) the 

number of components in a Principle Components Analysis (PCA) explaining ≥95% of the 

variation (Table S1.2). Based on these three indices a five-cluster solution was confirmed as 

the optimal fuzzy cluster solutions for these data. 
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 Broadly, the characteristics of each cluster can be described as: 

 Cluster 1 (red) is associated with the highest elevation sites, which also receive the 

highest amount of solar radiation. These cells are intermediate in terms of wind speed and 

wetness index. 

 Cluster 2 (blue) is associated with cells that are at a slightly lower elevation than those in 

cluster 1. Cluster 2 cells are amongst the wettest areas, but intermediate in wind exposure. 

 Cluster 3 (green) is associated with cells that are the least exposed to wind. These areas 

typically have a low to intermediate wetness index. 

 Cluster 4 (purple) is associated with cells that are highly wind exposed, and are amongst 

the driest areas on the island. 

 Cluster 5 (orange) is associated with cells that are on the coastal margins of the island, are 

wet, and have intermediate exposure to wind and solar radiation. 
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Table S1.1. Topographic variables used in the terrain class model (TCM) and/or beta 

regression (BR) models for Azorella macquariensis cover and dieback on Macquarie Island 

(MI). 

Variable Justification TCM BR  

Latitude 

(measured by 

Northing) (m)  

Macquarie Island is a long narrow island, approximately north-

south in orientation. Macro-scale gradients, such as latitude, often 

form proxies for other ecological gradients that effect the 

distribution and abundance of species (Gaston 2000). Southern 

A. macquariensis populations have been observed to have high 

cover, often occurring in mat form (Bergstrom et al. 2015), 

suggesting a macroscale gradient on the island. While there is a 

number of potential ecological variables that latitude could be 

correlated with, it is possible that latitude may provide a surrogate 

for climatic conditions. The southern plateau is regularly 

observed to be shrouded in cloud (Selkirk et al. 1990), which 

potentially increases in relative humidity and decreases in 

temperature as the latitude increases (towards the south). 

  

Elevation (m) The vegetation of MI has a strong relationship with elevation, 

with A. macquariensis at highest density at >200m asl (Bricher et 

al. 2013). Elevation also provides a proxy for temperature, which 

has a lapse rate of 0.8°C per 100m on the island (Tweedie and 

Bergstrom 2000).  

  

Distance to west 

coast (West_Dist) 

(m) 

The prevailing and strong winds are westerly to north-westerly 

on Macquarie Island (Fitzgerald and Kirkpatrick 2017), which 

brings warmer and wetter fronts (Adams 2009). Sister species 

A. selago is susceptible to drought that causes stem senescence, 

as a likely function of both humidity and wind (le Roux et al. 

2005). A. macquariensis is susceptible to abrasion from cold, dry 

winds from the southwest (Fitzgerald and Kirkpatrick 2017). The 

importance of humidity to A. macquariensis, and the contribution 

of wind directionality to relative humidity, suggests that distance 

to west coast will be more ecologically important than distance to 

the nearest coastline. 
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Topographic 

wetness index 

(Wetness_Index) 

(no units) 

The wetness index provides a different proxy for soil water 

availability, determined by the position of the site within the 

catchment (Beven and Kirkby 1979; Bricher et al. 2013). For 

example, those sites which are located on ridgelines are generally 

drier than those located in valley bottoms in the base of the 

catchment. 

  

Topographically-

deflected wind 

speed 

(Wind_Speed) 

(km.hr-1) 

Measure of exposure to varying wind-speeds, which may provide 

a proxy for water-loss through increased evapotranspiration 

(Bonan 2008). Wind speed is calculated from the slope, curvature 

and slope based on the average prevailing wind of 35.1 km -hr-1 

from the northwest to west (Bricher et al. 2013). 

  

Solar radiation 

(Solar_Rad) 

(Wm-2) 

Solar radiation directly facilitates plant growth through the 

provision of light energy for photosynthesis (Bonan 2008) and 

indirectly through affecting heating of air and surfaces (Fu and 

Rich 2002), wind speed and snow melt (Bonan 2008). Solar 

irradiation levels are an important factor in microsite selection in 

a related species, A. compacta (Kleier et al. 2015). Solar radiation 

was calculated over a year using the solar radiation function in 

ArcGIS 9.3 (Bricher et al. 2013) 

  

Curvature 

(no units) 

Landform curvature is important for calculating the flow paths of 

water in the landscape, influencing flow convergence and 

divergence (Zevenbergen and Thorne 1987). In absence of 

localised precipitation across the island, it provides a proxy for 

water availability. 
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Figure S1.1. Pair-wise correlations for five terrain variables at a spatial resolution of 100 m x 

100 m (mean across all sub-cells).  

 

41



 

Figure S1.2. Xie-Beni Index for cluster solutions 2-10 suggesting two, three or five clusters 

may be optimal. 
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Figure S1.3. Average pairwise correlation between cluster solutions suggest that two, three or 

five clusters may be optimal. 

 

Table S1.2. Principle Component Analysis (PCA) applied to these data showed that four or 

more components were required to explain ≥ 95% of the variation in these data. 

 PC1 PC2 PC3 PC4 PC5 

SD 1.31 1.19 1 0.78 0.53 

Proportion of variance 0.34 0.28 0.20 0.12 0.18 

Cumulative proportion of variance 0.34 0.62 0.82 0.95 0.1 
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Stratified random site selection 

To stratify the putative microclimate we chose not to use a hard clustering approach (i.e. 

assigning a cell to the cluster with the highest membership association) because the 

membership associations suggest that many cells exist on the boundary between two or more 

clusters. These associations could lead to an overly confident representation of the mesoclimate 

classifications, where noise in the data (DEM error ±5m) could result in many cells shifting 

between cluster assignments. Therefore cells were only retained for field site selection if the 

highest cluster membership association was at least double that of the second highest cluster 

centre membership association (Fig S1.4). This maximised the likelihood of sampling the full 

range of microclimate conditions across the island and provided good contrast in the 

mesoclimate conditions experienced at the sites that were selected for surveys (Figs. S1.4. and 

S1.5.). Cluster 5 was removed from the site selection because it contains habitat unsuitable for 

A. macquariensis, primarily tarns and hyper-saturated lowland featherbeds (bogs) (Taylor 

1955). 

Survey sites were then selected by randomly sampling the retained cells from across each of 

the eight geographic blocks (clustered on latitude and longitude), ensuring that a minimum of 

two cells from each of four clusters are selected per geographic block (Figs. S1.6. and S1.7.). 

This was done to ensure that terrain clusters were represented across the geographic extent of 

the island. If randomly generated sites were located in the same terrain cluster and within 100 

m of historical monitoring sites established by Whinam et al. (2014), Bergstrom et al. (2015) 

or Bricher et al. (2013), then the sites were collocated.  

Once field site selection had been completed, the 70 realised site locations met the following 

conditions: (i) within 100 m of the randomly generated point, (ii) remained within the cluster 

cell, (iii) Azorella was present (>0 % cover) at 62 sites and an additional eight sites had no A. 

macquariensis (absences), and (iv) the site could be safely accessed. An additional 20 sites, to 

bring the total number of sites to 90, were established to increase spatial representation in areas 

of core Azorella habitat and were primarily collocated with historical sites. The position of 

sampled sites thus represented the range of micro-topography experienced by Azorella 

macquariensis on Macquarie Island, and consequently the putative range of microclimates that 

exist on the island within those areas that Azorella is known to occupy (Fig. S1.8.).  
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Figure S1.4. The distribution of cluster solutions across Macquarie Island when cells with 

a cluster membership association of at least double that of the second highest cluster 

membership association are retained. 
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Figure S1.5. The pair-wise parameter space occupied by each of the five clusters after the 

removal of cells with a cluster membership association of less than double that of the second 

highest cluster membership association are retained. Overlaid in yellow is the distribution of 

survey sites selected by a stratified random sampling from both geographic and environmental 

space (solar radiation adjusted for presentation x105)  
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Figure S1.6. Blocking of the island for geographic component of the stratified sampling. 

Blocking was achieved using k-means clustering on latitude and longitude coordinates with k 

= 8. 
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Figure S1.7. Site selection results, based on stratified random sampling by terrain classes and 

geographic blocks across Macquarie Island.  
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Figure S1.8. Sites established in the field across the putative microclimate on Macquarie Island. 
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APPENDIX S2 

Table S2.1.  Azorella macquariensis cover candidate models used in the multimodel inference 

approach to estimate effect sizes of predictor variables.  Term codes: Elevation (1), Latitude 

(2), Solar_Rad (3), West_Dist (4), West_Dist^2 (5), Wetness_Index (6), Wind_Speed (7). 

Component models df Log likelihood AICc delta weight 

1257 6 57.77 -102.52 0 0.12 

125 5 56.17 -101.63 0.89 0.07 

124 5 55.77 -100.82 1.7 0.05 

12457 7 58.06 -100.75 1.77 0.05 

1245 6 56.74 -100.48 2.04 0.04 

12 4 54.43 -100.39 2.13 0.04 

12567 7 57.86 -100.36 2.16 0.04 

12357 7 57.84 -100.32 2.2 0.04 

2357 6 56.63 -100.26 2.26 0.04 

1235 6 56.44 -99.88 2.65 0.03 

235 5 55.27 -99.82 2.7 0.03 

1256 6 56.39 -99.78 2.74 0.03 

1246 6 56.37 -99.73 2.79 0.03 

1247 6 56.35 -99.68 2.84 0.03 

127 5 55.15 -99.58 2.94 0.03 

257 5 55.12 -99.53 2.99 0.03 

126 5 55.01 -99.3 3.22 0.02 

12456 7 57.05 -98.73 3.79 0.02 

1234 6 55.86 -98.7 3.82 0.02 

124567 8 58.2 -98.62 3.9 0.02 

123 5 54.6 -98.49 4.03 0.02 

12345 7 56.92 -98.47 4.05 0.02 

123457 8 58.1 -98.43 4.09 0.02 

12467 7 56.88 -98.4 4.12 0.01 

1267 6 55.66 -98.31 4.21 0.01 

23457 7 56.83 -98.29 4.23 0.01 

2345 6 55.64 -98.26 4.26 0.01 
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123567 8 57.9 -98.03 4.49 0.01 

23567 7 56.65 -97.94 4.58 0.01 

2457 6 55.42 -97.82 4.7 0.01 

12356 7 56.56 -97.75 4.77 0.01 

2356 6 55.27 -97.52 5 0.01 

25 4 52.99 -97.51 5.01 0.01 

1237 6 55.21 -97.4 5.12 0.01 

12346 7 56.38 -97.4 5.13 0.01 

12347 7 56.37 -97.37 5.15 0.01 

2567 6 55.12 -97.24 5.28 0.01 

1236 6 55.06 -97.1 5.42 0.01 

234 5 53.91 -97.1 5.42 0.01 

23 4 52.57 -96.67 5.85 0.01 

123456 8 57.12 -96.46 6.06 0.01 

245 5 53.57 -96.42 6.1 0.01 

      

Term code 2 1 5 7 4 3 6 

Importance: 1 0.81 0.69 0.5 0.37 0.33 0.26 

N containing 

models 42 29 26 19 19 21 16 
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Table S2.2. Azorella macquariensis dieback candidate models used in the multimodel 

inference approach to estimate effect sizes of predictor variables.  Term codes: Cover (1), 

Cover^2 (2), Elevation (3), Latitude (4), Solar_Rad (5), West_Dist (6), Wetness_Index (7), 

Wind_Speed (8). 

Component models df Log likelihood AICc delta weight 

124 5 39.08 -67.37 0 0.15 

1247 6 39.67 -66.22 1.15 0.09 

1234 6 39.57 -66.03 1.34 0.08 

1245 6 39.44 -65.75 1.62 0.07 

12345 7 40.61 -65.71 1.66 0.07 

1248 6 39.28 -65.44 1.93 0.06 

1246 6 39.08 -65.05 2.32 0.05 

12347 7 40 -64.49 2.88 0.04 

123458 8 41.18 -64.39 2.98 0.03 

12478 7 39.92 -64.33 3.04 0.03 

12457 7 39.9 -64.28 3.09 0.03 

12348 7 39.86 -64.21 3.16 0.03 

12458 7 39.71 -63.9 3.47 0.03 

12467 7 39.67 -63.82 3.55 0.03 

12346 7 39.58 -63.64 3.73 0.02 

123457 8 40.76 -63.55 3.82 0.02 

12456 7 39.45 -63.39 3.98 0.02 

123456 8 40.61 -63.25 4.12 0.02 

12468 7 39.28 -63.04 4.33 0.02 

123478 8 40.33 -62.69 4.68 0.01 

124578 8 40.21 -62.44 4.93 0.01 

1234578 9 41.33 -62.16 5.21 0.01 

123467 8 40.01 -62.05 5.33 0.01 

1234568 9 41.2 -61.89 5.48 0.01 

124678 8 39.93 -61.88 5.49 0.01 

124567 8 39.9 -61.83 5.54 0.01 

123468 8 39.88 -61.8 5.57 0.01 

124568 8 39.71 -61.45 5.92 0.01 
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1234567 9 40.76 -61.02 6.35 0.01 

14 4 34.5 -60.49 6.88 0 

      

Term Code: 1 4 2 3 5 7 8 6 

Importance: 1 1 1 0.38 0.35 0.32 0.28 0.22 

N containing 

models 30 30 29 14 14 13 13 13 
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Chapter 2 

 

Fine-scale variability and drivers of dieback in a keystone cushion plant on 

sub-Antarctic Macquarie Island 
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Introduction 

Anthropogenic climate change is one of the greatest challenges facing conservation managers. 

In addition to the direct impacts of climate change on plants and animals, emerging diseases 

and pathogens are anticipated to become an increasing threat as a consequence (Harvell et al. 

2002; Hoberg and Brooks 2015). Species have both a variable susceptibility and response to 

different pathogens under changing climates (Rohr et al. 2011; Chakraborty 2013). Despite this, 

crop pathogens have moved on average 2.7 ± 0.8 km yr-1 poleward since 1960, increasing their 

global footprint and threatening future food security (Bebber et al. 2013). The emergence of 

novel pathogens under climate change suggests that plants are maladapted to the new threat, 

leaving them unable to use evolved strategies to resist disease (Stenlid and Oliva 2016). 

Landscape-scale plant mortalities have often been associated with warmer, wetter conditions, 

and less extreme minimum temperatures and higher humidity are increasing the prevalence of 

plant diseases in both agricultural and natural systems (Harvell et al. 2002; Anderson et al. 

2004; Garrett et al. 2016). One such example of extensive pathogen spread is 

Dothistroma septosporum needle blight of pines. It occurs in forestry and natural systems, 

across both hemispheres in response to a higher frequency of warm rain events (Woods et al. 

2005). Another example is Xylella fastidiosa, a plant pathogen with a broad host range from 

the Americas that is predicted to expand further through Europe, and potentially globally, under 

future climate conditions (Sicard et al. 2018). The negative consequences of this increasing 

pathogen footprint are likely to be severe for biodiversity (Harvell et al. 2002) and ecosystem 

services (Fisher et al. 2012; Boyd et al. 2013). 

Higher elevation and latitude sites are particularly susceptible to novel pathogens as historically 

cold climates become warmer, with less extreme cold events (Pauchard et al. 2016). The 

increasingly mild winter conditions and lack of extreme cold events allow for higher pathogen 

survival in several plant species (Harvell et al. 2002). In these regions, cold-adapted species 

may be increasingly susceptible to disease under higher temperatures and changing disease 

communities (Cohen et al. 2019). For example, the root-rot fungus Phytophthora cinnamomi 

is predicted to expand into the Australian alpine region with the reduction of extreme cold 

events (Burgess et al. 2017). The ongoing island-wide dieback of the dominant alpine species 

Azorella macquariensis Orchard (Apiaceae, Macquarie cushions) on sub-Antarctic Macquarie 

Island (Whinam et al. 2014; Bergstrom et al. 2015) is the first occurrence of landscape-scale 

dieback in the sub-Antarctic. Despite no causal disease being identified, a number of fungal, 
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bacterial and oomycete taxa have been identified in association with A. macquariensis, 

including some pathogenic taxa (Bergstrom et al. 2015). 

The trigger for A. macquariensis dieback was hypothesised to be a reduction in plant available 

water over 17 summer growing seasons that facilitated a secondary pathogenic infection of 

weakened plants (Bergstrom et al. 2015). However, the relationship between climate conditions, 

pathogens and cushion plant decline remains poorly understood, and the pathogens responsible 

have not been identified. It is also unclear whether ongoing dieback is driven by conditions that 

(i) continue to place the plant under water stress (low plant available water) during the summer 

growing season, (ii) are increasingly conducive to pathogens during winter, which coincides 

with A. macquariensis dormancy, or (iii) a combination of both factors. Despite A. 

macquariensis being physiologically adapted to the small daily fluctuations of stable oceanic 

island weather (Rolland et al. 2015), similar to the closely related A. selago (le Roux et al. 2005) 

it is not well adapted to the increased evapotranspiration rates on the island and increased 

variability in rainfall (Bergstrom et al. 2015). If water stress alone is driving dieback, this 

suggests that the highest proportion of dieback would be located in areas of highest abiotic 

‘stress’ on the island. Topographic modelling of A. macquariensis dieback found latitude (N-

S location on island) to be a significant predictor of plant condition, while other macro-

variables (elevation, distance to west coast) and topographically-derived variables 

(topographically deflected wind speed and topographic wetness index) that are likely to affect 

evapotranspiration rates were unrelated to plant condition (Dickson et al. 2019). Therefore, 

while the comparatively coarse topographic modelling allowed some topographically derived 

variables to be ruled out as likely drivers of this decline in plant condition, the mechanisms 

responsible for the highly spatially variable A. macquariensis dieback remain poorly 

understood. 

Plant distribution and condition responds to fine-scale climate variation (Körner and 

Hiltbrunner 2018). Furthermore, species’ can vary their phenotypical response to seasonal 

variation (Körner and Hiltbrunner 2018). Therefore, to effectively detect, quantify and monitor 

change in A. macquariensis and the associated fellfield ecosystem, it is necessary to 

characterise the fine-scale spatial variability in the system (see Bland et al. 2018; Sato and 

Lindenmayer 2018). Previously, A. macquariensis condition has been assessed using three 

approaches: a binary presence-absence of dieback (Bergstrom et al. 2015; Dickson et al. 2019); 

three broad condition classes (healthy, brown, black; Bergstrom 2013, updated 2014); or 

alternately four classes (healthy versus the damage classes: yellow, speck, and grey; Whinam 
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et al. 2014). The condition classes used previously did not consistently record percentage cover 

or identify the stage or type of dieback. For example, Whinam et al. (2014) makes no distinction 

between naturally occurring wind-scour dieback and the necrosis following the chlorosis line. 

However, the ability to understand the progression and rate of spread of pathogen driven 

dieback across the island is limited by the joint class. Separating A. macquariensis into finer-

scale condition classes, with detailed descriptions of each, would allow better quantification of 

the spatial distribution and variation in cushion condition. It would also enable a better 

understanding of the island-wide progression of dieback through the development of condition 

classes that identify the stage of dieback, and establish replicable monitoring of populations 

thereafter. 

The fine-scale response of plants to climate (Körner and Hiltbrunner 2018) means that it is also 

important to use relational and abiotic data at relevant spatial and temporal scales to identify 

relationships between plant vitality and the environment (Graae et al. 2012). This is particularly 

relevant for alpine systems, where the low-growing flora are strongly influenced by soil and 

near-ground temperatures, in contrast to the surrounding free-air macro-climate as generally 

measured by local weather stations (Körner and Hiltbrunner 2018; Lembrechts et al. 2019). 

Macquarie Island is characterised by a tree-less alpine plateau (>200 m above sea level, asl), 

where the low-growing (< 450 mm high) A. macquariensis is the dominant vascular species 

(Taylor 1955). The highly variable cushion is dormant during the colder winter period (April 

– September) and its leaves senesce (Taylor 1955), and this may reduce the effects of small 

scale winter climate variation. However, the increasingly wet winter climate may benefit 

pathogens increasing the extent of cushion dieback. Therefore, accurate seasonal microclimate 

measurements on Macquarie Island, at a scale representative of cushion conditions, are needed 

if the drivers of cushion condition are to be teased apart. 

To better understand dieback progression at a landscape scale, I test if there is a relationship 

between plant location on the island and cushion condition using a standardised quantification 

of cushion condition classes and subclasses, along with in-situ microclimate measurements. 

The support for two hypotheses that may also operate additively or synergistically, is then 

examined. Dieback severity is predicted either by (i) stress caused by above-ground 

microclimate conditions (water-stress hypothesis) or (ii) pathogen activity (pathogen 

hypothesis). If microclimate stress drives condition, A. macquariensis dieback is expected to 

increase vapour pressure deficit (VPD) and exposure to drying winds (Bergstrom et al. 2015) 

or potentially with high fine gravel content (if related to soil water holding capacity) (Whinam 
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et al. 2014). Alternatively, if dieback severity is predicted by pathogen activity then dieback is 

expected to be high at sites with fewer, less extreme cold days (Burgess et al. 2017) and high 

humidity (Huber and Gillespie 1992). Building on the coarse-scale climate and cushion 

condition approach taken in Chapter 1, this chapter uses microclimate and fine-scale cushion 

condition classes to further tease apart the drivers of dieback. The implication of the results are 

discussed in the context of the future persistence and management of this critically endangered 

keystone species under projected climate change. 

 

Materials and methods 

Study system 

The World Heritage listed Macquarie Island (54°30’S, 158°55’E) is an oceanic sub-Antarctic 

island of 123.9 km2 (~c. 34 km long, c. 5 km wide) (Fig. 1). The island is surrounded by steep 

escarpments, which rise to an undulating alpine plateau, extending between 200 and 433 m 

above sea level (asl) (Selkirk et al. 1990). Historically the local climate has been very stable, 

primarily cool (av. 4.8°C), misty (RH, 89 %, rainfall 895 mm annum-1) and windy (9.3 ms-1) 

(Selkirk et al. 1990). However, there has been a significant change in the regional climate 

during the past 40 years (Bergstrom et al. 2015), represented as an increase in sunshine hours, 

increase in average wind speeds (Bergstrom et al. 2015), and more frequent, extreme cyclonic 

events (Adams 2009). The average temperature increased to the late 1980s (Adamson et al. 

1988) when the mean warming temperatures plateaued (Pendlebury and Barnes-Keoghan 

2007). Despite a substantial increase in annual rainfall to 1080 mm year-1, the rainfall primarily 

occurs as more intense events in winter and is now more episodic (Bergstrom et al. 2015). 

These conditions have resulted in a significant increase in the evapotranspiration rate and a 

decadal reduction in plant available water during the summer growing season from 1990 to 

2008 (Bergstrom et al. 2015). 

The perennial semi-deciduous endemic Azorella macquariensis is the dominant vascular 

species on the island plateau and is found in three habitats, east-facing slopes, fellfield and 

polar deserts, and sub-dominant in mid-elevation short-grasslands (Selkirk 2012; Bricher et al. 

2013). The species ranges in form from discrete cushions through to extensive mats and is a 

major component of the iconic terraces on the island (Orchard 1989). A. macquariensis 

undergoes winter dormancy (~April – September), with senesced leaves held within the canopy 
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to decompose, before new leaves are produced for the summer growing season (October – 

March) (Taylor 1955). The cushion’s winter dormancy suggesting that the increased winter 

rainfall is of little value for growth. Within the top 2-5 cm of canopy, a compact layer of 

bryophytes and decomposing leaves occur, which is utilised by fine adventitious roots as a 

source of moisture and nutrients (Bergstrom et al. 2015). Genetic differentiation exists between 

populations and although there is no evidence of spatial genetic structure, A. macquariensis 

has higher genetic diversity than very closely related species A. selago on Marion Island (Chau 

et al. 2019). Azorella macquariensis is considered a landscape engineer and keystone species, 

because it concentrates water and carbon within its canopy, facilitates more diverse micro-

arthropod communities (Bergstrom et al. 2015) and similar to other Azorella species, facilitates 

other vascular flora species in high exposure, high elevation areas (Badano et al. 2006; le Roux 

and McGeoch 2010).  

Field survey 

Sixty-two sites were established and surveyed between December 2016 and February 2017 

across the extent of the Macquarie Island plateau (Fig. 1). The survey coinciding with the active 

summer growing season of A. macquariensis. The site locations were determined using a 

random stratified survey design using four terrain classes and eight geographic units to ensure 

the diversity of microclimates were surveyed across the island (method described in detail in 

Dickson et al. 2019). All sites contained A. macquariensis. Within each 706.86 m2 (15 m radius) 

site, six plots were stratified across representative cover and condition of A. macquariensis. 

Each plot consisted of two immediately adjacent 1 x 1m quadrats, which were photographed 

from directly above for image analysis.  

Microclimate and terrain variables 

Macquarie Island only has one permanent weather station, taking measurements at 1.5 m above 

the ground, which is considered unrepresentative of the alpine plateau because it is located at 

sea level on the northern most part of the island (Fitzgerald and Kirkpatrick 2017). However, 

accurate microclimate measurements can be achieved by deploying a fine-scale network of 

temperature data-loggers over adequate timeframes to take into account influences from terrain 

and habitat complexity (see Ashcroft and Gollan 2012; Graae et al. 2012; Körner and 

Hiltbrunner 2018). Therefore, to quantify microclimate at an appropriate scale within this 

system, data loggers (DS1923 Hygrochon Temperature & Humidity iButtons, Maxim) were 

deployed at each site between 15/12/2016 and 27/02/2017 and collected between 24/11/2017  
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Fig. 1. Location of Macquarie Island (i) and survey sites on the island (ii, black circles), with the island 

divided into three equal latitudinal regions, North (1A-C), Central (2A-C) and South (3A-C). Proportion 

of Azorella macquariensis (with standard error bars) within the classes (Healthy, Wind-scour, Dieback, 

and Recovery) in each region (1A, 2A, 3A). Subsequently, the proportion of A. macquariensis within 

each Healthy subclass (Smooth, Uneven and Agrostis) in each region (1B, 2B, 3B) and the proportion 

of A. macquariensis within each Dieback progression class (Active, Thinning and Advanced) in each 

region (1C, 2C, 3C) is presented individually. Classes and subclasses that are significantly different 

across regions (i.e. 1-3, north, central and south) are indicated on the figure by a different letter, the 

same scale is used across classes and subclasses (0 – 100 %, 10 % increments).  
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and 02/01/2018. The loggers were secured in a free-hanging plastic fob and hung in an upturned 

light grey PVC container (50 mm diameter). Three slits were cut into each side of the container 

to improve cross ventilation, while still providing shelter from direct solar radiation and 

precipitation. The container was fixed 40 mm above the ground, to replicate the approximate 

height of A. macquariensis. Where possible the data logger was located on bare ground, to 

ensure that the microclimate measured was that experienced by the cushion, not the 

microclimate created by the cushion or other vascular vegetation. Data loggers recorded air 

temperature (°C) and relative humidity (%) at high resolution, every four hours (0300, 0700, 

1100, 1500, 1900, 2100), acknowledging that cushions exposed to direct sunlight are likely to 

experience higher temperatures (Bonan 2008).  

Microclimate variables were calculated from the data logger data. Variables were chosen for 

analysis that are known to affect plant and pathogen stress and growth, including temperature 

and humidity extremes, vapour pressure deficit (Bergstrom et al. 2015) and number of freezing 

days (Burgess et al. 2017) (Table 1). Each variable was calculated separately for the summer 

growing (October – March) and winter (April – September) seasons.  

Soil pits were dug to 250 mm (approximate A. macquariensis root zone) at each site to 

characterize soil texture and gravel proportions, as potential determinants of A. macquariensis 

cover and condition. A visual estimate of the proportion of four classes of gravel was taken: 

coarse gravel (60 – 20 mm), medium gravel (20 – 6 mm), fine gravel (6 – 2 mm) and fine earth 

fraction (< 2 mm) (Sonter et al. 2000). 

Additional terrain variables that were likely to affect plant stress or growth were derived from 

the 5 x 5m Macquarie Island DEM (Brolsma 2008), including northwest and southwest wind 

shelter (Table 1). Terrain variables were derived using SAGA (Conrad et al. 2015) and the 

RSAGA package (Brenning et al. 2018). 

Condition classes  

Four Azorella macquariensis condition classes and eight subclasses were described (Table 2): 

(1) ‘healthy’ (subclasses: ‘smooth’, ‘uneven’, ‘Agrostis’); (2) ‘wind-scour’; (3) ‘dieback’ 

(subclasses: ‘brown’, ‘olive’, ‘black’, ‘ablated’, ‘dieback with Agrostis’); and (4) ‘recovery’. 

Three dieback progression classes were defined as: ‘active’ dieback (‘brown’), ‘thinning’ 

dieback (‘olive’ + ‘dieback with Agrostis’) and ‘advanced’ dieback (‘black’ + ‘ablated’) (Table 

2). Most individual cushions contain more than one condition class, subclass or progression  
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Table 1. Microclimate and terrain variables used in Azorella macquariensis condition and microclimate 

models for Macquarie Island. All microclimate variables were calculated from site data loggers for both 

the summer growing (October – March) and winter (April – September) seasons. 

Variable Abbreviation Description 

Extreme cold Coldext Mean daily temperature 5th percentile. 

Extreme hot Hotext Mean daily temperature 95th percentile. 

Extreme dry Dryext Mean daily relative humidity 5th percentile. 

Extreme humidity Humidityext Mean daily relative humidity 95th percentile. 

Vapour pressure deficit VPD Daily site temperature and relative humidity 

readings were used to calculate VPD (Pa), 

following Allen et al. (1998). 

Freezing days Freezingext Number of days with temperatures below 0ºC. 

Northwest wind shelter Wind_Shelternw Shelter from the strong northwest (310°, ±80°) 

wind. The northwest wind is the direction of the 

strongest gusts and predominant wind direction on 

the island (Adams 2009). 

Southwest wind shelter Wind_Sheltersw 

 

Shelter from the cold southwest (225°, ±80°) wind. 

Wind-scour occurs on the southwest cushion face 

at the intersection of colder and more biologically 

abrasive southwest winds (Fitzgerald and 

Kirkpatrick 2017). 

Fine gravel content Fine_Gravel Proportion of fine gravel (6 – 2 mm), as an 

indication of water holding capacity. 
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Table 2. Description of Azorella macquariensis condition classes and subclasses.  

Classes and 

subclasses 

Description Example 1. Example 2. Example 3. 

Healthy subclasses 

 Smooth Smooth green predominantly firm canopy.  

 

 

 

 

Epiphyte cover is not included. 

   
 

Uneven Highly uneven, with firm green canopy. 

 

 

 

 

 

Epiphyte cover is not included. 
   

 

Agrostis Agrostis magellanica or isolated Luzula 

crinita cover growing on healthy green 

cushion canopy, low levels of etiolation.  

Estimation of cover in this class only 

includes the area of cushion directly 

covered by A. magellanica or L. crinita. 
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Classes and 

subclasses 

Description Example 1. Example 2. Example 3. 

Wind-scour 

Wind-scour A well-known phenomenon that is 

observed throughout the range of Azorella 

species. Natural grey to black stem death 

occurring in small (< 20% of canopy) 

exposed patches, occurring on the 

southwest faces of the cushion throughout 

the year (Fitzgerald and Kirkpatrick 2017). 
   

 

Dieback subclasses 

Brown  Bright brown or yellow colouration of 

canopy. Indicating 1st-year 

leaf/canopy/stem death/senescence, but 

during the typical growing season (October 

– March). May affect all or a proportion of 

leaves present per rosette. 

Epiphyte or healthy cover not included. 
   

 

Olive Thinning of rosette density, olive green 

discolouration caused by the loss of 

healthy leaves and prevalence of liverworts 

near the surface of the canopy, patchiness 

of condition and loss of canopy turgidity/ 

firmness. 

Epiphyte cover not included. 
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Classes and 

subclasses 

Description Example 1. Example 2. Example 3. 

Dieback with 

Agrostis  

Agrostis magellanica or isolated Luzula 

crinita cover growing on cushion canopy 

with dieback (all dieback subclasses).  

Estimation of cover in this class only 

includes the area of cushion directly 

covered by A. magellanica or L. crinita. 

 
   

 

Black Black canopy indicating stem death, 

generally progressing to loss of canopy 

integrity, resulting in patchy removal of 

top leaves from wind exposure. Indicating 

2+ years post initial stem death (Whinam 

et al. 2014) and failure to emerge from 

senescence.  

Epiphyte cover not included. 
   

 

Ablated Area formerly occupied by cushions, 

clearly defined by the presence of 

characteristic uneven peat surface, relictual 

cushion root mass and occasionally bowl 

shape. Some cushion cover can remain at 

the edge. Class likely to be underestimated 

in areas of high exposure or flooding 

where all traces are removed. Indicates 3+ 

years since infection. 
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Classes and 

subclasses 

Description Example 1. Example 2. Example 3. 

Recovery 

Recovery Small very healthy (bright green) rosettes 

or cushions growing within or adjacent to 

larger dead (black) A. macquariensis 

cushions 
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class, reflecting the propensity of A. macquariensis to host epiphytes and that pathogens often 

move in a line across the cushion, at between 25 and 83 mm month-1 (Whinam et al. 2014). 

Image analysis 

Each photograph was cropped to the 1 m x 1 m quadrat and rectified to square in Adobe 

Photoshop CC 19.0 to remove small distortions prior to analysis. I delineated polygons for each 

condition subclass on each photograph in Inkscape 0.92.3 (Inkscape Project 2018) using expert 

knowledge. Unsupervised image analysis was not used because of the highly variable light 

conditions during the survey period and colour similarity amongst condition subclasses and 

associated vascular and non-vascular flora. Polygons of each subclass were subsequently 

measured using their unique RGB code in ImageJ 1.52i (Rueden et al. 2017) and calculated as 

a proportion of the total quadrat (1 m2). The total A. macquariensis cover (cover, %) was 

calculated as the sum of all cushion condition subclasses per plot and then divided by the 

number of quadrats. The proportion of each condition class per site (12 x 1 m2 quadrats) was 

calculated as the total of the class in each plot divided by cover (%). The mean (± s.e., n = 12) 

plot data was used for all subsequent cover and dieback analyses to address the data distribution 

within the highly spatially variable species. The number of cushions were not counted, as 

discrete cushions and mats can be composed of multiple individuals (Cerfonteyn et al. 2011). 

‘Healthy’ and ‘dieback’ classes were described as the sum of their individual subclasses. To 

test for a relationship between location and condition the island was divided into three equal 

latitudinal regions, northern, central, and southern.  

Statistical analysis 

Regional condition and microclimate 

To determine whether there was a relationship between the proportion of A. macquariensis 

within each cushion condition class and broad latitudinal regions on the island a non-parametric 

Kruskal-Wallis one-way analysis of variance was used. The average proportion of 

A. macquariensis within each condition class (%) was described as a function of location 

(northern, central and southern). A posthoc Dunn's test of multiple comparisons with Holm’s 

adjusted p-values (Dinno and Dinno 2017) was used to determine differences between regions 

for each condition class. The condition classes tested included the four classes, three healthy 

subclasses, and three dieback progression classes. 
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To determine if there was a significant relationship between microclimate and latitudinal 

regions, a one-way analysis of variance model (ANOVA) and post-hoc Tukey’s Honest 

Significant Difference test was used. Each of the six summer microclimate variables (Table 1) 

were tested against the three equal latitudinal regions of the island, northern central and 

southern. To meet model assumptions Vapour pressure deficit (VPD, kPa) and freezingext (days 

with temperatures below 0°C) were log-transformed, and humidityext (95th percentile of the 

mean daily relative humidity) was tested using a non-parametric Kruskal-Wallis, with a Dunn’s 

test of multiple comparisons using Holm’s adjusted p-values.  

Macroclimate 

Latitude was hypothesised to be a proxy for macro-climate by Dickson et al. (2019), although 

latitude is also correlated with elevation (r = 0.31). Elevation has a lapse rate of -0.71ºC 100 m-1 

on the island, which increases non-linearly (Tweedie and Bergstrom 2000). To determine if a 

latitudinal temperature gradient occurred independent of elevation, the relationship between 

temperature and the covariates latitude and elevation was modelled using a general linear 

model (similar to Córdova et al. (2016), i.e temp ~ lat + elev). Models were run for the different 

temperature variables that capture aspects of daily and seasonal temperature variation (i.e. the 

daily mean, T_mean; mean daily minimum, T_min; and mean daily maximum, T_max), and 

for summer (Oct – Mar) and winter (Apr – Sep). Northing was used as the measurement for 

latitude to be able to directly relate the rate of change of temperature in kilometres down the 

island. 

To test for a significant change in extreme macroclimate temperature prior to and during the 

occurrence of A. macquariensis dieback, monthly summary weather data from the Macquarie 

Island Bureau of Meteorology weather station #300004 (Bureau of Meteorology 2019), was 

evaluated between 1948 to 2018. Extreme monthly temperature (ºC) values assessed included: 

Mean number of frost days (ground temperature ≤ -1 ºC, BoM_frost), lowest monthly 

minimum (BoM_T.ex.min), mean monthly minimum (BoM_T.av.min), mean monthly 

maximum (BoM_T.av.max), and highest monthly maximum (BoM_T.ex.max). Linear 

regression was used to assess change in each continuous temperature variable over time for 

each month. To assess the BoM_frost count data over time GLMs (family = negative binomial) 

were run in the package ‘MASS’ (Ripley et al. 2019) for May – November, each month with 

more than 15 % of the years with counts greater than zero. Relative humidity data was not 
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assessed because collection instrumentation changed over the period of interest (Bergstrom et 

al. 2015).  

Island-wide models of Dieback, Wind-scour, and Recovery condition classes 

The variables used to model the relationship between in-situ microclimate variables and the 

proportion of A. macquariensis cover affected by dieback across Macquarie Island included, 

(i) variables previously suggested to stress the plants or promote pathogen virulence and extent, 

and (ii) relevant terrain variables from Dickson et al. (2019) (wind shelter and soil gravel 

content). Other potential proxies for atmospheric water, such as cloud cover and wind direction 

(moisture), were considered but would necessarily be topographically-derived and subject to 

the limitations identified in the previous Chapter.  To reduce collinearity the microclimate 

variable choice was informed by an exploratory principal component analysis (PCA, prcomp, 

in ‘stats’ package). Summer (growing season) variables included in the models represented the 

three main axes (i) freezingext, representing coldext, (ii) humidityext representing dryext (negative 

relationship), and (iii) VPD representing hotext and affecting water availability.  

The effect of microclimate on island-wide A. macquariensis dieback was modelled as the 

proportion of the Dieback (0 to 1) class as a function of (i) microclimate conditions that may 

affect pathogen activity, including freezingext and humidityext (%), (ii) variables that are likely 

to influence plant available water, including VPD (Pa), Fine_Gravel (%) and Wind_Shelternw 

(no units) and (iii) the covariate A. macquariensis cover (Cover, %). No strong non-linear 

relationships between Dieback and predictor variables were identified in preliminary analysis 

using Generalized Additive Models (GAM; family = beta, link = logit) with smoothing applied 

to each of the predictor variables (mgcv; Wood 2017). Consequently, no polynomial terms 

were included. Dieback (0,1) was modelled as a function of the six previously described 

predictor variables using a beta regression model with a logit link function (betareg; Zeileis et 

al. 2016). The variance inflation factors (VIFs) (Barton and Barton 2018) of the model were 

low (< 2.6), showing little collinearity. There was no spatial autocorrelation over the spatial 

lag of 22 km on a 34 km island (global Moran’s I, Bivand et al. 2017). 

To enable direct comparison of the direction and effect size of each predictor variable, predictor 

variables were standardised by subtracting the mean and dividing by the standard deviation. 

The response curve was plotted for each predictor variable within the surveyed range, while 

holding the remaining variables at the 50th percentile value, to explore the response of dieback 

under varying microclimate and terrain conditions. The rows of data were resampled 1000 
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times to produce bootstrapped 95 % confidence intervals around the mean using the lm.boot 

function from the 'simpleboot' in R. The figures were overlaid with the cushion dieback (%) 

recorded at each site.  

To further explore the relationship between dieback and the two significant variables within 

the beta regression dieback model, a linear regression model was run to determine if there was 

a significant difference between the slopes for the levels of cover affected by dieback for 

cushions with < 5 % dieback and those with ≥ 5 % dieback. The 5th percentile was used for 

healthy cushions, to account for erroneous records. The model was described as humidityext as 

a function of freezingext with an interaction of the binary dieback class. The humidityext 

response lines were plotted for sites with < 5 % and ≥ 5 % dieback and the recorded site values 

overlaid.  

Wind-scour and recovery condition classes had a high proportion of zeros (Recovery = 69.4 %, 

Wind-scour = 19.4 %) and model convergence was not satisfactorily achieved using zero-

inflated beta regression models. Thus, the conservative approach of modelling these data as 

presence/absence using GAMs was adopted, which provided the best fit for both response 

variables. The presence of Wind-scour was modelled as a function of the predictor variables 

freezingext (n), Wind_Sheltersw (no units), Fine_Gravel (%) and the covariate Cover (%) using 

a GAM (family = binomial, link = cloglog) with smoothing applied to each of the predictor 

variables (mgcv; Wood 2017). The same method was used to assess the effect of microclimate 

on the presence of Recovery, using the predictor variables condition subclass Black (%), 

summer VPD (Pa), Wind_Shelternw (0-1) and the covariate class Dieback (%). The estimated 

level of concurvity between individual variables (Wood 2017) was low (≤ 0.25) for Wind-scour 

model and low to moderate (≤ 0.58) for the Recovery model. No spatial autocorrelation 

occurred over distances up to 22 km (Moran’s I, Bivand et al. 2017). 

All analyses were performed using RStudio Desktop 1.2.1335 using R for Windows 3.6.0 (R 

Core Team 2019). 
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Results 

Regional variation in microclimate  

Of the six extreme (5th or 95th percentile) microclimate variables recorded during growing 

season assessed for inclusion within models, freezingext (F2,59 = 17.13, p < 0.001) and coldext 

(F2,59 = 6.50, p < 0.01) differed significantly between the three regions (Fig. 2). The number of 

southern freezingext days was significantly higher than the number of northern (p < 0.001) and 

central (p < 0.001) freezing days (Fig. 2), however, there was no significant difference between 

the north and centre. Similarly, coldext (r = -0.79 with freezingext) was lower in the south than 

both the centre and north of the island (p = 0.002, p = 0.03, respectively; Fig. 2). Mean 

microclimate statistics are presented in Table B1.1, Appendix B. 

There was a significant temperature lapse and latitudinal gradient for T_mean, T_min, and 

T_max. All three temperature variables were significantly lower at high elevation sites for all 

three time periods (annual, growing season and winter senescence season) and significantly 

colder towards the south for all variables but annual and summer T_max (Table B1.2., 

Appendix B). The goodness-of-fit was highest in winter (adj-R2 = 0.87 – 0.95) and lowest in 

the growing season (adj-R2 = 0.42 – 0.69). The elevational temperature lapse was highest for 

T_max (-1.14 ± 0.19°C 100 m-1) and lowest for T_min (-0.58 ± 0.06°C 100 m-1) over the 

growing season (Table B1.2., Appendix B). The latitudinal temperature gradient down the full 

extent of the island was highest during the summer growing season (T_mean = 0.49 ± 0.15 °C) 

and lowest during winter (T_min = 0.12 ± 0.06°C) (Table B1.2., Appendix B). 

Macroclimate 

There was a significant increase in the monthly mean minimum and maximum temperatures 

between 1948 and 2018, for five and nine of the 12 months, respectively (Table B1.3., 

Appendix B). The extreme monthly maximum temperature increased significantly over this 

period for all months except June (Table B1.3., Appendix B). Conversely, there was no 

significant change over the same time period for any of the extreme cold temperature variables 

during any month (Table B1.3., Appendix B). Across all metrics, January to May, August, and 

September were most likely to have experienced significant warming.  
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Fig. 2. Growing season (October – March) microclimate site values for three equal latitudinal regions 

across Macquarie Island, between December 2016 and February 2017 (Median with box representing 

upper and lower quartile, bars represent range). North (n = 15), central (n = 29), south (n = 18). 

Significant difference between regions denoted by different shades of grey (p = 0.05). Freezingext 

(number of days <0ºC), Dryext (daily average 5th percentile of relative humidity, %), Humidityext (daily 

average 95th percentile of relative humidity, %), Coldext (daily average 5th percentile of temperature, ºC) 

and Hotext (daily average 95th percentile of temperature, ºC).    
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Cushion condition 

(1) Healthy 

Approximately two-thirds (67.8 %, ± 3.19 s.e.) of the island-wide cushion cover was Healthy 

(Table 3, B1.4., Appendix B). The amount of Healthy cover varied significantly amongst 

regions (X2 = 14.75, df = 2, p < 0.001), with less in the north than both the centre (z = 2.46, p 

= 0.03) and south (z = -3.84, p <0.001; Fig. 1). 

Of the Healthy subclasses, only Smooth varied significantly between regions (X2 = 15.52, df = 

2, p < 0.001), where it was higher in the south than the centre (z = -2.59, p = 0.02) and north 

(z = 3.89, p < 0.001; Fig. 1, Table B1.4., Appendix B). The less frequently encountered 

subclasses, Uneven and Az_Agrostis, did not significantly vary between regions (X2 = 1.54, df 

= 2, p = 0.46; X2 = 4.20, df = 2, p = 0.12, respectively) and had a comparable mean cover 

across all regions, ranging from 0.6 – 4.6 % and 4.5 – 7.3 %, respectively (Table B1.4., 

Appendix B).  

(2) Wind-scour 

On average, 1.5 % (± 0.30 s.e.) of the island-wide cushion cover was affected by Wind-scour 

(Table 3), ranging from 0.8 % (± 0.34 s.e.) in the north to 2.9 % (± 0.89 s.e.) in the south (Fig. 

1). While a significant difference in the proportion of Wind-scour between regions was 

detected (X2 = 6.67, df = 2, p= 0.04), the post-hoc test did not identify where the difference lay. 

The presence of Wind-scour on A. macquariensis was significantly predicted by lower 

southwest wind-shelter (p = 0.021) and higher cushion cover (p = 0.002), explaining 61.2 % 

of deviance (Fig. 3a., Table B1.5., Appendix B). Wind-scour was highest in the south of the 

island, at sites with high exposure and higher cushion cover (Fig. 3a.). The number of freezing 

days had no significant effect on the presence of Wind-scour, while the likelihood of presence 

increased slightly with higher fine gravel content (Fig. 3a.).  

(3) Dieback 

Across the island almost one third (29.66 %, ± 3.08 s.e.) of cushion cover was affected by 

Dieback (Table 3). It differed significantly between the regions (X2 = 6.67, df = 2, p = 0.04), 

with more in the north than the central (z = -2.20, p = 0.03) or the south (z = 2.29, p = 0.04; 

centre also > south, z = 3.97, p = <0.001; Fig. 1). Dieback was 32 % higher in the north (47.3 % 

± 5.84) than in the south (15.2 % ± 4.62; Table 3).   
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Table 3. Total cover of Azorella macquariensis and the proportion (%) of each condition class (Healthy, 

Wind-scour, Dieback and Recovery) and dieback progression subclasses (Active, Thinning, Advanced) 

averaged across six plots at 62 sites across Macquarie Island. 

Condition class N Min. Max. Mean (± s.e.) 

Healthy (%) 62 6.0 100.0 67.76 (± 3.19) 

Wind-scour (%) 62 0 13.4 1.5 (± 0.30) 

Dieback (%) 62 0 86.9 29.7 (± 3.08) 

   Active Dieback (%) 62 0 26.9 3.0 (± 0.77) 

   Thinning Dieback (%) 62 0 54.3 13.0 (± 1.83) 

   Advanced Dieback (%) 62 0 85.6 13.7 (± 2.50) 

Recovery (%) 62 0 15.3 1.1 (± 0.38) 

Island-wide A. macquariensis cover (%) 62 0.5 88.3 41.7 (± 2.73) 
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Fig. 3. Modelled occurrence of (a.) wind-scour on Azorella macquariensis against freezing days 

(growing season days <0ºC, n), southwest wind shelter (0-1), fine gravel (%) and total cushion cover 

(%) and; (b.) A. macquariensis recovery against ‘black’ dieback subclass, VPD (average daily growing 

season vapour pressure deficit, kPa), fine gravel (%), northwest wind shelter (0-1), and dieback class 

(%) (generalised additive models with 95 % confidence intervals). Growing season defined as October 

to March, inclusive.  
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The amount of A. macquariensis affected by Dieback (%) was predicted by humidityext and 

freezingext (Pseudo-R2 = 0.27, Fig. 4, Table B1.6., Appendix B). Dieback was higher in sites 

with fewer freezingext days and higher humidityext (Fig. 4. and Fig. B1.1., Appendix B). 

Variables related to water-stress (NW wind shelter, fine gravel content, VPD) and the co-

variate A. macquariensis cover were not significant in the dieback model (Fig. 4, Table B1.6., 

Appendix B). There was an apparent threshold between low humidityext and more freezingext 

events, below which no assessed sites recorded those conditions (Fig. 5). The interaction 

between freezingext and the presence of the < 5 % dieback class was significant (Table B1.6., 

Appendix B, p = 0.002), revealing a comparatively narrow band of conditions between 

humidityext and freezingext where healthy cushions (< 5 % dieback) occurred (Fig. 5). 

Dieback progression classes: Active, Thinning, Advanced 

Active dieback affected < 3.0 % (± 0.77 s.e.) of cushion cover island-wide, highest in the centre 

(5.3 % ± 1.5 s.e.) and lowest in the south (0.9 % ± 0.47 s.e.) (Table B1.4. Appendix B, Fig. 1). 

Island-wide, over four times the cushion cover was affected by Thinning (12.96 % ±1.83 s.e.). 

Neither Active nor Thinning dieback varied significantly between regions (X2= 4.40, df = 2, p-

value = 0.11; X2 = 1.71, p-value = 0.43, df = 2 respectively; Fig. 1). Advanced dieback affected 

the most cushion cover of the three progression classes (13.72 % ± 2.50 s.e., Fig. 1, Table B1.4., 

Appendix B), differing between regions (X2 = 22.19, df = 2, p < 0.001; north > centre z = -

3.12, p < 0.01; north > south z = 4.70, p < 0.001; centre > south z = 2.17, p = 0.03; Fig. 1, 

Table B1.4., Appendix B). Advanced dieback was considerably higher in the north, increasing 

from 2.5 % (± 0.84 s.e.) cover in the south to 34.4 % (± 6.82 s.e.) in the north (Fig. 1., Table 

B1.4.). 

(4) Recovery 

Very low levels of Recovery were recorded island-wide (1.1 % ± 0.38 s.e.; Table 3). The 

proportion was nonetheless significantly different between regions (X2 = 15.76, p < 0.001, df 

= 2, Fig. 1); highest in the north (4.1 %, ± 1.29 s.e.), followed by the centre (z = -2.96, p < 

0.01) and then the south (z = 3.89, p < 0.001; Fig. 1.). 

Cushion recovery was significantly higher at sites with high proportions of Black dieback (p = 

0.02, deviance explained = 36.1 %) (Fig. 3b., Table B1.5.). While there was no significant 

effect of other predictors, response curves suggest that Recovery was also more likely to occur  
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Fig. 4. Relative effect size of correlates of Azorella macquariensis dieback, positive (to the right of zero) 

and negative (to the left). Standardised regression coefficients (±95 CI) from beta regression models, 

using growing season (Oct – Mar) microclimate and terrain variables. Significant variables indicated in 

bold (*, p < 0.05). Humidityext (average daily 95th percentile of relative humidity, %), VPD (average 

daily vapour pressure deficit, kPa) and Freezingext (number of days with temperatures <0 ºC). 
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Fig. 5. Relationship between Extreme humidity (average daily 95th percentile of relative humidity, with 

95 % confidence interval) and Freezing days (number of days < 0°C) during the growing season (Oct – 

Mar) for sites with < 5 % (black triangles) and ≥ 5 % (grey circles) Azorella macquariensis dieback. 

Generalised linear regression lines showing a significant interaction between Freezing days and sites 

with < 5 % or ≥ 5 % dieback (p = 0.002).  
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at sites with lower fine gravel content (conversely, fine earth fraction and higher vegetation 

cover) and higher shelter from strong northwest winds (Fig. 3b.). 

 

Discussion 

The microclimate model found that current A. macquariensis dieback extent was primarily 

explained by the pathogen hypothesis, where dieback was correlated with microclimate 

conditions conducive to disease outbreak (see Garret et al. 2016). Dieback extent was highest 

under a low number of freezingext days and high humidityext. This result, in combination with 

new island-wide microclimate data and the significant relationship between location and 

condition, provides a plausible explanation for the low levels of dieback in extensive southern 

populations, defining natural refugia. However, disease outbreaks require not only the 

environmental conditions to be conducive to the pathogen, but also a susceptible host and/or 

more virulent pathogen (see Garrett et al. 2016). Therefore, the synergistic effects of a warmer, 

wetter winter that favours pathogens combined with a warmer, more variable summer growing 

season that causes plant water-stress, are contributing to ongoing A. macquariensis dieback 

across Macquarie Island.  

The value and insights from detailed cushion condition classes 

The development of clearly discernible and repeatable fine-scale A. macquariensis condition 

classes has provided a more nuanced understanding of the drivers of dieback, and will also 

enable improved repeatability of population monitoring. This study separated naturally 

occurring wind-scour from ‘black’ dieback, which were both previously described under ‘grey’ 

damage by Whinam et al. (2014). The addition of active, thinning and advanced dieback 

progression classes provides a measure of temporal progression of condition describing the 

increase of dieback severity, and an estimate of time since infection (range 1 – 3+ years). This 

provides an important step forward, required to determine temporal trends and estimate the rate 

of cushion cover loss across the island.  

Two-thirds of all cushion cover was healthy, predominantly with smooth unbroken surfaces. 

However, the canopies of individual cushions were naturally variable. Historically cushions 

have had varying levels of natural unevenness (unpub.1970s slides, G. Copson), although it is 

unclear whether unevenness was exacerbated under extreme water stress, as seen prior to 2008 

(Bergstrom et al. 2015). Further work is needed to better understand this condition subclass. 
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The naturally occurring wind-scour affected very little of the cushion surface and was recorded 

at a similar level to that observed prior to disease outbreak (see Selkirk 2012). Despite not 

being related to cold temperatures, it was most prevalent toward the south of the island at sites 

exposed to the southwest winds.  

The recent decline in cushion condition was represented by five subclasses, capturing the high 

variation in cushion decline from individual cushion to island-wide scales. Active dieback is 

ongoing across all regions and at a rate similar to the comparative ‘yellow’ damage documented 

in 2010 (Whinam et al. 2014). The separation of the common ‘grey’ damage (Whinam et al. 

2014) into this study’s very rare wind-scour and most common black class, suggests that a large 

amount of pathogen dieback was already present in 2010. It is likely that cushion cover eroded 

to isolated roots and peat-patterning by wind and to a lesser extent during heavy 

rainfall/flooding events (subclass ‘ablated’), following a loss of canopy integrity from prior 

dieback, is under-represented in this study across Macquarie Island. This class is unlikely to 

persist over extended periods of time in exposed areas, which reduces the ability to estimate 

cushion cover pre-dieback. Cover-loss is typified by this process of ablation of advanced 

dieback across the island. 

This study is the first island-wide assessment of A. macquariensis recovery, first locally 

observed by Whinam et al. (2014) in the north of the island. Recovery is occurring at low levels 

across the island and is highest in the north (4.1 ± 1.29 %). Time since dieback (or presence of 

‘black’ cushions) was the best predictor of recovery, which was regularly observed in dead 

cushion material as new seedlings or surviving rosettes. This pattern of recovery indicates that 

the pathogens responsible for dieback are only active at, or just in front, of the chlorosis line, 

providing capacity for recolonization of recently affected sites and cushions. However, 

multiple ‘waves’ of dieback have been recorded across previously and currently affected sites 

and cushions (Dickson et al. 2019; Bergstrom et al. in press). Therefore, to allow 

A. macquariensis to fully recover, the period between dieback ‘waves’ will need to be long 

enough to allow cushion regrowth and recruitment. The increasing frequency of dieback events 

for multiple species under climate change, suggests that for slow-growing species such as 

A. macquariensis, there may not be the required time to recover and thus maintain their former 

distribution (see Hughes et al. 2018). 

The dieback progression classes confirm that there is a latitudinal gradient in cushion condition 

down the island, as hypothesised by Dickson et al. (2019). Old advanced dieback and 

82



associated cover loss are concentrated in the north of Macquarie Island, while active dieback 

is highest in the centre and cushions are healthiest in the south. The latitudinal distribution of 

dieback progression classes appear indicative of a temporal dieback progression down the 

island. However, dieback was recorded across the extent of the island from the first season of 

observation in 2008/09 (Bergstrom 2013, updated 2014; Bergstrom et al. 2015) and the low 

proportion of southern cushions affected by dieback has remained relatively constant over time 

(Dickson et al. 2019). This suggests that rather than spreading from a northern infection point, 

dieback progression or pathogen virulence is higher in the north under more suitable conditions. 

Correlates of dieback: determining support for the water-stress or pathogen hypothesis 

The decadal reduction in summer plant available water has been considered the primary driver 

of A. macquariensis decline, with weakened cushions more susceptible to secondary 

pathogenic infection (Bergstrom et al. 2015). However, Dickson et al. (2019) found no 

relationship between terrain variables that are likely to affect relative plant water availability 

and cushion condition. This implied either (i) that terrain variables used were unsuitable 

surrogates for water stress, or (ii) that dieback might be better currently explained by conditions 

associated with pathogen ecology. Cushion dieback is related to microclimate extremes or lack 

thereof, with more dieback at sites experiencing higher humidityext and fewer freezingext days, 

supporting the hypothesis (ii) that dieback extent is better explained by pathogen ecology. 

Variables likely to affect plant water stress (VPD – highly correlated with hotext, wind exposure 

and soil gravel content) were not important to dieback in the model. Healthy cushions (≤ 5 % 

dieback) occurred within a narrow band of freezingext and humidityext values. Healthy condition 

was maintained with high freezingext days despite very high humidityext, or conversely, 

cushions could tolerate a lower number of freezingext days when humidityext was comparatively 

low. Together these results support the pathogen hypothesis, where dieback is currently 

predicted by pathogen ecology, rather than water stress. 

High humidity is known to promote plant pathogens, while freezing days suppress them, with 

responses varying amongst taxonomic groups (Harvell et al. 2002; Chakraborty 2013; Garrett 

et al. 2016; Burgess et al. 2019). Water moulds (Oomycetes) and fungal pathogens are both 

generally promoted under warmer, wetter climates (Woods et al. 2005; Welsh et al. 2014; 

Homet et al. 2019), making them likely candidates for the pathogens affecting cushion dieback. 

However, given the large number of potential taxa identified by Bergstrom et al. (2015) it is 

also possible that dieback is caused by a change in a consortium of microbes, similar to coral 

83



black or white band disease where the microbial community change causes dieback to move in 

a band across the coral surface (see Gignoux-Wolfsohn and Vollmer 2015; Sato et al. 2016). 

Leaf saturation is important in disease outbreaks (see Huber and Gillespie 1992). This is 

currently best represented at a site-level by relative humidity (RH), as a proxy for atmospheric 

water. Macquarie Island has a very high daily mean humidity (data loggers annual RH daily 

mean 95.75 % ± 1.05; Table B1.1, Appendix B), however, there are fluctuations between and 

within sites (data logger RH full range 25.99 – 100 %). Therefore, while the range in average 

daily humidityext quantified across sites on Macquarie Island was 2.27 %, as with many other 

climate averages, this range should be interpreted in terms of its relative difference. In addition 

to representing an average around which there is variation, the range of humidityext also 

represents approximately one-fifth of observed variation in both the mean diurnal and mean 

daily minimum relative humidity (Table B1.1, Appendix B). Cumulatively over time, this 

variation in extreme humidity may well represent a biologically significant shift in humidity, 

as suggested by Fig. 4.   

Microclimate and the potential for natural refugia 

The landscape-scale distribution of dieback is, at least partially, driven by macro-scale weather 

conditions. The southern plateau is higher in elevation and regularly shrouded in cloud (Selkirk 

et al. 1990). Therefore, it was thought likely that cooler temperatures, potentially with more 

available atmospheric water, explained the extensive and healthier southern A. macquariensis 

populations (Dickson et al. 2019). The microclimate data presented here confirm that the 

southern region is significantly colder with more freezing days. There is a significant negative 

temperature gradient down the island (north-south -0.5°C), in addition to the expected -0.7ºC 

per 100 m in elevation. However, the availability of atmospheric water (represented here by 

relative humidity) was comparatively stable down the island, with the south only slightly more 

humid (dryext). This suggests that the latitudinal gradients of cushion cover and dieback 

identified by Dickson et al. (2019), and the variation in cushion condition shown here, may be 

driven by the prevalence of freezing days rather than available atmospheric water. Therefore, 

it appears that the extreme cold temperatures in the south have provided some refuge from the 

rapidly progressing and extensive dieback (see Marçais et al. 1996; Harvell et al. 2002; Burgess 

et al. 2017). Encouragingly cold refugia have been identified across 15 % of the island’s plateau, 

with lower temperatures and VPD than expected, due to the influence of topography (Baker et 
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al. unpublished)1. The average number of freezing days recorded at the Bureau of Meteorology 

weather station in the north of the island have remained constant since 1948 (Table B1.3., 

Appendix B) and maintained the historical annual mean of 99 days (Löffler 1984). It is unclear 

whether this general trend of stable cold temperatures can be extrapolated across the island to 

provide further insight into disease emergence, as there is no southern weather station. 

Regardless, under the current climate trajectory it is unclear how long these cold refugia will 

persist.  

Complexity of pathogen outbreaks and regional conditions  

Disease is unlikely to be responding in isolation or as a straightforward linear relationship with 

one or several different drivers. Rather, disease and hosts are widely recognised to have highly 

complex interactions between climate, environment and pathogen variables (Chakraborty et al. 

2000; Rohr et al. 2011). Disease outbreaks require the presence of at least two changes in the 

axes of the disease triangle (Fig. 6), whether that is a more facilitative environment for disease, 

a more susceptible host, and/or more virulent pathogen with appropriate vectors (Cahill et al. 

2008; Garrett et al. 2016). The ability of plants to resist and recover from novel pathogens can 

be compromised when faced with a combination of novel extreme events such as drought, 

flooding, and frost (Stenlid and Oliva 2016). Azorella macquariensis dieback has occurred with 

the change of at least two axes of the disease triangle, where the cushion is more susceptible 

(stressed) and the environment is more conducive to novel pathogens, where it is wetter with 

higher maximum temperatures. 

It is likely that both additive and multiplicative effects of novel climate change and related 

extreme events are driving cushion dieback, rather than simply water-stress. While it is likely 

that the extended period of summer plant water deficit conditions prior to the emergence of 

dieback reduced the cushion’s defence to disease (Bergstrom et al. 2015), cushions appeared 

to regain turgidity with more available water post-2010 (Bergstrom et al. in press). However, 

the increase in plant available water has yet to be tested. Nevertheless, the regional climate is 

still increasingly variable with a drier atmosphere (Adams 2009) and significantly higher 

maximum and extreme maximum temperatures during the growing season (Table B1.3., 

Appendix B). 

                                                 
1 Baker, D.J., Dickson, C.R., Bergstrom, D.M., Whinam, J., McGeoch, M.A., submitted. Assessing microrefugial potential for 

cold-adapted terrestrial biodiversity in the sub-Antarctic xx xx, xx. For this paper I collected the data, contributed to the study 

design and the manuscript. 
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Fig. 6. Plant and animal diseases occur as a result of an interaction between the weakened host, a 

virulent pathogen and a more conducive environment for pathogenic organisms, these interactions are 

becoming increasingly common under climate change conditions (see Garrett et al. 2016). 

  

86



Therefore, A. macquariensis, as a species susceptible to rapid water-loss (Rolland et al. 2015), 

is likely still more water-stressed under present conditions than it was under historical 

conditions. In contrast the system is increasingly saturated during winter when the cushion is 

dormant. There has been a 55 % increase in winter rainfall since the 1970s (Bergstrom et al. 

2015), and maximum temperatures are significantly warmer (Table B1.3., Appendix B). Other 

species have likewise been shown to be more susceptible to disease under a similar 

combination of novel drought and waterlogging events (Corcobado et al. 2014). It seems 

increasingly likely that the prolonged drought-like conditions may have triggered the 

emergence of disease, and the wetter, warmer winters maintain the pathogen, which continues 

to affect cushions weakened by an increasingly warm, variable growing season. 

Conclusion 

Changes in regional climate towards a system that is warmer and more variable in the summer 

growing season, and wetter and warmer in winter appears to be facilitating the ongoing dieback 

of Azorella macquariensis across Macquarie Island. These changes are both directly and 

indirectly threatening A. macquariensis’ survival, by weakening the plant and increasing the 

virulence of an associated pathogen, respectively. Similar to other ecosystems, it appears that 

the climate-driven change in the secondary biotic interaction between A. macquariensis and 

the pathogen is posing the greatest threat to the cushions (see Cahill et al. 2013; Ockendon et 

al. 2014). Cushion dieback is more prevalent under extreme humidity and reduced by freezing 

events, conditions that are known to promote or restrict fungal or water-mould pathogen 

virulence (see Chakraborty et al. 2000; Harvell et al. 2002; Garrett et al. 2016). These 

differences in microclimate across regions of the island play a key role in explaining recent and 

current patterns and trends in the decline of A. macquariensis. Under current climate conditions, 

where Macquarie Island is more variable, warmer and wetter than historically experienced, 

dieback is expected to remain persistent on the island, increasing at the slowest rate in the south, 

but potentially outpacing recovery in the long-term. The inclusion of both refined cushion 

condition classes and microclimate within an ongoing monitoring program are considered 

management priorities. The extent of A. macquariensis decline in response to a changed 

regional climate, emphasises the need to track and better manage shifting baselines and the 

potential regime shift on Macquarie Island’s fellfield plateau, and more generally across sub-

Antarctic fellfield ecosystems. Early detection of change within these remote high latitude 

systems provides the best ability to successfully address future climate-driven threats and 

maintain their unique character.   
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Appendix B: Supplementary abiotic and biotic data, and modelled response of Azorella 

macquariensis condition to microclimate and terrain variables. 

Table B1.1. The mean daily temperature (°C), relative humidity (%) and calculated vapour pressure 

deficit (Pa) statistics from data-loggers located across the 62 plateau (above 142 m asl) sites on 

Macquarie Island, presented at a yearly, growing season (October to March) and winter senescence 

season (April to September) between December 2016 and 2017. 

Microclimate variable N Min. Max. Mean (± s.d.) 

Yearly relative humidity (%)     

Daily mean  62 93.27 97.88 95.75 (± 1.05) 

Mean daily minimum  62 85. 48 94.10 89.99 (± 2.10) 

Mean daily maximum 62 98.44 99.85 99.25 (± 0.33) 

Mean daily diurnal change 62 5.65 12.96 9.25 (± 1.87) 

     Growing season relative humidity (%) 

     Daily mean  62 90.11 96.44 93.21 (± 1.52) 

     Mean daily minimum  62 78.16 90.40 85.14 (± 2.90) 

     Mean daily 5th percentile 62 81.23 92.49 87.63 (± 2.65) 

     Mean daily 95th percentile 62 97.56 99.83 99.04 (± 0.45) 

     Mean daily maximum 62 96.56 99.69 98.43 (± 0.70) 

     Mean daily diurnal change 62 8.90 20.03 13.29 (± 2.53) 

     Winter relative humidity (%) 

     Daily mean  62 94.77 99.23 97.25 (± 0.91) 

     Mean daily minimum  62 88.22 97.37 92.83 (± 1.94) 

     Mean daily 5th percentile 62 89.84 98.12 94.09 (± 1.69) 

     Mean daily 95th percentile 62 98.75 99.99 99.65 (± 0.22) 

     Mean daily maximum 62 99.02 100.00 99.75 (± 0.17) 

     Mean daily diurnal change 62 2.63 11.15 6.92 (± 1.79) 

Yearly temperature (°C) 

Daily mean  62 2.94 4.57 3.95 (± 0.39) 

Mean daily minimum  62 1.10 2.73 1.96 (± 0.34) 

Mean daily maximum 62 4.74 7.31 6.08 (± 0.56) 

Mean daily diurnal change 62 3.48 5.40 4.13 (± 0.40) 

     Growing season temperature (°C) 

     Daily mean  62 4.74 6.86 6.06 (± 0.48) 

     Number of days <0°C  62 14.00 30.00 20.03 (± 4.39) 

     Mean daily minimum  62 2.60 4.39 3.63 (± 0.38) 

     Mean daily 5th percentile 62 2.31 3.89 3.11 (± 0.35) 

     Mean daily 95th percentile 62 6.06 9.65 7.54 (± 0.82) 

     Mean daily maximum 62 6.95 10.96 8.82 (± 0.87) 

     Mean daily diurnal change 62 4.00 7.42 5.2 (± 0.76) 

   Winter temperature (°C) 
 

     Daily mean  62 1.85 3.36 2.71 (± 0.36) 

     Number of days <0°C  62 43.00 80.00 60.74 (± 8.06) 

     Mean daily minimum  62 0.20 1.75 0.97 (± 0.33) 

     Mean daily 5th percentile 62 0.35 1.90 1.12 (± 0.33) 
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Microclimate variable N Min. Max. Mean (± s.d.) 

     Mean daily 95th percentile 62 3.16 4.76 4.11 (± 0.39) 

     Mean daily maximum 62 3.42 5.27 4.47 (± 0.44) 

     Mean daily diurnal change 62 3.07 4.20 3.5 (± 0.22) 

Vapour pressure deficit (Pa) 

     Growing season daily mean 62 0.04 0.17 0.08 (± 0.03) 

     Winter daily mean 62 0.01 0.05 0.03 (± 0.01) 
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Table B1.2. Modelled relationship between temperature (°C) and northing (m) with elevation (m) for 

the annual, growing season (October – March) and winter senescence season (April – September) 

periods on Macquarie Island (MI). Significant variables in bold (p<0.05). 

 Estimate Std. Error t value p-value 
Temp. (°C) 

lapse.km-1 

Temp. (°C) 

Gradient. 

MI Extent 

Annual mean    
 

  
Intercept -25.79 9.01 -2.86 0.006   
Northing (m) 7.96E-06 2.28E-06 3.50 <0.001 0.008 (± 0.023) 0.26 (±0.08) 

Elevation (m) -7.36E-03 3.95E-04 -18.64 <0.001 -7.36 (±0.39)  
Adj. R2 = 0.8779, F(2,59) = 220.4, p <  2.2e-16 

       

Annual mean minimum  
    

Intercept -24.27 9.21 -2.64 0.011   
Northing (m) 7.01E-06 2.33E-06 3.01 0.004 0.007 (±0.023) 0.23 (±0.08) 

Elevation (m) -6.27E-03 4.03E-04 -15.54 <0.001 -6.27 (±0.40)  
Adj. R2 = 0.8337, F(2,59) = 153.9, p < 2.2e-16 

 
 

  
Annual mean maximum  

  
  

Intercept -31.48 21.64 -1.46 0.151   
Northing (m) 1.01E-05 5.47E-06 1.84 0.071 0.007 (±0.006) 0.33 (±0.18) 

Elevation (m) -9.47E-03 9.47E-04 -9.99 <0.001 -9.47 (±0.95)  
Adj. R2 = 0. 6708, F(2,59) = 63.14, p < 2.186e-15 

 
 

  
Growing season mean  

  
  

Intercept -51.38 17.96 -2.86 0.006   
Northing (m) 1.50E-05 4.54E-06 3.30 0.002 0.015 (±0.005) 0.49 (±0.15) 

Elevation (m) -7.63E-03 7.87E-04 -9.69 <0.001 -7.63 (±0.95)  
Adj. R2 = 0. 6892, F(2,59) = 68.64, p < 3.983e-16 

 
 

  
Growing season mean minimum   

  
Intercept -48.81 14.19 -3.44 0.001   
Northing (m) 1.36E-05 3.59E-06 3.80 <0.001 0.014 (±0.003) 0.45 (±0.12) 

Elevation (m) -5.83E-03 6.22E-04 -9.38 <0.001 -5.83 (±0.62)  
Adj. R2 = 0. 6888, F(2,59) = 68.5, p < 4.149e-16 

 
 

  
Growing season mean maximum   

  
Intercept -52.45 44.22 -1.19 0.240   
Northing (m) 1.62E-05 1.12E-05 1.45 0.153 0.016 (±0.011) 0.53 (±0.37) 

Elevation (m) -1.14E-02 1.94E-03 -5.88 <0.001 -11.39 (±1.9)  
Adj. R2 = 0. 4204, F(2,59) = 23.12, p < 3.854e-08 
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 Estimate Std. Error t value p-value 
Temp. (°C) 

lapse.km-1 

Temp. (°C) 

Gradient. 

MI Extent 

Winter senescence season mean  
  

Intercept -14.10 5.52 -2.56 0.013   
Northing (m) 4.68E-06 1.39E-06 3.36 0.001 0.005 (±0.001) 0.15 (±0.05) 

Elevation (m) -7.29E-03 2.42E-04 -30.16 <0.001 -7.29 (±0.24)  
Adj. R2 = 0. 9466, F(2,59) = 541.9, p < 2.2e-16 

 
 

  
Winter senescence season mean minimum   
Intercept -12.13 7.10 -1.71 0.093   
Northing (m) 3.70E-06 1.79E-06 2.06 0.043 0.004 (±0.002) 0.12 (±0.06) 

Elevation (m) -6.59E-03 3.11E-04 -21.19 <0.001 -6.59 (±0.31)  
Adj. R2 = 0. 8963, F(2,59) = 264.6,  p< 2.2e-16 

 
 

  
Winter senescence season mean maximum   
Intercept -23.88 10.80 -2.21 0.031   
Northing (m) 7.68E-06 2.73E-06 2.81 0.007 0.008 (±0.003) 0.25 (±0.09) 

Elevation (m) -8.47E-03 4.73E-04 -17.90 <0.001 -8.47 (±0.47)  
Adj. R2 = 0. 8703, F(2,59) = 198.0, p < 2.2e-16  
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Table. B1.3. Change in temperature variables at Macquarie Island Bureau of Meteorology weather station between 1948 and 2018, with the exception of 

extreme minimum 1948 to 2015. Extreme max. (highest monthly maximum), mean max. (mean monthly maximum), mean min. (mean monthly minimum), 

extreme min. (lowest monthly minimum), and Mean Days Ground ≤ -1ºC (mean monthly number of frost days, ground temperature ≤ -1 ºC). Monthly linear 

models showing the adjusted R2, F, degrees of freedom and p values for all temperature variables. With the exception of negative binomial models for the Mean 

days Ground ≤ -1ºC showing the z value, degrees of freedom and p-value. Significant variables in bold (p < 0.05). Significant increase in bold,* p < 0.05, ** p 

≤ 0.01, ***p ≤ 0.001. 

Temperature Jan Feb Mar Apr May Jun 

Extreme max. 

** 

Adj. R2 = 0.09, 

F(1,69) 7.91,  

p = 0.01 

*** 

Adj. R2 = 0.16, 

F(1,68) 14.54,  

p < 0.001 

*** 

Adj. R2 = 0.13, 

F(1,69) 11.62,  

p = 0.001 

** 

Adj. R2 = 0.08, 

F(1,69) 7.46,  

p = 0.01 

** 

Adj. R2 = 0.12, 

F(1,69) 10.22,  

p = 0.002 

 

Adj. R2 = 0.02, 

F(1,69) 2.7,  

p = 0.10 

Mean max. 

* 

Adj. R2 = 0.06, 

F(1,69) 5.34,  

p = 0.02 

*** 

Adj. R2 = 0.15, 

F(1,68) 13.22,  

p < 0.001 

** 

Adj. R2 = 0.13, 

F(1,68) 10.88,  

p = 0.002 

*** 

Adj. R2 = 0.16, 

F(1,69) 14.74,  

p < 0.001 

* 

Adj. R2 = 0.06, 

F(1,69) 5.52,  

p = 0.02 

* 

Adj. R2 = 0.06, 

F(1,69) 5.39,  

p = 0.02 

Mean min. 

 

Adj. R2 = 0.006, 

F(1,69) 1.43,  

p = 0.24 

*** 

Adj. R2 = 0.12, 

F(1,69) 10.82,  

p = 0.001 

* 

Adj. R2 = 0.06, 

F(1,68) 5.60,  

p = 0.02 

*** 

Adj. R2 = 0.13, 

F(1,69) 11.26,  

p = 0.001 

 

Adj. R2 < 0.001, 

F(1,69) 1.04,  

p = 0.31 

 

Adj. R2 = 0.01, 

F(1,69) 1.65,  

p = 0.20 

Extreme min. 

 

Adj. R2 = -0.01, 

F(1,69) 0.05, 

 p = 0.82 

 

Adj. R2 = -0.01, 

F(1,68) 0.44,  

p = 0.51 

 

Adj. R2 = 0.03, 

F(1,69) 3.12,  

p = 0.08 

 

Adj. R2 = -0.004, 

F(1,69) 0.67,  

p = 0.42 

 

Adj. R2 = -0.02, 

F(1,69) 2.53, 

 p = 0.12 

 

Adj. R2 = -0.01, 

F(1,69) 0.05,  

p = 0.83 

Mean Days 

Ground ≤ -1ºC 
na na na 

 

z = -1.58, df = 60, 

p = 0.11 

 

z = -0.47, df = 61, 

p = 0.64 

 

z = 0.51, df = 59, 

p = 0.61 
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Table B1.3. continued. 

Temperature Jul Aug Sep Oct Nov Dec 

Extreme max. 

*** 

Adj. R2 = 0.14, 

F(1,69) 12.3,  

p = 0.001 

** 

Adj. R2 = 0.10, 

F(1,69) 8.86,  

p = 0.004 

 

Adj. R2 = 0.03, 

F(1,69) 3.37,  

p = 0.07 

 

Adj. R2 = 0.01, 

F(1,69) 1.59,  

p = 0.21 

 

Adj. R2 = 0.02, 

F(1,69) 2.12,  

p = 0.15 

 

Adj. R2 = 0.03, 

F(1,69) 3.36,  

p = 0.07 

Mean max. 

 

Adj. R2 = 0.01, 

F(1,69) 1.67,  

p = 0.20 

** 

Adj. R2 = 0.08, 

F(1,69) 7.31,  

p = 0.01 

* 

Adj. R2 = 0.04, 

F(1,69) 3.91,  

p = 0.05 

** 

Adj. R2 = 0.12, 

F(1,69) 10.31,  

p = 0.002 

** 

Adj. R2 = 0.08, 

F(1,69) 7.06,  

p = 0.01 

** 

Adj. R2 = 0.09, 

F(1,69) 7.59,  

p = 0.01 

Mean min. 

 

Adj. R2 = -0.01, 

F(1,69) 0.50,  

p = 0.48 

* 

Adj. R2 = 0.06, 

F(1,69) 5.69,  

p = 0.02 

** 

Adj. R2 = 0.08, 

F(1,69) 7.02,  

p < 0.01 

 

Adj. R2 = 0.003, 

F(1,69) 1.24,  

p = 0.27 

 

Adj. R2 = 0.006, 

F(1,69) 1.43,  

p = 0.24 

 

Adj. R2 = 0.04, 

F(1,69) 3.65,  

p = 0.06 

Extreme min. 

 

Adj. R2 = -0.01, 

F(1,69) 0.05,  

p = 0.82 

 

Adj. R2 = 0.006, 

F(1,69) 1.45,  

p = 0.23 

 

Adj. R2 = 0.02, 

F(1,69) 2.18,  

p = 0.15 

 

Adj. R2 = -0.01, 

F(1,69) 0.14, 

 p = 0.71 

 

Adj. R2 = -0.01, 

F(1,69) 0.05,  

p = 0.82 

 

Adj. R2 = -0.01, 

F(1,69) 0.20, 

 p = 0.66 

Mean Days Ground 

≤ -1ºC 

 

z = -0.38, df = 61, 

p = 0.70 

 

z = -0.10, df = 61, 

p = 0.92 

 

z = -1.51, df = 61, 

p = 0.25 

 

z = -0.58, df = 57, 

p = 0.56 

 

z = 1.04, df = 60, 

p = 0..30 

na 
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Table B1.4. Azorella macquariensis summary statistics for total cover and proportion of each condition 

class, within six replicate plots at 62 sites across Macquarie Island. Condition classes presented at an 

island-wide level and within three equal latitudinal regions. 

 N Min. Max. Mean (± s.e.) 1st Q Median 3rd Q 

Total Cover 

Island-wide (m2)        

Island-wide (%) 62 0.5 88.3 41.7 (± 2.73) 24.8 40.8 59.0 

 North (%) 15 6.0 43.4 20.4 (± 2.78) 13.9 18.4 24.6 

 Central (%) 29 0.5 71.7 39.5 (± 3.12) 29.1 39.3 48.5 

 South (%) 18 37.2 83.3 62.8 (± 3.46) 52.7 65.7 72.6 

 

Healthy (Smooth + Uneven + Healthy with Agrostis cover) 

Island-wide (%) 62 6.0 100.0 67.76 (± 3.19) 51.6 67.8 89.4 

North (%) 15 6.0 97.5 47.8 (± 6.57) 28.7 41.5 65.0 

Central (%) 29 11.9 100.0 69.4 (± 4.14) 58.0 70.0 85.3 

South (%) 18 37.5 99.9 81.8 (± 4.42) 75.5 87.7 96.1 

        
     Healthy: Smooth 

     Island-wide (%) 62 1.7 95.7 58.6 (± 3.13) 41.2 60.7 79.2 

     North (%) 15 1.7 85.1 41.2 (± 6.55) 21.9 40.7 57.2 

     Central (%) 29 11.2 95.7 57.5 (± 4.00) 44.5 59.4 73.8 

     South (%) 18 32.3 94.5 75.0 (± 4.33) 69.2 79.3 88.3 

        
     Healthy: Uneven 

     Island-wide (%) 62 0.00 40.2 2.9 (± 1.11) 0.00 0.00 0.00 

     North (%) 15 0.00 30.8 2.2 (± 2.05) 0.00 0.00 0.00 

     Central (%) 29 0.00 40.2 4.6 (± 2.06) 0.00 0.00 0.00 

     South (%) 18 0.00 10.1 0.6 (± 0.56) 0.00 0.00 0.00 

        
     Healthy: with Agrostis cover 

     Island-wide (%) 62 0.0 20.6 6.3 (± 0.64) 1.9 5.5 9.3 

     North (%) 15 0.0 14.1 4.5 (± 1.18) 1.0 2.6 6.9 

     Central (%) 29 0.8 17.6 7.3 (± 0.89) 4.0 6.8 9.7 

     South (%) 18 0.5 20.6 6.3 (± 1.31) 2.0 5.1 9.2 

        
Wind-scour 

Island-wide 62 0.00 13.4 1.5 (± 0.30) 0.1 0.5 1.5 

North 15 0.00 5.1 0.8 (± 0.34) 0.0 0.3 1.2 

Central 29 0.00 4.7 0.9 (± 0.20) 0.1 0.5 1.4 

South 18 0.08 13.4 2.9 (± 0.89) 0.5 1.0 3.5 

        
 

        

101



 N Min. Max. Mean (± s.e.) 1st Q Median 3rd Q 

Dieback (Active + Thinning + Advanced) 

Island-wide 62 0.00 86.9 29.7 (± 3.08) 7.5 26.5 46.5 

North 15 1.36 86.8 47.3 (± 5.84) 33.4 51.0 63.0 

Central 29 0.00 86.9 29.5 (± 4.10) 12.0 29.4 39.9 

South 18 0.00 62.1 15.2 (± 4.62) 0.1 7.4 21.9 

        
    Active Dieback (Brown) 

     Island-wide (%) 62 0.00 26.9 3.0 (± 0.77) 0.00 0.1 2.5 

     North 15 0.00 6.7 1.1 (± 0.49) 0.00 0.0 1.4 

     Central 29 0.00 26.9 5.3 (± 1.5) 0.00 0.8 8.1 

     South 18 0.00 7.7 0.9 (± 0.47) 0.00 0.00 0.4 

        
     Thinning Dieback (Olive + Agrostis cover on dieback) 

     Island-wide (%) 62 0.00 54.3 13.0 (± 1.83) 1.1 7.7 21.8 

     North 15 0.00 52.1 11.8 (± 3.7) 2.2 4.9 17.7 

     Central 29 0.00 47.4 14.2 (± 2.5) 1.6 12.7 23.0 

     South 18 0.00 54.3 11.8 (± 3.87) 0.1 6.4 16.9 

        
               Olive 

               Island-wide (%) 62 0.00 51.6 10.8 (± 1.62) 0.2 4.8 18.1 

               North 15 0.00 51.6 10.2 (± 3.81) 0.0 2.2 16.6 

               Central 29 0.00 37.6 11.6 (± 2.18) 0.8 11.2 19.5 

               South 18 0.00 44.9 10.0 (± 3.11) 0.1 5.5 15.2 

        
               Agrostis cover on dieback 

               Island-wide (%) 62 0.00 11.6 2.2 (± 0.38) .00 1.2 2.7 

               North 15 0.00 10.7 1.7 (±  0.70) 0.00 1.1 2.2 

               Central 29 0.00 10.7 2.7 (±  0.53) 0.32 2.0 3.4 

               South 18 0.00 11.6 1.9 (±  0.83) 0.00 0.3 1.4 

        
     Advanced Dieback (Black + Ablated) 

     Island-wide (%) 62 0.00 85.6 13.7 (± 2.50) 0.7 4.7 16.4 

     North 15 1.3 85.6 34.4 (± 6.82) 12.8 34.6 55.1 

     Central 29 0.00 43.8 10.0 (± 2.39) 1.2 3.7 11.9 

     South 18 0.00 12.4 2.5 (± 0.84) 0.00 0.7 3.1 

        
               Black 

     Island-wide (%) 62 0.00 53.6 9.7 (± 1.91) 0.00 2.1 12.3 

               North 15 0.27 55.6 23.9 (± 5.55) 3.88 16.5 43.8 

               Central 29 0.00 33.6 6.9 (± 1.87) 0.00 1.8 8.6 

               South 18 0.00 12.4 2.4 (± 0.84) 0.00 0.2 3.0 
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 N Min. Max. Mean (± s.e.) 1st Q Median 3rd Q 

Advanced Dieback continued. 

               Ablated 

     Island-wide (%) 62 0.00 50.5 4.0 (± 1.18) 0.00 0.0 2.3 

               North 15 0.00 50.5 10.5 (± 4.11) 0.00 1.7 10.4 

               Central 29 0.00 17.3 3.1 (± 0.97) 0.00 0.5 4.2 

               South 18 0.00 1.4 0.2 (± 0.09) 0.00 0.0 0.00 

        
Recovery 

Island-wide 62 0.00 15.3 1.1 (± 0.38) 0.00 0.00 0.3 

North 15 0.00 15.3 4.1 (± 1.29) 0.00 1.8 7.1 

Central 29 0.00 3.0 0.3 (± 0.11) 0.00 0.00 0.3 

South 18 0.00 0.2 0.02 (± 0.01) 0.00 0.00 0.00 
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Table B1.5. Relationship between summer growing season (Oct – Mar) microclimate and terrain 

variables and (a) the presence of wind-scour on Azorella macquariensis and, (b.) the presence of A. 

macquariensis recovery. Generalised additive models showing the estimated degrees of freedom (edf), 

Red df, and X2 for predictor variables. Significant variables in bold (p < 0.05). 

 edf Ref df X2 p 

     

a) Wind-scour 

Azorella cover (m2) 1 1 9.415 0.002 

SW wind-shelter (0-1) 1 1 5.365 0.021 

Freezingext days (n) 2.03 2.50 0.411 0.840 

Fine gravel (%) 2.19 2.77 1.618 0.612 

R-sq.(adj) =  0.557   Deviance explained = 61.2% 

-REML = 13.968, Scale est. = 1, n = 62 

 
  

b)  Recovery 

Black dieback subclass (%) 1 1 5.104 0.024 

Vapour pressure deficit (VPD, kPa) 2.32 2.88 1.411 0.597 

Fine gravel content (%) 1 1 1.904 0.168 

NW wind-shelter (0  - 1) 1 1 0.561 0.454 

Dieback class (%) 1 1 0.569 0.451 

R-sq.(adj) =  0.343   Deviance explained = 36.1% 

-REML = 28.106, Scale est. = 1, n = 62 
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Table B1.6. Relationship between growing season (Oct – Mar) microclimate and terrain variables and 

the proportion of Azorella macquariensis with dieback (%). Beta regression models showing the 

estimated coefficients with standard error and Wald’s z-value for predictor variables. Relationship 

between mean growing season humidityext (mean daily 95th percentile of relative humidity, %) and 

freezingext (days < 0ºC) at low (< 5 %) and high (≥ 5 %) dieback, general linear model showing estimated 

coefficients with standard error and t-value for predictor variables. Significant variables in bold (p < 

0.05). 

Variable 
Estimated 

coefficient 
Std. Error z p 

     

a) Azorella dieback  

Intercept -0.92 0.13 -6.93 <0.000 

Humidityext (%) 0.50 0.20 2.46 0.014 

Freezingext (n) -0.38 0.16 -2.40 0.017 

Fine Gravel (%) -0.22 0.14 -1.57 0.118 

Vapour pressure deficit (VPD, kPa) 0.17 0.20 0.85 0.396 

Azorella cover (%) -0.14 0.14 -1.01 0.312 

NW Wind shelter -0.01 0.14 -0.04 0.966 

     

b) Humidity     

 Est. coef. s.e. t p 

Intercept 96.76 0.44 220.84 <0.001 

Freezingext (n) 0.09 0.02 4.81 <0.001 

Dieback < 5 % 1.63 0.51 3.18 0.002 

Freezingext (n) : Dieback < 5 % -0.06 0.02 -2.36 0.022 

Adj. R2 = 0. 3591, F(3,58)= 12.39, p < 2.275e-06 
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Fig. B1.1. Mean modelled Azorella macquariensis dieback as a proportion of total cushion cover (%) (bootstrapped 95 % confidence interval) over: (a) 

Freezingext (days <0ºC), (b) Humidityext (daily mean 95th percentile of relative humidity, %), (c) Cushion cover (%), (d) VPD (mean daily vapour pressure 

deficit, kPa), (e) NW Wind-shelter (no units), and (f) Fine gravel content (%). All Figs over-laid with the recorded A. macquariensis dieback.  
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Chapter 3 

 

Understanding ecosystem change using qualitative modelling: 

 sub-Antarctic fellfield on Macquarie Island 
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Introduction 

Global environmental change is affecting the distribution of biodiversity across the planet (Pecl 

et al. 2017). Climate change has now been observed to alter biotic interactions (Tylianakis et 

al. 2008; Ockendon et al. 2014) and drive species range shifts (Chen et al. 2011; Pecl et al. 

2017), leading to the formation of novel communities (le Roux and McGeoch 2008a). Large-

scale ecological changes in response to environmental change, have been linked to the effects 

of climate change through either the loss of a dominant species or the effects across multiple 

species (Harris et al. 2018). Ecological regime shifts occur when a system moves from one 

system state to another (Scheffer and Carpenter 2003). The climate drivers of declines in 

species and communities are variable and often specific to the system. They can range from 

long-term climate presses (e.g. steady increase in temperature or rainfall) to short-term extreme 

event climate pulses (e.g. storms, wildfire), or a most often a combination of both (Harris et al. 

2018). Biotic interactions may help to buffer both the direct and indirect effects of climate 

change by creating a differential response across the community, thus providing a 

compensatory mechanism and thereby improving the ecosystem’s resilience to change (Suttle 

et al. 2007; Valiente-Banuet et al. 2015; Losapio and Schöb 2017). Islands may be particularly 

affected by the loss of individual plant species from the effects of climate change, as they often 

have less functional redundancy (Harter et al. 2015). Therefore, on islands, the loss of a single 

species can disproportionally affect ecological structure, function and biotic interactions 

(Harter et al. 2015). In particular, the loss of species that have a disproportionate effects on the 

ecosystem function (keystone species), may trigger substantial change to a system resulting in 

an ecological regime shift. 

Regime shifts, defined as a shift from one stable state to another (Scheffer and Carpenter 2003), 

are hard to predict and may occur as a slow transition with the potential for recovery (Hughes 

et al. 2013), or as a rapid irreversible transition (Scheffer and Carpenter 2003; Ratajczak et al. 

2017). Ecosystem collapse describes the endpoint of a slow or rapid irreversible ecosystem 

transition, and is defined as a system exceeding one or more bounded thresholds for which it 

is characterised (Keith et al. 2013; Bland et al. 2018; Sato and Lindenmayer 2018). 

Predominantly used in the context of the IUCN’s Red List for Ecosystems (RLE), the term 

ecosystem collapse is used to express the irreversible loss of an ecosystem’s character and 

associated ecosystem function in response to individual or series of threats (Keith et al. 2013; 

Bland et al. 2018; Sato and Lindenmayer 2018). However, identifying ecological thresholds 
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and determining the rate of regime shifts, and the ultimate ecosystem collapse, is challenging, 

as they are determined by complex biotic interactions with multiple drivers (Petraitis 2013). 

The start of the first climate-driven, landscape-scale regime shift in the sub-Antarctic region, 

occurred with the contemporary island-wide dieback of the keystone endemic, Azorella 

macquariensis Orchard (Macquarie cushions, Apiaceae), and associated bryophytes on 

Macquarie Island (Whinam et al. 2014; Bergstrom et al. 2015). The island-wide dieback is on-

going, continuing to affect approximately a third of cushion cover on the island since it was 

first observed in 2008/09 (Dickson et al. 2019). In areas of extensive dieback, the loss of the 

keystone cushion is thought to be causing localised ecosystem collapse, with substantial 

denuding in some areas on the fellfield (Hoffmann et al. 2019; Bergstrom et al. in press). 

Dieback is hypothesised to be triggered and driven by the pathogenic infection of cushions 

weakened by a changed, more variable regional climate, i.e. characterised by higher 

evapotranspiration rates and less summer plant available water up to 2008 (Bergstrom et al. 

2015). Though the system is no longer as visibly water-stressed, with cushions regaining 

turgidity and some recovery occurring, dieback continues under increasingly large pulses of 

rainfall and warming regional climate (Chapter 2). While the pathogen/s remains unidentified, 

10 major groups of fungal, bacterial and oomycete taxa have been found in association with A. 

macquariensis dieback (Bergstrom et al. 2015).  

As a keystone species, which facilitates biotic diversity and effects landform process 

(Bergstrom et al. 2015), the substantial reduction of cover is likely to have a large negative 

effect on biotic interactions important for ecosystem function. The loss of interactions and 

associated feedbacks on the A. macquariensis-dominated fellfield would reduce biotic 

complexity, and in turn negatively affect its resilience to climate change. Despite A. 

macquariensis demography and the surrounding fellfield ecosystem ecology being reasonably 

well understood (Taylor 1955a; Taylor 1955b; Ashton and Gill 1965; Selkirk et al. 1988; 

Selkirk et al. 1990; Bergstrom et al. 1997; Selkirk 2012; Bricher et al. 2013; Selkirk-Bell and 

Selkirk 2013; Whinam et al. 2014; Bergstrom et al. 2015; Dickson et al. 2019), the interactions 

in the system have not been well quantified. Therefore, currently ecosystem interactions and 

the mechanisms hypothesised to be driving ecosystem collapse on the island are untested, and 

subsequently the response of the system as a whole to climate change is poorly understood. 

In systems where the direction of the interactions between different components are known, it 

is possible to use qualitative data to (i) make predictions about the types of responses and (ii) 
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subsequently test ecosystem response to different press perturbations (defined here as ongoing 

disturbances) (Ramsey and Veltman 2005; Raymond et al. 2011; Melbourne-Thomas et al. 

2012; Marzloff et al. 2016; Sobocinski et al. 2018). This simulation-approach enables 

exploration of competing hypotheses about multiple threats in the ecosystem, by defining the 

probability of negative consequences across multiple model realisations. The Macquarie Island 

fellfield provides a good system to examine complex interactions in response to climate change 

(see Harter et al. 2015), because similar to other sub-Antarctic Islands its changing climate is 

well documented, and it has low biological diversity and comparatively low human disturbance 

(Selkirk et al. 1990; Bergstrom and Chown 1999). 

Here the major abiotic and biotic interactions in the fellfield ecosystem of Macquarie Island 

are characterised and tested using qualitative and iterative system modelling methods. First, a 

qualitative network model (QNM) is used to (i) identify the interactions that have the largest 

impact on the keystone species A. macquariensis, and to (ii) predict alternative outcomes 

should current climate conditions be maintained and the island-wide A. macquariensis dieback 

continue unchecked. Second, a mechanistic state-transition diagram for A. macquariensis 

condition is then constructed using the outcome of the previous step, and in combination with 

empirical evidence on the system and the interactions within it. Together these models enable 

a structured and more precise understanding of the complex sets of interactions and responses 

of the ecosystem’s keystone species to current and predicted environmental change. Here, use 

of these models enables a suite of system-wide hypotheses to be constructed for future testing. 

The results are used to identify research and monitoring priorities for understanding and early 

detection of further changes in the nature and functioning of the fellfield ecosystem on 

Macquarie Island. 

 

Study system 

Macquarie Island is a small (123.9 km2), remote sub-Antarctic island (158°55'E; 54°30'S). The 

flora and fauna of the oceanic island are adapted to historically stable, cool, wet and misty 

conditions, regulated by its location and rectangular shape (c.34 km by c. 5km long) (Selkirk 

et al. 1990). Over the past 40 years the regional climate has changed, resulting in a higher 

evapotranspiration rate from an increase in summer wind speed, sunshine hours (Bergstrom et 

al. 2015), against a drier, stormier atmosphere (Adams 2009). During this period, rainfall on 

the island has increased by 30%. However, rainfall is more variable, falling in larger events, 
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predominantly in the winter and saturating the peat soils (Scott and Kirkpatrick 2013; 

Bergstrom et al. 2015). 

The island is characterised by low, highly undulating alpine plateau, ranging from 200 – 416 

m above sea level (asl). The exposed mid to high plateau is dominated by a sparse fellfield 

ecosystem comprised of bryophytes and a low diversity of vascular plants. The ecosystem 

graduates from sparse fellfield to short-grasslands at lower elevation. The dominant fellfield 

cushion plant, A. macquariensis, with a mean cover of 47% (range 0 – 98%), is one of only 18 

vascular plant species on the fellfield (Selkirk 2012). The cushion form and extent is highly 

variable, dependent on-site conditions, forming extensive mats in the south of the island and is 

a major component of Macquarie Island’s iconic terraces (Orchard 1989; Selkirk 2012; Bricher 

et al. 2013). The cushion is particularly susceptible to water loss during its active summer 

growing season (Rolland et al. 2015) and has a winter dormancy period from ~April when 

leaves senesce before new leaves are produced in spring (Aug-Oct) (Taylor 1955a). The 

senesced leaves are held within the canopy of the cushion, forming a moist humic compost 

with the interstitial bryophytes, which provides an important source of available water and 

nutrients (Bergstrom et al. 2015). 

Azorella macquariensis is considered a keystone species because, similar to other Azorella 

species, it facilitates a higher diversity and abundance of micro-arthropods and concentrates 

carbon through the deposition of humic material within its canopy (Bergstrom et al. 2015). The 

contribution of soil organic carbon and subsequent soil development is particularly important 

in the fellfield ecosystem, which has the lowest carbon accumulation rate on the island (Wilson 

et al. 2019). More generally, Azorella species have been shown to facilitate the diversity and 

abundance of vascular plants at moderate to high elevations (le Roux and McGeoch 2008b; 

Raath-Krüger et al. 2019) and micro-arthropods (Barendse and Chown 2001; Hugo et al. 2004). 

Facilitation of other species occurs through the amelioration of microclimate conditions, by 

buffering temperature extremes (Nyakatya and McGeoch 2008) and soil moisture content, 

while also improving nutrient availability (Anthelme et al. 2012).  
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Modelling Methods 

Qualitative network modelling (QNM) is a method that can be used to assess the relative effect 

of different ecosystem components on each other (Levins 1974; Dambacher et al. 2003; 

Ramsey and Veltman 2005; Raymond et al. 2011). It provides a useful tool for analysing 

complex systems where the interaction (edge) direction or mechanism between components 

(nodes) is known, but the interaction strengths have not been quantified (Dambacher et al. 2003; 

Raymond et al. 2011; Melbourne-Thomas et al. 2012). The ability to focus on the model 

structure allows the exploration of direct and indirect effects from an extended perturbation (or 

‘press’) in the system, including unexpected results from indirect effects (Raymond et al. 2011). 

The predator-prey (Lotka-Volterra) system of differential equations is used to describe the 

dynamics of n interacting nodes (normally species) and to create a community interaction 

matrix (Raymond et al. 2011). The effect of different perturbations can then be estimated by 

applying an extended press to the resultant negative inverse community matrix, when at 

equilibrium (Raymond et al. 2011). However, because natural systems are complex, there is 

regularly some ambiguity in the true model configuration. Qualitative network analysis (QNA), 

applied to the to the QNM using the R software package QPress (Melbourne-Thomas et al. 

2012), was therefore used to advance understanding of the system by (1) describing the inverse 

community matrix from the user-defined model, (2) simulating the matrix using randomly 

generated edge (interaction) weights, then checking the resultant models for (3) numeric 

stability and (4) ecological validity against pre-described validation criteria, before (5) 

applying a press perturbation to the models, and aggregating the results to provide a 

proportional estimate of the response (Raymond et al. 2011; Melbourne-Thomas et al. 2012). 

Qualitative network analysis (QNA) has been previously used to evaluate the complex response 

of a variety of ecosystems to management and threat perturbation, such as, drivers of survival 

decline in Salish Sea salmon populations (Sobocinski et al. 2018), management interventions 

for the Tasmanian reef ecosystems (Marzloff et al. 2016), and pest eradication strategies for 

the Macquarie Island terrestrial ecosystem (Raymond et al. 2011). QNA is used here to explore 

the complex interactions and response of the Macquarie Island fellfield ecosystem and its 

keystone species to current and projected climate change and associated indirect threats. This 

modelling technique provides the most suitable option because despite A. macquariensis and 

the fellfield ecosystem being comparatively well understood (see above), interaction strengths 

are unquantified and its response to environmental change is untested.  
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The following workflow was used to characterise and refine the qualitative network model 

(Melbourne-Thomas et al. 2012) for the Azorella-centred fellfield ecosystem (ACFE) so that it 

could be used to explore a number of hypotheses: (a) develop a conceptual model of healthy 

ACFE, which occurs under historical cool, misty and windy conditions (see Selkirk et al. 1990) 

and subsequent sub-models (healthy, active and advanced dieback), (b) analyse these three sub-

models using qualitative network analysis to describe alternate states in the condition of the 

species, (c) gain insight on the ACFE response to defined scenarios (changes in the climate, 

pathogens, epiphyte density and a decline cushion condition) via further analysis, (d) use the 

results from analysis to revise the sub-models, and (e) use the revised models to interpret the 

response of the ACFE to the defined scenarios (Fig. 1).  

i. Azorella-centred fellfield ecosystem conceptual model and sub-models 

A conceptual model of the Azorella-centred fellfield ecosystem (ACFE) was assembled as a 

signed-graph (following Melbourne-Thomas et al. 2012) (Fig. 1a), with the assumption of A. 

macquariensis populations in a historical healthy condition. The model was limited to 

encompass only the fellfield ecosystem where A. macquariensis is the dominant vascular 

species. Therefore, the model excludes areas of short-grassland at lower elevations. The ‘nodes’ 

of the model represent biotic and abiotic ecosystem components, and ‘edges’ represent the 

interactions between those nodes or ecosystem components (following Melbourne-Thomas et 

al. 2012). Evidence from published literature and expert knowledge was used to determine the 

main components of the ACFE. 

The draft ACFE model was reviewed at a workshop of relevant experts including active 

researchers from four Australian universities and four government agencies, encompassing 

expertise in Azorella biology and ecology, Macquarie Island ecology and geomorphology, 

plant physiology, and ecological modelling (see thesis acknowledgements for a full list of 

workshop participants). Experts discussed the potential interactions that occurred in the 

fellfield ecosystem, which had a degree of support in the literature (see Appendix C1 for a full 

list of considered interactions and associated literature). These interactions were subsequently 

classified as ‘major’ (i.e. the interaction had a significant impact on another node, that if 

excluded would change the system in its absence) or ‘minor’ (i.e. had no effect on the system 

if removed). Minor interactions were not included in the model. 

The final Macquarie Island ACFE consisted of ten nodes, four abiotic and six biotic, associated 

with what were considered major interactions on the fellfield (Table 1, Fig. 2a, Table C1.1).
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Fig. 1. Workflow for the development of the Macquarie Island Azorella-centred fellfield ecosystem (ACFE) qualitative network model and its subsequent 

analysis, insights gained, refinement and application. 
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Table 1. Major abiotic and biotic interactions within the Azorella-centred fellfield ecosystem (ACFE) 

on Macquarie Island under current climate conditions, determined from published literature and expert 

input. Major interactions are described as necessary to maintain current function. Abbreviated model 

nodes: Az: Azorella macquariensis; Bryo: bryophytes; EpiAgr: epiphytic monocots on A. 

macquariensis, predominantly Agrostis magellanica and Luzula crinita; EpiBry: interstitial bryophyte 

species within A. macquariensis canopy; MicAr: microarthropod species; MClim: current variable 

microclimate; Path: pathogens causing disease in A. macquariensis; Soil: water-holding capacity of soil; 

SOM: soil-organic matter; and, Texture: soil gravel content. Model abbreviations: 1: initial ACFE, (a) 

healthy, (b) active dieback, (c) advanced dieback. 2H: High elevation ACFE, (a) healthy, (b) advanced 

dieback. 2M: Moderate elevation ACFE, (a) healthy, (b) advanced dieback. Directional relationship 

indicated by symbols, positive () and negative ().  

Interaction Description Models Reference 

Az  EpiAgr Azorella species facilitate 

epiphytes under abiotic 

stress;  

and under dieback. 

1 a, b, c 

2H a  

 

Bonanomi et al. (2016), 

le Roux and McGeoch (2010), 

le Roux et al. (2013);  

Whinam et al. (2014) 

Az  EpiBry Provision of habitat, 

amelioration of abiotic 

conditions. 

1 a, b 

2H a,  

2M a 

Bergstrom et al. (2015) 

Az  MicAr Azorella ameliorates 

abiotic conditions for 

some species. 

1 a, b 

2H a,  

2M a 

Barendse and Chown (2001),  

Hugo et al. (2004), 

Bergstrom et al. (2015) 

Az  SOM A. macquariensis increases 

soil organic matter 

(carbon). 

1 a, b 

2H a,  

2M a 

Bergstrom et al. (2015), 

Anthelme et al. (2012) 

Bryo  Az Neighbouring bryophytes 

ameliorate abiotic 

conditions, reducing water 

loss. 

1 a, b, c 

2H a, b 

2M a, b 

Jagerbrand et al. (2011) 

EpiAgr  Az When climate is warm or 

dieback is present 

epiphytes increase and 

cushion health decreases. 

1 b, c,  

2M a, b 

le Roux et al. (2005), 

Whinam et al. (2014) 

EpiBry  Az Maintains canopy integrity 

and cushion health. 

1 a, b 

2H a,  

2M a 

Bergstrom et al. (2015) 

 

MicAr Soil At healthy levels, 

increases soil development 

and beneficial soil 

properties. 

1 a, b, c 

2H a, b 

2M a, b 

Parisi et al. (2005),  

Stork and Eggleton (1992), 

Smith and Steenkamp (1990) 

MClim  Az Azorella condition 

declines under warming 

and rainfall variability. 

1 a, b, c 

2H a, b 

2M a, b 

le Roux et al. (2005), 

Rolland et al. (2015), 

Bergstrom et al. (2015) 
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Interaction Description Models Reference 

MClim  

Bryo 

Bryophyte health 

decreases under current 

variable climate. 

1 a, b, c 

2H a, b 

2M a, b 

Bergstrom et al. (2015) 

 

MClim  

EpiAgr 

As climate warms, 

epiphytic Agrostis 

magellanica is 

advantaged. 

1 a, b, c 

2H a, b 

2M a, b 

le Roux and McGeoch 

(2008a), 

le Roux et al. (2005)  

 

MClim  

EpiBry 

Bryophyte health 

decreases under current 

variable climate. 

1 a, b, c 

2H a, b 

2M a, b 

Bergstrom et al. (2015), 

Gignac (2011) 

MClim  

MicAr 

Climate variability and 

periodic drying negatively 

affects some species. 

1 a, b, c 

2H a, b 

2M a, b 

McGeoch et al. (2006), 

Smith and Steenkamp (1990) 

MClim  Path Disease has increased 

under the current climate. 

1 a, b, c 

2H a, b 

2M a, b 

Bergstrom et al. (2015), 

Whinam et al. (2014), 

Dickson et al. (2019) 

Path  Az Disease reduces Azorella 

cover. 

1 a, b, c 

2H a, b 

2M a, b 

Bergstrom et al. (2015), 

Whinam et al. (2014), 

Dickson et al. (2019) 

Soil  Path Higher pathogen presence 

in soils with higher water 

holding capacity. 

1 a, b, c Expert input 

SOM  Soil SOM increases water 

holding capacity of soil. 

1 a, b, c 

2H a, b 

2M a, b 

Sonter et al. (2000) 

Texture  

Soil 

Increasing gravel content 

reduces water holding 

capacity of soil. 

1 a, b, c 

2H a, b 

2M a, b 

Sonter et al. (2000) 
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Fig. 2. Macquarie Island Azorella-centred fellfield ecosystem (ACFE) qualitative network model. 

ACFE sub-models shown for the three major Azorella macquariensis condition classes, healthy (a., 

primary model reviewed at workshop), active dieback (b.) and advanced dieback (c.). Interaction 

changes between condition models a. to b., and b. to c. are shown with the use of bold lines (insertion 

of interactions) and dotted lines (removal of interactions). Node abbreviations: Microclimate represents 

current climate conditions; Soil: water-holding capacity; Texture: gravel content; SOM; soil organic 

matter; Epiphyte Agrostis: includes Agrostis magellanica and Luzula crinita; all other nodes as 

presented. Only major interactions are included, directional positive (), directional negative (), 

and self-limiting feedback loops ( ). 
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Nodes represent biotic (taxonomic groups) or abiotic conditions unless otherwise specified. 

The ACFE is presented as a digraph (i.e. directed graph) using Dia (0.97.2) software, depicting 

positive (), negative () and self-limiting interactions ( ) (Fig. 2a). The ‘healthy’ ACFE 

was constructed as relevant to the historical weather conditions (MClim) that were consistently 

cool, misty, and windy (Selkirk et al. 1990). The Epiphytic Agrostis (EpiAgr) node represents 

the dominant vascular epiphytes of A. macquariensis, specifically the native graminoids Ag. 

magellanica (grass) and Luzula crinita (sedge). 

The type of interaction (i.e. major/minor or positive/negative) can vary depending on assumed 

ecosystem state, for example between healthy cushions or cushions with advanced dieback. 

Therefore in addition to the ‘healthy’ ACFE model (Fig. 2a), two other sub-models (Fig. 1b) 

were specified to represent the two other main A. macquariensis condition classes, ‘active 

dieback’ (Fig. 2b) and ‘advanced dieback’ (Fig. 2c), as defined in Chapter 2. The number of 

interactions between different nodes of the ACFE were hypothesised and therefore set to 

decrease as cushion condition declined, supported by published literature and expert judgement. 

The active and advanced dieback ACFE sub-models are also presented as digraphs (Fig. 2).  

It was hypothesised that the largest impact on A. macquariensis condition would occur under  

(i) increased pathogen activity (Chapter 2), followed by (ii) continued change of microclimate 

conditions under the current climate trajectory, which are thought to both stress 

A. macquariensis (Whinam et al. 2014; Bergstrom et al. 2015) and promote the pathogen 

(Chapter 2). It was expected that areas of advanced dieback would be least able to maintain the 

facilitative interactions from A. macquariensis and hence support pre-perturbation biotic 

processes and ecosystem function. In contrast, the native grass Ag. magellanica was expected 

to increase under the current climate change trajectory (le Roux and McGeoch 2008a), 

represented as higher temperatures and more episodic rainfall. This increase in Ag. magellanica 

cover was expected to negatively affect A. macquariensis, by causing higher cushion stem 

death from increased shading (see le Roux et al. 2005). 

ii. Qualitative network analysis 

Qualitative network analysis (QNA) was used to investigate the response of the three ACFE 

sub-models (digraphs, Fig. 2) representing healthy cushions, cushion with active and advanced 

dieback to changes in the climate, the unknown pathogens, epiphyte density and a decline in 

A. macquariensis condition (see Raymond et al. 2011; Melbourne-Thomas et al. 2012; 

Marzloff et al. 2016). Analysis was conducted in the R software package QPress (Melbourne-
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Thomas et al. 2012) to explore the ACFE’s resilience to foreseeable change and gain an 

understanding of key drivers of future change.  

Each ACFE sub-model (healthy, active dieback, and advanced dieback; Fig. 2) digraph were 

described as a signed community matrix. QPress interprets digraphs as community matrices, 

which are simulated multiple times based on randomly generated edge weights of the same 

sign for non-zero nodes (between 0.01 and 1), including self-limitation effects for all nodes 

between -1 and -0.25 (Raymond et al. 2011). The resultant matrices are retained if they are 

numerically stable (i.e. have a stable equilibrium) based on the matrix’s eigenvalues and are 

ecologically valid, i.e. respond in a predetermined way to a well understood perturbation 

(Melbourne-Thomas et al. 2012). The stable models are then used to determine the proportion 

of positive and negative responses of the model nodes to described press perturbations within 

the system, providing a measure of uncertainty. QPress allows the exploration of uncertainty 

within the network under different change scenarios (press perturbations) and under different 

assumptions about interactions in the ecosystem. 

Each matrix was then simulated 5000 times, using randomised edge weights to generate a suite 

of alternate models (inverse community matrices) (Melbourne-Thomas et al. 2012; Marzloff et 

al. 2016; Sobocinski et al. 2018). Only numerically stable models that were consistent with 

ecological validation criteria were retained. The retained models were then used to assess the 

response of the ACFE to perturbations with unknown responses (Raymond et al. 2011; 

Melbourne-Thomas et al. 2012). The proportional response of each node in the model to 

different press perturbations was defined by the cumulative response of the alternate models 

(Raymond et al. 2011; Melbourne-Thomas et al. 2012). Positive press perturbations are defined 

as a sustained (continuous) increase in the specified node. 

The hypothesised ACFE sub-model response (above) were tested using QNA for five positive 

press perturbations, herein referred to as scenarios. Scenarios included, (i) a climate trajectory 

of higher wind speed, increased sunshine hours, higher but more variable precipitation 

(Bergstrom et al. 2015) and higher maximum temperatures (Chapter 2) (MClim), (ii) higher 

pathogen activity (Path), (iii) higher cover of Epiphytic Agrostis (EpiAgr), (iv) MClim+Path, 

and (v) Azorella recovery (Azorella). The response of each node to each scenario within the 

three sub-models is displayed using a colour scale, from positive (red) to negative (blue) 

(following Marzloff et al. 2016). Those responses that were less than 80% positive or negative 
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were considered uncertain (grey). All analyses were performed using RStudio Desktop 

1.2.1335 using R for Windows 3.5.0 (R Core Team 2019). 

To refine the ACFE conceptual model for the purpose of further understanding the ecosystem 

response to different threats (scenarios) when A. macquariensis populations were in either 

healthy or advanced dieback condition, an iterative model development process was used based 

on the insights gained from the first QNA scenarios (Fig. 1). 

State-transition condition diagram 

The understanding of interactions on the Macquarie Island fellfield (Table 1) gained from the 

QNA were then combined with cushion condition classes (Chapter 2) to provide a mechanistic 

description of A. macquariensis dieback progression. This state-transition diagram, used prior 

to the development of a quantitative state-transition model, describes the change in transitional 

cushion condition (state) expanding on the hypothetical model of dieback drivers described in 

Hoffmann et al. (2019). Dieback progression is defined as the reduction in cushion condition, 

and provides the ability to estimate the potential for, and time to, cushion recovery or ablation 

from the system depending on site and climate conditions. This hypothetical system-wide 

model was constructed for the purpose of predicting feedback loops in the ACFE as well as a 

temporal dimension to change in the system.  

 

Results 

Qualitative Network Analysis and model refinement 

The construction of the ACFE sub-models demonstrated that a decline in A. macquariensis 

condition to advanced dieback resulted in a large reduction of interactions between biotic 

components on the ACFE (Fig. 2a-c). Consequently, qualitative network analysis found that 

the microclimate scenario of increasing current climate trajectories had the most consistently 

strong negative impact on all components across all condition class sub-models, with the 

exception of soil texture and soil organic matter (Fig. 3c). Biotic components (i.e. epiphytes, 

bryophytes, micro-arthropods) and abiotic conditions (soil water holding capacity and organic 

matter) all decreased from the direct negative impact of climate, or indirectly through the 

decline in A. macquariensis condition under this scenario. Unexpectedly, the microclimate 

scenario resulted in a weakly negative or uncertain response by both the pathogens and 

Epiphytic Agrostis (Fig. 3a-c). Because this outcome was unexpected it was explored further  
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Fig. 3. Modelled ecological response of the Macquarie Island Azorella-centred fellfield ecosystem 

(ACFE) (y-axis) to scenarios (x-axis). ACFE sub-models shown for the three major Azorella 

macquariensis condition classes, healthy (a.), active dieback (b.) and advanced dieback (c.). Response 

scaled from positive (blue) to negative (red), with uncertain response (<80% of either direction) shaded 

in grey and no interaction white. Node response difference between condition sub-models indicated by 

vertical lines (model a. to b.) and horizontal lines (model b. to c.). Microclimate represents current 

climate conditions; Soil: water-holding capacity; Texture: gravel content; SOM; soil organic matter; 

Epiphytic Agrostis: includes Ag. magellanica and Luzula crinita; all other nodes as presented. Scenarios 

include, MClim (increased trajectory of current climate conditions), Path (increased pathogen activity), 

EpiAgr (increased epiphytic Ag. magellanica or L. crinita cover), and Azorella (A. macquariensis 

recovery or increase in cover).   
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 independently using empirical tests of the interactions (Fig. 1c), followed by modification of 

sub-models interactions that emerged as being inconsistent with the results (Fig. 1d). 

i. Insights gained from ACFE sub-models and used to define the revised models 

 Pathogen response to microclimate (MClim) 

Running the microclimate scenario for all three ACFE sub-models resulted in a negative 

response by the pathogens (Fig. 3a-c). However, the pathogen has emerged on Macquarie 

Island over the past ten years along-side an increasingly wet, warm and variable climate 

(Bergstrom et al. 2015). Therefore, one or more assumptions in the ACFE model was shown 

to be incorrect. The positive interaction from soil (water holding capacity) to pathogens (Fig. 

2a-c) was identified as the indirect cause of the negative pathogen response to a microclimate 

scenario. This link was therefore removed from all subsequent models (Fig. 1c), a decision 

consistent with the lack of support for a significant relationship between soil characteristics 

and cushion dieback extent in topographic (Dickson et al. 2019) and microclimate (Chapter 2) 

modelling.  

Epiphytic Agrostis response to microclimate (MClim) and dieback 

Similarly, Epiphytic Agrostis unexpectedly responded negatively to the microclimate scenario 

across all ACFE sub-models (Fig. 3a-c). Elsewhere in the sub-Antarctic the distribution of the 

native grass Agrostis magellanica Lam. (Poaceae) has moved upslope (le Roux and McGeoch 

2008a) and increased in abundance (le Roux et al. 2005) in response to a warming climate. 

There has also been a significant increase in maximum temperature on Macquarie Island 

(Chapter 2; 0.7 ± 0.26 ºC (SD), 1950 – 2010s). This rise in temperature has occurred 

concurrently with a significant increase in cover of Ag. magellanica and L. crinita on the 

coastal escarpments, irrespective of European rabbit (Oryctolagus cuniculus) grazing (Scott 

and Kirkpatrick 2013), implying that on Macquarie Island graminoids are also responding to a 

warmer environment. This suggests that one or more model assumptions (Fig. 4ab) were 

incorrect, triggering further analysis that focused on the relationships between A. 

macquariensis, dieback and Epiphytic Agrostis (Appendix C2).  

This analysis provided valuable insights (Appendix C2), suggesting that the relationship 

between A. macquariensis and Epiphytic Agrostis changes with elevation and temperature (Fig. 

C2.1), where they had a higher cover and therefore were more competitive at the warmer lower 

elevation, which may also be true for graminoids off-cushion. To capture these empirical 

results about the change in relationships over elevation, the ‘original’ ACFE model was  
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Fig. 4. Hypothesised relationships between the epiphytes Agrostis magellanica or Luzula crinita 

(Epiphytic Agrostis) and healthy Azorella macquariensis (Azorella) or A. macquariensis with dieback 

prior to analysis (a. and b., respectively). The revised relationships between the same components post-

analysis of biotic and abiotic data for the island (Appendix C, Fig C2.1 c. and d.), where the outer links 

represent the interaction at a moderate elevation (240 – 270m asl) and inner links the interactions at 

high elevation (>270m asl) on Macquarie Island. Directional interactions presented major positive (), 

major negative (--), and minor (- - -). Minor interactions were not included in analysis. 
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 modified for two different elevation classes; (1) moderate elevation, which is slightly less 

exposed and warmer with more grassland patches, and (2) high elevation, which is highly 

exposed, cold and windy (Fig. 4cd).  

The presence of cushion dieback was not found to facilitate the establishment of Epiphytic 

Agrostis. There was a significant negative relationship between Epiphytic Agrostis and dieback 

(p<0.05, Fig. C2.1, Appendix C2), consequently, the negative interactions between Epiphytic 

Agrostis and A. macquariensis were removed from all subsequent revised models (Fig. 1c). 

The hypothesised relationships between A. macquariensis (healthy and with dieback) and 

Epiphytic Agrostis at moderate and high elevation are described in Fig. 4cd.  

ii. Refine: Development of moderate and high elevation ACFE 

The ACFE revised models were defined for two elevations, moderate (~240-270m) and high 

(>270m asl) elevation fellfield, with two cushion condition classes, healthy and advanced 

dieback to account for the hypothesised change in interaction between Epiphytic Agrostis and 

A. macquariensis (Fig. 1d, Fig. 5). In the new models Ag. magellanica is defined as having a 

negative impact on cushions under warming conditions (see also (le Roux et al. 2005), which 

is hypothesised to occur at moderate elevation on Macquarie Island (Fig. 5ab). At the 

increasingly mild conditions at moderate elevation, the model suggests that Epiphytic Agrostis 

is no longer dependent on the facilitative effect from A. macquariensis, changing the 

relationship to minor (minor relationships were not included in analysis). However, at high 

elevation Azorella maintains its positive facilitative effect for Epiphytic Agrostis (Fig. 5c), 

which is not provided under advanced dieback (Fig. 5d). The Active dieback model was not 

pursued further, as the interactions were the same as the healthy condition model following the 

clarification of the relationship between dieback and Epiphytic Agrostis.  

The four new revised models were subsequently simulated and four QNA scenarios run. The 

scenario MClim + EpiAgr was not simulated for the new models (Fig. 5), as the original ACFE 

sub-models revealed that all nodes responded in the same direction, with the same strength, as 

for the singular MClim scenario (Fig. 3).  

iii. Interpret: Moderate & high elevation models 

Structurally there was a sharp decline in the number of interactions from the healthy to 

advanced dieback ACFEs in both elevation classes, as A. macquariensis lost the ability to 

facilitate other biotic groups or abiotic conditions (Fig. 5). Consequently, in areas of advanced 

cushion dieback where A. macquariensis no longer had the capacity to facilitate other biotic
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Fig. 5. Refined qualitative network model of the Macquarie Island Azorella-centred fellfield ecosystem (ACFE), shown for moderate (a., .b.) and high (c., d.) 

elevation with two major A. macquariensis condition classes, healthy (a., c.) and advanced (b., d.) dieback. Interaction changes between condition models shown 

using: a. to b. and c. to d. removal of interactions (- - - ); a. to c. and b. to d., change in direction of relationship (---). Microclimate represents current climate 

conditions; Soil: water-holding capacity; Texture: gravel content; SOM; soil organic matter; Epiphyte Agrostis: includes Agrostis magellanica and Luzula 

crinita; all other nodes as presented. Only major interactions are included, directional positive (), directional negative (), and self-limiting feedback loops 

( ).  

125



 components of the ACFE, an increase in pathogen activity (Path) or an increase in Epiphytic 

Agrostis (EpiAgr) cover only negatively affected the condition of A. macquariensis (Fig. 6). 

Analysis then demonstrated an increasingly warm, wet and variable microclimate (MClim) 

increased pathogen prevalence in all models and negatively affected the largest number of 

biotic and abiotic components (six) in both the healthy and advanced dieback models (Fig. 6a-

d). Azorella and bryophytes were both directly negatively affected by a more variable 

microclimate, while interstitial bryophytes, micro-arthropods, SOM and soil (water holding 

capacity) were indirectly negatively affected by the reduced Azorella condition under a 

changed climate (see interactions Fig. 5), and hence it is inferred reduced facilitation. MClim 

resulted in an increase in Epiphytic Agrostis cover at moderate elevation (Fig. 6a,b) and a 

decline in Epiphytic Agrostis cover in healthy cushion populations at higher elevation, where 

it is weakly negatively affected by reduction in Azorella cover and hence less facilitation (Fig. 

6c). 

Scenario 2, an increase in pathogen activity (Path) negatively affected five and six components 

in the ACFE at moderate and high elevation, respectively (Fig. 6a,c), through the indirect 

negative effect of reduced facilitation by a reduction in Azorella condition (see Fig. 5). In 

Scenario 3 at high elevation an increase in the Epiphytic Agrostis (EpiAgr) cover had no 

negative effect on healthy Azorella condition or other elements of the system (Fig. 6c-d), as 

the species is facilitated by Azorella under high abiotic stress (consistent with le Roux and 

McGeoch 2010). However, at the moderate and slightly warmer elevation, an increase in 

Epiphytic Agrostis resulted in the decline of more than half the biotic and abiotic components 

of the ACFE (Fig. 6a-b): At the moderate elevation Epiphytic Agrostis had the same negative 

effect on the ACFE as an increase in pathogen activity (Fig. 6a-b). 

In Scenario 4, Azorella recovery (Azorella) positively affected interstitial bryophytes, micro-

arthropods and the quality of the soil (SOM and water holding capacity) in healthy Azorella 

populations at both moderate and high elevation (Fig. 6a,c). Conversely, in Azorella 

populations with advanced dieback, recovery (Azorella) no longer improved the previously 

facilitated ACFE components, as there are no remaining interactions in Fig. 6b – d. This is 

consistent with the expected response on the fellfield, where it takes an extended period of time 

(many years or decades) for the slow-growing A. macquariensis (see Taylor 1955a; Bergstrom 

et al. 1997) to regain cover and re-establish keystone interactions.    
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Fig. 6. Refined ecological response of the Macquarie Island Azorella-centred fellfield ecosystem 

(ACFE) (y-axis) to the four scenarios (x-axis). ACFE revised models shown for moderate (a., b.) and 

high (c., d.) elevation, in both healthy (a., c) and advanced dieback (b., d.) condition classes. Response 

scaled from positive (blue) to negative (red), with uncertain response (<80% of either direction) shaded 

in grey and no interaction white. Node response difference between condition revised models within 

the same elevation class indicated by horizontal lines (model a. to b. and c. to d.). Microclimate 

represents current climate conditions; Soil: water-holding capacity; Texture: gravel content; SOM; soil 

organic matter; Epiphytic Agrostis: includes Ag. magellanica and Luzula crinita; all other nodes as 

presented. Scenarios include, MClim (increased trajectory of current climate conditions), Path 

(increased pathogen activity), EpiAgr (increased epiphytic Ag. magellanica or L. crinita cover), and 

Azorella (A. macquariensis recovery or increase in cover). 
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The state-transition condition diagram and its biological explanation 

Incorporating the interactions supported by the ACFE qualitative network model, a state-

transition diagram was compiled to show the progression of A. macquariensis dieback, from 

healthy to advanced dieback or recovery over a period of three or more years (Fig. 7a, x-axis). 

The progression of dieback was shown using condition classes (Fig. 7b, y-axis) described in 

Chapter 2. The four hypothesised mechanisms were described for each state (condition class) 

transition (Fig. 7c), including summer (growing season) plant available water (PAW), 

pathogens, wind and temperature. Summer PAW refers specifically to atmospheric water and 

the associated evapotranspiration rate (Bergstrom et al. 2015), while the pathogen presence is 

indicative of a warmer more saturated winter system (see Chapter 2). 

Prior to island-wide A. macquariensis dieback, cushions were largely healthy (with or without 

epiphytes) (Fig. 7 i & iii), where they were primarily only affected by naturally occurring 

dieback, referred to here as wind-scour (Fig. 7 ii). Historically, < 10% of the cushion canopies 

near or in short-grasslands were physically damage by the now eradicated rabbits (Whinam et 

al. 2014). However, there was no relationship between rabbits and pathogen dieback 

(Bergstrom et al. 2015). Given their successful eradication, rabbits were not considered in this 

model.  

Under reduced summer plant available water (PAW), pathogen infection and consequent 

Active dieback (Fig. 7 iv), occurs on healthy, uneven and wind-scoured cushions (Whinam et 

al. 2014; Bergstrom et al. 2015) (Fig. 7 iv). Active dieback was observed at a range of severities. 

Affecting all or some of the cushion branchlets, which then transitioned to permanent 

senescence following the visible progression of the yellow chlorosis line. Intraspecific 

resistance of plant populations to pathogens, such as Phytophthora cinnamomi, is known to 

occur in response to multiple environmental site conditions or the host species’ genetic makeup 

(Cahill et al. 2008). Similarly, A. macquariensis may also express differing levels of resistance 

depending on genetic make-up and site conditions, though this has not been tested. Depending 

on the proportion of branchlet senescence there were two hypothesised outcomes, (i) if all of 

the branchlets were killed, the cushion progressed to advanced dieback (Fig. 7 vi), where 

extensive necrosis was observed two years post chlorosis line (Whinam et al. 2014), or (ii) if 

some branchlets survive and there is no additional pathogenic infection, the cushion may persist 

in the thinning condition (Fig. 7 v). Green leaves/branchlets were similarly observed on some 

cushions post chlorosis lines in 2013 (Whinam et al. 2014). It is also possible that the cushion
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Fig. 7. Mechanistic state-transition diagram of Azorella macquariensis describing (a) dieback progression states and (b) condition classes, as determined by (c) 

mechanisms on Macquarie Island. Long-term average summer plant available water (PAW) indicated by two ‘waterdrop’ symbols, with a deficit in summer 

PAW relative to the long-term average shown with a single water drop. PAW predominately indicates atmospheric water, while the presence of the pathogen 

indicates warmer, more saturated conditions. Low, medium and high wind exposure indicated by one, two and three wind symbols, respectively. Arrows in the 

body of the graphic with broken lines represent feedbacks supported by the ACFE qualitative network model, black lines represent those state-transitions with 

evidence and grey lines are hypothesised. Condition classes (i-ix) from Chapter 2 and seedling (0). Numbers associated with progression and mechanisms refer 

to literature that discusses or provides evidence for the event. 1. Bergstrom et al. (2015); 2. Whinam et al. (2014); 3. Fitzgerald and Kirkpatrick (2017); 4. 

Hoffmann et al. (2019); 5. Selkirk-Bell and Selkirk (2013); 6. Ashton and Gill (1965).   
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 could transition from healthy or wind-scour (Fig. 7 i-iii) to Thinning (Fig. 7 v) under extreme 

water stress, such as reduced summer PAW, however, this requires further research. 

In 2010 uneven cushions were regularly soft, depressing on touch, and associated with brown 

discolouration (see Fig. 1b. in (Bergstrom et al. 2015). The colouration is more consistent with 

individuals within the dieback condition classes of this thesis (Chapter 2). While there is a high 

natural variation of surface evenness (Chapter 2), unevenness may also occur when the cushion 

is stressed through a reduction in PAW (Fig. 7 iii) and a relaxation of the canopy (see Box 1), 

which appears to be permanent even once turgidity is recovered with more available PAW 

(Bergstrom et al. 2015; Bergstrom et al. in press). The bumps were more often conspicuous on 

cushions with dieback, as raised sections of canopy often displayed further advanced stages of 

dieback. It is hypothesised that this may be because when the area is already compromised by 

the pathogen, the raised areas have increased exposure and consequently a higher rate of water 

loss, which (i) potentially advances dieback or thinning of branchlets and leaves, and (ii) 

reduces the health of interstitial bryophytes/liverworts which were contributing the green 

colouration (see Chapter 2, Table 2: brown, olive and black sub-classes). 

Once the cushion progresses to black (Fig. 7 vi, advanced dieback) there were three 

hypothesised outcomes. First, in areas of high wind on the exposed fellfield the cushion is 

ablated from the system (Hoffmann et al. 2019) (Fig. 7 vii). Second, under moderate wind and 

warmer conditions the cushion is likely to be colonised and outcompeted by graminoid (Ag. 

magellanica or L. crinita) epiphytes (Fig. 7 viii). Finally, recovery (Fig. 7 ix) of isolated living 

branchlets or new seedlings may occur in the dead cushion or bryophytes that retain their 

structural integrity. The presence of black (Fig. 7 vi) cushions is positively related to the 

presence of recovery (see Chapter 2) and implicitly suggests the site is comparatively sheltered, 

thus preventing their ablation. At the warmer low to moderate elevation sites healthy cushions 

(Fig. 7 i) were similarly hypothesised to be colonised and out-competed (Fig. 7 viii) by 

graminoids over time, irrespective of dieback.  

Two recovery transitions (dashed line, Fig. 7) are described during average periods of PAW 

from dieback states, recovery (Fig. 7 ix, via iv) and thinning (Fig. 7 v) to healthy condition 

(Fig. 7 i or iii). However, the transition from thinning to healthy needs to be confirmed (Box 

1). Seedlings and recovering branchlets that form the recovery condition class are observed to 

grow unaffected within advanced dieback, suggesting that the dieback is only active at the 

chlorosis line. The presence of two potential pathways of recovery is encouraging for the 
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species’ survival, albeit likely to be both slow and patchy because of the species’ ecology 

(Dickson et al. 2019). However, in the 10 years since cushion dieback was first observed, 

multiple waves of disease (chlorosis lines) have been documented at sites and on individual 

cushions (see Fig 2E in (Bergstrom et al. in press). Therefore it is possible for future disease 

fronts to move through the same area, transitioning (Fig. 7, dashed lines) the remaining thinning 

(Fig. 7 v) or recovering (Fig. 7 ix) cushions back to active/brown (Fig. 7 iv) dieback.  
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Box 1: Research and monitoring priorities to identify the rate of future change to 

Azorella macquariensis and the associated fellfield ecosystem. 

The Macquarie Island fellfield ecosystem is clearly changing under current climate 

conditions. The extensive and rapid dieback of the dominant cushion plant has resulted in 

some high elevation fellfield areas being reduced back to gravel and bryophytes, and the 

simultaneous (but independent) encroachment of short-grasslands upslope from low to 

moderate elevation. While state-transitions and feedback loops of both recovery and 

additional dieback have been identified, the rate of change is still unclear. The following 

research and monitoring priorities emerged from the qualitative models and will be essential 

to understanding the rate and direction of change in the Macquarie Island fellfield ecosystem: 

(i) Repeat biennial monitoring using the defined cushion classes to determine the rate 

and direction of change of A. macquariensis populations. Despite ongoing cushion 

dieback, a low rate of recovery (1.1 % island-wide) has been recorded across the 

fellfield. This study identifies a second potential pathway of recovery from thinning to 

healthy, likely changing the island-wide estimates of recovery. Future research is 

required to confirm this pathway to quantify recovery rates across the island. Other 

transitions to be tested include: healthy to thinning, and healthy to bumpy with the 

reduction in plant available water (PAW).  

(ii) Quantification of the rate of spread of short-grasslands into previously defined 

fellfield. The grassland species, Ag. magellanica and L. crinita, have increased in density 

on the coastal slopes of the island, and it is likely that the graminoids will continue to 

move up-slope as the climate warms. Future monitoring requires short-grassland species 

to be recorded both on and off cushions. 

(iii) Development of quantitative models for an Azorella-dominated short-grassland to 

better understand the dynamic relationship between A. macquariensis, Ag. magellanica, 

the pathogens and other vascular species, in particular, the mega-herb Pleurophyllum 

hookeri Hook. (silver-leaf daisy, Asteraceae). The silver-leaf daisy is the only other 

species visibly susceptible to the same pathogens as A. macquariensis, with observations 

in 2017/18 suggesting that dieback in the species is increasing. 

(iv) Estimation of quantitative thresholds of characteristic biotic component cover (i.e. A. 

macquariensis and dieback) of an Azorella-centred fellfield ecosystem, to inform future 

listing of the ecosystem under the IUCN Red List for Ecosystems (RLE). The inherent 

variability of A. macquariensis means that setting thresholds is challenging. However, 

aerial images of Macquarie Island may be used to determine historical and current cover, 

following the successful trial in Bergstrom et al. (accepted) and integrated in a simulation 

approach.  

(v) Identification of the pathogens. Effective management and recovery actions depend on 

the identification of the pathogens or consortium of microbes. To-date a number of 

bacterial, fungal and pathogenic taxa have been identified in association with 

A. macquariensis dieback. Future research is required to demonstrate a causal link 

between the pathogens and disease, as per Koch’s postulates or systems biology , and 

subsequent management technique (see Schneider and Collmer 2010). 
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Discussion 

Based on qualitative network modelling and the construction of a state transition model, the 

following new, altered and confirmed understanding of Macquarie Island fellfield ecosystem 

has been achieved. First, under the current climate trajectory, the ACFE models clearly 

supported the expected loss of keystone interactions across the fellfield ecosystem as 

A. macquariensis condition continues to decline. This loss of interactions forecasts the 

potential for ecosystem collapse (see Valiente-Banuet et al. 2015). On the fellfield this would 

result in a loss of vascular plant and microarthropod diversity and abundance, and a reduction 

of carbon into the system. Second, in areas of advanced dieback, such as the northern sections 

of the island, the loss of cover and related interactions are indeed already causing localised 

ecosystem collapse, from an Azorella-dominated ecosystem to (i) a less complex gravel and 

bryophyte system at high elevation, and (ii) short-grassland at moderate elevation. Third, 

ecosystem collapse as the result of climate-driven cushion dieback is complicated by the 

independent change in short-grassland distribution, where at moderate elevation the 

encroachment of graminoid epiphytes represents the same level of threat as higher pathogen 

activity. Finally, the state-transition diagram identifies two potential pathways for cushion 

recovery. However, the rate of reinfection currently appears to be exceeding recovery, steadily 

removing cushion cover over time.  

Drivers of change in the fellfield  

The decline in condition of A. macquariensis under current climate conditions is hypothesised 

to continue through four primary mechanisms: summer plant available water (atmospheric 

PAW), wind, temperature and pathogen infection (indicative of warmer, more saturated winter 

ground conditions). While this is a simplified representation of the system, it describes the 

dominant hypothesised drivers and provides a representation consistent with what is observed 

on the island. The state-transition diagram builds on Hoffmann et al. (2019)’s causal pathway 

model, which hypothesises the outcome of cushion dieback on the fellfield under increasing 

evapotranspiration, as either increased colonisation by grasses or ablation from the system at 

highly exposed sites. The current state-transition diagram incorporates the importance of site 

maximum temperature, an inherent part of wind exposure, whereby sites that are less exposed 

and warmer (i.e. lower elevation) are more likely to be colonised and subsequently 

outcompeted by graminoids. Importantly, the potential for colonisation and out-competition of 

cushions by graminoids occurs regardless of the presence of cushion dieback, as demonstrated 
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in the ACFE models (see Box 1ii, iii). The increasingly warm temperatures may also be 

reducing needle ice on the fellfield, an important driver maintaining gravel turnover on the 

treads of the vegetation-terraces (see Selkirk-Bell and Selkirk 2013), hence the reduction of 

needle-ice may also facilitate colonisation of bare ground by graminoids. On the coastal slopes 

of Macquarie Island grass cover was found to be higher with increasing temperatures, 

irrespective of rabbits (Scott and Kirkpatrick 2013), thus following the eradication of rabbits 

in 2011 (Terauds et al. 2014) and the removal of grazing pressure, it is likely that grasslands 

have increased in distribution and density. While unproven, this potentially suggests that the 

mid-elevation fellfield may have been also been maintained as an open habitat for longer than 

would have been the case in the absence of rabbits. Thus the loss of Azorella-dominated 

fellfield habitat is exacerbated by the concurrent occurrence of two climate-driven but 

independent processes, cushion dieback and short-grassland encroachment, which may also be 

intensified with the removal of grazing pressure. 

Potential for A. macquariensis recovery 

The recovery and pathogenic reinfection feedback loops, implicit within the ACFE models, are 

visualised in the state-transition diagram. Two pathways are proposed for cushion recovery, 

from either black or thinning cushions (see Box 1). However, pathogenic reinfection of 

surviving or recovering cushions may reoccur in multiple waves, compromising the cushions 

ability to recover. Other systems, such as coral reefs, have also demonstrated a rapid increase 

in the frequency of large-scale climate-driven mortalities (e.g. coral bleaching), suggesting that 

the ability of species’ long-term survival under current and projected climate conditions is 

becoming increasingly precarious (Hughes et al. 2018). The long-term persistence of A. 

macquariensis as the dominant vascular species on the fellfield of Macquarie Island is also 

likely to be compromised, as the regional climate is projected to maintain a similar trajectory 

over time (Adams 2009). Under this climate scenario it is expected that pathogen driven 

cushion dieback will continue, resulting in multiple waves of disease and a stepped reduction 

of cover (Bergstrom et al. in press). Under this foreseeable scenario, it is unlikely that the slow-

growing cushion (Taylor 1955a; Bergstrom et al. 1997) will have enough time to replace itself, 

where disease waves persistently reduce cover over time, reducing A. macquariensis to a sub-

dominant species or resulting in site-level population extinction. 
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Loss of interactions and resilience  

The revised ACFE models (Fig. 5) clearly show a loss of many interactions on the fellfield 

during advanced dieback, where the ecosystem is simplified through the loss of one keystone 

species and its interactions. Complex interactions are often used as indicators of ecosystem 

health (Valiente-Banuet et al. 2015) and can influence species response and resilience to 

changing climates (Suttle et al. 2007; Gilman et al. 2010) depending on the driver of change 

(Losapio and Schöb 2017). Ecosystem function and its consequent health are dependent on the 

maintenance of a complex web of interactions, between both species and abiotic components 

(Tylianakis et al. 2008). In particular, keystone or foundation species and their interactions 

have a disproportionate effect on the ecological function of a community (Harvey et al. 2017). 

Consequently, the loss of keystone interactions may represent an extinction debt, where other 

species are able to persist for a period of time after the interactions are lost, before they too are 

removed from the system (Valiente-Banuet et al. 2015). The loss of interactions in ACFE in 

areas of advanced cushion dieback, and the negative response of dependant nodes, reveal the 

possibility for extinction debt on the fellfield. It is expected that on the fellfield in areas of 

advanced cushion dieback the diversity of vascular plants, micro-arthropods and amount of soil 

organic matter and associated carbon will also decline. If the cushions are unable to recover 

and restore their keystone function, this signals the initiation of localised ecosystem collapse.  

Determining the point of ecosystem collapse is notoriously difficult, as it varies between 

ecological communities, and depend on the characteristics of the biotic components and 

interactions (Bland et al. 2018; Sato and Lindenmayer 2018). The qualitative network models 

used here have shown that with the loss of the dominant keystone species, A. macquariensis, 

the Macquarie Island fellfield ecosystem’s character, keystone interactions and associated 

function are also lost. Defining a threshold for fellfield ecosystem collapse would, therefore, 

require the definition of A. macquariensis cover and dieback thresholds that are necessary to 

maintain keystone interactions and function. Thresholds for both cushion cover and cushion 

dieback are important because, as previously shown (Dickson et al. 2019), cover alone over-

estimates the conservation status of the species by not accounting for the future cover-loss from 

current dieback. This is particularly the case under low levels of recovery, as is currently 

occurring across the island (Chapter 2). However, despite the increasing number of techniques 

available with varying levels of data requirements, the identification of thresholds is complex, 

usually requiring detailed long-term datasets and simulation modelling (Andersen et al. 2009; 

Scheffer et al. 2015). This complexity is demonstrated by the Macquarie Island fellfield, as 
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despite being comparatively biologically simple (see Selkirk et al. 1990), the dominant vascular 

species A. macquariensis is highly variable, ranging in form from small cushions to extensive 

mats, dependant on-site conditions (Orchard 1989). Consequently, even setting a cover 

threshold is not straight-forward and is highly site dependent (Box 1). The next research step 

for Macquarie Island is to undertake simulation modelling in combination with in situ datasets 

to determine A. macquariensis thresholds for the fellfield ecosystem. 

The qualitative ACFE and state-transition diagram, which describe the process of ecosystem 

collapse through the loss of underpinning interactions and keystone species state-transition, 

provide an important step in describing the risk of ecosystem collapse by clarifying and 

communicating assumptions (see Bland et al. 2018; Rowland et al. 2018). These models further 

refine state-transitions and hypothesised mechanisms of cushion and ecosystem states, which 

will allow more meaningful A. macquariensis thresholds to be set and intermediate states 

identified under active and advanced dieback  (see Nicholson et al. 2015; Bland et al. 2018; 

Rowland et al. 2018). Some northern areas of the Azorella-dominated fellfield ecosystem (syn. 

sub-Antarctic Tundra) on Macquarie Island are considered locally collapsed because they are 

substantially different from their baseline states (Bergstrom et al. in press), having lost the 

majority of cushion cover (Dickson et al. 2019). Simplified linear and exponential dieback 

models by Dickson et al. (2019) predicted a loss of functional cover between 2.5 – 30 years 

depend on the starting cover in the northern, central and southern regions. The ACFE revised 

models reveal the consequences of this rapid removal of the keystone species and associated 

interactions, which support ecosystem function (biological diversity and soil development) and 

may predict a future localised extinction debt of dependent species. If cushion dieback 

continues along a similar trajectory, as expected under the current climate scenarios, the locally 

collapsed northern sites appear to forecast the fellfield’s future state. 

Conclusion 

The qualitative models have formalised and clarified our current understanding and 

assumptions about the structure and functioning of the fellfield ecosystem on Macquarie island 

with A. macquariensis at its centre (see Bland et al. 2018; Rowland et al. 2018). Island-wide 

dieback of the keystone A. macquariensis is causing a fundamental alteration of biotic 

interactions, through loss of keystone interactions and subsequent biological complexity on the 

fellfield. This loss of complexity is likely to reduce the ecological resilience of the ecosystem 

to change, leading to ecosystem collapse if the rate of currently observed recovery does not 
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accelerate. Despite the qualitative modelling approach used here being a necessary 

simplification of the ecosystem, the exercise has improved our understanding of multiple 

processes on the fellfield and allowed exploration of the system response to different scenarios 

using qualitative interaction data. This understanding provides an important foundation and 

system-wide hypothesis about ecosystem regime change on the fellfield, which occurs across 

the sub-Antarctic islands and at high altitude. We demonstrate that similar to other island and 

high elevation (Harter et al. 2015) systems the loss of one keystone species in the fellfield, may 

disproportionately affect the ecological structure and consequent health of the system. If this 

World Heritage system is to be maintained, prioritised research and subsequent management 

intervention is time critical.  
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Appendix C 

Appendix C1: Major and minor abiotic and biotic interactions within the Azorella-centred fellfield ecosystem (ACFE) on Macquarie Island 

Table C1.1. Major and minor abiotic and biotic interactions within the Azorella-centred fellfield ecosystem (ACFE) on Macquarie Island under 

current climate conditions, determined from published literature and expert input. Major interactions are described as necessary to maintain current 

ecosystem function. Model abbreviations: 1: initial ACFE, (a) healthy, (b) active dieback, (c) advanced dieback. 2H: High elevation ACFE, (a) 

healthy, (b) advanced dieback. 2M: Moderate elevation ACFE, (a) healthy, (b) advanced dieback. 

Effect of (X) Effect on (Y) Relationship Comments and references 

Azorella 

condition 

Epiphytic 

Agrostis 

Positive 

Major: 

1 a, b, c, 2H a  

Minor: 

2H b, 2M a, b 

Epiphytic monocots are dependent on cushions under moderate to high abiotic stress 

(le Roux and McGeoch 2010; Bonanomi et al. 2016). As cushion cover increases, the 

epiphyte community increases, facilitated against abiotic effects. The closely related 

species A. selago facilitates Agrostis establishment (Haussmann et al. 2009), 

moderate ontological stages (le Roux et al. 2013) and the abundance of Ag. 

magellanica at moderate to high elevations (le Roux and McGeoch 2010; Raath-

Krüger et al. 2019). However, the cushion is negatively affected by the epiphyte 

under warming conditions, where it creates additional shade (le Roux et al. 2005). 

Azorella does not facilitate an increase in elevation range (Raath-Krüger et al. 2019).   

Azorella 

condition 

Interstitial: 

bryophytes  

Positive 

Major: 

1 a, b, 2H a, 2M a 

Minor: 

1 c, 2H b, 2M b 

Interstitial bryophytes are dependent on cushions, however, they are at highest 

abundance when at low-moderate Azorella condition, (see Chapter 2 and Bergstrom 

et al. 2015) 

Azorella 

condition 

Bryophytes Neutral  

Minor  

all models 

As cushion health increases, neighbouring bryophytes can be suppressed and 

overtaken by establishing cushions (Ashton and Gill 1965). However, Azorella also 
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maintains humidity. Response is species specific, where predominantly bryophytes 

do not need A. macquariensis to persist. 

Azorella 

condition 

Burrowing birds 

(e.g. prions, 

petrels) 

Positive 

Minor 

all models 

Antarctic prions (Pachyptila desolata) occasionally use cushions for structural 

habitat, borrowing between them on the fellfield (Brothers 1984). The ACFE is 

considered a minor, patchy habitat component of Antarctic prions on Macquarie 

Island, because of the severe exposure to harsh weather and shallow soils (see 

(Brothers 1984). 

Azorella 

condition 

Micro-arthropods Positive 

Major 

1 a, b, 2H a, 2M a 

Minor: 

1 c, 2H b, 2M b 

Species-specific response. However, generally Azorella species facilitate more 

suitable conditions for some species by humidity and temperatures (Barendse and 

Chown 2001), supporting a more abundant and diverse community than the 

surrounding exposed fellfield (Bergstrom et al. 2015).  

Azorella 

condition 

SOM (soil 

organic matter) 

Positive 

Major 

1 a, b, 2H a, 2M a 

Minor: 

1 c, 2H b, 2M b 

As Azorella species increase the soil development increases, forming its own humic 

layer within the cushion (Anthelme et al. 2012), increasing soil carbon (Bergstrom et 

al. 2015) and other macronutrients (Almeida et al. 2013). 

Bryophytes Azorella 

condition 

Positive 

Major 

1 a, b, 2H a, b, 

2M a, b 

As neighbouring bryophytes increase, the microclimate is ameliorated (Jagerbrand et 

al. 2011), facilitating Azorella condition. Azorella seedlings establish in moss beds 

(Ashton and Gill 1965).  

Bryophytes Epiphytic 

Agrostis 

Positive 

Minor  

all models 

As bryophytes increase, the immediate surrounding microclimate is ameliorated 

(Jagerbrand et al. 2011) and their epiphytic plants facilitated. 
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Burrowing 

birds 

(e.g. prions, 

petrels) 

Azorella 

condition 

Negative 

Minor 

all models 

Burrows of sea birds in the southern and central plateau can cause very localised 

damage to plants (Taylor 1955), including A. macquariensis. However, ACFE is 

considered to be only a minor component of their habitat (Brothers 1984). While 

Antarctic prion may occasionally burrow in A. macquariensis cushions in fellfield, 

generally burrows are more likely between, rather than in or under cushions (see 

(Brothers 1984). 

Epiphytic 

Agrostis 

Azorella 

condition 

Negative  

Major 

1 b, c, 2M a, b 

Neutral 

Minor 

1 a, 2H a,b  

When Azorella condition is healthy in a high abiotic stress system, cushions have a 

neutral relationship with epiphytes, including Agrostis magellanica and Luzula. 

crinita. As epiphytes increase through an increase in temperature or reduction in 

elevation, Azorella condition decreases (le Roux et al. 2005). Negative impacts of 

epiphytes have been observed in other Azorella spp. (Garcia et al. 2014; Molina-

Montenegro et al. 2016).   

While Ag. magellanica does not negatively affect healthy cushions on Macquarie 

Island, it appeared to be increasingly occupying cushions with dieback, hence 

facilitating the cushion’s replacement in the system (Whinam et al. 2014)  

Relationships re-described with further analysis for 2Ma,b and 2H a,b. 

Interstitial: 

bryophytes 

Azorella 

condition 

Positive 

Major 

1 a, b, 2H a, 2M a 

Minor 

1 c, 2H b, 2M b 

A full canopy of interstitial epiphytes maintains the integrity of the A. macquariensis 

canopy (smooth, dense) resisting wind ablation (see (Bergstrom et al. 2015). 

Micro-

arthropods 

Soil (water 

holding capacity 

Positive 

Major 

1 a, b, c, 2H a, b 

2M a, b 

Species specific response. However, generally soil micro-arthropods are important 

for nutrient cycling and soil development (Parisi et al. 2005), Stork and Eggleton 

(1992), Smith and Steenkamp (1990). 

Microclimate Azorella 

condition 

Negative Major 

all models 

The emergence and continuation of dieback on the island is highly likely to be in 

response to both additive and synergistic climatic drivers, where the water-stressed 
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summer-growing season is increasingly the susceptibility of A. macquariensis to 

disease, while the winter is promoting the pathogen (Chapter 2):  

(i) Prior to disease outbreak, there was a decadal decrease in plant available 

water during the active growing season from increased temperature, wind-speed, 

sunshine hours, and more variable rainfall, causing high water-stress in A. 

macquariensis  (Bergstrom et al. 2015). The physiology of A. macquariensis adjusts 

well to minor variability, taking up and losing water quickly (Rolland et al. 2015), 

however, it is unable to adapt to larger variation (Bergstrom et al. 2015). The closely 

related A. selago has also been shown to be negatively affected by drier and warmer 

climate conditions (le Roux et al. 2005) and populations have been observed to 

dieback in response to drought on islands within Îles Kerguelen (Frénot et al. 1997). 

(ii) Following disease emergence, it appears the regional climate became less 

water-stressed during summer, although, the increase in plant available water has yet 

to be tested. However, the rainfall is still increasingly variable with higher storm 

activity, occurring against the background of a drier atmosphere (Adams 2009), 

conditions that in combination with higher extreme maximum and mean growing 

season temperatures are still likely to be somewhat stressful to A. macquariensis 

(Ch2). 

(iii) Simultaneously the winter dormancy season (April – Sept) has become 55% 

wetter, albeit in larger rainfall events (Bergstrom et al. 2015), and slightly warmer 

(Chapter 2) conditions that are conducive to pathogens (see (Harvell et al. 2002). 

Microclimate Interstitial: 

bryophytes 

Negative  

Major 

all models 

Species specific response. However, generally as evapotranspiration rates increase 

the interstitial bryophytes decrease (Gignac 2011).  For the purpose of this model and 

a historically humid Macquarie Island, assume negative response. Very responsive 

to environment drying quickly (Jagerbrand et al. 2011), however species have well 

developed desiccation tolerances (Slack 2011). Precipitation shifts are most likely to 

cause the greatest impact (dry Antarctic valleys) (Wasley et al. 2012). 
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Microclimate Bryophytes Negative  

Major 

all models 

Drought impacts on bryophytes are very species specific (Gignac 2011; Robinson et 

al. 2018). However, during the current microclimate with increased variability and a 

significant decadal reduction in PAW there was extensive bryophyte death 

(Bergstrom et al. 2015).   

Microclimate Epiphytic 

Agrostis 

Positive  

Major 

all models 

As the microclimates warm and becomes wetter (variable), epiphytes will increase 

under improved growing conditions (le Roux et al. 2005; le Roux and McGeoch 

2008) and declining A. macquariensis condition (Whinam et al. 2014).  

Microclimate Micro-arthropods Negative  

Major 

all models 

Species specific response. However, generally as microclimate becomes more 

variable and background drying increases micro-arthropods decrease (McGeoch et 

al. 2006) or may change in community structure (Hugo et al. 2004). 

Microclimate Pathogens Positive  

Major 

all models 

As the annual and winter rainfall and average temperatures increase, pathogen 

activity increases, being advantaged by milder, wetter winters (see (Harvell et al. 

2002; Garrett et al. 2016; Burgess et al. 2017). High dieback extent is recorded at 

sites with very high humidity and lower numbers of freezing days (Chapter 2). 

Pathogen  Azorella 

condition 

Negative  

Major 

all models 

Dieback is currently interpreted as a pathogenic disease, expressed as a chlorosis line 

which moves across the cushion surface, preceding necrosis (Whinam et al. 2014; 

Bergstrom et al. 2015; Dickson et al. 2019).  

Soil:  

water-holding 

capacity 

Pathogens Positive  

Major 

1 a, b, c 

Minor 

2M a, b, 2H a, b 

As the soil water holding capacity increases it was assumed that the pathogen would 

be more likely to persist through dry periods and propagate.  

Assumptions were corrected following insights from the first model. 

Soil: 

water-holding 

capacity 

Azorella 

condition 

Positive 

Minor 

all models 

Topographic wetness index (TWI) and gravel content were not predictors of cushion 

cover on Macquarie Island (Dickson et al. 2019).   
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Soil: 

water-holding 

capacity 

Micro-arthropods Positive 

Minor 

all models 

Species specific response. However, generally as water holding capacity increases, 

some species may increase as conditions are buffered from drying abiotic conditions. 

Soil Organic 

Matter (SOM) 

Soil: 

water-holding 

capacity 

Positive 

Major 

all models 

As the SOM increases the soil water holding capacity increases (Sonter et al. 2000). 

Texture:  

% gravel 

Soil: 

water-holding 

capacity 

Negative 

Major 

all models 

As the gravel content (%) increases, the soil water holding capacity decreases (Sonter 

et al. 2000). 
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Appendix C2: Relationship between Azorella macquariensis and monocot epiphytes 

Introduction 

To clarify the relationship between Epiphytic Agrostis (Agrostis magellanica and Luzula 

crinita) and A. macquariensis, two hypotheses were tested using data from Chapter 2 on 

microclimate and condition class. First, that Epiphytic Agrostis is positively facilitated by 

higher temperatures (le Roux and McGeoch 2008), and second, that there is higher cover of 

Epiphytic Agrostis on cushions at lower elevation and with more dieback (Whinam et al. 2014). 

Methods 

Microclimate and condition classes from Chapter 2 were used to test the above hypotheses. 

Microclimate temperature data was recorded 4 hourly at 62 randomly stratified sites across the 

extent of the Macquarie Island plateau between December 2016 and February 2018 (for full 

study design and methods see Chapters 1 and 2, respectively). The extreme maximum 

(Tempmax) was calculated as the mean daily temperature 95th percentile for each site. Cushion 

condition data (Chapter 2) included the ‘Summary Dieback’ class, the subclasses ‘Dieback 

with Agrostis’ (cushion with dieback with Ag. magellanica or L. crinita) and ‘Agrostis’ 

(healthy cushion with Ag. magellanica or L. crinita). Cover per class was calculated as the 

mean cover of six 1 x 2 m plots per site (see Chapter 2 for full method). For this study the class 

Epiphytic Agrostis (as used in the ACFE) was defined as the total proportion of cushion canopy 

occupied by Ag. magellanica or L. crinita (‘Agrostis’ + ‘Dieback with Agrostis’) at each site. 

The elevation for each site was defined from the 5 x 5 m Macquarie Island digital elevation 

model (Brolsma 2008). 

The proportion of Epiphytic Agrostis (0,1) was modelled as a function of Tempmax using a beta 

regression model with a logit link function (betareg; (Zeileis et al. 2016). To test the 

relationship between Epiphytic Agrostis and Dieback, the proportion of Epiphytic Agrostis (0,1) 

was modelled as a function of elevation (m), Summary Dieback (%) and their interaction term, 

similarly using a beta regression model with a logit link function (betareg; (Zeileis et al. 2016). 

There was no spatial autocorrelation in either model (global Moran’s I (Bivand et al. 2017).  

Results 

The mean proportion of Epiphytic Agrostis (Ag. magellanica or L. crinita) was higher on 

healthy cushion cover (9.27% ± 6.74% SD), than cushion cover with dieback (7.15 ± 7.37% 

SD) (median values presented in Fig. C2a, Appendix C). The analysis showed that Epiphytic  
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Fig. C2.1. Relationship between Azorella macquariensis and Epiphytic Agrostis (inclusive of Agrostis 

magellanica and Luzula crinita) under different cushion condition classes and site conditions: (a.) 

Proportion of Epiphytic Agrostis cover on healthy A. macquariensis and A. macquariensis with dieback 

(median boxplot, representing upper and lower quartiles, bars represent range), (b.) modelled Epiphytic 

Agrostis as a proportion of total A. macquariensis cover (0-1) over the extent of Tempmax (mean daily 

95th percentile temperature); (c. - d.) separately modelled Epiphytic Agrostis as a proportion of total A. 

macquariensis cover (0-1) of all condition classes over the extent of (c.) elevation (m) and (d.) dieback 

(%). Figures b. – d. are all significant relationships (p < 0.05) over-laid with the total recorded cover of 

Epiphytic Agrostis (%) on A. macquariensis of any condition class. 
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 Agrostis cover was significantly higher under higher temperatures (Est.coef = 0.27 ± 0.10 se, 

z = 2.5, p = 0.01, Pseduo-R2= 0.08; Fig. C2b, Appendix C). Epiphytic Agrostis was 

significantly more abundant at lower elevation (Est.coef = -0.01 ± 0.003 se, z = -3.70, p < 0.001; 

Fig C2c., Appendix C), which corresponds the negative temperature lapse rate of 0.7ºC.100m-

1 on Macquarie Island (Chapter 2, (Tweedie and Bergstrom 2000). Epiphytes were found to 

have a higher cover on cushions with less dieback (Est.coef = -0.04 ± 0.02 se, z = -2.15, p = 

0.03; Fig. C2d., Appendix C). There was no significant interaction between elevation and 

dieback.  

Discussion 

While there was not the capacity within the dataset to test whether the cover of 

Agrostis magellanica on and off cushions co-varied with elevation change, the above analysis 

provided useful insights. The results imply that a change in elevation or temperature changes 

the relationship between A. macquariensis and Epiphytic Agrostis, where cushions at lower 

and slightly warmer elevations have a higher cover of epiphytes. The relationship between the 

closely related species A. selago and Epiphytic Agrostis has been shown to change over a stress 

gradient, where Ag. magellanica becomes increasingly facilitated with higher elevation, before 

the relationship curve plateaus (le Roux and McGeoch 2010). This relationship is also likely to 

occur on Macquarie Island, where Epiphytic Agrostis is more dependent on A. macquariensis 

for survival and density under high-stress high elevations, while having an increasingly neutral 

and competitive relationship at the slightly warmer moderate elevations. 

The establishment of Epiphytic Agrostis was not facilitated by cushion dieback. Surprisingly, 

there was a significant but weak negative relationship with dieback identified, reflecting the 

reduction of epiphytes on cushions with dieback. Likewise, there was no evidence for the 

feedback loop of Epiphytic Agrostis increasing dieback through higher epiphyte cover.  

  

157



References 

Bivand, R., Altman, M., Anselin, L., Assunção, R., Berke, O., Bernat, A., ( . . .) Yu, D., 2017. 

Package ‘spdep’: Spatial Dependence: Weighting Schemes, Statistics and Models. Version 

0.7-4. . CRAN, https://CRAN.R-project.org/package=spdep. 

Brolsma, H., 2008. Macquarie Island AIRSAR DEM (Digital Elevation Model). 

http://data.aad.gov.au/aadc/metadata/. 

le Roux, P.C., McGeoch, M.A., 2008. Rapid range expansion and community reorganization 

in response to warming. Global Change Biology 14, 2950-2962. 

le Roux, P.C., McGeoch, M.A., 2010. Interaction intensity and importance along two stress 

gradients: adding shape to the stress-gradient hypothesis. Oecologia 162, 733-745. 

Tweedie, C.E., Bergstrom, D.M., 2000. A climate change scenario for surface air temperature 

at subantarctic Macquarie Island (ed.), In Antarctic Ecosystems: Models for Wider 

Understanding. eds W. Davison, C. Howard-Jones, P. Broady, pp. 272-281. Canterbury 

University Press, Canterbury. 

Whinam, J., Abdul-Rahman, J.A., Visoiu, M., di Folco, M.B.F., Kirkpatrick, J.B., 2014. Spatial 

and temporal variation in damage and dieback in a threatened subantarctic cushion species. 

Australian Journal of Botany 62, 10-21. 

Zeileis, A., Cribari-Neto, F., Gruen, B., Kosmidis, I., Simas, A.B., Rocha, A.V., Zeileis, M.A., 

2016. betareg: Beta Regression. Version 3.1-0, https://CRAN.R-

project.org/package=betareg  

 

 

158



Chapter 4 

 

Conservation options for a sub-Antarctic keystone species  

threatened by climate change 
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Introduction 

The threat of anthropogenic climate change to natural systems is increasingly apparent, both 

as sustained climate change and as increasingly frequent extreme climate events (Harris et al. 

2018). In response to the novel climate, species distributions are changing (Pecl et al. 2017), 

population health is decreasing (Hoberg and Brooks 2015), and an increasing number of large-

scale ecological collapses are occurring (Harris et al. 2018; Lindenmayer and Sato 2018; 

Hoffmann et al. 2019). For biodiversity on islands, climate change and the associated indirect 

threats, such as novel diseases, are considered to be the highest emerging threat, with nearly 

half of all threatened island endemics vulnerable to climate change (Russell and Kueffer 2019). 

While not always formally recognised, >99% of threatened species are sensitive to one or more 

climate threat (Delach et al. 2019). 

To address the direct and indirect effects of climate change there have been several generalised 

management frameworks, strategies and reviews written since 2010 for managing species and 

ecosystems (e.g. Conroy et al. 2011; Watson et al. 2012; Gillson et al. 2013; Shoo et al. 2013; 

Kueffer and Kaiser-Bunbury 2014). These frameworks commonly follow five broad 

objectives, (i) increase protected area extent, (ii) improve representation and replication within 

the protected area, (iii) integrate within policy, (iv) improve management and restoration 

techniques, and (v) consider high intervention or novel management techniques. While 

objectives i-iv are well accepted and commonly implemented recovery actions, research shows 

that conservation practitioners are hesitant to implement novel actions because of the risk of 

the unknown and perceived comparative lack of effectiveness (Hagerman and Satterfield 2013; 

Hoeppner and Hughes 2019). However, it is increasingly clear that to effectively address novel 

threats and make lasting change, we need to implement ‘high intervention’ management 

actions with inherently more associated uncertainty (Hoegh-Guldberg et al. 2008; Hoeppner 

and Hughes 2019; Prober et al. 2019). 

Australian threatened species recovery plans increasingly recognise the threat of climate 

change, however, recovery actions are rarely linked to addressing that threat (Hoeppner and 

Hughes 2019). In the United States of America, conservation practitioners agree (97%) that 

high intervention actions, such as assisted migration, will need to be implemented to effectively 

address climate change threats (Hagerman and Satterfield 2013). However, in most cases, 

traditional management actions were still prioritised more highly, as they are seen to be more 

effective and less risky (Hagerman and Satterfield 2013). Similarly, in Australia, recovery 
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plans primarily recommended well accepted, comparatively passive and low intervention 

recovery actions, most of which lack the boldness to prevent extinction under a novel climate 

(Hoeppner and Hughes 2019). The general perception that climate change is a future long-term 

rather than current threat, may drive the lack of prioritisation of high intervention actions, as it 

is believed that there is time to address the knowledge gaps before needing to act (Hoeppner 

and Hughes 2019).  

Structured decision making (StDM) provides one method to address uncertainty and identify 

effective conservation management solutions for novel climate threats. It has been used 

successfully for threatened species management and for addressing changing species 

distributions (Gregory et al. 2013; Panfylova et al. 2019; Robinson et al. 2019). Uncertainty is 

often given as the reason for delaying management actions while additional research or data is 

gathered to clarify the solution, however, in many cases it only refines the knowledge and does 

not change the final recommended management action (Cook et al. 2013). The cost of inaction 

while research takes place also needs to be considered, as during this time the threat can 

continue to intensify (Gregory et al. 2013). StDM is an iterative process that engages technical 

experts, policymakers, conservation managers and stakeholders in an exchange of information 

to develop targeted objectives. The process helps to expose and explore the full range of 

potential management actions, the consequences of those actions, and the associated trade-offs 

from different perspectives (Gregory et al. 2012). It also allows decision-makers/conservation 

practitioners to step outside of their own experience, which often unintentionally limits the 

considered management solutions, to explore the full range of possibilities, including the 

consequences of ‘business as usual’ (Gregory et al. 2013).  

The ongoing island-wide dieback of the dominant keystone species, Azorella macquariensis 

Orchard (Apiaceae, Macquarie cushions, see Fig. 2 of the General Introduction), and 

bryophytes of the surrounding fellfield on sub-Antarctic Macquarie Island (Whinam et al. 2014; 

Bergstrom et al. 2015; Dickson et al. 2019) represents a complex management problem driven 

by climate change. It will require the consideration of increasingly high intervention recovery 

actions to maintain the species and ecosystem in which it plays a key role. Cushion dieback, 

first observed in 2008/09, is hypothesised to be driven by short-term climate pulses (e.g. 

increasingly stormier climate, larger rainfall events, longer periods between rainfall, increased 

wind speed and sunshine hours) and long-term climate presses (e.g. higher maximum 

temperatures, annual rainfall, drier atmosphere) that have simultaneously weakened A. 

macquariensis during the growing season and provided more conducive conditions for the 
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pathogen during the cushions’ dormant winter period (Ch2, (Bergstrom et al. 2015; Bergstrom 

et al. in press). The loss of cushion cover resulted in the rapid national listing of 

A. macquariensis as critically endangered in 2010 (Threatened Species Scientific Committee, 

TSSC 2010a). The management response from the multi-agency taskforce was swift, 

establishing a clear baseline of knowledge, quarantine policy, and undertaking low-

intervention management actions to preserve the genetic material of the species (Bergstrom et 

al. 2015). However, one decade after island-wide cushion dieback was first recorded, it 

continues to affect almost a third of all cushion cover (Dickson et al. 2019) and is causing 

localised ecological collapse in the north of the island (Chapter 3, Bergstrom et al. in press). 

To address dieback and maintain fellfield ecosystem function bolder actions are required. 

These will necessitate a greater level of intervention, invariably carrying a higher risk of 

unknown biotic responses. 

Complex management decision-making has previously been applied on Macquarie Island to 

eradicate multiple vertebrate pests impacting the island’s biodiversity, which although 

ultimately very successful, resulted in some unanticipated negative intermediary outcomes (see 

Bergstrom et al. 2009; Terauds et al. 2014; Springer 2016). Specifically, following the 

eradication of feral cats (Felis catus L.) in 2001, there was a substantial increase in the 

European rabbit (Oryctolagus cuniculus L.) population (Bergstrom et al. 2009). The large 

increase in rabbit numbers resulted in a trophic cascade, with severe grazing impacts and 

erosion occurring across the island, particularly on coastal slopes important for seabird nesting 

(Bergstrom et al. 2009). This outcome emphasised the importance of holistically considering 

all potential management options and outcomes prior to implementation (see Raymond et al. 

2011), thus ensuring that management is best able to respond to uncertain biotic responses 

(Bergstrom et al. 2009). 

Therefore, with multiple lines of new evidence emerging since the national ‘Conservation 

Advice’ was endorsed in 2010 for A. macquariensis, and in the face of its ongoing rapid decline, 

here I apply a Structured-Decision Making (StDM) framework (Gregory et al. 2012) to 

explicitly identify the full range of recovery actions available to address uncertainty associated 

with managing threatened species vulnerable to climate change (see Gregory et al. 2013). As 

part of this process the aims of the chapter are to (i) show the advance in understanding 

achieved by the research presented in this thesis, and (ii) based on this and other evidence-

based advances over the last decade, I discuss the range of policy and recovery solutions 

possible. I draw on techniques applied in similar Australian and international contexts, and 
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provide prioritised recommendations for recovery actions for A. macquariensis and the 

associated fellfield ecosystem. 

 

Methods 

This study focuses on the first four of the six step StDM process (Fig. 1.), building the scientific 

evidence-base for a range of management options in a consultative process. This can then be 

subsequently evaluated by conservation practitioners for implementation within the current 

management context. First, the decision context is clarified (Fig. 1.i.), summarizing the current 

values, trends and threats to A. macquariensis and the associated fellfield ecosystem, focussing 

on the enhanced understanding from the research presented in this thesis and published 

literature from the last decade. Second, over-arching conservation vision, sub-objectives and 

their associated performance measures for the species and the ecosystem are defined (Fig. 1.ii.). 

Third, a ‘recovery action matrix’ is developed of current and potential management actions 

from literature and expert input (Fig. 1.iii), which is visualised as a continuum of the ability to 

affect long-term change against the risk of unexpected outcomes (Fig. 1.iv.). The biological 

consequence and risk of each high intervention management action is then identified and linked 

to associated research objectives to mitigate those risks, where necessary.  

(i) Clarification of the decision context  

The current decision context (Fig. 1.i.) was determined from published literature, unpublished 

research presented in this thesis and grey literature, including the state and federal conservation 

advice. The ecological and cultural values of the species and fellfield, their conservation status, 

population and ecosystem trends, and threats to their conservation status were synthesised, 

highlighting new knowledge about the species and the ecosystem. The synthesised knowledge 

was used to revise and update the causal pathway model Hoffmann et al. (2019) and to describe 

the current understanding of drivers of A. macquariensis dieback and their consequences. 

(ii) Definition of the conservation vision, management objectives, and desired outcomes 

Despite conservation objectives being generally seen as very clear to conservation managers 

involved in day-to-day recovery of the species, conservation or recovery objectives can often 

remain comparatively ambiguous to other stakeholders, with unarticulated performance 

measures (Gregory et al. 2013). The process of clearly defining objectives is important to   
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Fig. 1. Structured decision making (StDM) framework (Gregory et al. 2012) used for complex decision-

making that involves multiple sources of uncertainty. This study completed steps i – iv to define the 

full range of potential alternative recovery actions and estimates the consequences for the critically 

endangered Azorella macquariensis and associated fellfield ecosystem on Macquarie Island using 

published case studies and the results presented in previous chapters of this thesis. The outcome of 

applying this framework are discussed and tabulated for future evaluation and implementation by 

conservation managers within the current management context of Macquarie Island (steps v and vi). 

Abbreviations include: Southern Ocean Islands (SOI) and Australia (Au). 
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(i) initiate the discussion about the objectives and formalise the balance between scientific or 

technical information and value judgements, (ii) explore all dimensions of management at the 

start of the process and avoid the biases of focussing on one traditional area of management, 

and (iii) raise the key uncertainties about climate change responses or management techniques 

for discussion that need to be considered during the planning process (Gregory et al. 2013).  

Management objectives were defined in the Tasmanian Threatened Species Listing Statement 

(Tasmanian Threatened Species, TSS 2012, pg 5.) as: 

 “determine and address the cause of decline; 

 monitor and describe the nature of the decline and any recovery of Azorella 

macquariensis and associated feldmark species; 

 expand and maintain a representative ex situ conservation holding of seed and living 

plants.”  

However, while these objectives have set a direction for previous recovery efforts, they contain 

ambiguity about the values of the species and ecosystem to be conserved, and hence do not 

provide a clear vision for the system. Consequently, a new draft conservation vision, 

conservation objectives, and their associated performance measures for the purpose of this 

study were defined based on the values identified in the decision context (Fig. 1.ii.). 

(iii) Develop alternatives – identification of all possible conservation interventions 

To determine the range of alternate management and research priorities (Fig. 1.iii.), I reviewed 

published, unpublished and grey literature on A. macquariensis and related species. 

Specifically, relevant ongoing or incomplete recovery actions and research from the Tasmanian 

Threatened Species Listing Statement (TSS 2012) and the federal Environment Protection and 

Biodiversity Conservation (EPBC) Act 1999 Conservation Advice (TSSC 2010b) were 

incorporated into the recommended management actions. For clarity, fine-scale management 

actions or research priorities were grouped into categories (see Appendix D1). The status of all 

previous recovery actions and research were classified as (a) complete, to be maintained, (b) 

implemented, requires refinement following research outcomes, (c) attempted, requires 

additional research, (d) not yet attempted, and (e) no longer relevant.  

(iv) Consideration of potential risks and the likelihood of success of interventions  

A recovery action matrix was produced to illustrate the relationship between the ability to affect 

long-term change for the species and/or the fellfield ecosystem (x-axis) against the risk of the 
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unexpected outcomes (y-axis; uncertainty/estimate consequences see Fig. 1.iv). The level of 

management intervention required to complete the action was simultaneously shown on the x-

axis, where actions were considered ‘passive’ if they do not physically impact the species or 

the ecosystem (following Hoeppner and Hughes 2019). The potential recovery actions are 

outlined in Table 2, defining the (i) objective of the action and (ii) potential risks to be 

considered or mitigated.   

Initial stakeholder review and prioritisation of conservation vision, actions and research (i – 

iv) 

The conservation vision and objectives for the species and the fellfield, draft recovery actions, 

research priorities, and recovery action matrix were discussed at a workshop of relevant experts. 

Experts present at the workshop were from Monash University and five government agencies 

encompassed expertise in Azorella ecology and biology, Macquarie Island ecology, plant 

physiology, reserve management and threatened species recovery (see thesis 

acknowledgements).  

Recovery actions and associated research were subsequently prioritised based on the objectives 

that were established for both A. macquariensis and the associated fellfield ecosystem and the 

scientific knowledge available. 

 

Results and discussion 

(i) Clarification of the decision context – current status of A. macquariensis and the fellfield 

ecosystem and its management 

The current context within which decisions about A. macquariensis and the fellfield ecosystem 

need to be made is that a threatened, keystone species endemic to Macquarie Island continues 

to decline in condition (see Dickson et al. 2019). Dieback continues to affect almost a third of 

cushion cover island-wide, a decade after it was first observed (Dickson et al. 2019), ranging 

from more advanced dieback in the north to healthier cushions in the south (Chapter 2). Both 

the morphology and current plant condition is highly variable across the island (Dickson et al. 

2019, Chapter 2), making it challenging to identify typical populations to prioritise for 

protection, and define cushion cover and dieback thresholds to trigger management response 

(Chapter 3). Current declines in the dominant cushion condition are leading to complete loss 
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of vascular plant biomass from some northern fellfield sites (Bergstrom et al. in press; Chapter 

3) and thus there is an associated loss of soil carbon, microarthropod diversity (Bergstrom et 

al. 2015), vascular plant diversity and abundance (see le Roux and McGeoch 2010; Raath-

Krüger et al. 2019) and iconic vegetation terraces (Selkirk 2012). Windy sites may be denuded 

of diseased cushions within three years, while those cushions at moderate elevation are 

increasingly likely to be outcompeted by graminoids (Chapter 3, Fig. 2). Low levels of recovery 

(1.1 ± SD 0.4%) occur island-wide, however, multiple waves of dieback have been observed 

to occur on the same site and same cushion (Chapter 3, (Dickson et al. 2019; Bergstrom et al. 

in press), resulting in the pervasive erosion of cushion cover (Chapter 3). While the rate of loss 

is still unclear (Chapter 3), over time it is expected that A. macquariensis will either become a 

sub-dominant species or in very exposed areas removed entirely. The full description of the 

value and trends of A. macquariensis are thoroughly described in Chapters 1 to 3 of this thesis. 

The iconic tundra-like fellfield ecosystem on Macquarie Island is not listed under the EPBC 

Act 1999 or the International Union for Conservation of Nature (IUCN)’s Red List of 

Ecosystems (RLE). This is despite the on-going cushion dieback threatening the fellfield’s 

ecological character and function across the island, which has already resulted in localised 

ecosystem collapse at some northern sites (Chapter 3; Bergstrom et al. in press). The fellfield 

dominates the extensive windswept alpine plateau of Macquarie Island (> 200 m asl, 

approximately 50% of the area) (Selkirk 2012). This highly patterned ecosystem contains some 

of the most well-defined and spectacular global examples of vegetation-banked terraces, 

dominated by A. macquariensis and associated bryophytes (Taylor 1955b; Selkirk 1998; 

Selkirk-Bell and Selkirk 2013), which are considered a key geo-conservation feature of the 

island (Comfort 2014). These patterned features form part of the superlative wild beauty 

(Criterion vii) and geo-conservation features (Criterion viii) for which Macquarie Island was 

awarded World Heritage status in 1997 (Parks and Wildlife Service 2006). The listing of the 

fellfield ecosystem under the RLE and EPBC Act 1999 is considered a management priority, 

to improve recognition and strategic management for the ecosystem (see Bland et al. 2019). 

Threats to the species and associated ecosystem (a. – d.) 

The highest threat to A. macquariensis and the associated fellfield ecosystem is the ongoing 

cushion dieback in response to a change in the regional climate (TSSC 2010b; TSS 2012; 

Whinam et al. 2014; Bergstrom et al. 2015). Macquarie Island has comparatively few direct 

current human impacts (Bergstrom and Chown 1999), with a rationalised walking track 

network to reduce trampling on the fellfield (Parks and Wildlife Service 2006) and no 
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mammalian pests following the success of the Macquarie Island Pest Eradication Program 

(MIPEP) in 2014 (Springer 2016). The three extant weed species (Williams et al. 2019) and 

three exotic pest species (Frénot et al. 2005) currently represent a low threat to 

A. macquariensis (see d. introduced species). Consequently focus is placed on the direct and 

indirect effects of climate change (sections a. – c.), described in the context of the revised 

causal pathway model and the disease triangle. The revised causal pathway model (Fig. 2) first 

developed by Hoffmann et al. (2019) describes the current understanding of the drivers of 

A. macquariensis dieback, emphasising the additive and synergistic nature of the direct and 

indirect effects of climate (Chapter 2).  

a. Threat: Climate 

For disease or pathogen outbreaks to occur two or three of the axes of a disease triangle need 

to change, expressed as (i) an increasingly weakened host, (ii) a more conducive environment 

and/or (iii) increased pathogen virulence (Garrett et al. 2016). The oceanic sub-Antarctic 

Macquarie Island is historically very climatically stable, misty (annual mean relative humidity, 

89%), windy (annual mean wind speed, 9.3 ms-1) and cold (month max. temp. Jan 8.4 – Jul 

4.7°C) (Selkirk et al. 1990). Azorella macquariensis is well adapted to this windy wet climate, 

and it quickly takes up available atmospheric water, but conversely rapidly loses water 

(Rolland et al. 2015). However, since 1970 there has been significant change in climate, both 

as (i) a sustained change (press), including a drier atmosphere (Adams 2009), increased 

sunshine hours (Bergstrom et al. 2015), increased extreme maximum and mean maximum 

temperature, primarily in the summer growing season months (Chapter 2), and (ii) more novel 

episodic (pulse) events, including increased storm activity, driving higher winds and more 

variable weather patterns (Adams 2009) and a 55% increase in winter rainfall that occurs in 

larger events (Bergstrom et al. 2015). This resulted in a significant increase in the 

evapotranspiration rate and associated deficit in plant available water for 17 summer growing 

seasons pre-2008, substantially weakening A. macquariensis immediately prior to the disease 

outbreak (Bergstrom et al. 2015). The water-stress has seemingly lessened post-2010, indicated 

by cushions regaining turgidity (Bergstrom et al. in press) (water stress levels still to be tested), 

and there is a much higher saturation of the soil during winter, the important summer growing 

season (October – March) is still   
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Fig. 2. The simplified causal pathway model of direct and indirect drivers of Azorella macquariensis 

(Macquarie cushions) dieback on the Macquarie Island fellfield, as described by (a) Hoffmann et al. 

(2019), and (b) updated following increased understanding from this thesis. The updated model (b) 

depicts (i) the direct weakening effect of climate change on the cushion, in drought conditions pre-2010, 

which lessened post-2010, and (ii) the indirect effect of climate change creating both a more conducive 

environment for pathogens, causing cushion dieback and facilitating the independent grass colonisation 

of cushions. The three right-hand nodes describe the hypothesised outcome for cushions under a 

changing climate. A change or increase in understanding from Hoffmann et al. (2019) is indicated by 

bold text, coloured nodes or coloured interaction lines, including (i) cushion dieback is facilitated under 

the increasingly wet winters, at sites with less freezing days and warming maximum temperatures, while 

water-stress is not directly related to dieback extent in the models, (ii) with warming maximum 

temperatures cushions are expected to be become increasingly colonised by grasses, independent of 

dieback, and (iii) background levels of germination and recovery from dieback are occurring at low 

levels across the fellfield. Interactions are directional, positive (), negative () and removed from 

model (…). The feedback loop represents the acceleration of ablation with the loss of cushion surface 

integrity. Numbers associated with nodes and interactions refer to literature that discusses or has 

provided evidence for the process: (1) Whinam et al. (2014); (2) Bergstrom et al. (2015); (3) le Roux 

and McGeoch (2008); (4) le Roux et al. (2005); (Ch1) thesis Chapter 1, Dickson et al. (2019) ; (Ch2) 

thesis Chapter 2; (Ch3) thesis Chapter 3. 
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significantly warmer (Chapter 2) and has higher rainfall variability (Bergstrom et al. 2015). 

This increase in warmth and higher variability of rainfall, with the associated reduction in misty 

precipitation, is resulting in less atmospheric water, which may still be causing stress in A. 

macquariensis from a reduction in plant available water (Fig. 2). 

b. Threat: Pathogen response  

During the winter cushion dormancy period (April – September), when leaves senesce, the 

island is increasingly warm (Chapter 2) with much higher rainfall than experienced historically 

(pre-1960) and that now occurs in larger events (Bergstrom et al. 2015) (Fig. 2.). In other 

systems, warmer and wetter trending conditions have been shown conducive to disease or 

pathogens (Harvell et al. 2002). Here, I showed that dieback extent was negatively related to 

freezing days and positively related to very high relative humidity (Chapter 2), both variables 

associated with pathogens (see Garrett et al. 2016; Burgess et al. 2017). Extensive and 

comparatively healthy southern cushion populations persist in conditions suggestive of a 

natural refugium, because the south is significantly colder with more freezing days (Chapter 

2). In contrast, microclimate (Chapter 2) and topographic (Dickson et al. 2019) modelling 

found that variables representative of water-stress were not important for determining dieback 

extent. Consequently, the direct relationship between pathogen activity and a deficit in plant 

available water is no longer supported in the models (Fig. 2). Despite this, weakened A. 

macquariensis condition is still considered an important precursor to pathogenic infection, as 

shown in the disease triangle (see Chapter 2). The possibility of the final axis of the disease 

triangle, increased pathogen virulence and the implied pathogen identification, requires 

extensive further research (see Table 3). 

The iconic mega-herb Pleurophyllum hookeri Buchanan (silver-leaf daisy, Asteraceae) is the 

only other species seemingly affected by the same dieback as A. macquariensis, although 

juveniles (<10cm) are not affected (Whinam et al. 2014). Where A. macquariensis and adult 

P. hookeri occur together, the radiating dieback kills both species, clearly visible from the 

chlorosis line on the cushion. Other Azorella macquariensis epiphytes and surrounding 

vascular plants are not affected by the passing of the chlorosis line.  During 2017 P. hookeri 

was present at a third of all surveyed A. macquariensis sites (n = 30 of 90) across the island’s 

plateau, of which a third (n = 11) had low levels of pathogen dieback (<10% of P. hookeri 

cover) (Dickson et al. 2018, updated 2018a). While P. hookeri dieback occurred across the 

island, in 2018 large areas of P. hookeri dieback (100 x 100 m) occurred in association with 

cushion dieback east of Mount Hamilton, around Mount Eitel and P. hookeri dieback 
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independent of cushions on the Bauer Bay Track (pers. obs). Dieback appears to be increasing 

over time, with higher amounts observed in 2019 (M. Visoiu pers. comm. 2019). Despite these 

two species being from different families, with different forms and growth rates (Bergstrom et 

al. 1997), they are the only plant species on the island to both have a large well-defined taproot 

and undergo winter senescence, before new leaves emerge in September. However, note that 

dieback also occurred in cushion canopies where the taproot was not visually affected by 

lesions (Whinam et al. 2014). Further research is required to establish the extent of dieback in 

P. hookeri populations and to confirm whether it is the same pathogens driving dieback as in 

A. macquariensis. The only other dicot species with a similar taproot Stilbocarpa polaris 

(Hombr. & Jacquinot ex Hook.f.) A.Gray (Macquarie Island cabbage, Araliaceae) syn. Azorella 

polaris G.M.Plunkett & A.N.Nicolas (Plunkett and Nicolas 2017) is currently unaffected by 

the dieback. This is despite some co-occurrence of the species at moderate elevation where 

dieback is present. 

c. Threat: Short-grassland response to climate 

The fellfield is traditionally highly exposed and species-poor (Selkirk et al. 1990). In this 

environment Azorella species facilitate greater diversity and cover of vascular plants, by 

ameliorating the harsh conditions (e.g. le Roux and McGeoch 2010). However, as sub-

Antarctic maximum temperatures increase under regional climate change, there has been a 

movement of vascular plants upslope of 3.4 ± 0.8 m yr-1 (le Roux and McGeoch 2008). Of the 

major sub-Antarctic Islands, Macquarie Island has one of the lowest maximum elevations, with 

plant species already occurring its the full extent (433 m asl), providing no capacity for 

A. macquariensis to move upslope as temperatures warm (Baker et al. unpublished). Dominant 

short-grassland species, Agrostis magellanica Lam. (Poaceae) and Luzula crinita Hook. 

(Juncaceae), have increased in cover on the Macquarie Island coastal escarpments 

simultaneously with a rise in maximum temperatures (Scott and Kirkpatrick 2013), suggesting 

this may also be occurring across the island at similar elevations (Chapter 3). On the fellfield 

the dominant epiphytes of A. macquariensis (Ag. magellanica and L. crinita) increase in cover 

with higher maximum temperatures or alternatively with a reduction in elevation, while 

cushion dieback reduces epiphyte cover (Chapter 3; Fig. 2). Additionally, under warming 

temperatures it is likely that needle ice, which maintains and turns over gravel treads on the 

iconic vegetation terraces (see Selkirk-Bell and Selkirk 2013), is also decreasing, potentially 

allowing grass to establish and flatten the landscape. This, together with qualitative modelling, 

suggests that short-grassland species threaten to colonise and outcompete moderate elevation 
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A. macquariensis populations as maximum temperatures rise, irrespective of dieback (Chapter 

3; Fig. 2). However, the change in the distribution and density of grassland species in response 

to warmer temperatures is complicated by the eradication of rabbits and removal of grazing 

pressure in 2011 (see Terauds et al. 2014). While it is known that Ag. magellanica and L. crinita 

were increasing in density irrespective of rabbits on coastal slopes (Scott and Kirkpatrick 2013), 

it is also possible that rabbits were maintaining a more open structure at moderate elevation on 

the fellfield than previously observed. Therefore, although vascular species respond variably 

to rabbit eradication on different sub-Antarctic islands (Chapuis et al. 2004), on the warmer 

and wetter Macquarie Island, the removal of grazing pressure may also be driving the 

redistribution of short-grasslands and subsequent out-competition of A. macquariensis. 

d. Threat: Introduced species 

The introduction and establishment of new alien plants, vertebrates, invertebrates, and 

pathogens onto Macquarie Island represents a potential additional threat to A. macquariensis if 

they establish (TSSC 2010b; TSS 2012), as they do on many sub-Antarctic islands (Frénot et 

al. 2005). Currently, thorough ongoing quarantine procedures are in place to prevent incursions, 

monitoring the movement of personnel and equipment on and off-island (Parks and Wildlife 

Service 2006). There are three well-established extant weed species (Poa annua L., Cerastium 

fontanum Baumg., and Stellaria media L.) on the island (Williams et al. 2019). However, all 

three weeds represent a very low threat to A. macquariensis on the fellfield predominantly 

occupying different habitats. Despite both P. annua and C. fontanum occurring island-wide, 

including as sparse individuals on the fellfield, their highest densities occur at low to moderate 

elevation, primarily in disturbed sites (see Scott and Kirkpatrick 2008; Williams et al. 2016; 

Sindel et al. 2018). S. media has a more limited distribution, occurring along the island’s 

watercourses at predominantly low to moderate elevation, and radiating from points of 

historical disturbance in the northern third of the island (Williams et al. 2019). Historically the 

European rabbit caused minor, localised mechanical damage to A. macquariensis affecting 

< 10% of cushion canopies in or near short-grasslands (Whinam et al. 2014), however, the 

threat is no longer present following the successful eradication of rabbits in 2011 (Terauds et 

al. 2014). With the completion of the Macquarie Island Pest Eradication Program, the island 

was declared mammalian pest-free in 2014 (Springer 2016), leaving only three extant exotic 

birds (common starling Sturnus vulgaris L., common redpoll Acanthis flammea L., and 

Palearctic mallard Anas platyrhynchos L.) (Frénot et al. 2005). Similar to the weed species, the 

exotic birds represent a limited threat to A. macquariensis on the fellfield, preferentially 
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occupying the short-grasslands, coastal escarpments, and platforms (Selkirk et al. 1990). 

Therefore, overall there is minimal threat from extant invasive alien species. 

Leaf expulsion, putative anomaly 

During the 2017/2018 Austral summer A. macquariensis was observed to be expelling a small 

number of leaves from cushions island-wide (Fig. 3a-c). The expelled leaves appeared to be 

the first leaves to emerge post-senescence in spring 2018, because they were consistently 

located on the outside of the new seasons growth, above the previous seasons leaves (Fig. 3d-

f). This observation was considered an anomaly, as the cushions are well known to retain their 

annually senesced leaves within their canopy, where they break down and form humic mulch, 

while new leaves grow at the tips of the branchlets in the new spring season (Taylor 1955a; 

Ashton and Gill 1965; Bergstrom et al. 2015). Similarly the expulsion of leaves had not been 

recorded in the previous summer season, nor within the memory of experienced Macquarie 

Island botanists (D. Bergstrom, P. Selkirk, J. Whinam, pers. comm. 2018). However, it had 

been previously observed once before in the mid-2000s, following a large snow fall (J. Shaw, 

pers. comm., Nov. 2019). While no recordings of leaf expulsion were made during the 

2018/2019 summer, it was again observed along the length of Macquarie Island in October 

2019 (A. Turbett, Tasmanian Parks and Wildlife Service, pers. comm., October 2019). Despite 

the loss of leaves, leaf expulsion did not disrupt the integrity of the canopy nor make the 

cushions apparently more susceptible to ablation. Leaf expulsion was recorded from 58.8% (n 

= 48 of 82) of the A. macquariensis sites assessed in this thesis, from both large and small (< 

100 mm diameter) cushions, and occurred the length and breadth of the island (unpub. data). It 

was predominantly recorded in healthy cushions, although on closer inspection cushions with 

dieback were also observed to occasionally expel leaves. Leaf samples were taken from six 

sites, from cushions that were expelling leaves and those that were not, however, on closer 

inspection nearly all cushions were expelling at least a few leaves. There was no visual 

difference between the plants.  

Plants often enter early senescence and experience leaf abscission (detachment) in response to 

drought or severe water stress (Munné-Bosch and Alegre 2004). While early senescence of the 

total canopy under drought conditions was shown in experimental manipulation of A. selago 

(le Roux et al. 2005), no leaves were expelled (M.A. McGeoch, pers. comm, November 2019), 

nor is A. macquariensis entering early senescence. Alpine plants are also known to have   
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Fig. 3. Healthy Azorella macquariensis (Macquarie cushions) showing unusual dead leaf expulsion 

from the cushion canopy (a. – c.) during the 2017/2018 Austral summer. The arrow indicates a high 

concentration of expelled leaves (a.), while expelled leaves (brown) are spread across or emerging from 

the canopy of cushions b. and c., respectively. Close-up images of sampled cushion rosettes and leaves 

(e. – g.), showing the putative first leaf from the current season senesced (brown), and soon to be shed, 

on the outer edge of the new growth. 
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varying freezing tolerances at different times of the growing season (Sierra-Almeida et al. 

2009), and are increasingly susceptible to lethal leaf spring freezing events with the earlier 

snowmelt in alpine ecosystems under climate change (Wheeler et al. 2014). While Macquarie 

Island rarely maintains snow cover for more than a week (Selkirk et al. 1990), it is plausible 

that a chance heavy snow fall, subsequent melt and freeze, timed simultaneously with the first 

leaf emergence of A. macquariensis in spring, could result in the early leaves’ abscission and 

subsequent expulsion. However, the driver of leaf expulsion or abscission has not yet been 

tested. It is possible that this is either a new response to a changing climate, or that it has 

previously periodically occurred but not been noted, given A. macquariensis was not of 

previous conservation concern. Future research is needed to clarify the cause of the leaf 

expulsion and the regularity at which it occurs. 

Past interventions to address the threats 

Following the observation of island-wide dieback in 2008/09 (Whinam et al. 2014; Bergstrom 

et al. 2015) A. macquariensis was listed as nationally critically endangered in 2010 (TSSC 

2010a) and endangered in Tasmania in 2009 (TSS 2012). Island-wide dieback surveys were 

conducted and monitoring programs were subsequently established (Bricher et al. 2013; 

Bergstrom 2013, updated 2014; Shaw and Terauds 2013, updated 2016; Whinam et al. 2014; 

Bergstrom et al. 2015). The research and monitoring created a baseline knowledge of 

A. macquariensis physiology (Bergstrom et al. 2015; Rolland et al. 2015), distribution (Bricher 

et al. 2013), condition (Selkirk 2012; Whinam et al. 2014; Bergstrom et al. 2015; Dickson et 

al. 2019), microclimates (Chapter 2) and state-transition of cushion condition (Chapter 3). 

Recovery actions successfully banked the seed, established an isolated ex situ population on 

North Head on Macquarie Island (Perrins and Tapson 2014; Tapson 2014), defined three 

special management areas (SMAs) that limit access to high quality cushion populations and 

implemented quarantine procedures to stop the inter-island spread of disease (Bergstrom et al. 

2015). However, despite targeted germination and pathology research, A. macquariensis 

germination cues and pathogens remain unidentified (Bergstrom et al. 2015) and the dieback 

is ongoing and pervasive (Dickson et al. 2019).  
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 (ii) Definition of the conservation vision, management objectives, and desired outcomes 

The recommended conservation vision defined in this study is ‘Conserve Azorella 

macquariensis and ecological function of the fellfield ecosystem across Macquarie Island’, and 

is composed of three sub-objectives (i) maintain cover and abundance of A. macquariensis, (ii) 

maintain genetic diversity of A. macquariensis, and (iii) maintain fellfield ecosystem function 

(Table 1). Each of the three sub-objectives have high level performance measures identified to 

guide the development of alternative recovery actions.  

(iii) Develop alternatives – identification of all possible conservation interventions, and (iv) 

estimate consequences 

Fifteen recovery actions were identified from the literature as either priorities to maintain or 

for consideration for future implementation (Table 2, Fig. 4). Eleven actions were previously 

recommended under the national Conservation Advice (TSSC 2010b) and Tasmanian State 

Listing Statement (TSS 2012) and are considered to be important to include within the 

recommended future actions (Actions 1 – 11, Table 2, Table S1). Four of the fifteen 

recommended recovery actions were developed from relevant published Australian and 

international case studies (Actions 12 – 15, Table 2). Recovery actions that have been 

successfully implemented or been attempted since 2009 were overwhelmingly passive (6 of 15) 

and low risk (8 of 15), and while they provided important policy and biosecurity structure, they 

do not have the ability to maintain ecosystem function (Fig. 4). The implementation of 

primarily passive and low intervention recovery actions to-date primarily reflects the necessity 

to develop baseline knowledge and policy in the comparatively short time-frame since the 

island-wide A. macquariensis dieback was first detected (10 years). Those active interventions 

implemented focussed on securing ex situ A. macquariensis collections to preserve the species, 

while none has the capacity to maintain ecosystem function (Fig. 4). Previously recommended 

and predominantly implemented actions under the state and federal conservation advice 

relating to monitoring, baseline research, developing germination and propagation techniques, 

or identifying the putative pathogens were considered research for this study (Table 3). 

Invariably the newly recommended or yet to be attempted actions have a higher risk of 

unexpected outcomes (Fig. 4), with additional risks to be considered or mitigated (Table 2). 

However, they also have the highest potential to effect lasting change and maintain ecosystem 

function. The following sections discuss (a.) existing recovery actions that should be retained 

and refined with recent research outcomes to secure A. macquariensis ex situ and prevent  
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Table 1. Conservation vision and the management objectives and management performance measures 

in line with this desired outcome for the critically endangered Azorella macquariensis and the associated 

fellfield ecosystem on Macquarie Island (MI). 

High level conservation vision 

Conserve Azorella macquariensis and ecological function of the fellfield ecosystem across 

Macquarie Island 

Objectives Performance measures 

Maintain cover and 

abundance of A. 

macquariensis  

 Current (2020) distribution and cover maintained, natural regeneration 

occurring. 

 No cushion dieback within high value conservation areas (special 

management areas, SMAs).  

 Former northern distribution restored with pathogen-resistant cushions. 

 No new introductions of exotic plants, animals or pathogens on MI. 

Maintain genetic 

diversity of 

A. macquariensis 

 Seed bank maintained and supplemented to reach target of >10,000 seeds, 

allowing seed to be used for recovery actions. 

 Isolated North Head (MI) ex situ population maintained (>50 individuals). 

 Genetically diverse ex situ population germinated, propagated and 

maintained off MI.  

Maintain fellfield 

ecosystem function 

 Iconic vegetation terraces (geo-conservation features) maintained in 

landscape. 

 Keystone / landscape engineer role of plant species maintained on the 

fellfield: 

 Biotic diversity (i.e. “habitat complexity, connectivity, and 

community diversity”) maintained. 

 Maintenance of soil organic carbon in the fellfield ecosystem. 

 Locally collapsed areas of fellfield restored with pathogen-resistant species. 
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Table 2. Recommended Azorella macquariensis and fellfield recovery actions on Macquarie Island (MI). * indicates that action is not dependant on the 

suggested research, but will benefit from the increased knowledge. Sources for management actions as listed: National Conservation Advice for A. 

macquariensis (EPBC), and Tasmanian Threatened Species Listing Statement (TSS). Abbreviations include: Australian Antarctic Division (AAD), Australia 

(Au), Environmental Protection and Biodiversity Conservation Act 1999 (EPBC Act 1999), thesis chapter (Ch), Australian Department of Environment and 

Energy (DoEE), Tasmanian Department of Primary Industry, Parks, Water, Environment (DPIPWE), International Union for Conservation of Nature (IUCN) 

Red List of Ecosystems (RLE), Royal Tasmanian Botanical Gardens (RTBG), Special Management Areas (SMAs), Southern Ocean Islands (SOI), Tasmanian 

Parks and Wildlife Service (TasPWS). 

Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

Existing actions to be maintained 

1. Cooperation 

of stakeholders 

Species, 

ecosystem 

 Sharing of knowledge and 

resources between key 

stakeholders (DPIPWE, 

TasPWS, AAD, DoEE, RTBG 

& research institutions). 

 Cooperation not achieved.   NA EPBC, 

TSS 

High, ongoing 

2. Education of 

stakeholders, and 

wider public 

Species, 

ecosystem 

 Increased awareness of 

fellfield change by 

expeditioners, Antarctic and 

global science community, and 

the general community. 

 Education does not reach the 

required audience. 

  NA EPBC, 

TSS 

High, ongoing 

3. Biosecurity – 

off (inter) island 

Species, 

ecosystem 

 Prevention of pathogen 

spread to other SOI or 

mainland Australia (science 

and tourism). 

 No biological material taken 

off island without appropriate 

biosecurity practices. 

 Not all pathways identified.   *Ai-v EPBC, 

TSS 

High, ongoing 
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Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

 Maintain strict biosecurity 

procedures to prevent new 

biological threats from 

arriving on the island. 

4. Maintain seed 

bank 

Species  Long-term maintenance of 

viable seed (>10,000 seeds) to 

preserve genetic diversity, to 

be made available for use in 

research and conservation 

actions.  

 Funding resources not continued, 

seed bank not maintained, and genetic 

material lost. 

  NA EPBC, 

TSS 

High, ongoing 

5. Maintain ex 

situ population 

on MI 

Species  Long-term conservation of 

genetic diversity (>50 

individuals) and production of 

seed for future conservation 

use through the maintenance 

of the isolated North Head ex 

situ population.  

 Pathogenic infection of isolated 

population. 

 Resources required to support 

system discontinued. 

  NA EPBC, 

TSS 

High, ongoing 

Actions to be strengthened or refined 

6. Biosecurity - 

on island (Special 

management 

areas, SMA) 

Species, 

ecosystem 

 Prevention/slowing of 

disease spread to highest 

conservation value populations 

on MI through the use of 

restricted access SMAs and 

associated hygiene protocols. 

 Ineffective, spread continues.  Refine SMAs 

using identified 

variables (Ch2) 

 *Ai-vi. 

EPBC, 

TSS 

High, ongoing 
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Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

 Minimise physical damage 

to A. macquariensis 

throughout its distribution. 

7. Establishment 

of ex situ 

population (Tas, 

Au) 

Species  Long-term conservation of 

genetic material as a RTBG 

living collection, until species 

can be secured on MI. 

 Introduction of pathogen to 

mainland, if using translocated 

individuals. 

 Extensive quarantine needed. 

 Continued inability to maintain an 

ex situ population. 

 

 Bi-ii 

 *Ai,ii,iv,v. 

 

EPBC, 

TSS 

High 

8. National 

Recovery Plan or 

updated 

Conservation 

Advice for 

A. macquariensis  

Species, 

ecosystem 

 National Recovery Plan or 

updated EPBC Conservation 

Advice approved for A. 

macquariensis to inform 

strategic management 

decisions. 

 
 *A – F 

 Updated EPBC 

Conservation 

Advice 

 Recovery Plan 

EPBC, 

TSS 

Moderate 

Actions not yet attempted 

9. Listing of 

Fellfield under 

IUCN Red List of 

Ecosystems and 

EPBC Act 1999 

Ecosystem, 

species 

 List fellfield ecosystem 

under IUCN RLE and EPBC 

Act to increase recognition and 

strategic management actions 

as matter of National 

Environmental Significance 

(under EPBC Act 1999)  

  *Ai-vii,  

 *Ci-ix, focus 

on vi.  

 *Di-ii  

EPBC, 

TSS 

Moderate 
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Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

10. Assisted 

migration of 

A. macquariensis 

to SOI 

Species  Conservation of A. 

macquariensis ex situ using 

translocated individuals to a 

similar environment on a sub-

Antarctic island, until species 

is secure on MI or the 

Australian mainland. 

 Cannot germinate/propagate the 

species. 

 Introduction of pathogen to other 

SOIs (if using translocated MI 

individuals).  

 Extensive quarantine needed.  

 Potential for hybridisation with A. 

selago (wind pollinated).  

 Not politically achievable. 

 Population doesn't establish or 

becomes competitive. 

 Ai-iv 

 Bi,ii 

 Translocation 

plan 

EPBC Low 

11. Propagation 

& restoration 

with resistant 

phenotypes 

Species, 

ecosystem 

 Re-establish collapsed 

A. macquariensis populations 

with pathogen resistant 

individuals to secure the 

species and ecosystem 

function. 

 Resource intensive. 

 No phenotype or genotype resistant 

to disease. 

 Species cannot be germinated 

and/or propagated. 

 Ei 

 Ai-ii 

 Bi-ii 

~TSS High 

12. Pathogen 

resistance 

through genetic 

modification 

Species, 

ecosystem 

 Develop pathogen 

resistance in A. macquariensis 

using genomic editing 

techniques and re-establish 

collapsed populations, to 

secure the species and 

ecosystem function. 

 Resource intensive. 

 A. macquariensis genome not 

current described. 

 Effectivity of technology is 

compromised when target genes are 

unknown. 

 Genomic editing techniques 

unsuccessful.  

 Biotic interactions negatively 

altered or competitive individual 

 Ei-ii 

 Ai-ii 

 Bi-ii 

 Low 
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Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

produced and ecological niche 

changed. 

 Cannot propagate or establish new 

genetically modified individuals. 

13. Pathogen 

control (chemical 

application) 

Species, 

ecosystem 

 Remove the pathogen threat 

from MI to retain the species 

and ecosystem function. 

 Prioritise the highest A. 

macquariensis conservation 

value areas for treatment first. 

 Control treatment cannot be 

effectively identified. 

 Off-target damage may occur: 

broad-scale chemical application may 

negatively affect MI microbes, 

changing the community.  

 It is likely to be an on-going 

application.  

 Expensive.  

 Cannot germination or propagate 

A. macquariensis for trials. 

 Ai-ii 

 Bi-ii 

 Fi-ii 

 High 

14. Assisted 

migration of 

A. selago to MI 

Ecosystem  Restore and maintain 

fellfield ecosystem function 

and iconic terraces with more 

morphologically robust and 

closely related species, 

A. selago. 

 Hybridisation with 

A. macquariensis.  

 A. selago is also susceptible to 

pathogens.  

 Does not establish or fill same 

ecological niche.  

 Species cannot be germinated 

and/or propagated. 

 Ai-iii 

 Bi-ii 

 Translocation 

plan 

 Moderate 

15. Assisted 

migration of 

South American 

Azorella sp. to MI 

Ecosystem  Restore and maintain 

fellfield ecosystem function 

and iconic terraces with a 

morphologically similar 

 Hybridisation with 

A. macquariensis.  

 South American species are also 

susceptible to pathogens. 

 Ai,ii,vi,vii. 

 Translocation 

plan 

 Moderate 
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Intervention 

option 

Values 

protected 

Objectives Risks to be considered and/or 

mitigated 

Required 

research & 

policy 

Source Recommended 

Implementation 

Priority  

species, which are well known 

for their antibacterial 

properties. 

 Cannot be established on MI. 

 Does not fill same ecological 

niche.  
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Fig. 4. Recommended recovery actions for Azorella macquariensis (A.m) and the Macquarie Island (MI) 

fellfield, presented as the level of intervention required and the consequent potential to effect change, 

against the risk of negative outcomes (uncertainty). Action status: existing action, to be maintained ( ); 

implemented, requires refinement following research outcomes ( ); attempted, requires additional 

research ( ); not yet attempted (); research action contributes to all actions to the right ( ). R 

indicates actions that are termed research in Table 3; numbers 1 – 15 refer to recommended management 

actions in Table 2 (not in order of importance); and, * acknowledges that additional international 

political will (decision support) is required, which would increase the level of intervention to maximum. 

Ovals indicate independent objective of action, overlap indicates ability to address both objectives. 

Abbreviations include: population (pop), Southern Ocean Island (SOI) and Tasmania, Australia (Tas).  
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further spread of the disease. Focus is then given to (b.) the yet to be attempted recovery actions 

that have the highest potential to affect long-term change and maintain ecosystem function, 

describing similar successful case studies and risks to be considered before implementation. 

a. Existing recovery actions to be maintained or refined (low risk):  

To effectively recover this species and prevent further spread of the disease off Macquarie 

Island, maintaining a cooperative taskforce of stakeholders (Action 1) that (i) work to maintain 

rigorous biosecurity (Actions 3 and 6, Table 2, Fig. 4), (ii) educate Macquarie Island 

expeditioners, tourists and the general public about the island-wide dieback (Action 2, Table 

2, Fig. 4), and (iii) momentum for the recovery of the species and the ecosystem, remains 

important as a well-accepted and effective recovery actions (see Mawdsley et al. 2009). 

The preservation of genetic material ex situ, both in a seedbank (Action 4, Table 2, Fig. 4) and 

in ex situ populations or seed orchards (Action 5 and 7, Table 2, Fig. 4) are well accepted 

threatened flora recovery actions (Mawdsley et al. 2009; Broadhurst and Coates 2017; Monks 

et al. 2019). The continued, unmitigated decline of A. macquariensis emphasises the 

importance of maintaining ex situ collections to provide the ability to restore future populations, 

once the germination cues and propagation techniques are determined. Following extensive 

effort, 4110 viable seeds from 365 individuals were banked by the Royal Tasmanian Botanical 

Gardens (RTBG), as part of the Australian Seed Bank Partnership (Perrins and Wood 2019). 

However, future work is required to increase the amount of banked seed to the ideal 10-20,000 

seeds, particularly as this seed will be needed for future conservation research and recovery 

actions. Preliminary germination trials of A. macquariensis at RTBG and Royal Botanic 

Gardens Kew (Kew, England) has been unsuccessful, similarly the species could not be 

propagated or maintained as an ex situ population of translocated individuals from Macquarie 

Island on mainland Australia (L. Perrins RTBG, pers. comm., October 2019). Dedicated 

expertise and resources is required at both RTBG and Kew to address the germination and 

propagation knowledge gaps. Consequently, the ongoing maintenance of the ex situ ‘seed-

orchard’ (54 potted and watered individuals) on the isolated Macquarie Island headland, away 

from naturally occurring cushions and dieback (Perrins and Wood 2019), remains vitally 

important as a source of seed and genetic material for future conservation actions (Action 5) 

(see Broadhurst and Coates 2017). The seed-orchard is particularly important while continued 

research is still needed to successfully establish and maintain an ex situ population on the 

Australian mainland (Action 7, Table 2, Fig. 4).  
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Following a decade of research, monitoring programs (Table 3), special management areas 

(SMAs, Action 6, Table 2, Fig. 4) and policy documents (Action 8, Table 2, Fig. 4) need to be 

updated. For example, a clear monitoring program needs to be identified, that occurs biennially, 

including both dieback and cushion cover variables to identify loss of cushion cover from the 

system (Dickson et al. 2019). Further, to determine the rate of change of A. macquariensis 

populations and the associated abiotic conditions on the fellfield, refined cushion condition 

classes, associated grassland cover and microclimate data need to be included in the current 

monitoring program (see Box 1, Chapter 3). Future work is required to determine whether 

current scale of microclimate data (27 m2) is the appropriate resolution. The three current 

SMAs (reduced from 10, Action 6) were designated to prevent disturbance to the most 

extensive and highest conservation value sites for A. macquariensis (TSS 2012). Surveys in 

2017 confirmed that sites within the SMAs (n = 4 of 90) still contained some of the healthiest 

and most extensive populations island-wide (Dickson et al. 2018, updated 2018a). It is 

recommended that with the identification of dieback correlates, freezing days and extreme 

humidity (Chapter 2), the SMAs boundaries are refined and additional locations that may serve 

as cushion refugia from dieback are identified. The use of special management areas (exclusion 

zones) and hygiene procedures is still considered the most effective management tool for 

addressing or slowing the spread of disease on a landscape-scale (Monks et al. 2019). 

The federal and state conservation advice for A. macquariensis were rapidly prepared following 

the identification of island-wide dieback in 2008/2009 (TSSC 2010b; TSS 2012). However, 

the advice is now considerably out-of-date following the large increase in scientific knowledge 

about cushion dieback, and the response of the associated fellfield ecosystem to regional 

climate change (Action 8, Table 2, Fig. 4). National recovery plans are considered the main 

tool for threatened species recovery, identifying the biological understanding of the species, 

key threatening processes, required recovery actions and associated budget (Stewart et al. 

2018), with the aim of improving the conservation status of a species (Bottrill et al. 2011). 

While a national recovery plan for the cushion plant is recommended (TSS 2012), the value of 

single species plans are being increasingly questioned (Bottrill et al. 2011), especially given 

the extensive preparation time required. Therefore, given the shared objectives of 

A. macquariensis stakeholders it is recommended to update the current EPBC Act 1999 

Conservation Advice, providing a current but succinct document to guide management, with 

the application of specific, measurable, achievable, realistic and timely (SMART) objectives 

and prioritised actions (Action 8, Table 2, Fig. 4).   
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Table 3. Recommended Azorella macquariensis and fellfield research priorities, * indicates that action is not dependant, but will benefit from the suggested 

research. Thesis chapters with additional rationale indicated by ‘Ch’. Abbreviations include: Macquarie Island (MI), Southern Ocean Islands (SOI).  

Research topic Values 

protected 

Objectives Required research Associated 

recovery 

actions 

A Identification of 

pathogen/s 

Species, 

ecosystem 

 Identify pathogen/s and test other 

flora species’ susceptibility under 

different environmental conditions to 

enable appropriate management 

actions on MI and across the sub-

Antarctic. 

i. Pathogen/s or consortium of microbes identified 

(Ch3). 

ii. Confirmation of causality (Koch’s postulates) 

(Ch3). 

iii. Susceptibility of A. selago to the pathogen/s. 

iv. Susceptibility of other SOI flora to the pathogens. 

v. Increased understanding of why only A. 

macquariensis & Pleurophyllum hookeri are 

susceptible on MI. 

vi. Susceptibility of other Azorella species to the 

pathogens. 

vii. Refine understanding about physiological and 

environmental drivers of disease. 

*3, *6, *7, *8, 

*9, 10, 11, 12, 

13, 14, 15. 

 

B Germination and 

propagation 

Species, 

ecosystem 

 Successfully germinate and 

propagate A. macquariensis for ex 

situ cultivation, population 

supplementation and translocation. 

i. Germination cues. 

ii. Propagation techniques. 

7, *8, 10, 11, 

12, 13, 14. 

C Population 

monitoring 

Species, 

ecosystem 

 Identify the rate of decline and 

potential recovery in 

A. macquariensis condition and the 

associated fellfield ecosystem. 

 Quantify the rate of spread of the 

short-grassland upslope under 

current climate conditions. 

i. Biennial monitoring undertaken to identify current 

population trends, including total cover and detailed 

condition classes (Ch2) to identify rate of decline 

and recovery of A. macquariensis (Ch3). 

ii. Test hypothesised cushion condition state-transition 

paths (Ch3). 

*8, *9 
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Research topic Values 

protected 

Objectives Required research Associated 

recovery 

actions 

iii. Quantification of change in A. macquariensis cover 

since 2010 using aerial analysis and image analysis 

(Bergstrom et al. in press). 

iv. Model spread of disease and predicted rate of 

change under future climate models. 

v. Quantify rate of short-grassland encroachment into 

the historical distribution of the fellfield (Ch3). 

vi. Development of qualitative Azorella–dominated 

short-grassland model (Ch3). 

vii. Estimation of quantitative ecosystem thresholds 

(Ch3). 

viii. Baseline research to improve ecological 

understanding of A. macquariensis, i.e. pollination 

rates, seed production, growth, time to maturity. 

ix. Clarification of the importance of refined soil 

properties (e.g. soil texture, soil organic matter, fine 

particles) and water holding capacity in relation to A. 

macquariensis root architecture.  

D Microclimate 

monitoring 

Species, 

ecosystem 

 Identify changes in microclimate 

conditions on MI to provide an 

advanced warning of future disease 

trends. 

i.  Biennial island-wide microclimate modelling 

(Ch2). 

ii. Test the importance of microclimate scale. Is the 

current 27 m2 resolution appropriate or does it 

need to be refined 1 m2. 

*8, *9 

E Identification and 

development of 

resistant traits 

Species, 

ecosystem 

 Identify phenotypic and/or 

genotypic traits in A. macquariensis 

resistant to disease for use in future 

population supplementation. 

i. Identify phenotypic or genotypic traits resistant to 

both disease and water-stress in A. macquariensis, 

A. selago and P. hookeri. 

*8, 11, 12 
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Research topic Values 

protected 

Objectives Required research Associated 

recovery 

actions 

ii. Develop genetic resistance to disease in affected 

species through genomic editing techniques. 

F Pathogen control 

(fungal/chemical 

treatment) 

Species, 

ecosystem 

 Determine the appropriate 

treatment and safe application rate 

for A. macquariensis and P. hookeri 

dieback to protect the areas of 

highest conservation value. 

i. Robust application trials, identifying effect on focal 

pathogen/s and the naturally occurring soil and 

plant microbes of MI. 

ii. Rigorous trial of treatment on surrounding flora. 

*8, 13 
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Increased scientific knowledge about the decline of the dominant keystone cushion plant and 

associated fellfield ecosystem also provides the ability to adequately assess the Macquarie 

Island fellfield under the IUCN Red-list of Ecosystems (RLE; Action 9, Table 2, Fig. 4). Other 

ecosystems have also been RLE-listed based on a similar pathogen (Phytophthora cinnamomi) 

threat that is changing the structure of the community and the limited geographic distribution 

of the community (see Barrett and Yates 2015). RLE provides an important management tool 

that systematically classifies the ecosystem against defined criteria, importantly ecosystems 

classified as critically endangered or endangered are also considered ‘matters of national 

environmental significance (NES)’ under the EPBC Act 1999 (Bland et al. 2019). RLE-listing 

would provide the remote Macquarie Island fellfield with increased recognition as a matter of 

NES, ensuring that it was considered a management priority within policy documents, with the 

potential to increase strategic implementation of management objectives and heighten public 

awareness (see Bland et al. 2019).  

b. Potential recovery actions to be considered, yet to be attempted (moderate to high risk, 

Actions 10 - 15) 

Action 10: Assisted migration of A. macquariensis to Southern Ocean Island (objective: 

species) 

Translocation of species threatened by intractable threats (such as climate change or novel 

pathogens) to local or regional refugia are increasingly used to enable the species’ persistence 

(Mawdsley et al. 2009; Monks et al. 2019). Translocations outside of the indigenous range of 

the species are considered ‘assisted migration’ (Hoegh-Guldberg et al. 2008), although to-date 

assisted migrations have rarely been implemented in Australia (Silcock et al. 2019). The 

assisted migration of endemic A. macquariensis to another Southern Ocean Island (SOI) with 

similar site conditions may represent the only opportunity to maintain an ex situ population off 

Macquarie Island (Action 10, Table 2, Fig. 4), as A. macquariensis cannot be currently 

maintained on the Australian mainland despite specifically designed housing at the RTBG (L. 

Perrins RTBG, pers. comm., October 2019). To ensure that the assisted migration was 

successful a translocation plan that identifies key features of the host site, risks to mitigated 

and ongoing management actions needed should be prepared (see Commander et al. 2018; 

Silcock et al. 2019). In the sub-Antarctic those sites suitable would likely correspond with the 

distribution of sister species, A. selago Hook (see Huntley 1972), of which only Heard and 

McDonald Islands occur within Australian territory. 
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However, the assisted migration of A. macquariensis to other SOIs currently carries a high risk 

of (i) inadvertently bringing the pathogens to the host site with translocated individuals from 

Macquarie Island, and (ii) the potential of hybridisation between the wind-pollinated 

A. macquariensis and A. selago (see Hoegh-Guldberg et al. 2008). Currently the pathogens 

causing cushion dieback are unknown, as is the susceptibility of other SOIs species to the 

pathogen, including the closely related A. selago. These knowledge gaps are considered a high 

research priority (Table 3). Despite the current and anticipated continued decline in cushion 

cover with projected climate change (Chapter 2), similar to other species affected by pathogens, 

A. macquariensis is unlikely to be extirpated by the pathogen across the extent of its range (see 

pathogen ‘trade-off theory’ Alizon et al. 2009)), rather reduced to an understory species with 

low cover (Bergstrom et al. in press). Using the decision framework for assisted migrations 

under climate change of Hoegh-Guldberg et al. (2008), the comparatively low likelihood of 

island-wide A. macquariensis extinction, current risks, and the logistical and political challenge 

working between SOIs, mean that A. macquariensis is not currently recommended for assisted 

migration. However, assisted migration for A. macquariensis should be revisited if the 

likelihood of island-wide extinction increases over time. 

Action 11: Propagation and restoration with resistant A. macquariensis 

phenotypes/genotypes (objectives: species and ecosystem function) 

The lowest risk recovery action with the potential to maintain both A. macquariensis and 

fellfield ecosystem function is the identification and breeding of pathogen ‘field resistance’ in 

cushions for future restoration of collapsed sites (Action 11, Table 2, Fig. 4). Cushion and stem 

necrosis following the chlorosis line affects cushions to differing extents, ranging from 

complete rosette death (condition ‘black’) to a proportion of rosette or leaf death (‘thinning’) 

(Chapter 2 and 3). The necrosis of leaves or proportion of leaves may be caused by programed 

cell death, a defence action seen in other plant species in response to Oomycete pathogens 

(Wang et al. 2019). While the variation of leaf loss may be explained by field resistance 

(individual or population tolerance) to disease through varying genetic characteristics or other 

localised environmental conditions (see Cahill et al. 2008). Cushions are highly variable across 

populations, both in plastic traits (i.e. form and leaf area) and the likely fixed traits (spine and 

stomatal density) (Dickson et al. 2018, updated 2018b). However, the relationship between 

morphological traits and dieback has not yet been tested. Despite showing no spatial genetic 

structure, A. macquariensis contains some genetic differentiation between populations, and has 
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a higher genetic diversity than sister species A. selago on Marion Island (Chau et al. 2019), 

providing some potential for genotypic disease resistance to occur.  

Selective breeding for disease resistance is well implemented in cultivated crops, livestock and 

managed fisheries (e.g. Butcher et al. 1984; Nelson et al. 2017; Elaswad and Dunham 2018), 

however, it has also been used with varying levels of success in some wild populations (see 

Santos et al. 2015). For example, breeding resistance to Dutch Elm disease (current primary 

pathogen Ophiostoma novo-ulmi) is the most effective method to ensure European elm (Elmus 

sp.) persistence, although this has required intensive research over a 90 year period in multiple 

countries to adapt to and manage the changing focal pathogens (Martín et al. 2019). In Australia 

P. cinnamomi resistance in clonal Eucalyptus marginata seedlings has been developed from 

selective breeding of field resistant individuals, which is now used as the basis of a seed orchard 

for eventual use at restoration sites (Stukely et al. 2007). Currently the mechanisms for the 

P. cinnamomi resistance in the E. marginata clones is not well understood, nor has field 

resistance been developed for any of the many other species affected by the pathogen (Cahill 

et al. 2008). Despite this, identifying and breeding genetic resistance to P. cinnamomi is still 

considered an important area for future research, to improve the conservation outlook for 

susceptible species (Cahill et al. 2008; Sena et al. 2018). Similarly, despite the challenges 

identifying A. macquariensis genetic resistance, this provides a valuable area to consider for 

future research, providing the possibility to both sustain A. macquariensis and therefore 

maintain the associated fellfield ecosystem function. It is recognised that this will require 

substantial research effort to not only identify resistant genotypes, but also simultaneously 

identify germination and propagation techniques (Table 3). 

Action 12. Pathogen resistance through genetic modification (objectives: species and 

ecosystem function) 

Recent advances in genomic editing technologies provide the potential to address intractable 

conservation threats, such as developing control methods for invasive organisms or pathogens 

(Johnson et al. 2016; Piaggio et al. 2017) and genetic resistance to plant pathogens in natural 

systems (Sena et al. 2018). Genomic editing technologies (i.e.. clustered regularly interspaced 

short palindromic repeats, CRISPR-Cas9), provide an efficient method to target genes, 

eliminating the time needed for trials with resistance breeding (Yin and Qiu 2019). This 

technology has been successfully used to create resistance in crop species including, rice to 

rice bacterial blight (Xanthomonas oryzae pv. oryzae, Li et al. 2012), citrus species to citrus 

canker (Xanthomonas citri subsp. citri, Peng et al. 2017) and wheat to powdery mildew 
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(Blumeria graminis f. sp. tritici, Zhang et al. 2017). However, this technology requires that the 

full host genome has been described and that molecular information about the target gene is 

available (Yin and Qiu 2019), which similar to many non-commercial species, is not available 

for A. macquariensis. While providing new potential solutions, conservation concerns have 

been raised about the ethics of such technologies that have the ability to rapidly facilitate 

evolutionary processes, fundamentally changing a species and its biotic interactions (Webber 

et al. 2015) and the conservation effectivity of the technology when the target gene/s are 

unknown (Kardos and Shafer 2018). The development of A. macquariensis genetic resistance 

to the current pathogen using genomic editing (Action 12, Table 2, Fig. 4) would require 

considerable research, as the cushion’s genome would have to be described, pathogens and 

target genes identified, similarly it also assumes that A. macquariensis can be readily 

propagated and maintained ex situ. It is therefore not considered a high priority for 

implementation. However, as capabilities in the genomic editing technology field rapidly 

develop, this action should be reassessed over time with the progression of propagation 

techniques.  

Action 13. Pathogen control (fungicide/chemical application) (objective: species and 

ecosystem function) 

Chemical control of invasive pathogens in natural ecosystems is considered an important 

management tool for protecting high-value areas or individuals (Action 13, Table 2, Fig. 4). 

However, it is considered currently unfeasible at a broad-scale because of the associated costs 

and off-target environmental and health concerns (Martín et al. 2019; Monks et al. 2019). 

Potassium phosphonate (phosphite) has been used to successfully reduce the susceptibility of 

threatened species to Phytophthora cinnamomi, and thereby reducing the associated impact on 

diversity and structure of a critically endangered ecosystem in Western Australia (Barrett and 

Yates 2015; Barrett and Rathbone 2018). However, the ongoing aerial application is expensive, 

with frequent reapplications necessary, and therefore is only considered as a viable option for 

high-value natural areas (Barrett and Rathbone 2018). Similarly, P. cinnamomi was 

successfully contained and eradicated from small areas using a combination of resource-

intensive techniques, fungicide, host removal and fumigation (Dunstan et al. 2010). The highly 

intensive nature of pathogen control or eradication means the managers need to be judicious 

with its use (Monks et al. 2019). On Macquarie Island cushion dieback occurs island-wide (128 

km2), however, prioritisation of the highest conservation value sites for pathogen control is 

highly recommended, focussing on the Azorella special management areas (SMAs) in the south 
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of the island. Similar to ongoing research on controlling P. cinnamomi, rigorous trials are 

required to both identify control techniques and the potential for off-target damage to 

Macquarie Island ecological (including microbial or fungal) communities. To progress this 

recovery action, the identification of the A. macquariensis pathogens and germination and 

propagation techniques are simultaneously required (Table 3).  

Actions 14. and 15. Assisted migration of A. selago or South American Azorella species to 

MI (objective: ecosystem function) 

The on-going A. macquariensis dieback is persistently removing cover and biomass of this 

keystone species from the fellfield, resulting in localised ecosystem collapse in northern areas 

and loss of iconic terrace formations associated with the species (Chapter 3; Bergstrom et al. 

in press). Currently the pathogens remain unidentified (Bergstrom et al. 2015) and the other 

associated management actions require further research, suggesting that dieback may continue 

unabated into the near future. To maintain ecosystem function, and thereby maintain the iconic 

terrace structures and biotic diversity on the fellfield, translocating an analogous species to fill 

the same ecological niche is a conceivable option (Actions 14 and 15, Table 2, Fig. 4). The 

creation of a hybrid novel ecosystem, which while primarily valuing ecosystem function, aims 

to maintain historical ecosystem components and processes wherever possible (Higgs 2017). 

Ecological replacements or functional analogues have been used to successfully restore biotic 

interactions and fulfil keystone roles, for plants by using the pollen fossil record to identify and 

restore locally extinct species (Wood et al. 2017) and for animals, in high-profile rewilding 

projects (Griffiths et al. 2011; Wood et al. 2017; Seddon and Armstrong 2019). The assisted 

migration of an ecological replacement species into comparatively intact natural ecosystems, 

such as the World Heritage Macquarie Island, is likely to be controversial (see Seddon and 

Armstrong 2019). However, Macquarie Island has experienced vegetation change in the past, 

with large fluctuations of rabbits resulting in grazing pressure and erosion across the island 

(see Terauds et al. 2014). The highest associated risks of using an ecological replacement to 

maintain ecosystem function are the (i) unanticipated ecological effects, where the species 

occupies a different ecological niche, resulting in negative effects on the recipient site and 

outcompeting native species, (ii) introduction of another novel pathogen, or (iii) inability of 

the ecological replacement to establish (Seddon and Armstrong 2019). However, if other 

recovery actions prove unviable, the alternative is to not intervene, which under the current 

climate trajectory will result in the pervasive erosion of A. macquariensis cover from ongoing 
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dieback, either removing it from the landscape or reducing it to a non-dominant species 

depending on site conditions (see Dickson et al. 2019, Chapter 3). 

Two potential ecological replacement species are the morphologically more robust sub-

Antarctic A. selago and a South American species, such A. compacta Phil. (llareta). Both 

cushions, A. selago (McGeoch et al. 2008; le Roux and McGeoch 2010) and A. compacta 

(Anthelme et al. 2017) are similarly considered keystone species, facilitating biotic diversity 

and concentrating resources. Azorella selago is also known form terraces on Heard and Îles 

Kerguelen, albeit not as well developed as on Macquarie Island (Selkirk-Bell and Selkirk 2013). 

It is unknown whether these species would be similarly susceptible to the pathogens. However, 

the close phylogenetic relatedness between A. macquariensis and A. selago, which are the only 

members of the Cirrhosae clade (Plunkett and Nicolas 2017) and both formerly described 

within A. selago (Orchard 1989), suggests that A. selago is also likely to be susceptible to the 

pathogen. Azorella compacta (clade Laretia; Plunkett and Nicolas 2017) is one of many South 

American Azorella and Mulinum species that are well known source of diterpenoids used in 

natural and pharmaceutical medicines (Bórquez et al. 2016), including for their antibacterial 

properties (Wächter et al. 1999). The more distant level of phylogenetic relatedness and the 

high presence of diterpenoids may potentially provide A. compacta with some resistance to the 

pathogen, and provide a potential species to be investigated for use as an ecological 

replacement on Macquarie Island. 

All suggested assisted migration projects should be regarded as long-term commitments that 

require the co-operation of multiple government agencies (including international) in remote 

locations, with biological challenges. While A. compacta can be readily germinated and is sold 

as seed to the general public, A. selago (as is the case with A. macquariensis) cannot currently 

be germinated, as the ripening and germination cues remain unknown (Frénot and Gloaguen 

1994). Despite some variability, all three Azorella species are slow growing. The growth rate 

of A. macquariensis has been estimated at 6.4 mm.yr-1 (Taylor 1955a), with very slow 

phenology (Bergstrom et al. 1997). A. selago grows radially < 56 mm.yr-1 (Frénot et al. 1993; 

le Roux and McGeoch 2004), while A. compacta grew only 17 mm.14 months-1 (Kleier et al. 

2015). These growth rates indicate that they would likely require extensive time to establish 

and reinstate the historical level of cover required to restore ecosystem function and thus would 

need to be managed over the long-term. The logistical challenge of undertaking assisted 

migrations on remote SOIs highlights the importance of creating a successful self-sustaining 

population with the required number of propagules. To capture > 95% of the genetic diversity 
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within a population, successful translocations require > 50 individuals, with the secondary goal 

of >1000 individuals within several generations (Weeks et al. 2011). Furthermore, a review of 

Australian translocations indicates that for translocations to be successful with active 

recruitment, a sufficient number of individuals is a necessity (ideally > 1000), suggesting that 

if this number is unachievable then the action should be reconsidered (Silcock et al. 2019).  

While the assisted migration of another Azorella species to Macquarie Island has merit as one 

of the few ways to maintain fellfield ecosystem function and is recommended for consideration, 

careful planning needs to be undertaken. This includes formal translocation plans (see 

Commander et al. 2018; Silcock et al. 2019), and trials assess A. selago and A. compacta for 

their susceptibility to the pathogen and suitability for the Macquarie Island fellfield ecosystem. 

 

The way forward – urgency of simultaneously implementing research with bold actions 

One decade after island-wide dieback was first identified in the keystone species 

A. macquariensis, dieback remains pervasive (Dickson et al. 2019) and is causing localised 

ecosystem collapse (Chapter 3). This decline in species condition, and by extension reduction 

of ecosystem function, is occurring despite a substantial increase in understanding about the 

drivers of dieback (Fig. 2) and the previously implemented management and policy actions 

(Fig. 4). While the continuation of existing passive and low-risk recovery actions is considered 

a high priority to sustain management momentum and protect ex situ genetic material, they do 

not address the threat of ongoing island-wide dieback. Under the current climate projection, 

the currently implemented actions or a ‘business as usual’ approach, will likely result in island-

wide fellfield regime change over the long-term, based on the current trajectory of dieback 

(Chapter 2, Chapter 3). Bolder actions are required to address cushion dieback and maintain 

the Macquarie Island fellfield ecosystem function under the novel climate threat (see Hoeppner 

and Hughes 2019).  

A diverse range of recovery actions were identified that have the potential to secure 

A. macquariensis ex situ populations and maintain ecosystem function (Table 2). These actions 

were given a prioritisation level for implementation and were recommended for consideration 

by conservation managers within the current management context. However, all actions with 

the ability to affect change required key research gaps to be addressed before they can be fully 

implemented (Table 2, cross-referencing Table 3). The most urgent research priorities were 
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considered to be the identification of the pathogen (Table 3.A), and A. macquariensis 

germination and propagation techniques (Table 3.B), as they are required to implement the 

highest number of recovery actions able to effect lasting change. While beyond the scope of 

this study, the monitoring and review of recovery actions is a critical component of StDM (Fig. 

1.vi) and adaptive management, particularly when implementing recovery actions with some 

level of uncertainty (Gregory et al. 2013). Consequently, ongoing A. macquariensis population 

(Table 3.C) and microclimate (Table 3.D) monitoring and associated research is considered 

critical, to improve understanding of the cushion and fellfield response to ongoing climate 

change and implement recovery actions. 

The iconic patterned Azorella-dominated fellfield ecosystem is an evocative landscape of the 

windswept World Heritage Macquarie Island, containing some of the best global examples of 

vegetation-terraces. The island-wide dieback of the endemic A. macquariensis likely signals 

the start of an island-wide fellfield regime change over the long-term, and represents the first 

species to respond to climate change on a landscape-scale in the sub-Antarctic (Chapter 2). To 

preserve the function of the fellfield ecosystem, as currently described, there is an urgent need 

to begin research, to identify the pathogen and propagate A. macquariensis. However, it is 

important to ensure that recovery actions and research are undertaken simultaneously, and that 

research, or lack there-of, to address uncertainty is not used as a justification for inaction (see 

Hoeppner and Hughes 2019). The Azorella multi-agency taskforce has a strong history of 

working together collaboratively, simultaneously undertaking a rapid management and 

research response (Bergstrom et al. 2015). This ability of multiple government and research 

institutions to rapidly respond together provides optimism for the identification of future 

solutions and timely implementation, to conserve A. macquariensis and the fellfield ecosystem 

under future climate change projections. 
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Appendix D: Recommended recovery action status for Azorella macquariensis and the associated fellfield ecosystem on Macquarie Island.  

Table D1.1 Recovery actions and status for Azorella macquariensis from the National Conservation Advice (EPBC) (TSSC 2010b) and the Tasmanian 

Threatened Species (TSS) Listing Statement (TSS 2012) categorised under the related recommended recovery actions from this study. 

Recovery Action National Conservation Listing 

Category 

Source Status 

1.   Education of stakeholders, and wider public 

 Raise awareness of Macquarie Cushions with expeditioners on Macquarie Island 

through site visits, signage, and posters/information brochures.  

Community 

Information/Consultation 

EPBC Existing, to be 

maintained 

2.   Cooperation of stakeholders 

 Maintain a co-operative program between the divisions of the Department of Primary 

Industries, Parks, Water and Environment, the Australian Antarctic Division and other 

research institutions to facilitate the conservation of the species. 

  TSS Existing, to be 

maintained 

3.   Biosecurity – off (inter) island 

 Implement biosecurity controls to minimise the risk of spread of any pathogen that may 

be implicated in the dieback, from Macquarie to other subantarctic islands or to 

Tasmania 

Diseases and Alien Species  EPBC, 

TSS 

Existing, to be 

maintained 

 Continue stringent biosecurity controls to prevent the introduction of alien species to 

Macquarie Island. 

Diseases and Alien Species  EPBC, 

TSS 

Existing, to be 

maintained 

4.   Maintain seed bank 

 Continue to undertake appropriate seed collection and storage.  Recovery enabled EPBC, 

TSS 

Existing, to be 

maintained 

5.   Maintain isolated ex situ population on MI 

 Supplement the collection of seed for long-term storage at the Tasmanian Seed 

Conservation Centre including establishing a seed orchard on Macquarie Island to 

overcome seed collection difficulties. 

  TSS Existing, to be 

maintained 

6.   Biosecurity – on island (special management areas, SMA) 

 Develop and implement suitable hygiene protocols to protect known sites from further 

outbreaks of dieback. 

Diseases and Alien Species  EPBC Existing, to be 

maintained 
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Recovery Action National Conservation Listing 

Category 

Source Status 

 Minimise inappropriate disturbance in areas where Macquarie Cushions occurs.  Habitat Loss, Disturbance and 

Modification  

EPBC Existing, to be 

maintained 

  Determine the cause of the decline and implement appropriate control measures where 

possible. 

  TSS To be refined 

7.   Establishment of ex situ population (Tas, Au) 

 Continue to maintain live plants in cultivation.  Recovery enabled EPBC To be refined 

  Establish a suitable facility to securely maintain Azorella macquariensis plants at the 

Royal Tasmanian Botanical Gardens. 

  TSS To be refined 

8.  Listing of Fellfield under IUCN Red List of Ecosystems and EPBC Act 1999 

  Pursue the listing of the feldmark community on Macquarie Island under State and 

National legislation. 

  TSS Not yet attempted 

9.   National recovery plans for A. macquariensis and the fellfield ecosystem 

 Develop a recovery plan.   TSS Not yet attempted 

10. ‘Assisted migration’ of A. macquariensis to SOI 

 Investigate options for establishing additional populations.  Recovery enabled EPBC Not yet attempted 

 Implement national translocation protocols (Commander et al. 2018) if establishing 

additional populations is considered necessary and feasible. 

Recovery enabled EPBC Not yet attempted 

11. Propagation & restoration of resistant phenotypes 

  Develop potential in situ adaptation measures.   TSS Not yet attempted 

12. Pathogen resistance through genetic modification 

13. Pathogen control (fungicide/chemical application) 

14. Assisted migration of A. selago to MI 

15. Assisted migration of suitable South American Azorella sp. to MI 
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Recovery Action National Conservation Listing 

Category 

Source Status 

Actions included within research by this study    

 Monitor known populations to identify key threats.  Habitat Loss, Disturbance and 

Modification  

EPBC To be refined 

 Monitor the progress of recovery, including the effectiveness of management actions 

and the need to adapt them if necessary.  

Habitat Loss, Disturbance and 

Modification  

EPBC To be refined 

  Monitor the impact on Azorella macquariensis over time and associated changes in the 

feldmark ecosystem 

  TSS To be refined 

  Monitor the progress of the dieback across the island and manage areas with low levels 

of dieback to minimise potential adverse impacts 

  TSS To be refined 

  Develop techniques to improve the condition of ex situ holdings and to propagate the 

species through tissue culture 

  TSS To be refined 

Actions complete or no longer applicable    

 Continue to implement the Macquarie Island pest eradication plan for the control and 

eradication of rabbits, rats and mice in the region.  

Rabbit and rodent impacts  EPBC Complete 

 Where appropriate, manage rabbit and rodent impacts at important/significant sites 

through exclusion fencing or other barriers.  

Rabbit and rodent impacts  EPBC No longer 

applicable 
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General Discussion 

The impact of climate change on biological systems is complex, varying depending on the 

species and combination of interacting drivers, and often results in an unexpected biological 

response (Parmesan and Hanley 2015). The resultant threats can appear intractable, operating 

on a landscape-scale with no clear solution. The ongoing island-wide dieback of Azorella 

macquariensis Orchard (Apiaceae, Macquarie cushions) on sub-Antarctic Macquarie Island in 

response to both direct and indirect climate threats is one such example, as demonstrated in my 

thesis. I show that similar to other systems, island-wide cushion dieback is not driven by one 

clear variable, but instead occurs in response to additive and compound climate drivers. 

Cushion dieback emerged immediately after an extensive period of high water-stress during 

the summer growing seasons that weakened A. macquariensis (Bergstrom et al. 2015). The 

current cushion dieback is now driven by an increasingly warm, winter saturated, and variable 

system. I used qualitative network modelling to illustrate the keystone interactions provided by 

A. macquariensis in the fellfield ecosystem and showed why the loss of this species from the 

fellfield will result in ecosystem collapse. Addressing landscape-scale pathogen- or drought-

driven dieback in natural systems is particularly complex, with limited progress made over 

multiple decades, primarily through the development of increased resistance and containment, 

rather than eradication (Cahill et al. 2008; Garrett et al. 2016). I show that this may also be the 

case for A. macquariensis. As despite the previous decade of research and management actions 

resulting in an enhanced understanding of climate drivers of pathogen dieback and the complex 

interactions between A. macquariensis and the fellfield, dieback remains pervasive. Below I 

discuss the outcomes of my thesis, the need for bolder higher-intervention actions and the 

broader implications for dominant foundation species in high latitude and altitude regions. 

High latitude regions have some of the fastest global warming rates (Field et al. 2014), and 

together with high altitude regions, are increasingly susceptible to novel pathogens with the 

associated reduction in extreme cold temperatures (Pauchard et al. 2016). The island-wide 

dieback of A. macquariensis and potential for island-wide ecosystem collapse is the first 

landscape-scale response to climate change and novel pathogens in the sub-Antarctic. However, 

large-scale dieback, or potentially early senescence, of A. selago in response to drought-like 

conditions was observed on several islands in Îles Kerguelen (Frénot et al. 1997), providing 

the first indication of the southern ocean islands’ vegetation susceptibility to climate change. 

Outside of the sub-Antarctic, there are an increasing number of examples of novel pathogens 

in high altitude or latitude regions. For example, the damaging effects of the pathogen 
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Phytophthora cinnamomi have recently been found in new regions of alpine Australia (Green 

2016), and it is expected to expand further into alpine regions globally with the reduction of 

extreme cold weather (Burgess et al. 2017). The increased susceptibility of high altitude or 

latitude sites to pathogens, combined with the increased mobility of people between countries 

and regions (Anderson et al. 2004), suggest that landscape-scale pathogen-driven dieback, 

similar to that described in this thesis on Macquarie Island, is increasingly likely.  

It is unclear whether the pathogen/s on Macquarie Island are native or introduced. Previously 

the yellow chlorosis lines (that proceed necrosis) had only been observed in several isolated 

A. macquariensis cushions in the 1986-87, 1989-90 (Whinam et al. 2014) and 1998/99 Austral 

summers, before emerging island-wide in 2008/2009 (Bergstrom et al. 2015). Future research 

to identify the pathogen will hopefully clarify this, confirming whether it was (i) indigenous 

and previously latent on Macquarie Island, and potentially more widely present across the 

southern ocean islands, or (ii) introduced with scientists or managers prior to 1986, spread by 

biotic or abiotic vectors, and then ‘activated’ island-wide by regional climate change. 

Regardless, it emphasises the devastating consequence of these comparatively intractable 

threats once established. There is a need for much greater recognition by the scientific 

community, land managers and general public about the ease to which pathogens can be moved, 

the consequences, and the value of thorough hygiene procedures between sites, regions, and 

countries. Macquarie Island has proven to be the sentinel for both the southern ocean islands 

and more widely high altitude regions (see (Bergstrom and Chown 1999). Providing a clear 

example of the rapid rate that a novel pathogen can reduce the cover of a dominant foundation 

species, and demonstrates the susceptibility of islands with low topographic complexity and 

very little functional redundancy (see (Harter et al. 2015). The comparatively biotically simple 

Macquarie Island, with relatively few external impacts, provides a good opportunity to 

determine effective recovery actions to restore ecosystem function within collapsed areas of 

the fellfield (see (Bergstrom and Chown 1999).   

Despite the complexity and often perceived intractable nature of many climate change driven 

threats, management decisions still need to be made (Hoeppner and Hughes 2019). If no 

decision is made and ‘business as usual’ management is continued, under projected climate 

change vulnerable ecosystems will likely continue along the same trajectory, ultimately 

resulting in ecosystem collapse. Globally, ecosystem collapse has substantial consequences for 

both biodiversity and human health through the reduction of ecosystem services, including 

provisioning (e.g. food, water), regulating (e.g. climate, flood, disease regulation), supporting 
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(e.g. soil formation, nutrient cycling) and cultural (e.g. aesthetic) services (van der Geest et al. 

2019). This potential for loss of ecosystem services further supports the importance of the early 

detection of ecosystem decline, and the early implementation of intervention actions wherever 

possible. To effectively address climate change threats to vulnerable species and ecosystems, 

conservation managers will increasingly need to use high intervention management actions, 

which have a higher level of associated uncertainty and require the implementation of adaptive 

management (Hoeppner and Hughes 2019; Prober et al. 2019). Structured decision making 

(StDM) provides one decision framework to help managers make complex decisions (Gregory 

et al. 2013) and has been successfully used in threatened species management to address 

climate change pressures (Gregory et al. 2013; Robinson et al. 2019). StDM encourages 

managers to identify all potential solutions, including those outside their direct experience, to 

expose and explore the consequences of the solutions and the ‘trade-offs’ from different 

perspectives (Gregory et al. 2013). In this thesis, I used the first four steps of the StDM process 

to clarify the current conservation context for A. macquariensis and the associated fellfield 

ecosystem and then discussed the full range of recovery options available to maintain 

ecosystem function. The potential recovery actions I suggest, such as assisted migration or 

alleviating natural stressors (e.g. pathogen), are predominantly described as ‘climate-targeted’ 

options that ‘build adaptive capacity’ within the renovating climate change typology (Prober 

et al. 2019). The need for these types of actions within the typology recognises that to maintain 

fellfield ecosystem function under projected climate change, management actions will have to 

be increasingly high-intervention (see (Prober et al. 2019). 

The conservation value of abundant species and their contribution to ecosystem services is 

regularly under-estimated (Baker et al. 2019) until dramatic declines from large-scale threats 

are identified (Degrassi et al. 2019). This is particularly true for foundation species, described 

as dominant primary producers that characterise the system, facilitate the diversity of the 

surrounding species, and stabilise ecosystem processes (i.e. modulates fluxes in energy and 

nutrients) (Ellison 2019). Previously A. macquariensis has been described as a keystone 

species, including within this thesis. However, going forward it is suggested to change the 

terminology to foundation species, fitting the above description. Azorella macquariensis 

defines the structure of fellfield on Macquarie Island as the dominant vascular plant (Selkirk 

2012), changing the biological diversity in and around it, and importantly also stabilising 

ecosystem processes by concentrating resources (Bergstrom et al. 2015), and comparable to 

other Azorella species, stabilising microclimate (see (Badano and Cavieres 2006; Nyakatya 
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and McGeoch 2008). Despite research on the iconic vegetation terraces and floristic diversity 

of the fellfield (i.e. Selkirk 2012; Selkirk-Bell and Selkirk 2013), similar to other foundation 

species, A. macquariensis only became a species of conservation and research interest 

following the initiation of island-wide dieback in 2008/09. It is also similarly threatened by 

complex threats, such as non-native species (pathogens) and climate change, which are 

invariably more cost-effective and successful to manage before they become established (see 

(Degrassi et al. 2019).  

In my thesis I have addressed the four components of the conceptual framework for the 

management of a foundation species, A. macquariensis, on the Macquarie Island fellfield 

ecosystem (see (Degrassi et al. 2019). (1) Provide evidence of the species as a foundation 

species: Azorella macquariensis is the dominant vascular plant of the Macquarie Island 

fellfield, albeit highly variable in cover (Selkirk 2012; Dickson et al. 2019). It facilitates a 

greater diversity of microarthropods (Bergstrom et al. 2015) and similar to other Azorella 

species, facilitates the diversity (le Roux et al. 2013; Raath-Krüger et al. 2019) and abundance 

(Chapter 3) of vascular plants and reduces the extreme microclimate temperatures within the 

cushion (Taylor 1955). Azorella macquariensis is also a major component of the iconic 

vegetation terraces, that characterise the patterned fellfield ecosystem and represent the most 

extensive, well-developed vegetation terraces globally (Selkirk-Bell and Selkirk 2013). Hence, 

A. macquariensis contributes substantially to the ‘sense of place’, representative of wild 

landscapes across the island. (2) Quantify ecosystem services: A. macquariensis provides 

keystone interactions within the fellfield ecosystem, increasing soil organic carbon (Bergstrom 

et al. 2015) in a carbon poor ecosystem (Wilson et al. 2019), and concentrates nutrients similar 

to other Azorella species (see (Badano et al. 2006) facilitating biotic diversity. These keystone 

interactions are lost under advanced cushion dieback that removes cover from the system, 

resulting in localised ecosystem collapse (Chapter 3). (3) Long-term comprehensive 

monitoring strategies: this thesis refined the requirements for effective monitoring, with the 

development of refined cushion condition classes and use of microclimate data. The inclusion 

of these refined variables will allow the early identification of declining habitat condition, and 

the ability to quantify the rate of change of the fellfield ecosystem. Priorities for the long-term 

monitoring are outlined in Chapters 1-4. (4) Conservation management: The 

A. macquariensis cover-loss models (Chapter 1) show that under a worst case scenario, 

dependant on the spread of dieback and starting cover, A. macquariensis could be lost from the 

ecosystem within 30 years, resulting in the ecological collapse of the fellfield ecosystem 
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(Chapter 3). Chapter 4 synthesises the knowledge gained in this thesis with other research and 

international case studies, to provide a wide range of potential recovery actions for 

implementation, and emphasises the associated research required.  

Conclusion  

In conclusion, my thesis has shown that A. macquariensis dieback is pervasive, and is now a 

feature of the system (Fig. 1.i.a) that is potentially resulting in irreversible change (Fig. 1.i.b). 

I have identified multiple additive drivers of cushion dieback that are similarly associated with 

disease in other ecosystems (Fig. 1.ii.a), and have clear interactions (Fig. 1.ii.b). Macquarie 

Island has an increasingly conducive environment for pathogen activity, with an increasingly 

variable climate, which is 50 % wetter during the winter season (Bergstrom et al. 2015) and 

has significantly warmer maximum temperatures (Chapter 3). Natural cold refugia exist in the 

south of the island (Fig. 1.iii), which represents the best-case scenario for the species if recovery 

currently remains at very low levels. However, the low level of cushion recovery in 

combination with multiple feedback loops, represented as additional ‘waves’ of dieback and 

the natural movement of grasslands upslope, suggests that under current climate projections 

the situation for A. macquariensis and the fellfield ecosystem will continue to worsen (Fig. 

1.iv). If we want to maintain the Macquarie Island fellfield and its ecosystem function, as 

currently described, then we need to integrate the knowledge gained (Fig. 1.v.a) to act rapidly. 

Recovery actions need to be bolder with higher levels of intervention and simultaneously 

integrated with research, to identify the pathogen/s and propagation techniques (Fig. 1.v.b). 

The experience of A. macquariensis dieback from an unknown climate-driven pathogen on 

Macquarie Island demonstrates the importance of (i) monitoring and developing an in-depth 

understanding of foundation species across the sub-Antarctic and Antarctic peninsula prior to 

the emergence of large-scale threats, to increase the likelihood of successful management 

through early intervention, and (ii) that rigorous inter-island quarantine procedures remain a 

very high priority to ensure that this disease is not inadvertently spread across the southern 

ocean islands or further afield. 
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Fig. 1.  Key findings of this thesis and relationships between thesis chapters, depicted on panels 

one (i.) through to five (v.).    
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