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Abstract 

Biological indicators are vital to the monitoring of ecosystems and environmental 

conditions across the globe as representatives of broader ecological trends. In 

Australia, ants are widely employed as biological indicators, owing to their 

ubiquity, importance to ecosystem service provision, representativeness of 

broader ecological patterns and well-characterised disturbance response. Ants 

are also considered much simpler to sample and sort than alternative indicators. 

However, despite these advantages, the use of ants as indicator taxa remains 

time-consuming, costly, and inaccessible to non-specialists due to the difficulties 

ŽĨ ŝĚĞŶƚŝĨǇŝŶŐ AƵƐƚƌĂůŝĂ͛Ɛ ŚǇƉĞƌ-diverse and hyper-abundant ant fauna to species 

level, which limits their implementation in monitoring programmes and the 

research avenues that can be explored. 

 

The drawbacks of using ants can be addressed through the use of simplified 

analyses which circumvent the need to use species abundance data by utilising 

higher taxa, restricted species lists or presence/absence data. In this thesis I 

analyse data from a long-term study of ant community change after mine-site 

rehabilitation at German Creek and Callide mines in Australia. I test four 

simplified analyses ʹ  Genera Abundance, Functional Group Abundance, Large-

Bodied Abundance and Species Presence/Absence ʹ  in order to assess their 

suitability as a surrogate for species abundance data in the monitoring and 

evaluation of rehabilitated mine sites, by evaluating their ability to replicate key 

aspects of the results from a full species abundance assessment. 

 

I found the performance of the four simplified analyses to be variable between 

the two mines, with the exception of Species Presence/Absence, which was able 

to consistently replicate key aspects of the species abundance assessment. I 

discuss the possible analytical and ecological factors which likely contribute to 

variation in performance of the four analyses and recommend a context-based 

approach to simplified analysis use and research, and discuss how this will 

enhance the use of bioindicators for monitoring environmental systems.  
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Chapter 1 ʹ A General Introduction 

 

1 ʹ What are bioindicators? 

The use of organisms as indicators of environmental conditions is a concept that 

likely has origins stretching back millennia, but it was not until after the industrial 

revolution that a formal, scientifically rigorous indicator concept was codified 

(Cairns & Pratt, 1993). Formal study of bioindicators got its start in the field of 

limnology, the study of inland aquatic ecosystems, with studies on either side of 

the Atlantic independently giving rise to the indicator species concept (Cairns & 

Pratt, 1993). In the USA, the concept originated in the work of S.A. Forbes on the 

benthic fauna of the Illinois River, beginning in the 1870s (Cairns & Pratt, 1993), 

and in Europe, it originated in the work of Kolwitz & Marsson (1908, 1909, cited 

in Cairns & Pratt, 1993) on the Saprobien system of water contamination (Cairns 

& Pratt, 1993). Today, bioindicators are a well-established concept applied to a 

wide variety of environmental assessment objectives, ranging from their original 

use as monitors of pollution and contamination to use in more generalised 

environmental assessment, monitoring of disturbance and restoration, and 

ecosystem management and conservation (Cairns & Pratt, 1993, Andersen & 

Hoffmann, 2003a, Siddig et al, 2016). However, much like the concept of a 

͞ƐƉĞĐŝĞƐ͕͟ ƚŚĞ ĐŽŶĐĞƉƚ ŽĨ Ă ďŝŽŝŶĚŝĐĂƚŽƌ͕ ĂŶĚ ŝƚƐ ŵĂŶǇ ƐǇŶŽŶǇŵƐ͕ ŝƐ ŽŶĞ ƚŚĂƚ ŵĂǇ 

seem straightforward, but actually has a variety of definitions, each with subtle 

differences in meaning (Heink & Kowarik, 2010, Siddig et al, 2016). In their 

review of definitions used in the literature, Heink & Kowarik (2010) found a wide 

variety of definitions, ranging from very narrow to very broad, some of which 

were mutually incompatible. In order to resolve this, they propose the following 

broad, overarching definition to encompass these varied definitions: 
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͞AŶ ŝŶĚŝĐĂƚŽƌ ŝŶ ĞĐŽůŽŐǇ ĂŶĚ ĞŶǀŝƌŽŶŵĞŶƚĂů ƉůĂŶŶŝŶŐ ŝƐ Ă ĐŽŵƉŽŶĞŶt or a 

measure of environmentally relevant phenomena used to depict or evaluate 

environmental conditions or changes or to set environmental goals. 

Environmentally relevant phenomena are pressures, states, and responses as 

ĚĞĨŝŶĞĚ ďǇ ƚŚĞ OECD ;ϮϬϬϯͿ͘͟ 

 

Under this overarching umbrella definition, Heink & Kowarik identified two 

major points of division in definitions: 

• Measure versus Component 

• Descriptive versus Normative 

Indicator components are objects or processes that comprise the system, e.g. 

species or a fire regime, whereas measures are quantities or properties of those 

components, e.g. vegetation biomass, species richness or oxygen content of 

streams (Heink & Kowarik, 2010). Measures and components are then used in 

either descriptive or normative contexts. A descriptive indicator is used to 

describe environmental states or changes as they are, whereas a normative 

indicator includes a value judgement and is used in the evaluation of 

environmental states and changes with reference to objectives (Heink & Kowarik, 

2010). Authors often do not distinguish between descriptive and normative 

indicators, and indeed the distinction is primarily one of purpose rather than 

mechanics, but it is philosophically important and provides a useful distinction 

between the use of bioindicators in value-neutral descriptive studies of ecology 

and evaluative studies for environmental planning (Heink & Kowarik, 2010). For 

the sake of clarity, I will adopt this broad definition of bioindicators coined by 

Heink & Kowarik (2010) and make use of their sub-definitions in this work, 

identifying the indicator component, indicator measurement and whether 

measurement of the indicator component is being used in a descriptive or 

normative context. 
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2 ʹ Ants as indicator components: What makes a good indicator taxon? 

Though an indicator component can refer to any component of an ecosystem, 

organisms are frequently selected as the component of choice. In aquatic 

ecosystems around the world, benthic macroinvertebrates have been a mainstay 

since the beginning, but until quite recently in terrestrial ecosystems plants were 

the predominant indicator component taxa, with fauna, particularly 

invertebrates, largely neglected (Andersen et al, 2004, Andersen & Majer, 2004, 

Burger, 2006). One notable exception to this trend has been in Australia, where 

ants were first employed as indicator components in the mid-1970s, by Majer 

and colleagues at the Alcoa World Alumina Australia bauxite mining operations 

in the Jarrah forests of southwestern Australia (Majer, 1983, Andersen & Majer, 

2004, Majer et al, 2013). Today, ants are utilised as indicator components in a 

wide variety of land-management and ecosystem monitoring contexts in 

Australia, particularly monitoring of the impact of disturbances such as fire, 

grazing and mining, and the restoration of communities post-disturbance 

(Andersen & Hoffmann, 2003a, Andersen & Majer, 2004, Majer et al, 2013, 

Andersen et al, 2014, Lawes et al, 2017).  

 

The popularity of ants as indicator components in Australia is a testament to 

their effectiveness, and ants make for particularly effective indicator 

components, both globally and in Australia in particular. First and foremost, ants 

are themselves a key faunal group in Australia, particularly in the arid zone, being 

uniquely diverse and abundant on this continent (Andersen, 1990). Being so 

abundant and diverse, ants exert great influence on a wide variety of ecosystem 

processes and other faunal groups (Andersen, 1990). This includes, but is not 

limited to, ecosystem functions such as energy and nutrient cycling and litter 

decomposition through scavenging, and soil formation, structuring, aeration and 

drainage through their nests, close associations with plants such as pollination, 

but particularly the harvesting and subsequent dispersal of seeds, and regulation 

and influencing of the populations of other faunal groups through their 

interactions as competitors, predators, and prey (Majer et al, 1982, Andersen, 

1990). So ants are not only a large component of Australian ecosystem biomass 
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in terms of sheer abundance, but are also a critical component of their healthy 

functioning. This means that ants are a good choice of indicator component in 

Australia because they are more often than not one of the most important 

components of any particular ecosystem in Australia, making them worth 

monitoring for their own sake. 

 

Of course, when selecting an indicator component to monitor community and 

ecosystem health and responses to disturbance, it is generally inherent to the 

selection process that the component indicates the status of other components. 

In this regard too, ants are a great indicator choice. In the first instance, their 

intrinsic importance to ecosystem function provision means that other taxa and 

processes are at least partially dependent on them and so the responses of these 

dependent taxa are likely to correlate with those of ants to some extent. In the 

Jarrah forests of Western Australia, species richness of ants has been found to be 

significantly correlated with that of total invertebrate species, and the 

abundances a wide variety of other invertebrate taxa, including insect larvae, 

Acarina, Araneae, Blattodea, Caelifera, Coleoptera, Curcilionoidea, 

Gryllacridoidea, Homoptera & Tettigonoidea (Majer, 1983), as well as with plant 

species richness, biomass of native vegetation and time since rehabilitation, with 

ant species diversity correlated with total vegetation biomass (Majer et al, 1982). 

Ant diversity was also positively associated with litter cover (Majer, Brennan & 

Moir, 2007). Their post-disturbance responses have not been found to correlate 

so closely with vertebrate taxa, however (Fox, 1982, Nichols & Nichols, 2003). 

That said, the community composition of ants has been found to be strongly 

associated with overall ecosystem community composition, even when 

vertebrates are included (Bisevac & Majer, 2002). Overall, trends in ant species 

richness and diversity show unusually strong ties to a wide variety of 

invertebrate taxa and to plant diversity and biomass, as well as broad community 

composition, making them a strong candidate for selection as an indicator 

component in terms of representativeness (Majer, Brennan & Moir, 2007). 
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Representativeness is important for a potential indicator component taxon, but 

equally important is a well-characterised disturbance response. Here ants once 

again come out on top, having one of the best-characterised responses to 

disturbance of any invertebrate group (Andersen & Hoffmann, 2003a). This 

characterisation covers responses to mine rehabilitation, fire, grazing, pollutants, 

agriculture, urbanisation, and even the impact of military exercises (Woinarski et 

al, 2002, Andersen & Hoffmann, 2003a). The response of ants to post-mining 

rehabilitation is particularly well-studied across Australia and beyond (Fox, 1982, 

Majer et al 1982, Majer, 1983, Majer, 1997, Jackson & Fox, 1996, Bisevac & 

Majer, 1999, Andersen, 1997, Andersen et al, 2002, Andersen, Gómez et al, 

2003, Hoffmann & Somes, 2003, Nichols & Nichols, 2003, Andersen & Hoffmann, 

2003a, van Hamburg et al, 2004, Ottonetti, Tucci & Santini, 2006, Ribas et al, 

2012). 

 

Finally, ants also hold practical advantages over other invertebrates as an 

indicator taxon. This is due to the fact that they are easily and simply sampled, 

using simple equipment such as pitfall traps, as most Australian ants are epigaeic 

foragers and so the use of pitfall trapping targets most of the community 

(Andersen, 1990, Greenslade, 1979, cited in Andersen, 1990, Alonso & Agosti, 

2000) Ants are also comparatively easily sorted once sampled compared to other 

invertebrate taxa. At the species level, as a rule all samples are adult female 

workers so identification is not complicated by sexual or age-based 

polymorphisms, and, as endopterygotes, ants lack immature instars which could 

confound sorting, unlike other candidate indicator species such as soil mites 

(Andersen, 1990, Cuccovia & Kinnear, 1997, Nakamura, 2003). Identification is 

also supported by the taxonomy being based on external morphological features 

rather than reproductive organs (Andersen, 1990). The task of sorting is even 

simpler at the level of genera, with differences between genera being so 

distinctive that classification can be done with minimal effort and even in the 

field, in contrast to other invertebrate groups, where differentiation between 

genera requires specialist knowledge (Andersen, 1990). These features make 

ants much easier to work with than other invertebrates, with much less time, 
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effort and specialist knowledge needed to use them as indicator components 

than other taxa, and so a much more feasible choice for integration into 

monitoring programmes than potential alternatives (Andersen, 1990). 

 

Ants therefore are a key taxon in Australian ecosystems which is also 

representative of a much broader range of taxa, well-studied and characterised 

in terms of disturbance response and relatively easy to work with. These 

qualifications have secured the place of ants in terrestrial ecosystem monitoring 

in Australia. However, while ants are the best choice of indicator taxon, they are 

still not an easy choice of indicator taxon. Sorting of samples remains an 

arduous, time-consuming task, and although less complicated than the 

identification of other invertebrates, still frequently requires specialist 

knowledge to identify each of the hundreds or even thousands of samples to 

species. Furthermore, the taxonomy of Australian ants is very incomplete, so 

samples may not be identifiable to species and must instead be assigned a study-

specific species code (Andersen & Hoffmann, 1998a). These factors restrict the 

use of ants in monitoring and management efforts, as their use still requires 

considerable time, expense and specialist knowledge, so finding ways to address 

these issues would yield great social, economic and environmental benefits. 

 

3 ʹ Mine site rehabilitation in Australia 

MŝŶŝŶŐ ŚĂƐ ďĞĞŶ ƉĂƌƚ ŽĨ AƵƐƚƌĂůŝĂ͛Ɛ ĞĐŽŶŽŵǇ ĨŽƌ ϮϬϬ ǇĞĂƌƐ ĂŶĚ ŝƐ ŽŶĞ ŽĨ 

AƵƐƚƌĂůŝĂ͛Ɛ ŵŽƐƚ ŝŵƉŽƌƚĂŶƚ ŝŶĚƵƐƚƌŝĞƐ͕ ĐŽŵƉƌŝƐŝŶŐ ϵй ŽĨ ĐŽƵŶƚƌǇ͛Ɛ ƚŽƚĂů GDP ĂŶĚ 

50% of its exports (Minerals Council of Australia, 2017). However, the cost of this 

productivity is an incredibly environmentally destructive extraction process.  

 

Mining companies are currently committed by federal and state government 

legal and internal industry regulatory frameworks to rehabilitation of mine sites 

at the conclusion of mining activities (Minerals Council of Australia, 2017). Over 

time, rehabilitation practices and requirements have evolved. The long-studied 

site of Alcoa of Australia Ltd. Western Australian bauxite mines highlights this 

process of evolution. The requirements for new mines at the Alcoa site have 
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evolved from a commitment to leaving the area tidy under the first agreement in 

1961, to a commitment to some rehabilitation in the form of reforestation and 

prevention of soil erosion in 1972, and by 2012 Alcoa had been committed to 

continuous research, monitoring and evaluation of its rehabilitation practices, 

with the aim to restore exhausted mining pits to the original Jarrah ecosystem 

featured at the site (Majer et al, 2013). The rehabilitation procedures employed 

have evolved in step, progressing from planting non-native species in 1966 to 

gradual improvements in practice throughout the 1970s, including ripping of the 

mine floor to improve root penetration, the use of fresh rather than stockpiled 

topsoil, direct seeding of native understorey species and two-layered removal of 

topsoil to preserve the seed bank and nutrient layers of the topsoil (Majer et al, 

2013). A similar stepwise improvement of rehabilitation methods occurred at the 

Allied Eneabba Ltd and Associated Minerals Consolidated Ltd. Eneabba Mining 

area. In the 1970s, Majer reported that experimental small-scale rehabilitation at 

the Eneabba mining area, Western Australia, took the form of re-spreading of 

topsoil and associated plant material collected prior to mining over mining 

tailings after the completion of mining up to two years later, and later the 

application of mulched vegetation from the surrounding heathland over the 

topsoil (Black, 1979, in Majer et al, 1982, Majer et al, 1982). By 1998, a much 

more sophisticated programme had been implemented, with topsoil now 

sourced from new mining developments where possible and removed in such a 

way as to preserve the soil seed bank, ensuring the seeds and mycorrhiza of the 

topsoil being added were viable, and an extensive seed collection and 

propagation programme having been established to re-establish those species 

that cannot be restored from the seed banks of the topsoil  or mulch (Bisevac & 

Majer, 1999).  

 

Part of the monitoring and evaluation of the restoration process post-

rehabilitation at these sites and others has been the inclusion of ants as indicator 

taxon, as discussed in section 2 of this introduction. Studies of restoration of 

mine sites using ants as indicator components typically make use of a 

comparative or convergence-based approach, where measurements of the ant 
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community such as species richness and diversity, or community composition, 

from rehabilitated sites are compared with representative local undisturbed sites 

(Majer et al, 1982, Andersen et al, 2003, Hamburg et al, 2004). Although some 

studies monitor the same sites over an extended period of time (Andersen, 

Hoffmann & Somes, 2003, Majer & Nichols, 1998, Majer et al, 2013), most 

studies have been single-instance studies surveying sites of a range of ages at 

once and constructing a chronosequence (sensu Majer & Nichols, 1998) from the 

results (Andersen & Majer, 2004). The cost limitations of surveying ant species 

abundance (as discussed in section 2) have likely contributed to the lack of long-

term studies. Despite the fact that the Alcoa bauxite mines were some of the 

first rehabilitated sites to have been studied using ants, and have continued to 

be monitored, on and off, for over 37 years (Majer et al, 2013), the sites have still 

not fully recovered to a native assemblage, although there has been a noticeable 

improvement in how close rehabilitated sites have come to restoration as 

rehabilitation methods have improved (Majer et al͕ ϮϬϭϯͿ͘ TŽ ƚŚĞ ĂƵƚŚŽƌ͛Ɛ 

knowledge, no Australian rehabilitated site studies to date have discovered a 

rehabilitated site with an ant community composition fully resembling that of 

nearby native vegetation, with the exception of at Callide Mine, where a single 

site (TH91) was discovered to have a community composition closely resembling 

that of the reference sites (Andersen, Hoffmann & Somes, 2003). This 

demonstrates both the long time-lag of recovery after mining and the 

importance of further research and study into ecosystem rehabilitation, as 

almost 50 years of mine-site rehabilitation monitoring with ants has yet to yield a 

single definitively converged ant community. This research could in turn be 

facilitated by the addressing of limitations of ants as an indicator component 

taxon, enabling more and longer studies of post-rehabilitation ecosystem 

recovery.  
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Chapter 2 ʹ An evaluation of rehabilitation success at 

German Creek Mine & Callide Mine 

 

Introduction 

 

Ants are widely utilised as indicator taxa in Australia, particularly in the mining 

industry, which has embraced them as a means of monitoring and evaluating 

their rehabilitation efforts (Andersen & Majer, 2004). The systems developed in 

Australia are also increasingly being embraced worldwide, with the mining 

industry once again leading the way, as pressure grows for ecologically 

sustainable development, and scientists and agencies outside Australia recognise 

the value of incorporating terrestrial invertebrates into monitoring efforts 

(Majer, 1997, Gómez et al, 2003, Andersen & Majer, 2004, van Hamburg et al, 

2004, Ottonetti, Tucci & Santini, 2006, Ribas et al, 2012, Grandin et al, 2013, 

Siddig et al, 2016).  

 

However, the majority of studies utilising ants as indicator taxa remain short-

term affairs that utilise a ͞chronosequence͟ approach (sensu Majer & Nichols, 

1998), where a range of sites of a range of ages are surveyed and an artificial 

time sequence of ant succession is constructed from those surveys, as a 

substitute for long-term monitoring of individual sites (Majer & Nichols, 1998, 

Andersen & Majer, 2004). The use of chronosequence approaches instead of 

long-term monitoring represents a trade-off. Chronosequences offer the capacity 

for replication and hence quantification of factors affecting restoration success, 

whereas long-term studies are comparatively costly and so are restricted to low 

or no replication, meaning the results are not necessarily applicable to other 

sites (Majer & Nichols, 1998). However, the replication of chronosequences is 

limited by variation in site conditions and in rehabilitation approach ʹ the rapid 

rate of evolution of rehabilitation practices means that the oldest sites often 

have undergone a very different rehabilitation regime than those towards the 

more recent end of the continuum (Majer & Nichols, 1998). These limitations 
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and gaps in site ages mean that it is not always possible to fully describe the ant 

succession with chronosequences, while long-term studies provide a continuous 

record of changes in the ant community from rehabilitation onwards, under fixed 

starting conditions (Majer & Nichols, 1998). However, in a comparison of the two 

approaches, the results of the chronosequence study were confirmed by the 

long-term results, suggesting chronosequences may be an acceptable substitute 

with the advantage of being much faster to perform (Majer & Nichols, 1998). 

However, as long-term studies are rare, and comparison between a 

chronosequence and long-term study of the same site has only occurred once 

(Majer & Nichols, 1998), it is unclear how applicable this result is to other study 

sites. From a management perspective, chronosequences present additional 

problems, as they are only an estimation of rehabilitated site community 

changes, and given the variable conditions, do not guarantee that newer 

rehabilitated sites will follow the same trajectory. Indeed, different rehabilitated 

sites can in fact take some very different paths following rehabilitation (see 

results). The somewhat abstract statistical nature of chronosequence results also 

made them harder to convey to non-scientists than the relatively clear trends of 

long-term study sites (Majer & Nichols, 1998). As such, while chronosequences 

appear to be an adequate substitute for long-term studies in investigations of 

environmental factors influencing post-rehabilitation ant community recovery, 

this needs further verification, and where possible long-term studies remain a 

more complete and comprehensible account of post-rehabilitation community 

dynamics, and irreplaceable for monitoring programmes. 

The current study evaluates the success of the rehabilitation programmes at two 

mines, Callide and German Creek, in Queensland, using the ant community as a 

normative indicator component and community composition (abundances of 

species) as the indicator measurement. The study is somewhat unique in that it 

is a relatively short-term, but multi-year (4-6 years), study of multiple 

rehabilitated sites of a range of ages, combining aspects of the long-term and 

chronosequencing approaches. This provides uniquely precise data on ant 

community changes at each site in the years following site rehabilitation, 
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allowing for the observation of year-on-year changes in community composition 

during the restoration process. It is also unique in that it makes use of two sets of 

monitoring data, meaning that, although the data from the two mines cannot be 

treated as replicates or pooled due to differences in location, ecology, length of 

study and study time, it is possible to qualitatively assess the broader 

applicability of trends in the recovery process through the degree of agreement 

in results between mine sites. By establishing the trends in ant community 

composition at the level of species abundance, this study will serve as a baseline 

for the evaluation of various simplified analyses (see Chapter 3) for their fidelity 

to the trends observed at the level of species abundance. 
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Methods 

 

1 ʹ Study Sites  

Data had been collected from German Creek Mine, Queensland, from 1997 to 

2001, and from Callide Mine, Queensland, from 2001-2006 by Andersen & 

Hoffmann (except for Callide Mine in 2003, when data was collected by Stacey). 

(Andersen & Hoffmann, 1998a, 1998b, 1999, 2000a, 2001a, 2001b, 2002, 2003b 

2005, 2006, Stacey, 2003, Hoffmann & Andersen, 2004). While the sampling and 

analysis procedures for both sites are the same unless specified, note that each 

site was subject to an independent study with independent species codes, and 

the data from each mine site are analysed separately. 

 

German Creek is a black coal mine in the Bowen Basin, 25km SW of Middlemount 

and 240km from Mackay, in the semiarid tropics of Queensland. Land 

rehabilitation is a continuous process that follows half a panel behind the coal -

mining operation, so the ages of different rehabilitated sites vary (Anglo 

American 2018a). Ants were sampled from three reference sites and six 

rehabilitated sites (table 1). Reference sites 1, 3 & 7 were selected as a 

representative subset of the local natural habitats from a 1997 pilot survey of 

local undisturbed habitats (Andersen & Hoffman, 1997). Reference site 1 

consisted of Blue Gum Woodland, 3 of Lancewood low woodland, and 7 of 

Yapunyah Woodland (Andersen & Hoffmann, 1998). The six rehabilitated sites 

were pit dump rehabilitations ranging from 1-11 years old as of 1998. 

Rehabilitated sites 8 & 9 were initially sampled in the 1997 pilot survey, whereas 

10, 11, 12 and 13 were sampled for the first time in 1998.  
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Table 1: Summary description of rehabilitated sites at German Creek Mine (1998) (taken from Andersen & Hoffmann, 1998b) 

 Site 8 Site 9 Site 10 Sit 11 Site 12 Site 13 

Date of rehabilitation 1986 1994 1993 1993 1996 1994 

Age of sampling (yrs) 11 3 4 4 1 3 

Soil type Grey-brown 

sandy clay loam 

Grey-brown clay 

loam 

-  Red-brown sandy 

loam 

- Grey-brown 

sandy clay loam 

Slope 20% 20% 10% 20% 20% 20% 

Contour interval (m) nil 50 nil 50 50 50 

Dominant grass 

species 

Golden Beard 

(Chrysopogon 

fallax)/ 

Red Natal  

(Melinis repens) 

Indian Blue 

(Bothriochloa 

pertusa) 

Buffel  

(Cenchrus ciliaris) 

Buffel (C. ciliaris) Red Natal  

(M. repens) 

Buffel (C. ciliaris) 
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Callide Mine is a black coal mine in the Callide Basin, 20 kilometres from Biloela 

and 120km SW of Gladstone, in the semiarid tropics of Queensland (Anglo-

American, 2018b). Land rehabilitation is concurrent to mining, taking place when 

a pit is mined out (Andersen, Hoffmann & Somes, 2003, Anglo-American, 2018b). 

Standard rehabilitation procedure involves the removal of vegetation and 

stockpiling of native topsoil prior to mining, and following mining overburden 

dumps are reshaped into stable landforms and the stockpiled soil is respread and 

deep-ripped before seeds of locally collected plant species are sown (Andersen, 

Hoffmann & Somes, 2003). Rehabilitation techniques develop over time 

however, and prior to 1997 sites were not deep-ripped and pasture grasses were 

the dominant plants sown, although these tend not to persist once trees become 

established (Andersen, Hoffmann & Somes, 2003). Rehabilitated site DSC81 was 

rehabilitated in 1981, preceding the use of topsoil (Andersen & Hoffmann, 2001). 

Ants were sampled from three reference sites and eight rehabilitated sites (see 

Table 2). Reference sites 6, 8 & 9 were selected as a representative subset of the 

local natural habitats from a 2000 pilot survey (Andersen & Hoffmann, 2001b). 

Reference site 6 consisted of Ironbark woodland with grassy understorey on 

rocky soil, 8 of Lancewood woodland on gravelly soil, & 9 of Gum-topped Box 

woodland on gravelly soil (Andersen & Hoffmann, 2001b). The eight rehabilitated 

sites were all spoil dumps ʹ  BHS94, BH99 and TH91 were all spoil dumps placed 

over natural surfaces, DCB98 was backfilled over a dragline strip, and DSC81, 

TGC92, DCB94 & TGB98 were dragline spoil slopes dumped on adjacent natural 

surfaces (Andersen, Hoffmann & Somes, 2003). The sites chosen represented a 

mix of ages (2-20 years old as of 2001) and rehabilitation techniques (Andersen & 

Hoffmann, 2001b). Sites BHS94 and DSC81 were initially sampled in the 2000 

pilot survey, while all other rehabilitated sites were incorporated in 2001 

(Andersen & Hoffmann, 2001b).  
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Table 2: Summary description of rehabilitated sites at Callide Mine (2001) (Taken from Andersen & Hoffmann, 2001b) 

 DCB94 DCB98 DSC81 TGC92 TGB98 TH91 BH99 BHS94 

Date of 

rehabilitation 

1994 1998 1981 1992 1998 1991 1999 1994 

Age (years) 

at sampling 

7 3 20 9 3 10 2 7 

Slope 15% 8% 25% 17% 16% 10% 12% 20% 

Litter Depth 0cm 2cm 5cm 2cm 10cm 10-15cm 5cm 5cm 

Ground 

Cover (%, 

composition) 

20%, rocks, a 

few twigs, 

logs 

30%, mainly 

grass and 

rocks, little 

amount of 

leaves. 

Limited 

deep-ripping 

80%, mostly 

grass and a 

few leaves, 

scattered 

large rocks 

30%, mainly 

leaves with 

some twigs, 

grass & logs 

85%, grass 85%, mostly 

leaves, bark, 

twigs and 

grass 

70%, mainly 

grass 

85%, mostly 

grass with 

some leaves 

& logs 
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Vegetation Acacias 

germinated, 

poor grass 

germination 

Acacias 

present but 

restricted in 

sampling 

area. Fairly 

sparse cover 

of Red Natal 

(M. repens) 

with some 

Rhodes grass 

(Chloris 

gayana) & 

Buffel  

(C. ciliaris) 

- Patchy, 

primarily 

Buffel  

(C. ciliaris) 

and Rhodes 

grass  

(C. gayana). 

Some lemon-

scented gum 

(Corymbia 

citriodora), 

ironbark 

eucalypts, 

acacias 

High levels of 

introduced 

pasture 

grasses and 

some acacias 

High 

vegetative 

cover, 

extremely 

good Acacia 

and eucalypt 

establish-

ment and 

cover, and 

some shrub 

and sparse 

native grass 

understorey 

Low cover of 

native and 

introduced 

grasses & 

legumes, 

good 

numbers of 

Acacia and 

eucalypts 

also present 

ʹ cover not 

fully 

developed to 

high levels 

but good 

development 

conditions 

Early-stage 

cover of 

green panic 

(Panicum 

maximum), 

Buffel  

(C. ciliaris), 

Red Natal 

(M. repens), 

Urochloa & 

Acacia, with 

some 

eucalypts 

becoming 

evident 
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2 ʹ Sampling 

Ants were sampled using 6.5cm diameter pitfall traps, partly filled with ethylene 

glycol as a preservative. At each sampling site a 5x3 grid of 15 pitfall traps with 

10m spacing was established at each site (except BHS94, where only 14 traps 

were operative) during the wet season (Jan-Feb). At German Creek traps were 

operated for 4 days, whereas at Callide traps were operated for 5 days. Sampling 

was carried out from 1997 to 2001 at German Creek and from 2000 to 2006 at 

Callide. At Callide, not all sites were sampled in all years due to sampling 

constraints, and some further samples were excluded during analysis. For a full 

listing of exclusions see table 3.  

 

Table 3: List of samples excluded from Callide Mine analysis 

Year Site(s) Justification 

2001 DSC81 Collected from wrong site (Andersen & Hoffmann, 

2002) 

2004 Ref 9, DSC81 Unusually low species richness in all 2004 samples, 

particularly these two, possibly affected by rain 

during sampling period & reliability questionable 

(Hoffmann & Andersen, 2004) 

2005 All reference and 

rehabilitated sites 

except TH91 

Decision made in this year to focus only on TH91 

(Andersen & Hoffmann, 2005) 

 

3 ʹ Analysis 

Ants had been sorted to species level and their abundances in each trap pooled 

to give site-level abundance for each year by Andersen & Hoffmann (Andersen & 

Hoffmann, 1997-2006, Stacey, 2003). The taxonomy of northern Australian ants 

is poorly known and most species are undescribed. As such, where possible, 

unidentified species had been assigned to species groups following Andersen 

(2000, cited in Andersen, Hoffmann & Somes, 2003) and code numbers had been 

assigned to each species that only apply to those studies (Andersen, Hoffmann & 

Somes, 2003). 
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Analysis was conducted by Conor Cooper in R v.3.4.3 with packages vegan and 

nlme. 

 

Ant abundances were square-root transformed to increase the contribution of 

rare species to site dissimilarity, and particularly to down-weight the 

contributions of species of Iridomyrmex (rufoniger gp), which includes a number 

of hyperabundant species (Iridomyrmex species P & C (rufoniger gp) at Callide 

Mine, and Iridomyrmex species B & E, (rufoniger gp) at German Creek) with 

abundances orders of magnitude greater than other species at several samples, 

while retaining community structuring information in analysis (Clarke & Warwick, 

2001).  

 

Assessment of the recovery of rehabilitated mine-sites was carried out through 

the normative use of ants as an indicator component, with ant community 

composition (abundances of species) as the indicator measure. Recovery was 

assessed by comparison of ant community composition at rehabilitated sites to 

ant community composition at the unmined reference sites, sampled at the 

mines at the same time, representing the natural ant communities that existed 

on rehabilitated sites prior to mining. Sites with communities which become 

more similar to those on one or more of the reference sites are considered to be 

recovering, while those without are not. Though reference sites undergo 

fluctuation in community composition, it is assumed that they are not 

undergoing significant directional change in community composition, and so are 

suitable as a point of comparison. 

 

In order to overcome the ͞ŵŽǀŝŶŐ ƚĂƌŐĞƚ͟ ŶĂƚƵƌĞ ŽĨ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ ƐĂŵƉůĞƐ͕ ĨŽƌ 

each reference site the samples were used to estimate the Average Reference 

Community (ARC).  These were estimated by calculating the median square-root 

transformed abundances of each species occurring at the site during the 

sampling period. Rehabilitated sites were then compared to these ARCs, rather 

than to the position of the reference sites in any given year. This enabled us to 
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ĐĂůĐƵůĂƚĞ ƚŚĞ ĞǆƚĞŶƚ ŽĨ Ă ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞ͛Ɛ ĐŽŶǀĞƌŐĞŶĐĞ ǁŝƚŚ ƚŚĞ ƌĞĨĞƌĞŶĐĞ 

sites, and hence its recovery, based on its dissimilarity to the ARC (ARC-

Dissimilarity approach).Dissimilarity between site community samples, including 

the calculated ARCs, were calculated with a Bray-Curtis dissimilarity index, and 

the resulting distance matrix analysed with nonmetric Multidimensional Scaling 

(NMDS) fitted to principle components (Ottonetti, Tucci & Santini, 2006, Clarke & 

Warwick, 2001). 

 

In order to assess whether sites were converging with age, a linear model of the 

effect of site age on dissimilarity of rehabilitated site samples from ARCs, with 

Site as a random factor, was fitted to ARC-Dissimilarity outputs (BC dissimilarity 

from ARC scores). The tracking of changes in an index of similarity between 

rehabilitated and reference site ant communities over time in order to chart 

recovery progress has been utilised in previous long-term monitoring of 

rehabilitated site ant community recovery (Majer & Nichols, 1998).  

 

An idealised recovery scenario under the convergence model would see Bray-

Curtis dissimilarities of rehabilitated sites from one or more ARCs decreasing 

year-on-year, undergoing clear directional movement towards the ARCs in NMDS 

Ordinations and a significant decrease in BC Dissimilarity with age on ARC-

Dissimilarity plots. Eventually rehabilitated sites would enter into a stable, non-

directional pattern of fluctuation in community composition centred upon an 

average community composition resembling that of one of the reference site 

ARCs. A more generalised recovery scenario may see a rehabilitated site entering 

into such a pattern around an ARC position that does not resemble any one 

reference site but instead falls within the area of ordination space occupied by 

the reference sites as opposed to pre-recovery rehabilitated sites. 

 

In order to gain insight into the changes in species composition driving 

convergence, changes in relative abundance of functional groups at each site 

were also examined. The Functional Group scheme is a classification scheme for 

Australian ants based on competitive interactions, habitat requirements and 
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responses to temperature, stress and disturbance (Andersen, 1990). This 

classification divides Australian ants into nine functional groups based on their 

competitive interactions with each other, biogeography, and tolerance to 

temperature, stress and disturbance: Dominant Dolichoderinae, Subordinate 

Camponotini, the three Climate Specialist groups: Tropical, Cold and Hot Climate 

Specialists, Generalised Myrmicinae, Opportunists, Cryptic Species and 

Specialised Predators (Andersen, 1990). Although initially used to classify ant 

communities on biogeographic scales, the functional group scheme has since 

been found to be useful for monitoring disturbance, particularly major 

disturbances like mining which completely transform a habitat, analogous to 

moving across a biogeographic boundary, with comparable effects on the 

functional group profile (Andersen, 1993, Bisevac & Majer, 1999, Andersen & 

Hoffmann, 2003). Therefore the changes in the relative abundances of each 

functional group in the ant species community reveal details about what changes 

are occurring in the makeup of the ant community and the ecological factors 

driving those changes (Andersen, 1995, Andersen & Hoffmann, 2003).  
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Results 

 

1 ʹ Callide Mine 

1.1 ʹ Overview 

Reference and rehabilitated sites are not clearly separated in Non-Metric 

Multidimensional Scaling (NMDS) ordination (fig. 1), although the reference 

samples clearly group in the bottom-left corner of the ordination, and separation 

between reference and rehabilitated sites occurs predominantly on axis 1. 

Examination of the samples in age order shows that reference community 

samples do not appear to exhibit systematic directional movement in ordination 

with time, and so there is no evidence that they are undergoing systematic 

variation (Andersen & Hoffmann, 2003b). This means the key assumption of the 

Reference-Comparison rehabilitation assessment, that variation in reference 

community composition is random rather than systematic, is upheld. Of the 

three reference sites, 8 and 9 overlap substantially on both NMDS axes, while 

reference 6 overlaps with them on NMDS axis 2 but is much more centrally 

positioned on axis 1. As a result, the rehabilitated sites are overall much closer to 

reference site 6 than to the other two reference sites. This also means the 

convergence of rehabilitated sites to reference site 6 is much more strongly 

affected by movement along axis 2 than convergence on reference sites 8 or 9, 

and this is reflected in the ARC-Dissimilarity results (fig. 2).  

 

Four rehabilitated sites overlap with reference site 6 on axis 1 (BHS94, DCB94, 

DSC81 & TGC92) at various times in the sampling period. Of these four, only 

BHS954 and DSC81 simultaneously have a close association on axis 2 as well, 

both in the last year of sampling. Only one site overlaps with references 8 & 9 on 

axis 1, TH91. 
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Figure 1: Non-metric multidimensional scaling ordination of Callide Mine Sites based on ant species abundances, comparing reference (triangle) and 

rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (2000-2006) for reference site samples. Two-dimensional stress = 0.2291872
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Linear models of overall trends of convergence across rehabilitated sites with 

time showed that, as a group, rehabilitated sites significantly converged on 

reference sites 6 and 9, but not on reference site 8 (Site 6: slope = -0.0054, SE = 

0.002, t(32) =-2.83, p = 0.008) (Site 8: slope = -0.0043, SE = 0.003, t(32) = -1.59, p 

= 0.121) (Site 9: slope = -0.0087, SE = 0.003, t(32) = -3.31, p = 0.002). These 

results suggest that overall the rehabilitation programme at Callide Mine is 

succeeding. 

 

1.2 ʹ Rehabilitated Sites 

BH99 and TGB98 show the most linear convergence path along NMDS axis 1 (fig. 

1) with substantial movement along axis 1 and relatively little movement on axis 

2, and this is reflected in ARC-Dissimilarity (fig. 2), where both sites are shown to 

be converging with all three reference sites. BH99 has a notable downward 

trajectory on axis 2 as well however, and so is converging substantially more 

rapidly on reference sites 6 and 9 than reference site 8, which occurs higher up 

ĂǆŝƐ Ϯ ĂŶĚ ƐŽ ŝƐ ĨƵƌƚŚĞƌ ŽƵƚ ĨƌŽŵ BHϵϵ͛Ɛ ĐŽŶǀĞƌŐĞŶĐĞ ƚƌĂũĞĐƚŽƌǇ͘ 

 

BSH94, the third site which converges with all three references in ARC-

Dissimilarity, takes a more erratic, spiralling path in the NMDS ordination. The 

majority of its movement is up and then down axis 2 towards reference site 6, 

with relatively little movement along axis 1 which is enough to push it into very 

close association with reference site 6 with a correspondingly rapid convergence 

trajectory in ARC-Dissimilarity, but yields only a relatively gradual convergence 

trajectory with reference site 8 and 9, as the movement towards either site by 

BHS94 is relatively small compared to its movement towards reference site 6. 

 

DSC81 is the fourth site to converge on all three references in ARC-Dissimilarity, 

although is converging only very gradually with reference site 8. DSC81 shows 

substantial convergent movement in NMDS too, largely in years 1-3, while after 

that systematic movement is mostly on axis 2. If sampling were to have been 

extended this trend may have continued, DSC81 rapidly diverging from all three 

sites in the same manner as DCB94 (see below), but as the data currently stand, 
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at the conclusion of sampling this trajectory sees DSC81 rapidly converging on 

reference site 6 (figs. 1, 2a). This downward trajectory places it on a clear 

convergent path with reference 9 (2c) too, although notably DSC81 does passes 

by reference site 9 in NMDS, as it may potentially do for reference site 6. In 

contrast, this trajectory results in a very shallow decline in dissimilarity from 

reference site 8 (2b) overall, since ARC of reference site 8 is positioned higher up 

axis 2 than that Žƌ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞƐ ϲ Žƌ ϵ ĂŶĚ ƐŽ D“Cϴϭ͛Ɛ ĚŽǁŶǁĂƌĚ ƚƌĂũĞĐƚŽƌǇ 

does not contribute as much to convergence with reference site 8 as it does to 

convergence with the other two reference sites. 

 

DCB94 diverges from all three references in ARC-Dissimilarity (fig. 2), although is 

close to neutral relative to reference 8. This reflects its relative lack of overall 

movement on NMDS axis 1 (fig. 1), with its position at the beginning of the 

sampling period being close to its final position, and its systematic divergence 

from all three reference sites on axis 2, moving up and away from all three. 

 

DCB98 does not move systematically in NMDS ordination (fig. 1) and appears 

prone to large fluctuations in community composition. This lack of systematic 

movement would appear to be reflected in the ARC-Dissimilarity graphs for 

reference sites 8 & 9 (figs. 2b & 2c), in relation to which DCB98 displays a very 

shallow convergent trajectory and an even more shallow divergent one 

respectively, but is clearly converging with reference site 6. The NMDS and ARC-

Dissimilarity results do not appear to agree for this site. It is important to note 

that NMDS is a low-dimensional representation of a much more complex 

arrangement of sites, so higher-dimensional representations may correspond 

more closely to the ARC-Dissimilarity results. 

 

TGC92, in ARC-Dissimilarity (fig.2), is rapidly converging with reference site 6 (2a) 

but is diverging from reference sites 8 & 9 (2b & 2c). This is reflected in its s-

shaped NMDS trajectory (fig. 1). Since TGC92 begins in alignment with reference 

site 6 on axis 1, and reference site 6 is lower down axis 2 than either 8 or 9, this 
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trajectory causes it to diverge from all three reference sites on axis 1, but brings 

it down towards reference site 6 on axis 2, closer than it started. Like DSC81, the 

trajectory of TGC92 may go on to carry it on past reference site 6 into 

divergence, but as of surveying it remains convergent on this reference site. 

 

TH91 is the only rehabilitated site to overlap with reference sites 8 & 9 on NMDS 

axis 1 (fig. 1), being positioned further left on the predominant axis of separation 

of reference and rehabilitated sites than reference site 6, and this is reflected in 

their ARC-Dissimilarity results (figs. 2b & 2c) which place TH91 as the least 

dissimilar sites to the reference in each case. It experiences the least change in 

position year on year, even less than the three reference sites, giving the 

appearance of a stable, successfully rehabilitated site. However, in ARC-

Dissimilarity (fig.2) it is divergent from reference sites 6 & 8 (2a & 2b) and 

ĚŝƐƉůĂǇƐ ĂŶ ŽĚĚ ͞ ĂƌĐŚ͟ ƐŚĂƉĞĚ ƚƌĞŶĚ ƌĞůĂƚŝǀĞ ƚŽ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ ϵ͘ TŚŝƐ ƌĞĨůĞĐƚƐ ƚŚĞ 

fact that TH91 in NMDS ordination actually shows a directional trend to its year-

on-year movement, moving up and to the right, diverging from the reference 

sites, although it doubles back in the final year of sampling. 

 

Overall there have been very mixed results from the Callide Mine rehabilitation 

programme ʹ  while some rehabilitated sites are clearly converging on reference 

sites and on the road to recovery (BH99, TGB98, BSH94), the status of others is 

more ambiguous (DSC81, TGC92, DCB98, TH91), and DCB94 appear to be actively 

diverging from all reference communities. Out of the four ambiguous 

rehabilitated sites, two may potentially be heading for divergence in the future 

(DSC81 and TGC92) based on their trajectories in the NMDS ordination, and two 

converge on a single reference site (TGC92 on site 6 and TH91 on site 9) while 

diverging from the other two. 
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Figure 2 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites from 

ARCs of Reference Sites 6 (2a), 8 (2b) and 9 (2c) with site age since rehabilitation (years) 

at Callide Mine. These figures show the dissimilarity of the rehabilitated sites (coloured 

circles), relative to the ARC (black square) of the reference site, against site age since 

ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ ĚŝƐƐŝŵŝůĂƌŝƚŝĞƐ ĨƌŽŵ ƚŚĞŝƌ 

ARC are included for comparison. 
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Fig 2a: Convergence with Site 6, Callide Mine 
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Fig 2b: Convergence with Site 8, Callide Mine 
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Fig 2c: Convergence with Site 9, Callide Mine 
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1.3 ʹ Functional Group Profiles 

The functional group profiles of the rehabilitated sites (figs. 24-31 (Appendix 1)) 

show varying levels of convergence with the reference sites (figs. 21-23 

(Appendix 1)). The rehabilitated sites are all dominated by Dominant 

Dolichoderines, at least initially, with the exception of TH91, and Dominant 

Dolichoderines remain the most abundant functional group at five of the eight 

rehabilitated sites. However, there is some evidence of change. Rehabilitated 

sites BH99 (fig. 24 (Appendix 1) and BHS94 (fig. 25 (Appendix 1)) in particular 

show increasing relative abundances of Generalised Myrmicines and Hot Climate 

Specialists over the course of the sampling period, so that by the last year of 

sampling they had functional profiles that closely resemble the ARC profile of 

Reference Site 8, where over 50% of ants sampled at the site are Generalised 

Myrmicines. TGC92 (fig. 30 (Appendix 1)) did not achieve quite the same level of 

convergence, but goes from having a species composition of over 90% Dominant 

Dolichoderines to one of less than 50% Dominant Dolichoderines, and 

experienced an increase in Opportunists from minimal presence to 25% of ants 

sampled on site, greatly increasing its similarity to the Opportunist-dominated 

reference site 6 (fig. 21 (Appendix)). Contrastingly, the divergent nature of 

DCB94 and TH91 also appears to be driven by changes in functional group 

composition. TH91 moved from a functional group profile similar to reference 

sites 8 & 9 at the start of the study to becoming increasingly dominated by 

Dominant Dolichoderines while Generalised Myrmicines and other functional 

groups become very rare (fig. 31 (Appendix)), coming to resemble the other 

ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞƐ͛ ĨƵŶĐƚŝŽŶĂů ŐƌŽƵƉ ƉƌŽĨŝůĞƐ ĂƐ ƚŚĞǇ ǁĞƌĞ Ăƚ ƚŚĞ ďĞŐŝŶŶŝŶŐ ŽĨ ƚŚĞ 

study period. DCB94 likewise became increasingly dominated by Dominant 

Dolichoderines (fig. 26 (Appendix)). Overall, the changing relative abundance and 

dominance of Dominant Dolichoderines, as opposed to other functional groups, 

appeared the main factor in changing dissimilarity of rehabilitated sites from the 

reference sites. 
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2 ʹ German Creek Mine 

2.1 ʹ Overview 

At German Creek, reference and rehabilitated sites are clearly separated in 

NMDS (fig. 3), with evident sorting of reference sites to the left and rehabilitated 

sites to the right, with axis 1 being the axis of separation. Reference communities 

do not appear to be varying systematically over time (Andersen & Hoffmann, 

2003b), meeting the primary assumption of Reference-Comparison rehabilitation 

assessment, with the possible exception of reference site 3. Reference site 3 

appears to be systematically moving down axis 2, although given all three 

reference sites are prone to substantial variation in position this may just be a 

coincidence. Unlike at Callide Mine, the reference sites are quite separated from 

each other, with reference 1 separated from both sites 3 and 7 on axis 1, while 

sites 3 & 7 overlap on axis 1 but are separated on axis 2. 

 

There is only one overlap between a reference and rehabilitated site on axis 1, 

and that is the overlap of reference 7 with site 8. Reference 7 is extremely 

variable in its community composition and overlaps with site 8 on both axes.  
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Figure 3: Non-metric multidimensional scaling ordination of German Creek Mine Sites based on ant species abundances, comparing reference (triangle) and 

rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (1997-2001) for reference site samples. Two-dimensional stress = 0.197346 
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In ARC-Dissimilarity (fig. 4), only site 8 is converging on Reference Site 1, and it is 

only very slowly doing so, and all rehabilitated sites are highly dissimilar to 

reference site 1. This reflects reference site 1 being the most far-removed of the 

three reference sites from the rehabilitated sites in NMDS, with no overlap on 

axis 1, and so the distance of rehabilitated sites to reference site 1 is largely 

unaffected by the movement on axis 2 that makes up the majority of 

rehabilitated site movement and convergence at German Creek. Reference Site 3 

shows a more conventional pattern in the sense that three of the six 

rehabilitated sites are converging on it, but the three diverging sites are the ones 

that come closest to the ARC at the beginning of the sampling period before 

diverging substantially by the end of the sampling period. Reference Site 7, 

ƵŶŝƋƵĞůǇ ĂŵŽŶŐ Ăůů ƌĞĨĞƌĞŶĐĞ ƐŝƚĞƐ͕ ĂĐƚƵĂůůǇ ŚĂƐ Ă ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞ ͞ ƌĞĂĐŚ͟ ƚŚĞ 

degree of dissimilarity from the ARC displayed by the ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ŽǁŶ 

samples, but this is more to do with reference site 7 being unusually variable in 

its community composition, with correspondingly unusually high BC-

Dissimilarities from the ARC.  

 

Rehabilitated sites as a group do not significantly converge on reference sites 1 

or 3 with age, but do significantly converge on reference site 7 (Site 1: slope = -

0.0013, SE = 0.001, t(19) = -0.999, p = 0.331) (Site 3: slope = 0.0067, SE = 0.012, 

t(19) =0.56, p = 0.579) (Site 7: slope = -0.0111, SE = 0.003, t(19) = -3.63, p = 

0.002). There is substantial between-site variation in size and direction of slope 

relative to the reference sites, particularly in relation to reference site 3, and 

ƐƵďƐƚĂŶƚŝĂů ǀĂƌŝĂƚŝŽŶ ŝŶ ŝŶĚŝǀŝĚƵĂů ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞƐ͛ ƐůŽƉĞƐ ƌĞůĂƚŝǀe to the 

different reference sites. 

 

2.2 ʹ Rehabilitated Sites 

Only one of the six rehabilitated sites at German Creek (site 8) converged with all 

three reference sites, possibly because, as shown in fig. 3, the reference sites 

differ substantially. Nonetheless, the reference sites all group on one side of axis 

1, and no rehabilitated site shows straightforward convergent progression across 
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axis 1 towards the reference sites. Sites 12 and 13 both finish the sampling 

period closer to the reference sites than they started but neither move far, and 

site 8 makes substantial convergent progress but between the first and second 

years of sampling undergoes an equally large divergence. As such, the majority of 

convergence or divergence from specific reference sites is a result of movement 

on axis 2 rather than general convergence on the reference sites as a whole. 

 

Site 8 is converging with all three reference sites (fig. 4), only marginally in the 

case of reference site 1 but at a brisk pace towards sites 3 & 7. These results are 

reflective of NMDS results (fig. 3), which shows site 8 moving systematically up 

axis 2 towards reference 3 throughout the sampling period, and overlapping with 

reference 7 on both axes, to the point of some samples from site 8 being closer 

to the reference 7 ARC than some of the reference 7 samples, as in the ARC-

DŝƐƐŝŵŝůĂƌŝƚǇ ƌĞƐƵůƚƐ͘ IŶ ĐŽŶƚƌĂƐƚ͕ ƐŝƚĞ ϴ͛Ɛ ƉŽƐŝƚŝŽŶ ŽŶ ĂǆŝƐ ϭ ƵůƚŝŵĂƚĞůǇ ĚŽĞƐŶ͛ƚ 

change much and hence its relationship to reference site 1, which is located 

centrally in NMDS, doĞƐŶ͛ƚ ĐŚĂŶŐĞ ŵƵĐŚ ĞŝƚŚĞƌ͘ 

 

Site 13 remains relatively static with respect to all three reference sites (fig. 4), 

slightly diverging from reference sites 1 & 7, and slightly converging on reference 

site 3. This overall pattern is reflected in the NMDS (fig 3) as site 13 does not vary 

very much except for in the final year of sampling, where its movement towards 

the reference sites on axis 1 is largely balanced by its movement downwards 

away from their ARCs. What is not reflected in NMDS is the relatively consistent, 

if slow, convergence of site 13 towards reference site 3. Once again, NMDS is an 

imperfect, 2D visualisation of the data, and it is possible that higher-dimensional 

visualisations of this data may resolve this apparent contradiction. 

 

In the NMDS ordination (fig. 3), Sites 9, 10, 11 & 12 all follow very similar 

trajectories and group together through most of the sampling period. They form 

a tight cluster with low inter-year variation throughout most of the sampling 

programme before diverging in down and to the right in ordination space 

towards the end, although site 12 begins outside the cluster and enters it only in 
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year 3, and site 11 splits off a year earlier than the others. This is reflected in the 

ARC-Dissimilarity model for Reference 3 (fig. 4b), where all four sites show either 

convergent or static trends with respect to the ARC before suddenly and 

dramatically diverging, overriding the classification of their trends in the linear 

model so they are considered divergent. In the case of site 12, its initial position 

in NMDS (fig. 3) is actually further away than its final position post-cluster-

divergence, since it began the sampling programme outside the cluster and only 

enters during year 3 of sampling, hence why it is still classed convergent with 

sites 3 & 7 by the linear model, although not with reference site 1. Additionally, 

moving into the cluster actually takes site 12 much closer to reference site 3, 

resulting in a strong convergence trend relative to reference site 3. For the other 

three rehabilitated sites (9, 10 & 11) however, this sudden movement out of the 

cluster in a divergent direction completely overrides all previous trends in the 

reference site 3 ARC-Dissimilarity model, while this sudden divergence is much 

less apparent in the ARC-Dissimilarity model of dissimilarity relative to reference 

site 7. 

Overall the results of the German Creek rehabilitation programme are poor. No 

rehabilitated sites show clear and substantial convergent trajectories, with little 

movement by any site along the primary axis of separation between reference 

and rehabilitated sites. Two of the six rehabilitated sites (10 & 11) show 

systematically divergent trends in both NMDS ordination and ARC-Dissimilarity. 

The remaining four (8, 9, 12 & 13) also diverge substantially at some stage, and 

so do not make much progress. Despite these issues, based on the ARC-

Dissimilarity and the later sampling years in NMDS, site 8 appears to be 

converging on all three reference sites, although this may be a product of 

idiosyncrasies in the relative community compositions of rehabilitated site 8 and 

reference sites 3 & 7. Site 12 likewise appears to ultimately be convergent with 

two of the reference sites. Sites 13 and 9 are converging on reference sites 3 & 7 

respectively in ARC-Dissimilarity, though do not appear to be converging on 

these sites in the NMDS ordination, and overall there appears to be slightly less 

agreement between ARC-Dissimilarity and NMDS results at German Creek than 
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at Callide mine. That four of the sites followed divergent but very similar trends 

in NMDS is of ecological interest, as this suggests a distinct underlying pattern 

which may represent an alternative succession pathway leading to a different 

climax community to those represented by reference sites. 

 

Figure 4 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites from 

ARCs of Reference Sites 1 (4a), 3 (4b) and 7 (4c) with site age since rehabilitation (years) 

at German Creek Mine. These figures show the dissimilarity of the rehabilitated sites 

(coloured circles), relative to the ARC (black square) of the reference site, against site age 

ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ ĚŝƐƐŝŵŝůĂƌŝƚŝĞƐ ĨƌŽŵ 

their ARC are included for comparison. 
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Fig 4a: Convergence with Site 1, German Creek Mine 
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Fig 4b: Convergence with Site 3, German Creek Mine 
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Fig 4c: Convergence with Site 7, German Creek Mine 
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2.3 ʹ Functional Group Profiles 

The functional group profiles of the rehabilitated sites (figs. 35-40 (Appendix 1)) 

are frequently relatively static, becoming neither more or less like those of the 

reference sites (figs. 32-34 (Appendix 1)). All sites are dominated by Dominant 

Dolichoderines, with the exception of reference site 1 (fig. 32 (Appendix 1)), 

where Generalised Myrmicines were more dominant in the later 3/5 years of 

sampling. Rehabilitated site 8 (fig. 35 (Appendix 1)), despite converging on all 

three reference sites, actually became gradually less like the reference sites over 

time with an increasing relative abundance of Hot Climate Specialists and 

Opportunists, before their numbers fell back down to their original levels in the 

last year of sampling. However, in this same year Generalised Myrmicines, 

present in all three reference sites at German Creek and at rehabilitated site 8 up 

until this time, are completely absent from the site. With the exception of site 12 

(fig. 39 (Appendix 1)), which begun the sampling period with a large relative 

abundance of Hot Climate Specialists before dropping down to levels similar to 

other sites, and site 10 (fig. 37 (Appendix 1)), which experienced a large increase 

in the relative abundance of Opportunists in the final year of sampling, the other 

sites did not experience drastic changes in functional group composition during 

the sampling period. Changes in relative abundance of functional groups did not 

appear not a major factor in the changing dissimilarity of rehabilitated sites from 

the reference sites, with most sites only experiencing small changes in the 

relative abundances of each functional group. 
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Discussion 

 

1 - Evaluation of Survey Methods 

The information obtained about ant communities from surveys is strongly 

influenced by the methods used to carry out those surveys (Bestelmeyer et al, 

2000, Longino, 2000). As such, the methods employed here warrant further 

examination. 

 

1.1 ʹ Pitfall Trapping 

Ants were sampled at Callide and German Creek mines by means of pitfall traps. 

Pitfall traps have been found to be representative of epigaeic ant populations, 

with Andersen (1991) finding that results from pitfall trapping to be comparable 

to those obtained from intensive but relatively unbiased quadrat sampling 

(Andersen, 1991, Bestelmeyer et al, 2000). However, this does not mean pitfall 

trapping is free of bias. Pitfall trapping yield has been shown to be influenced by 

a variety of aspects of ant and arthropod biology. Greenslade (1973) and 

Andersen (1983) found that fast-moving species such as those in the genus 

Melophorus and some members of Iridomyrmex were more prone to falling into 

traps on foraging dashes, while slower ant species were more likely to either 

avoid or successfully re-exit traps, and Greenslade (1964) found that species of 

Carabidae beetles that cover more ground during foraging are more susceptible 

to capture, and suggested the same applies to ants (Greenslade, 1973). 

Greenslade also notes in both studies that pitfall trap sampling was also affected 

by how easy it was for arthropods to move around in the area around the trap ʹ 

greater ease of movement increasing likelihood of encountering and becoming 

trapped in a trap. Marsh (1984) also found ant foraging patterns among species 

to be quite variable, with some exhibiting random foraging, some showing highly 

directional foraging, and also differing degrees of recruitment, contributing to 

variation in likelihood and evenness of trapping among species. Marsh (1984) 

also noted that larger species were less likely to be caught in traps they 

encountered as they tended to maintain contact with the trap lip and only 
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partially enter the trap, rather than fully entering the trap and then attempting 

to exit, and Olson (1991) found that the average body size of ants caught in 

pitfall traps was 1mm smaller than those sampled in Winkler litter sifting, though 

also noted that pitfall traps were better for large scavenging and predaceous ant 

species such as Ponerines. Perhaps most importantly for this study of mine-site 

rehabilitation, Majer (1997) and Olson (1991) found that pitfall trapping catches 

much less than the full complement of species at a site. Critically, this shortfall in 

species increased with habitat complexity (Majer, 1997). There are two major 

implications of this. The first is that reference sites, with undisturbed, complex 

habitats, are likely to be relatively poorly-represented compared to rehabilitated 

ƐŝƚĞƐ͕ ůĞĂĚŝŶŐ ŝŶ ƚƵƌŶ ƚŽ ŽǀĞƌĞƐƚŝŵĂƚŝŽŶ ŽĨ ƐŝƚĞ ͞ ƌĞĐŽǀĞƌǇ͟ ŝŶ ƚŚĞ ĐŽŶǀĞƌŐĞŶĐĞ 

model as pitfall trap catches potentially exclude a substantial proportion of the 

reference site community. The second is that as the full ant community of 

recovering rehabilitated sites will also become increasingly underrepresented as 

time goes on. This underrepresentation predominantly affects non-epigaeic 

species, such as cryptic, arboreal and hypogaiec species, excluding entire 

functional guilds of ants, in addition to rare species that are particularly prone to 

under-sampling (Olson, 1991, Majer, 1997).  

 

Despite these limitations, Andersen (1983, 1991) found pitfall trapping to be 

equally effective as more time-consuming quadrat surveys, and Majer (1997) 

concludes that pitfall trapping remains a practical and effective means of 

surveying epigaeic ant fauna (Bestelmeyer et al, 2000). Indeed, while pitfall 

trapping systematically excludes non-epigaeic fauna, Nakamura, Proctor & 

Catterall (2003) suggest that using an alternative sampling method, leaf-litter 

sampling, to address this exclusion results in the sampling of fewer epigaeic 

species, making the samples less effective for discriminating between open and 

forested habitats, such as rehabilitated and reference sites. These conclusions 

echo those of Olson (1991) who found low overlap of species between Winkler 

litter sampling and pitfall traps. Ultimately, many authors recommend using a 

suite of complementary approaches to address the biases of individual sampling 

methods (Olson, 1991, Majer, 1997, Nakamura, Proctor & Catterall, 2003). But 
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this is not always possible, and pitfall traps offer a relatively good trade-off 

between utility and the required effort and price required to use them, since 

they are cheap, relatively easy to transport, deployable for days at a time, low-

tech and require little active searching effort in return for a moderately 

representative sample of the whole ant community and a very representative 

sample of the epigaeic ant community (Olson, 1991, Majer, 1997, Bestelmeyer et 

al, 2000). As such, pitfall data is a valuable tool for evaluating restoration of 

rehabilitated mine-sites, but we must remain aware that, like all sampling, it is an 

imperfect construction of reality that balances accuracy and real-world 

constraints on data-collection, and ideally further investigation would make use 

of a variety of survey techniques in order to establish a fuller picture of 

restoration. 

 

1.2 ʹ Survey Timing 

The other major aspect of the survey methods due a critical eye is the survey 

time period. The relatively intensive sampling of the ant community, annually for 

4-6 years, across rehabilitated sites of a range of ages (1-25 years since 

rehabilitation), combines real-time (e.g. Majer & Nichols, 1998) and 

chronosequencing (e.g. Bisevac & Majer, 1999) approaches for an in-depth and 

extensive look at changes in ant community over time. However, this is not 

without its flaws. The various rehabilitated sites start with a variety of initial 

conditions, and how each was rehabilitated is unknown and not necessarily the 

same for each site, given that the range of rehabilitation starting times covers 

almost 20 years of gradual improvements in rehabilitation technique in Australia 

(Bisevac & Majer, 1999, Majer et al, 2013). This limits what can be said about 

long-term trends at the two mines, as the rehabilitated sites have differing 

ecological histories and, as can be seen in the results, differing subsequent 

patterns of community change, so while some rehabilitated sites (e.g. sites 9-12 

at German Creek) may display very similar trends, we cannot assume they will 

ůĂƚĞƌ ĐŽŵĞ ƚŽ ĨŽůůŽǁ ƚŚĞ ŽůĚĞƌ ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞ ŶŽ͘ ϭϯ͛Ɛ ƚƌĂũĞĐƚŽƌǇ ŽŶĐĞ ƚŚĞǇ ĂƌĞ 

the same age as that site, and indeed for this particular pairing it is highly 

unlikely that this will be the case. At Callide Mine, the idiosyncrasies of the oldest 
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rehabilitated site, DSC81, present similar problems ʹ its trajectory does not 

match up with the younger rehabilitated sites. In fact, those that are converging 

appearing to be doing so at a faster rate than DSC81, possibly as a result of 

improved rehabilitation techniques. But because we have no other rehabilitated 

sites of a similar age, we cannot make reliable predictions about how the 

communities of the younger converging rehabilitated sites will change when they 

reach a similar age to DSC81.  

 

We are then largely limited to the 4-6-year scope of the surveys to evaluate the 

community recovery of the rehabilitated sites and must evaluate each 

individually. While we do make use of all-site linear models to assess changes in 

reference site-rehabilitated site dissimilarity, and at Callide Mine they appear to 

show recovery of the sites, these results should be treated with caution as they 

are a composite of eight individual rehabilitated sites on a variety of trajectories, 

varying widely in slope and even whether they are converging or diverging from 

the reference sites. Therefore, these overall results may not necessarily be 

ƉĂƌƚŝĐƵůĂƌůǇ ƌĞƉƌĞƐĞŶƚĂƚŝǀĞ ŽĨ ŝŶĚŝǀŝĚƵĂů ƐŝƚĞƐ͛ ƌĞĐŽǀĞƌǇ ĂŶĚ ƐŚŽƵůĚ ŶŽƚ ďĞ ƚƌĞĂƚĞĚ 

as such. The evaluation of sites on an individual basis is still very valuable 

however, and indeed given the relatively rapid rates of convergence or 

divergence presented, particularly at Callide Mine, may well be sufficient to 

judge whether a site is successfully converging or not, the primary goal of this 

analysis, but still presents problems. The predominant issue is that, when each 

rehabilitated site must be assessed separately, 4-6 years of annual sampling 

translates to only 4-6 data points on which to perform an analysis and make an 

assessment. This substantially limits statistical power when assessing trends, and 

so all assessment must be done qualitatively, and results treated with the 

requisite caution. The use of qualitative assessment creates a serious risk of 

overinterpretation of results, particularly given the nature of ecological data, 

which is very sensitive to any number of factors. These can be external effects on 

the system such as abnormally extreme weather events such as El Niño, or even 

more mundane weather-related issues such as heavy rainfall during the sampling 

period, which at Callide Mine in 2004 supressed pitfall catches across the mine 
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and rendered data from DSC81 and reference site 9 from that year unusable 

(Hoffmann & Andersen, 2004). They can also be internal effects, such as natural 

cycle of boom and bust within species populations, or fluctuation of species 

presence and abundance during the recovery process (Kaspari & Majer, 2000). If 

the sampling period coincides with part, but not the whole, of such fluctuating in 

community composition, a very misleading picture of restoration progress, or 

even of the demographic stability of the natural reference communities, may be 

presented. The challenge of differentiating environmental noise from the true 

signal of convergence or divergence even presents the possibility that sites may 

in fact be exhibiting simple random variation in community structure, rather than 

systematic changes as a result of convergence with reference site communities. 

Fortunately, here at least we can make reliable use of strength in numbers ʹ that 

many of the sites show strongly directional trends towards, or occasionally away 

from, the reference sites, in spite of the challenges above and variety in their 

origins, suggest they are in fact undergoing systematic community change rather 

than random drift or fluctuation, even if the exact details cannot be determined 

with certainty. Ideally further studies of these mines and others would be 

allowed to run on for decades in order to discern and verify the true trends, but 

such work is constrained by practical concerns of time and cost. In order to 

address the risk of overestimation, in this study we fitted linear models for each 

site, and used the (non-significant) slope of these models as a guide to whether 

sites should be considered convergent or not. 

 

Another aspect of survey timing is when to sample. Numerous studies have 

found evidence of seasonality in Australian ant communities (Whitford & 

Ettershank, 1975, Briese & Macauley, 1980, Andersen, 1983, Majer, 1985, 

Andersen & Hoffmann, 1998a, Postle & Philips, n.d.). Although exact peak 

periods vary between locations and species, ant abundance and activity tend to 

peak in the summer months and fall to low or even no activity in the winter, 

particularly for seed-harvesting specialist species (Whitford & Ettershank, 1975, 

Briese & Macauley, 1980, Andersen, 1983, Majer, 1985, Postle & Philips, n.d., 

Andersen & Hoffmann, 1998a). Not all studies have followed this pattern 
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however, with overall ant abundance peaking in late Autumn in northern 

Western Australia and no seasonal effect being found in northern Queensland 

(Postle & Philips, n.d., Woinarski, 2002). Some studies in southern Australia have 

found that seasonal changes in the ant community also involve high species 

turnover, with species abundant in summer being entirely absent in winter and 

replaced by another set of abundant species, suggesting that exclusively 

sampling in Summer, at the peak of ant activity, may be missing out an important 

aspect of the ant community (Andersen, 1983, Postle & Philips, n.d.). In 

restoration studies such as at Callide Mine and German Creek Mine, neglecting 

ƚŚĞƐĞ ͞ ŽĨĨ-ƐĞĂƐŽŶ͟ ƐƉĞĐŝĂůŝƐƚƐ ŵĂǇ ŵĞĂŶ ŵŝƐƐŝŶŐ ŽƵƚ ŽŶ monitoring for the 

restoration an important part of ecosystem functioning, given the importance of 

ants to ecosystem processes, particularly in Australia (Andersen, 1990). During 

the pilot survey for German Creek Mine in 1997, sampling occurred not only mid-

wet season (summer, January), but also at the end of the wet season (April) and 

late in the dry season (winter, September) (Andersen & Hoffmann, 1998a). It was 

found that species richness and abundance was highest during the January 

sampling period, as expected from other studies, but found that functional group 

composition and community structure was fairly consistent through time, 

indicating that there was no annual turnover of species, unlike in the temperate 

south (Andersen & Hoffmann, 1998a). As such, survey data collected in January, 

at the peak of ant species abundance and richness, is in all likelihood sufficient 

for representative sampling of ant community composition change at German 

Creek Mine, and by extension at Callide Mine, given both are situated in 

relatively close proximity on a biogeographic scale, under similar broad climatic 

conditions. 

 



~ 70 ~ 
 

2 ʹ Evaluation of Analytical Methods 

2.1 ʹ NMDS Ordination 

Multivariate ordination of site data is a well-established method for studies of 

ant community composition, including studies of mine-site restoration (Majer, 

1997, Nakamura Proctor & Catterall, 2003, Ottonetti, Tucci & Santini, 2006, 

Andersen & Hoffmann, 2006, Wittkuhn et al, 2011). The benefit of being able to 

condense and visualise complex, multidimensional relationships between 

community samples are obvious, particularly when restricted to non-statistical 

interpretation of individual site trends. However, it is worth acknowledging its 

two notable shortcomings for rehabilitation assessments.  

 

The first is that it is, by necessity, a simplification of a much more complex 

picture, reducing down the relationships between samples to a 2D plot, and 

converting absolute dissimilarities between sites to rank-ordered dissimilarities. 

While this is invaluable, it does mean that, by necessity, some aspects of the 

relationships between samples are obscured, or simply cannot be represented in 

only two dimensions, and that differences between sites cannot be quantified 

from these ordinations. While not really an issue for studies looking at the 

difference between types of site or treatments (e.g. Wittkuhn et al, 2011, 

Nakamura, Proctor & Catterall, 2003), when trying to interpret individua ů ƐŝƚĞƐ͛ 

trajectories from newly rehabilitated to fully restored communities, this loss of 

information, while unavoidable, means we must be even more sceptical of the 

details of our conclusions regarding rehabilitated site trends.  

 

The second issue is more theoretical, that, strictly speaking, the NMDS 

ordination is not optimised to assess rehabilitated site recovery. An NMDS 

rotated to its principle components aligns the ordination to the two axes 

explaining most of the variation in the ordination. In these datasets, one of the 

two axes that explains the most variation is usually the axis that separates 

reference and rehabilitated sites, the axis we are most interested in, and we can 

use the ordination to assess the convergence, or divergence, of rehabilitated 

sites from the reference sites. However, while this is a quite likely outcome, it is 
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not guaranteed, such as in situations where some sites have no species present, 

as may occur when using techniques relying on restricted species lists, or 

sampling of sites immediately after mining or rehabilitation (Grandin, Lenoir & 

Glimskär, 2013, Clarke, Somerfield & Chapman, 2006).  

 

2.2 ʹ ARC-Dissimilarity 

This chapter also made use of the ARC-Dissimilarity approach. Derived from the 

NMDS approach, this technique addresses the lack of quantification of site 

dissimilarities and loss of data inherent in the NMDS, allowing us to quantify the 

convergence with or divergence from a reference site of each rehabilitated site 

through changes in Bray-Curtis dissimilarity. However, this approach brings with 

it its own assumptions and flaws. The ARC-Dissimilarity approach makes a few 

key assumptions about the community data that are worth spelling out: 

1) TŚĂƚ ƚŚĞ ͞A‘C͟ ŝƐ Ă ƌĞƉƌĞƐĞŶƚĂƚŝǀĞ ŵĞĂƐƵƌĞ ŽĨ ĐŽŵŵƵŶŝƚǇ 

2) That variance in reference site communities is natural fluctuation, but 

rehabilitated sites are undergoing systematic community change 

3) That convergence and divergence are one-dimensional. 

The first two assumptions are intertwined. The ARC-Dissimilarity model assumes 

that reference sites are stable communities, which may undergo natural 

fluctuations in ant species populations over time but in ways that are ultimately 

random and do not represent systematic changes in community composition 

(Kaspari & Majer, 2000). This assumption has already been addressed above in 

section 1.2 with regards to rehabilitated sites, and in practice, the assumption of 

non-directional shift in reference sites is generally a safe one. After all, these 

sites are, in theory, undisturbed sites which should not be undergoing detectable 

community shifts, although against a background of nearby anthropogenic 

disturbance from mining and broader climatic shifts as a result of anthropogenic 

climate change we should be wary of making such assumptions. Fortunately, our 

results suggest that this assumption is sound without our datasets: there is no 

evidence of directional change occurring at the reference sites, which are 

generally quite stable in both NMDS ordination (figs. 1 & 3) and in average BC 
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dissimilarity from the ARC (figs. 2 & 4), with no suggestion of systematic 

community change.  

  

The ARC-Dissimilarity model takes this assumption to the logical conclusion that, 

if reference sites are stable, then in multidimensional community space, where 

ĞĂĐŚ ƐĂŵƉůĞ͛Ɛ Ɖosition is defined by its abundances of each of the hundreds of 

species at each site, there must be a central, average point made up of the 

average abundances of each of those species, a stable central point around 

which the reference site samples ultimateůǇ ĚŝƐƉůĂǇ Ă ĐĞŶƚƌĂů ƚĞŶĚĞŶĐǇ Žƌ ͞Žƌďŝƚ͟ 

as the abundances of those species fluctuate between highs and lows. That is not 

to claim that said point is necessarily a possible real community composition for 

that reference site, as species relationships may not necessarily be so linear, but 

that it should exist as a mathematical entity. We cannot know for sure the exact 

composition of this central point, as with any true value, but can calculate an 

approximation by finding the average of our dataset, which becomes the ARC. As 

the dataset is very limited, captured at an unknown point during natural 

fluctuations and oscillations of unknown duration, with potentially non-linear 

ƉŽƉƵůĂƚŝŽŶ ĚǇŶĂŵŝĐƐ͕ ƚŚĞ ŵĞĚŝĂŶ ǁĂƐ ĐŚŽƐĞŶ ĂƐ ƚŚĞ ŵĞĂƐƵƌĞ ŽĨ ƚŚĞ ͞ ĂǀĞƌĂŐĞ͟ 

community composition, rather than the mean; the median is insensitive to 

extremes in abundance, particularly species with sudden or short-term changes 

in abundance. However, this means that the median is therefore insensitive to 

groups of closely related species where each particular species may only 

abundant ǁŝƚŚŝŶ Ă ƐŝŶŐůĞ ǇĞĂƌ͛Ɛ ƐĂŵƉůŝŶŐ͕ and may not be sampled at all in other 

years, but as a collective they have a continuous presence and hence a notable 

contribution to the ecosystem that should be taken into account. This problem is 

particularly noticeable for reference site 7 at German Creek. This reference site 

plays host to 19 species of Iridomyrmex, but they rapidly displace each other, so 

only three of the species make it into the median community composition, and 

ĚŽ ƐŽ ŽŶůǇ Ăƚ ůŽǁ ͞ďĂĐŬŐƌŽƵŶĚ͟ ĂďƵŶĚĂŶĐĞƐ͕ ƌĂƚŚĞƌ ƚŚĂŶ ǁŚĞŶ ŚǇƉĞƌĂďƵŶĚĂŶƚ 

as is typical for Iridomyrmex species (Greenslade, 1976, Andersen, 1995). This 

means that even though the median abundance of the genus Iridomyrmex at 

reference site 7 is 581, the apparent median abundance is only 43, which not 
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representative of natural Iridomyrmex abundance at the site and could therefore 

result in inaccurate and misleading ARC-Dissimilarity convergence patterns with 

regards to reference site 7, as Iridomyrmex have minimal influence on 

dissimilarity scores, despite their collective importance. Under ideal conditions, 

where there has been extensive study of the reference sites of a study and data 

ŚĂǀĞ ďĞĞŶ ĐŽůůĞĐƚĞĚ ĨŽƌ ŵĂŶǇ ǇĞĂƌƐ͕ ĂŶĚ ƚŚĞŝƌ ĐŽŵŵƵŶŝƚǇ͛Ɛ ĐŚĂŶŐĞƐ ĂŶĚ  

dynamics are well-understood and verified as oscillatory rather than systematic, 

the mean would be a more appropriate measure of the central point - but in 

these shorter-term studies the median remains a more appropriate measure of 

the central point of a reference site community, and we must assume variation is 

non-directional. 

 

The more practically challenging assumption of the ARC-Dissimilarity approach is 

the third assumption, of one-dimensionality. ARC-Dissimilarity measures 

dissimilarity in a single dimension, the Bray-Curtis dissimilarity between a sample 

and the ARC of a reference site, while NMDS shows a multidimensional pattern, 

albeit simplified down to two dimensions. ARC-Dissimilarity is built around the 

goal of obtaining the true dissimilarity between a rehabilitated site and the ARC, 

and how that changes over time. To achieve this end, all other data is discarded, 

and with it potentially important contextual information. This includes loss of the 

trajectory a site is taking through community space. A shallow convergence slope 

in ARC-Dissimilarity may mean a rehabilitated site is slowly but directly heading 

for the reference site ARC, taking a very erratic path towards the reference site 

that nonetheless has a net convergent effect, or it may mean that it is on a 

trajectory that is not convergent with the reference site at all but happens to be 

moving closer in its passage to another location in community space.  

 

This is particularly problematic in the case of sites such as DSC81 or TGC92, 

which appear to be rapidly converging with reference site 6 in ARC-Dissimilarity 

(fig. 2a) when NMDS (fig. 1) suggests that they are in fact on trajectories that will 

probably take them on past reference site 6 onto divergent trajectories. That 

said, this is not necessarily an inherent problem of ARC-Dissimilarity, but one of 
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the small size of the dataset for each site. This is best demonstrated by DSC81. 

Looking at the ARC-Dissimilarity results for DSC81 converging with reference site 

6, we see that although the fitted slope is convergent, the sample taken from the 

last year of sampling actually shows a large increase in divergence from the 

previous sampling time point, coinciding with the point in the NMDS ordination 

when DSC81 appeared to bypass reference site 6 and begin diverging. Though we 

should refrain from overinterpreting such a small amount of data, it does 

highlight that in the event that surveying was continued for a longer period, so 

that the changes in community composition beyond this time point could be 

seen, and more sophisticated models could be fitted than the highly reductive 

linear models used here out of necessity, there is no inherent reason the ARC-

Dissimilarity approach would not be able to pick up on the eventual divergence 

of sites which are not truly convergent. However, given that there have only 

been a handful of studies of mine rehabilitation that have been run for longer 

than this one as of the time of writing (Andersen & Majer, 2004, e.g. Majer & 

Nichols, 1998, Majer et al, 2013), this problem is likely to be a persistent 

problem. As such, it is recommended that ARC-Dissimilarity is used in 

conjunction with NMDS ordination, as the two approaches are complementary in 

their differing approaches to simplifying complex community data, and cover 

ĞĂĐŚ ŽƚŚĞƌ͛Ɛ ǁĞĂŬŶĞƐƐĞƐ ǁĞůů͕ ǁŝƚŚ A‘C-Dissimilarity drawing out and 

quantifying relationships between reference and rehabilitated sites indicated by 

NMDS, and NMDS providing vital context to these relationships missing from 

ARC-Dissimilarity outputs. Co-deployment of these approaches is facilitated by 

their use of the same data inputs and initial calculation steps, diverging only after 

computation of the dissimilarity matrix.  

 

2.3 ʹ The Reference-Site Convergence Model 

Finally, we turn to the underlying model of both approaches to mine site 

rehabilitation assessment, the reference-site convergence model. This simple 

premise ʹ  comparing rehabilitated site communities to those of local 

undisturbed ecosystems to see how they compare to what we would expect 

under natural conditions we are aiming to restore ʹ makes for a very intuitive 
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and useful model, without which the task of assessing whether sites are being 

͞ƌĞƐƚŽƌĞĚ͟ ǁŽƵůĚ ďĞ ŵƵĐŚ ŵŽƌĞ ĚŝĨĨŝĐƵůƚ͘ HŽǁĞǀĞƌ͕ ďǇ ĚĞĨŝŶŝŶŐ ƌĞƐƚŽƌĂƚŝŽŶ ĂƐ 

͞ďĞĐŽŵŝŶŐ ŵŽƌĞ ůŝŬĞ ƚŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞƐ͕͟ ĂŶ ĂƐƐĞƐƐŵĞŶƚ ĞǆĐůƵĚĞƐ ĂůƚĞƌŶĂƚŝǀĞ 

restoration possibilities. In the first instance, rehabilitated sites that are not 

converging on the reference sites selected may still be converging on other local 

ecosystems that are not represented by the reference sites. But they may also be 

on a completely different, but still legitimate, restoration trajectory. Post-mining 

rehabilitation programmes have become increasingly sophisticated, but older 

programmes resorted to planting of non-native plants (Bisevac & Majer, 1999, 

Majer et al, 2013). Even in the event that rehabilitation programmes have made 

exclusive use of local plants, mining areas have undergone major changes in 

topography, in water retention, in physical structure, chemical composition and 

nutrient content of soil, among other factors (Bell, 2001, Banning et al, 2008, 

Pandey, Agrawal & Singh, 2014), meaning their starting conditions are not the 

same as those of local undisturbed ecosystems, and we should not necessarily 

expect them to necessarily develop to closely resemble undisturbed 

communities, even while attaining structurally complex habitats with diverse, 

late-successional biota (van Hamburg et al, 2004). As such, while the reference-

site convergence model allows us to positively confirm when a site is undergoing 

recovery to a local natural state, we cannot confirm that non-converging sites 

are not also undergoing recovery. 

 

2.4 ʹ Conclusions on Methods 

This study makes use of a well-established study design, with the exception of 

the novel analytical approach to this type of data of ARC-Dissimilarity. However, 

said design is not without limitations, particularly when based on effectively 

small datasets as is the case here. This is not to suggest that the study design 

employed here is inappropriate, simply that it has flaws that must be taken into 

consideration when results are being interpreted and management policy for 

sites implemented based on those results. 
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3 ʹ Discussion of Results 

6/8 sites at Callide Mine are converging on at least one reference site, while 4/6 

sites at German Creek are converging on at least one reference site. The 

convergence of sites at Callide Mine is happening much more rapidly and clearly, 

with some sites (DSC81 & BSH94) coming close to overlapping with reference site 

6 in NMDS ordination (fig. 1) and all six convergent sites showing clear 

convergence. In contrast, at German Creek, convergence, when it is occurring, is 

occurring at a much more gradual rate for the most part and is not as direct as at 

Callide Mine.  

 

Also of interest is the fact that where convergence did occur at German Creek, it 

was often not on the primary axis of convergence (fig. 3), but along the 

secondary axis which separated out the reference sites, rather than along the 

axis that separated sites based on community composition qualities possessed 

by the reference sites but not the rehabilitated sites and vice versa. Hence while 

rehabilitated sites did converge on the reference sites at German Creek, they did 

so in ways that increased their similarity to particular reference sites, rather than 

in ways that made them more like the reference sites as a whole. This suggests 

convergence was not associated with increases in similarity in terms of presence 

and abundance of species that were associated with undisturbed ecosystems in 

general, but those with site or habitat-specific species unique to each reference 

site. This is reflected by the functional group profiles of the rehabilitated sites at 

German Creek (figs. 35-40 (Appendix 1)), which, compared to those at Callide 

Mine (figs 24-31 (Appendix 1)), are already fairly similar to the local reference 

sites (figs. 32-34 & figs. 21-23 (Appendix 1)), with broadly similar relative 

abundances of functional groups, generally being dominated by Dominant 

Dolichoderines in most years and with a variable but consistently present set of 

Hot Climate Specialists, Generalists and Subordinate Camponotini and an 

infrequent and inconsistently sampled population of Generalised Myrmicines. 

Hence changes in community composition at the species level were not 

associated with major changes in functional group composition, meaning that 

the differences between reference and rehabilitated sites at German Creek was 
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not closely associated with major ecological changes in the ant community, but 

rather with turnover of the species and genera within each functional group, 

with the broader ecological framework of the ant community remaining 

relatively unchanged (Andersen, 1995). That said, the reference sites at German 

Creek were less similar to each other than at Callide Mine, so we should perhaps 

not expect to see as much convergence on reference sites as a group when they 

did not share as much of a collective community composition to converge with. 

Exploration of the species associated with these convergence patterns would 

help shed light on the differences in convergence patterns between the two 

different mines. 

 

On a related note, there was more convergence on reference sites that are more 

initially similar to the rehabilitated sites at both mines, with rehabilitated sites at 

Callide Mine appearing to be converging on reference site 6 in particular even as 

they converge on all reference sites, and only one rehabilitated site converging 

on reference site 1 (site 8, which converges on all three) at German Creek while 

three rehabilitated sites apiece converge on reference sites 3 and 7. Whether 

these sites represent dominant ecosystems in the local area or whether 

rehabilitated mine sites are more likely to follow successional trajectories that 

ůĞĂĚ ƚŽ ŵŽƌĞ ͞ŵŝŶĞ-ůŝŬĞ͟ ƐŝƚĞƐ, is unclear from this data alone. The functional 

group profiles for Callide and German Creek present a mixed picture. At Callide 

Mine, three of the six converging sites (DSC81, TGB98 & TGC92, figs. 28-30 

(Appendix 1)) show rising relative abundances of Opportunists which put them 

on a trajectory to becoming like reference site 6, the site they appear to be 

converging on in NMDS and ARC-Dissimilarity, but of the remaining three sites, 

two (BH99 & BHS94, figs. 24 & 25 (Appendix 1)) became dominated by 

Generalised Myrmicines (<50% of community), putting them on a clear trajectory 

for reference site 8. This pattern could then, at Callide Mine at least, simply be an 

artefact of the position of reference site 6 between the rehabilitated sites and 

the other two reference sites ʹ rehabilitated sites converging with reference 

sites 8 & 9 will initially become less dissimilar to reference site 6 as they 

ĂƉƉƌŽĂĐŚ ŝƚ ďĞĨŽƌĞ ͞ ƉĂƐƐŝŶŐ ďǇ͟ ĂƐ ƚŚĞŝƌ ĐŽŵŵƵŶŝƚǇ ĐŽŵƉŽƐition moves towards 
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that of reference site 8 or 9. But at German Creek the four convergent sites all 

have functional group profiles similar to either reference site 3 or 7, rather than 

the more dissimilar reference site 1 with its unique Generalised Myrmicines-

dominated community, though this site could simply be an unusual ecosystem 

for the local area that mine sites would not generally develop into. The question 

thus remains unclear, and could potentially be resolved with further study of 

mine site recovery and whether reference sites with lower initial dissimilarity to 

rehabilitated sites are more likely to turn out to be end-points for rehabilitation 

succession.  

 

At German Creek, the unusual clustering and shared fates of rehabilitated sites 9, 

10, 11 & 12, at least according to the NMDS ordination (fig. 3), are particularly 

interesting in light of prior discussion of alternative restoration pathways 

(section 2.3). These sites were all rehabilitated within a few years of each other 

and show similar trends, although less so in the case of site 12. However, despite 

being rehabilitated at around the same time, rehabilitated site 13 follows a 

completely different trajectory. Comparing factors such as rehabilitation 

technique and environmental conditions at these sites may help tease out why 

they appear to have such different community compositions and fates, and in 

doing so give us insight into what drives post-rehabilitation succession in certain 

directions. One factor that can be ruled out however is functional group 

composition. The four clustered rehabilitated sites do not share any distinct 

traits in their functional group profiles or in how those profiles change over the 

sampling period. Nor is rehabilitated site 13 distinguishable from these four sites 

based on functional group profiles alone.  

 

One of the most interesting results concerns rehabilitated site TH91 at Callide 

Mine. In NMDS ordination (fig. 1), TH91 is unique in that it groups with reference 

sites 8 & 9, and is relatively stable, shifting very little in comparison with other 

rehabilitated sites. This stability and close proximity to reference sites are 

features we might expect in a fully restored site. However, appearances can be 

deceptive, as ARC-Dissimilarity (fig. 2) shows that TH91 is actually diverging, at an 
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appreciable rate, from reference site 8 (fig. 2b), and shows an arc-shaped pattern 

relative to reference site 9 (fig. 2c). However, a closer examination of the ARC-

Dissimilarity pattern of TH91 relative to reference site 6 (fig. 2a) shows relatively 

little net change overall, from which we may infer that TH91 may be 

demonstrating the kind of stable, oscillating pattern we would expect from a 

reference site, rather than truly systematic movement. This site warrants further 

study and sampling, to unravel whether this site has truly achieved restoration. 

TŚĂƚ ƐĂŝĚ͕ ƚŚĞ ƐŝƚĞ͛Ɛ ĨƵŶĐƚŝŽŶĂů ŐƌŽƵƉ ƉƌŽĨŝůĞ (fig. 31 (Appendix 1)) also reveals 

that the functional group composition of TH91 changed from one similar to that 

of reference sites 8 & 9 (figs. 22 & 23 (Appendix 1)), with relatively high 

abundances of Generalised Myrmicines of around 30%, to one resembling an 

early-stage rehabilitated site at Callide Mine, where over 90% of ants are 

Dominant Dolichoderines, a fate shared with the other diverging reference site, 

DCB94 (fig. 26 (Appendix 1)). This marks a transition from functional group 

composition resembling that of a local natural community to one resembling a 

highly disturbed site, indicating a failure of restoration (Andersen, 1995). 

However, even if TH91 has not achieved true convergence and is falling into 

decline, the apparent rapid advancement from rehabilitation to a very reference-

site-like community, even if it is not necessarily as stable as it appears, is of great 

interest, and it would be worth investigating the starting conditions of this site 

and its current dynamics to attempt to determine why this site has progressed so 

much more swiftly than the rest to a near-restored state, even if there is no data 

of the actual transition period. Of course, given prior discussion of the various 

limitations of these methods for determining restoration, TH91 may not be 

nearly so close to fully restored as it appears, but even if it was only restored in 

terms of epigaeic ant fauna, that is worthy of investigation in order to determine 

how this has come about when no other site has achieved this.  

 

The functional group profiles of the sites at each mine reveal different 

demographic processes are driving convergence patterns at Callide Mine and 

German Creek Mine. At Callide Mine (figs. 21-31 (Appendix 1)) convergence and 

divergence is often associated with changes in the relative abundances of the 
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functional groups, particularly in the relative abundance of Dominant 

Dolichoderines. Rehabilitated sites tend to be dominated by Dominant 

Dolichoderines, primarily species of Iridomyrmex, and particularly by I. species P 

(rufoniger gp). I. species P appears at incredibly high abundances, frequently in 

greater abundances than all other ants in a sample and often many times 

greater, in 1/3 of rehabilitated site samples across 6/8 of rehabilitated sites. It 

does not occur in such huge abundances in any of the reference sites, with the 

exception of reference site 8, and even here it only occurs in large numbers in 

two samples and its abundance is relatively modest. Reference samples at Callide 

Mine tend to have lower total ant abundances and greater relative abundances 

of other functional groups, particularly Generalised Myrmicines, Opportunists 

and Hot Climate Specialists, and convergent rehabilitated sites show increasing 

relative abundances of these functional groups too, while those that are 

diverging, such as TH91 (fig. 31 (Appendix 1)) and DCB94 (fig. 26 (Appendix 1)) 

show the opposite trend.  

 

In contrast, at German Creek (figs. 32-40 (Appendix 1)) the functional group 

profiles of reference and rehabilitated sites are relatively undifferentiated, all 

being dominated by Dominant Dolichoderines with low numbers of Hot Climate 

Specialists and Opportunists and very low numbers of Generalised Myrmicines & 

Subordinate Camponotini, with the exception of reference site 1 (fig. 32 

(Appendix 1)) with its elevated percentages of Generalised Myrmicines and 

Opportunists. Convergence and divergence is therefore driven by turnover 

within the functional groups, rather than major transitions in the community 

ecology. This is best exemplified by the convergence and divergence of 

rehabilitated sites to reference site 3. At reference site 3 (fig. 33 (Appendix 1)) 

the high relative abundance of Dominant Dolichoderines is largely as a result of 

the presence of a highly abundant I. rufoniger species, species E. I. species E is 

the most abundant species at German Creek, dominating 11/41 site samples 

from reference and rehabilitated sites alike, across 6/9 sites. However, I. species 

E is not the only highly abundant I. rufoniger gp species present at German 

Creek. I. species B (rufoniger gp) is not as abundant as species E, but dominates 
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site samples with similar frequency, and the two alternate as the dominant 

species at four of the six rehabilitated sites. Due to their hyperabundant nature, 

they exert a strong effect on Bray-Curtis dissimilarity of the rehabilitated sites 

from the reference sites, particularly from reference site 3, where the ant 

population also has a large majority of I. species E (rufoniger gp). Consequently, 

ƚŚĞ ďŝŐŐĞƐƚ ĨĂĐƚŽƌ ŝŶ ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞƐ͛ ĚŝƐƐŝŵŝůĂƌŝƚǇ ƚŽ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ ϯ ŝƐ ǁŚŝĐŚ 

species of the Iridomyrmex rufoniger species group is currently dominant at the 

site, resulting in the large and sudden divergences observed in the convergence 

of sites 9, 10 & 11 in 2000 and 2001, as I. species B became dominant at sites 9 & 

10 in 2001 and at site 11 in 2000, all three sites having previously been I. species 

E-dominated in line with reference site 3. Site 12 also undergoes rotation of the 

dominant I. rufoniger gp species and subsequently converges and diverges with 

reference site 3. This feature of the German Creek site is the cause of striking 

clustering of sites 9, 10, 11 & 12 and their shared trajectory at German Creek. 

The turnover of dominant I. rufoniger gp species at the rehabilitated sites at the 

Mine leads to all four clustered together in a position of low dissimilarity with 

reference site 3 because they all share the trait of having an ant community 

largely composed of I. species E with reference site 3 and each other. 

Rehabilitated site 12 shifts into this cluster when its dominant I. rufoniger species 

rotates from species B to species E. Then all four move away from reference site 

3 to a position close to rehabilitated site 13 and to where rehabilitated site 12 

was previously positioned, because their dominant I. rufoniger species is now 

species B and they share more in common with rehabilitated site 12 in years 1 & 

2 and site 13, which is consistently dominated by species B. Hence the 

movement of these sites is movement between two types of community 

composition ʹ  dominated by I. species E (rufoniger gp) or I. species B (rufoniger 

gp) ʹ as the two hyperabundant Iridomyrmex species replace each other over 

time. In contrast, reference site 7 is not dominated by one of I. species B or E in 

most years, instead being host to a variety of other species of Dominant 

Dolichoderines simultaneously, and hence convergence patterns of rehabilitated 

sites with this reference site are not defined by which I. rufoniger species is 

dominant at the rehabilitated sites at the time. 
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The results of the analysis of the success of the rehabilitation programmes at 

restoring the native epigaeic ant fauna at these two mine sites reveal varying 

levels of success between the two, but also somewhat different ecological 

conditions in regard to reference sites. But of greater ecological interest is the 

implications of the trajectories of various rehabilitated sites for restoration as a 

whole, offering a tantalising glimpse into the factors that determine the 

successional trajectories of rehabilitation sites, and hence possibilities for 

improving rehabilitation procedures to better shape these trajectories. 
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Chapter 3 ʹ Assessing the efficacy of four simplified 

analysis protocols for evaluating rehabilitation success 

 

Introduction 

 

Ants are as ubiquitous in Australian environmental monitoring programmes as 

they are in the Australian fauna. This is a direct result of ants being one of the 

most well-suited taxa to the task of bioindication on the continent, since they are 

conceptually excellent indicator components, a highly representative group for 

many other plants and invertebrates, and important contributors to ecosystem 

processes and patterns in their own right, as well as being more practically 

convenient to use than other invertebrates (Andersen, 1990). However, though 

they are the best of the options available, they are far from perfect organisms for 

general use as bioindicators.  

 

Much of this difficulty comes from the sorting and identification of samples. 

When the species number is very high, as in large parts of Australia, and the 

number of samples is high, as in a large, multi-site monitoring programme such 

as at Callide and German Creek, this process is extremely time-consuming, even 

for specialists (Andersen, 1990, Bisevac & Majer, 1999, Lattke, 2000, Arcoverde 

et al, 2017). For the data analysed in this study alone, over 140,000 individual 

ants had to be sorted and identified to species. Furthermore, for the majority of 

species, true species identification was not possible, and samples instead had to 

be designated with a study-specific species code within a species-group or genus, 

due to the poor taxonomic coverage of Australian ants relative to their diversity 

(Andersen, 1990). This not only prevents comparison of individual species trends 

between studies to help establish patterns, it also means specialist knowledge of 

ant taxonomy is required for every study (Andersen et al, 2002, Arcoverde et al, 

2017). Even when identification to species is possible, specialist knowledge is still 

required to differentiate between members of the same genus (Andersen, 1990), 

meaning even a full taxonomy would do little to make the use of ants as 
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bioindicators more accessible to land managers and other non-specialist end-

users (Andersen et al, 2002, Arcoverde et al, 2017). In terms of the practical 

details of obtaining data, the hyper-diversity and abundance that make ants such 

good indicator components ecologically work against them. The time and cost 

associated with having specialists identify each and every sample is prohibitive to 

the adoption of ants into monitoring programmes as standard protocol and to 

longer-term monitoring where they are already included.   

 

The solution to this roadblock to the widespread uptake of ants as an indicator 

taxon is to find surrogate taxonomic groupings as a substitute for ant species 

abundance data, which are simpler to sort and identify. This would reduce time 

and funding required to obtain ant community composition data and use it as an 

indicator for evaluating rehabilitation progress. A suitable surrogate taxonomic 

group for use in a simplified analysis protocol must be able to replace an analysis 

using full assessment of the abundances of all species (Species Abundance1 

ĂŶĂůǇƐŝƐͿ ǁŝƚŚŽƵƚ ƐŝŐŶŝĨŝĐĂŶƚ ĐŚĂŶŐĞƐ ƚŽ ƚŚĞ ĂŶĂůǇƐŝƐ͛Ɛ ĞǀĂůƵĂƚŝŽŶ ŽĨ ƌĞŚĂďŝůŝƚĂƚĞĚ 

site recovery progress (Andersen et al, 2002). Four potential simplified analyses 

are tested in this chapter: 

1) Genus Abundance2 

2) Functional Group Abundance2 

3) Large-Bodied Species Abundance2 

4) Species Presence/Absence2 

 

1. Capitalisation of Species Abundance, refers explicitly to the evaluation of rehabilitation success 

at Callide Mine and German Creek presented in chapter 2. Use of lower case species abundance 

refers to abundances of species. 

 

2. As with capitalisation of Species Abundance, the capitalisation of Genus Abundance, Large-

Bodied Abundance, Functional Group Abundance & Species Presence/Absence refer explicitly to 

the simplified analyses of rehabilitation success at Callide Mine and German Creek using 

abundances of genera, functional groups and large-bodied species and presence of species 

presented in Chapter 3. Use of lower case refers instead refers to abundances of genera, 

functional groups and large-bodied species and presence of species respectively. 
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The four simplified analyses selected were identified from the literature on the 

use of ants as bioindicators, being approaches that had been shown to work 

elsewhere. The use of genera-level community information, including 

abundance, is regularly identified as a good surrogate for species-level 

information across a wide variety of taxa, including ants (Pik, Oliver & Beattie, 

1999, Gallego et al, 2012, Ribas & Padial, 2015, Souza et al, 2018). This idea is 

grounded in the phenomenon of niche conservatism, the tendency for species to 

͞ƌĞƚĂŝŶ ĂŶĐĞƐƚƌĂů ĞĐŽůŽŐŝĐĂů ƚƌĂŝƚƐ ĂŶĚ ĞŶǀŝƌŽŶŵĞŶƚĂů ĚŝƐƚƌŝďƵƚŝŽŶƐ͟ ;Cƌŝsp et al, 

2009), and therefore for congenerics to share similar traits and distribution (Crisp 

et al, 2009, Ribas & Padial, 2015). As such, moving up by a single taxonomic rank 

is likely to result in little loss of precision regarding species responses to 

environmental changes, as congenerics should respond in similar ways. For ants, 

identifying samples only to genus level is advantageous not only as a time-saving 

measure, but also for accessibility ʹ  unlike species, the different genera are quite 

distinctive, and the identification of genera is relatively simple task with many 

resources available to aid with identification, that can therefore be performed 

even by non-specialists, and for specialists is an easily and rapidly accomplished 

task (Andersen, 1990, Brandão, 2000, Lattke, 2000).  

 

Functional Group Abundance here refers to the Functional Group scheme, 

discussed in chapter 2 (Methods, section 3), which divides ant species into nine 

functional groups based on their competitive interactions with each other, 

biogeography, and tolerance to temperature, stress and disturbance. Despite the 

emphasis on ecology and behaviour over taxonomy in this classification scheme, 

there is still a strong taxonomic basis for diagnostic traits, such that group 

affiliation is generally decided at the level of genus, demonstrating niche 

conservatism in a manner similar to genera (Andersen, 1995a, Crisp et al, 2009). 

A Functional Group Abundance simplified analysis offers similar advantages to 

that of Genus Abundance analysis, largely because membership of the functional 

groups is usually classified based on genera, meaning it is usually only necessary 

to identify samples to genus, which, as discussed above, is relatively simple and 

can even be done by non-specialists. While being slightly more difficult to apply 



~ 86 ~ 
 

for non-specialists due to the need to identify some samples to species and 

species groups, using the Functional Group Scheme also enhances the 

comparability of results across studies and even across continents due to its 

origins as a biogeographic-scale comparative tool (Andersen, 1995a), making it a 

powerful analytical tool in a field constrained by limited replication and cross-site 

applicability of results (Majer & Nichols, 1998). 

 

Unlike the previous two proposed simplified analyses, the use of the abundances 

of large-bodied species reduces effort required through restricting the taxa of 

interest to, in effect, a subgroup ƚŚĂƚ ĂƌĞ ƌĞůĂƚŝǀĞůǇ ĞĂƐŝůǇ ƚŽ ŝĚĞŶƚŝĨǇ͘ TŚĞ ͞ LĂƌŐĞ-

BŽĚŝĞĚ͟ ƉƌŽƚŽĐŽů ŽƌŝŐŝŶĂƚĞƐ ŝŶ ƚŚĞ ǁŽƌŬ ŽĨ AŶĚersen et al (2002), who as part of 

their simplified protocol considered only species belonging to genera and species 

groups with a total individual worker body length greater than 4mm. For 

polymorphic ant species, only those with minors larger than 4mm were included 

(B. Hoffmann, pers. comm.). Large ants are much more readily sorted to species 

and identified to genus than smaller ants, making them much more accessible to 

non-specialists (Arcoverde et al, 2017). The use of large ants alone is not simply a 

selection based on convenience, however, although that is an important benefit. 

Larger species have previously been shown to be representative of overall ant 

community responses to sulphur dioxide emissions and grazing intensity 

(Andersen et al, 2002, Arcoverde et al, 2017), and are particularly sensitive to 

disturbance (Ness et al, 2004, Gibb et al, 2018), making them a good indicator of 

restored ecosystems.  

 

The final proposed simplified analysis, Species Presence/Absence, is, like genus 

abundance and functional group abundance, commonly used as a substitute for 

species abundance in the literature and is in fact often combined with other 

simplified analysis measures (Wright et al, 1995, Thorne, Williams & Cao, 1999, 

Pik, Oliver & Beattie, 1999, Andersen et al, 2002, Marshall, Steward & Harch, 

2006, Ribas & Padial, 2015). Species Presence/Absence is binary community data 

which only takes whether species are present or absent in each sample into 

account, rather than how many individuals of each species are present. This 
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means that a species with only one individual in a sample is given equal weight in 

the analysis to a species with an abundance numbering in the hundreds or 

thousands. Species Presence/Absence bears a greater resemblance to Species 

Abundance analysis than the other proposed simplified analyses, sharing the 

same level of taxonomic resolution, unlike Genus or Functional Group 

Abundance analyses, and making use of the full complement of species, unlike 

Large-Bodied Abundance analysis. As such it is likely to produce the most similar 

results of the four to those of Species Abundance analysis. However, the trade-

off for that increased likelihood of fidelity is that it saves less effort than the 

other analyses, as the identification of samples to species is still required. 

Crucially, this means that even though Species Presence/Absence analysis cuts 

down the time required to process samples, it still requires a specialist 

taxonomist, so lacks the broader accessibility of the other three analyses. 

 

The four simplified analyses thus represent a continuum of ease of use and 

applicability, with Genus Abundance being the easiest to use and Species 

Presence/Absence being the most difficult, aside from Species Abundance itself. 

But the utility of simplified analyses is dependent not just on how easy they are 

to use, but on how closely they adhere to the results obtained from a full analysis 

using species abundances to measure community composition. Hence, the aim 

of this study is to determine how well each of the four analyses replicates the 

results of the Species Abundance analysis carried out in chapter 2. 
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Methods 

 

1 ʹ Simplified analyses 

Datasets for the four simplified analyses were derived from the original species 

abundance datasets for Callide and German Creek mines (see Chapter 2 Methods 

for details). For Genus Abundance, species were sorted into their respective 

genera and their abundances pooled, and the same procedure was applied when 

sorting species into one of the nine functional groups, following the classification 

in Andersen (1990). Total abundances of each functional group were used rather 

than relative abundance for consistency with other analyses. The large-bodied 

species dataset was created by compiling the abundances of qualifying species in 

each sample from the full species abundance dataset, following the classification 

outlined in Andersen et al (2002). Where it was unclear from the literature what 

functional group a species belonged to or whether it qualified as large-bodied, 

the species was categorised on the basis of expert opinion (B. D. Hoffmann, pers. 

ĐŽŵŵ͘Ϳ͘ TŚĞ ƐƉĞĐŝĞƐ ƉƌĞƐĞŶĐĞ ĚĂƚĂƐĞƚ ǁĂƐ ĚĞƌŝǀĞĚ ďǇ ĐŽŶǀĞƌƐŝŽŶ ŽĨ ƐƉĞĐŝĞƐ͛ 

abundances to presence/absence data. Data for the other three analyses were 

square-root transformed to control for highly abundant species. Samples 

excluded from the original analysis were also excluded in these simplified 

datasets (table 3 (Chapter 2 Methods)). 

 

2 ʹ Comparison with Species Abundance analysis 

The viability of each of these four simplified analyses as a substitute for a full 

species abundance assessment of a mine site rehabilitation programme is 

dependent on their capacity to reproduce the key aspects of community change 

trends from the species abundance assessment. In the case of mine site 

recovery, the key aspects are the direction of travel for rehabilitated mine site 

communities ʹ  are they becoming more like reference sites, converging with 

them, suggesting a return to a natural community composition for that locality, 

or are they static with respect to reference sites, or even becoming less like 

them, diverging from them, suggesting, under the convergence model of 
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recovery assessment, that they are in fact not recovering to a natural community 

composition? A secondary aspect of this question is how closely these sites 

reproduce those trends, whether they are able to reproduce the rate of recovery 

of a rehabilitated site, telling us whether a site is on track to recovery on an 

acceptable timescale or will not recover for decades or centuries.  

 

The recovery of rehabilitated mine sites at Callide and German Creek mines was 

initially assessed using NMDS ordination and ARC-Dissimilarity based on Bray-

Curtis dissimilarity (Chapter 2), so the four simplified analyses were likewise 

assessed with these techniques, with reference site ARCs, Bray-Curtis 

dissimilarity matrices and NMDS ordinations calculated from the new datasets. In 

the case of Large-Bodied Species, one site sample at Callide Mine (TGB98, sample 

1) had no large-bodied species. In order to correct for this, a zero-adjusted 

Callide Large-Bodied Species Abundance dataset was used with a dummy species 

inserted into the dataset with an abundance of 1 at every site sample (Clarke, 

Somerfield & Chapman, 2006). In order to evaluate the fidelity of the results of 

the simplified analyses to the original species abundance assessment, four 

approaches were used: 

• Procrustes analysis on the NMDS results (Buttigieg & Ramette, 2014) 

• CŽŚĞŶ͛Ɛ Kappa Inter-Analysis Agreement on ARC-Dissimilarity 

Rehabilitated Site Convergence (Cohen, 1960) 

• Intraclass Correlation Inter-Analysis Agreement on ARC-Dissimilarity 

Estimated Years to Convergence (EYCA) (McGraw & Wong, 1996)  

• Qualitative interpretation of NMDS Ordination patterns 

 

Procrustes analysis was used to compare the overall shape of NMDS ordinations 

for each simplified analysis to the species abundance analysis ordination (fig. 1 

(Chapter 2 Results)) and rank them in order of most to least similar. The zero-

adjusted Callide Large-Bodied Species Abundance NMDS was compared to a 

Callide Species Abundance NMDS calculated from a Callide Species Abundance 

dataset zero-adjusted in the same way. NMDS ordinations were also qualitatively 
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interpreted to assess whether the key aspects of the patterns of community 

change of individual rehabilitated sites were maintained across analyses, 

examining the relationships between individual points. This involved examining 

the ordinations of each simplified analysis and for each rehabilitated site 

interpreting the net direction of community change (converging, diverging or no 

net movement) and any notable characteristics of the pattern, such as apparent 

rate of change, changes in direction of community change over the course of the 

sampling period or general shape of the pattern. This method was employed to 

take into account features of convergence patterns which are not easily 

quantified but are nonetheless notable for interpretation purposes, particularly 

the relative positions of samples from the same site, which are not considered in 

the quantitative analyses employed. Procrustes analysis of NMDS ordinations 

examines the extent to which the positions of each point in the ordination differs 

between ordinations, rather than how specific points move relative to other 

specific points, and so cannot be used to assess the extent to which specific 

patterns of community change for individual rehabilitated sites are preserved in 

the simplified analyses, and thus the extent that they can be interpreted in the 

same way as ordination of Species Abundance data. Interpretations were done 

by a single author in order to ensure standards of interpretation were consistent 

across simplified analyses. 

 

ARC-Dissimilarity results were compared at two levels, assessing fidelity of the 

simplified analyses͛ ĂďŝůŝƚǇ ƚŽ reproduce rehabilitated site trend direction 

(convergent/divergent) and time to convergence. First, the estimated years to 

convergence of each rehabilitated site with each of the three reference sites at 

their respective mines was calculated from linear models. These times to 

convergence and from divergence are proxies, rather than true estimates ʹ in 

reality we not expect rehabilitated site communities to become identical to the 

ARC but instead to level off at an earlier stage (as discussed in Chapter 2 

Methods, Section 3). However, there is insufficient data to track the idealised 

rehabilitation scenario to the asymptote of the curve, so instead the of the 

unknown asymptote dissimilarity, the ARC is used as the end-point of recovery. 
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This allows for calculĂƚŝŽŶ ŽĨ ͞ ǇĞĂƌƐ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞ͟ ĂƐ Ăn intuitive value that 

incorporates not only the rate of convergence but also how dissimilar to the ARC 

a rehabilitated site was at the beginning of sampling, and so provides a proxy for 

the true recovery time that is comparable between sites. It also allows for 

equivalent values to be calculated for divergent sites ʹ the initial dissimilarity is 

unknown, but using this approach the ARC can be used as an arbitrary starting 

ƉŽŝŶƚ ĂŶĚ ƚŚĞŝƌ ͞ ǇĞĂƌƐ ƐŝŶĐĞ ĚŝǀĞƌŐĞŶĐĞ͟ (the inverse of years to convergence) 

can be calculated and compared ƚŽ ŽƚŚĞƌ ĞƐƚŝŵĂƚĞĚ ͞ ǇĞĂƌƐ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞͬĨƌŽŵ 

ĚŝǀĞƌŐĞŶĐĞ͟. These estimates were calculated using formula: ݐ݌݁ܿݎ݁ݐ݊݅ ݁ݐ݅ݏെሺ݁݌݋݈ݏ ݁ݐ݅ݏሻ  

 

Sites with negative intercepts were corrected to an intercept of 0.01 (1% 

dissimilarity), as dissimilarity values below 0 are not biologically possible. To 

assess reproduction of site trend direction, thĞƐĞ ͚ ǇĞĂƌƐ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞ͛ ƌĞƐƵůƚƐ 

were then classified into convergent or divergent with the ARC and an 

unweighted CŽŚĞŶ͛Ɛ KĂƉƉĂ ĂŶĂůǇƐŝƐ ǁĂƐ ĐŽŶĚƵĐƚĞĚ ƚŽ ĂƐƐĞƐƐ ĂŐƌĞĞŵĞŶƚ 

between convergence/divergence classifications for each simplified analysis and 

Species Abundance analysis. Kappa scores were classified according to reliability 

based on the suggested thresholds provided in Landis & Koch (1977) (table 4). 

The number of matching classifications was also tallied to produce a raw 

percentage matching rate for each simplified analysis. Analysis was conducted in 

R v.3.4.3 with package irr.  
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Kappa score range Agreement (Landis & 

Koch, 1977) 

Reliability 

<0 No agreement No agreement 

0-0.20 Slight Agreement Extremely Poor 

0.21-0.40 Fair Agreement Poor 

0.41-0.60 Moderate Agreement Moderate 

0.61-0.80 Substantial Agreement Substantial 

0.81-1.00 Almost perfect Excellent 

Table 4: Classification of level of reliability of simplified analyses for replicating 

convergence/divergence results according to CŽŚĞŶ͛Ɛ KĂƉpa scores, based on Landis & 

Koch, 1977.  

 

To assess the fidelity of the simplified analyses at the more precise level of 

estimating the years to convergence for each rehabilitated site, an intraclass 

correlation coefficient (ICC) analysis was used to assess the extent of agreement 

between each simplified analysis and Species Abundance analysis. Estimated 

Years to Convergence values were first transformed to their reciprocals (1/x). 

This was done in order to correct for the issue that, in the ARC-Dissimilarity 

model, ƚŚĞ ĐůŽƐĞƌ Ă ƐŝƚĞ͛Ɛ ƐůŽƉĞ ŝƐ ƚŽ ŚŽƌŝǌŽŶƚĂů ;ĂŶĚ ƚŚĞƌĞĨŽƌĞ ƚŚĞ ƐůŽǁĞƌ ƚŚĞ ƌĂƚĞ 

ŽĨ ĐŚĂŶŐĞͿ͕ ƚŚĞ ůĂƌŐĞƌ ƚŚĞ ͞ ĞƐƚŝŵĂƚĞĚ ǇĞĂƌƐ ƚŽͬĨƌŽŵ ĐŽŶǀĞƌŐĞŶĐĞ͟ ǀĂůƵĞƐ 

become, as the slower the rate of dissimilarity change, the longer it would take 

for sites to converge or the longer it would have been since diverging sites 

͞ĚŝǀĞƌŐĞĚ͟ from the reference site ARCs. This means that the greater the number 

of years to convergence or since divergence of a site, the smaller the difference 

between that value and its equivalent, so 3000 years to convergence is actually 

more similar to 3000 since divergence than 50 years to convergence is to 50 

years since divergence. This creates problems when comparing convergence 

time estimates between Species Abundance and various simplified analyses, as 

there is sometimes disagreement between the two as to whether sites are 

converging or diverging, and though in reality the difference between larger 

values is smaller than the difference between smaller values, this inverted data 

structure cannot be properly analysed as statistical packages do not support it. 
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The simplest solution to this problem is to convert results to their reciprocals, 

resulting in a conventional data structure which can be properly analysed. This 

transformation is visualised in Appendix 2 (figs. 41 & 42).  Reciprocal data was 

then analysed using a two-way mixed single-rater Intraclass Correlation 

Coefficient analysis of absolute agreement. ICC scores were classified by 

reliability based on the classification suggested in Koo & Li (2016) (table 5). 

Analysis was conducted in SPSS build 1.0.0.1126. 

 

ICC Score Reliability 

<0.5 Poor 

0.5-0.74 Moderate 

0.75-0.89 Good 

0.9-1.0 Excellent 

 Table 5: Classification of level of reliability of simplified analyses for replicating 

͞EƐƚŝŵĂƚĞĚ YĞĂƌƐ ƚŽ CŽŶǀĞƌŐĞŶĐĞ͟ ;EYCAͿ ƌĞƐƵůƚƐ͕ ďĂƐĞĚ ŽŶ ICC ƐĐŽƌĞƐ͘ “ĐĂůĞ ƚĂŬĞŶ ĨƌŽŵ 

Koo & Li (2016).
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Results 

 

1 - Callide Mine 

1.1 ʹ Overview 

Procrustes analysis of NMDS ordinations (table 6) shows that Species 

Presence/Absence analysis (fig. 8) produced the most similar NMDS ordination to 

that displayed by Species Abundance analysis, while Large-Bodied Species 

Abundance analysis (fig. 7) produced the least similar ordination. Genus 

Abundance analysis (fig. 5) also produced a relatively similar ordination, while 

Functional Group Abundance analysis (fig. 6) sits in the middle of the pack.  

 

Procrustes 

NMDS 

Comparisons 

Genus 

Abundance  

Functional 

Group 

Abundances 

Large-Bodied 

Species 

Abundance 

Species 

Presence/ 

Absence 

Callide 9.491 12.34 19.2 5.493 

Table 6: Procrustes analysis results for comparison of simplified analyses to NMDS 

ordination of ant species abundance at Callide Mine. Lower Procrustes scores = greater 

similarity of ordination based on that approach to that produced by species abundance 

approach. Large-Bodied Species Abundance Species NMDS ordination is zero-adjusted 

and compared with a zero-adjusted Species Abundance ordination. 
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Figure 5: Non-metric multidimensional scaling ordination of Callide Mine Sites based on ant genus abundances, comparing reference (triangle) and 

rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (2000-2006) for reference site samples. Two-dimensional stress = 0.172341 
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Figure 6: Non-metric multidimensional scaling ordination of Callide Mine Sites based on ant functional group abundances, comparing reference (triangle) 

and rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (2000-2006) for reference site samples. Two-dimensional stress = 0.1625742
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Figure 7: Non-metric multidimensional scaling ordination of Callide Mine Sites based on large bodied ant species abundances, comparing reference (triangle) 

and rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (2000-2006) for reference site samples. Bray-Curtis pairwise site 

dissimilarities are zero-adjusted. Two-dimensional stress = 0.2203731
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Figure 8: Non-metric multidimensional scaling ordination of Callide Mine Sites based on ant species presence & absence, comparing reference (triangle) and 

rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (2000-2006) for reference site samples. Two-dimensional stress = 0.219685
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In contrast, comparison of the four different simplified analyses with Species 

Abundance analysis under the ARC-Dissimilarity approach shows that, at the 

level of classifying rehabilitated sites as either converging or diverging from the 

reference sites (table 7), all four sites had a relatively similar degree of 

agreement with Species Abundance analysis, with all four having levels of 

agreement significantly higher than chance. Three of the four analyses had 

Kappa scores falling into the ͞ŵŽĚĞƌĂƚĞ ƌĞůŝĂďŝůŝƚǇ͟ ĐĂƚĞŐŽƌy, while Species 

Presence/Absence fell just below the cut-off. However, like the other three 

simplified analyses it had high raw percentage matching of results for each site, 

over 80%. The rank order of the four analyses also differed, with Species 

Presence/Absence analysis having the lowest reliability of the four and Genus 

Abundance analysis also scoring relatively low, while Functional Group 

Abundance analysis was the most reliable. However, in practice there is little 

difference in Kappa reliability scores or percentage matching between the four 

simplified analyses. 

 

Convergence/ 

Divergence 

Genus 

Abundance 

Functional 

Group 

Abundance 

Large-Bodied 

Species 

Abundance 

Species 

Presence/ 

Absence 

Kappa 0.6** 0.69*** 0.625** 0.571** 

% Matching 83.33 87.5 83.33 83.33 

Table 7: CŽŚĞŶ͛Ɛ KĂƉƉĂ ĂŶĚ PĞƌĐĞŶƚĂŐĞ MĂƚĐŚŝŶŐ ǀĂůƵĞƐ ŽĨ ƚŚĞ ĨŽƵƌ simplified analyses 

for matching site classification as converging or diverging from the ARC with results of 

Species Abundance analysis at Callide Mine. Colours indicate reliability (Dark Grey = No 

Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, Yellow = 

Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & asterisks 

indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = <0.001). 

 

At the level of estimating the years until community composition convergences 

with the ARC of each reference site (EYCA, table 3), results were substantially 

poorer, with only Species Presence/Absence analysis achieving significant 
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agreement with Species Abundance analysis. Despite this general poor 

performance, the lone successful simplified analysis, Species Presence/Analysis, 

had a high reliability score.  The rankings of the four simplified analyses are in 

line with those of Procrustes analysis, although the relative agreement of each 

analysis does not directly correspond to their Procrustes scores.
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EYCA Genus Abundance Functional Group Abundances Large-Bodied Species 

Abundance 

Species Presence/ 

Absence 
 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

Scores 0.288 -0.117-0.612 0.027 -0.393-0.426 0.012 -0.385-0.405 0.765*** 0.525-0.891 

Table 8: Intraclass Correlation Coefficients (ICC) of the four simplified analyses at Callide Mine for matching the estimated years to convergence with ARCs 

(EYCA) of each reference site with results of Species Abundance analysis at Callide Mine. Colours indicate reliability (Red = Poor Reliability, Yellow = 

Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = ч0.01, 

*** = ч0.001). 
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The three analyses, Procrustes, Convergence/Divergence Kappa and EYCA ICC, 

present quite different pictures of which of the four simplified analyses may 

serve as surrogates for Species Abundance analysis. Based on Procrustes scores, 

Species Presence/Absence would appear to show close concordance with the 

NMDS ordination produced by Species Abundance analysis, and is the strongest 

analysis by far for EYCA analysis, but in convergence/divergence models it is the 

poorest-performing at replicating the results of Species Abundance analysis and 

has the lowest agreement of the four analyses, though only by a small margin. In 

contrast, Functional Group Abundance analysis is the best-performing simplified 

analysis in convergence/divergence, but is 3rd-most similar in Procrustes analysis 

with a score that places it in the middle of the score range of scores and 

performs poorly at the EYCA level. Large-Bodied Species Abundance analysis 

shows a relatively idiosyncratic set of scores, performing worst in Procrustes and 

EYCA analyses, but having the second-highest agreement at the 

convergence/divergence level of ARC-Dissimilarity analysis. Performance of the 

four analyses at the convergence/divergence level is relatively high ʹ despite 

only being poorly or moderately more reliable than random classification, for all 

four analyses this corresponds to raw % agreement in excess of 80%, so all four 

analyses could be viable as surrogate analyses. But at the EYCA level it is a 

different story, with only Species Presence/Absence having significant agreement 

reliability with Species Abundance analysis.  
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1.2 ʹ Genus Abundance 

Genus Abundance analysis remains in the middle ground in terms of relative 

agreement with Species Abundance analysis, being neither the best or worst 

simplified analysis in any of the three analyses used to assess agreement (table 

9). However, in ARC-Dissimilarity its agreement reliability with Species 

Abundance analysis is only significant at the convergence/divergence level 

(z(23,23) = 3, p = 2.7x10-3), at the EYCA level it does not achieve significance 

(F(23,23) = 1.81, p = 0.081). 

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 9.491 0.6** 83.33% 0.288 -0.117-0.612 

Rank 2 3 2 

Table 9: Summary of scores and ranks of Genus Abundance analysis in each of the three 

agreement analyses. Colours indicate reliability (Dark Grey = No Agreement, Light Grey = 

Extremely Poor Reliability, Red = Poor Reliability, Yellow = Moderate Reliability, Green = 

Good Reliability, Blue = Excellent Reliability) & asterisks indicate level of significance ( = 

>0.05, . = 0.05, * = <0.05, ** = <0.01, *** = <0.001). 

 

An examination of the ARC-Dissimilarity convergence patterns themselves 

reveals a much greater degree of homogeneity between the patterns relative to 

the three reference sites (fig. 9) than those of Species Abundance analysis, and 

the dissimilarities between rehabilitated sites and the ARC are generally lower 

than in Species Abundance analysis (fig. 2 (Chapter 2 Results)). This is also 

apparent in the ordination for Genus Abundance analysis (fig. 5), in which the 

spread of site samples is much more condensed and individual points lie closer 

together in ordination than in the ordination for Species Abundance analysis (fig. 

1 (Chapter 2 Results)), indicating reduced dissimilarity between them. The three 

reference sites in particular occur much more closely together, with greater 

overlap, than in the ordination of Species Abundance analysis. 
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Figure 9 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites from 

ARCs of Reference Sites 6 (9a), 8 (9b) and 9 (9c) with site age since rehabilitation (years) 

at Callide Mine. These figures show the dissimilarity of the rehabilitated sites (coloured 

circles), relative to the ARC (black square) of the reference site, against site age since 

ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ ĚŝƐƐŝŵŝůĂƌŝƚŝĞƐ ĨƌŽŵ ƚŚĞŝƌ 

ARC are included for comparison.
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Fig 9a: Convergence with Site 6, Callide Mine 
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Fig 9b: Convergence with Site 8, Callide Mine 
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Fig 9c: Convergence with Site 9, Callide Mine 
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1.3 ʹ Functional Group Abundance 

Functional Group Abundance analysis had the highest agreement with Species 

Abundance Analysis based on ARC-Dissimilarity data for convergence/divergence 

(z(23,23) = 3.55, p = 3.79x10-4), though only by a relatively small margin, but was 

non-significant for EYCA (F(23,23) = 1.053, p = 0.452) (table 10). In Procrustes 

results, it was third with a score placing almost exactly midway between the 

lowest and highest scores (range = 5.493 ʹ 19.2, mid-point = 12.3465).  

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 12.34 0.69*** 87.5% 0.027 -0.393-0.426 

Rank 3 1 3 

Table 10: Summary of scores and ranks of Functional Group Abundance analysis at 

Callide Mine in each of the three agreement analyses. Colours indicate reliability (Dark 

Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, 

Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & 

asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = 

<0.001). 

 

The ARC-Dissimilarity convergence patterns of Functional Group Abundance 

analysis (fig. 10) show a similar pattern to that of Genus Abundance analysis (fig. 

9), being relatively homogeneous and resembling the Species Abundance 

analysis convergence patterns of reference site 6 (fig. 2 (Chapter 2 Results)). The 

overall dissimilarity of rehabilitated sites to reference sites is even lower for 

functional groups than for genera however, such that many of the rehabilitated 

sites overlap with the reference site samples in ARC-Dissimilarity by the end of 

the sampling period, in marked contrast with Species Abundance analysis, where 

the only overlap at Callide Mine was of DSC81 in sampling year 3 with reference 

site 6, and TGC92 comes very close but does not ultimately fall within the range 

of dissimilarities displayed by the reference sites. 
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The NMDS ordinations for Genus (fig. 5) and Functional Group Abundance (fig. 6) 

analyses are likewise very similar in the relative positioning of site samples, 

reflecting the similarities of their ARC-Dissimilarity results (figs. 9 & 10), in 

particular the greatly reduced dissimilarity between the three reference sites and 

the resultant homogeneity of ARC-Dissimilarity convergence patterns on each of 

the three reference sites.  

 

Figure 10 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 6 (10a), 8 (10b) and 9 (10c) with site age since 

rehabilitation (years) at Callide Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂck triangles) 

dissimilarities from their ARC are included for comparison. 
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Fig 10a: Convergence with Site 6, Callide Mine 
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Fig 10b: Convergence with Site 8, Callide Mine 
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Fig 10c: Convergence with Site 9, Callide Mine 
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Section 1.4 ʹ Large-Bodied Species Abundance 

Large-Bodied Species Abundance analysis has a varied success rate across the 

three analyses (table 11), having the highest Procrustes score and a non-

significant ICC score in EYCA analysis (F(23,23) = 1.024, p = 0.478), but achieving 

moderate rates of agreement with Species Abundance analysis on 

convergence/divergence similar to those of the other three analyses (z(23,23) = 

3.06, p = 2.2x10-2). 

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 19.2 0.625** 83.33% 0.012 -0.385-0.405 

Rank 4 2 4 

Table 11: Summary of scores and ranks of Large-Bodied Species Abundance analysis at 

Callide Mine in each of the three agreement analyses. Colours indicate reliability (Dark 

Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, 

Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & 

asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = 

<0.001). 

 

Unlike the ARC-Dissimilarity results of Genus Abundance and Functional Group 

Abundance analyses, ARC-Dissimilarity results for each rehabilitated site are not 

homogenised across reference sites, either in terms of convergence patterns or 

overall dissimilarity of rehabilitated sites to reference sites, and do not bear a 

ƉĂƌƚŝĐƵůĂƌůǇ ĐůŽƐĞ ƌĞƐĞŵďůĂŶĐĞ ƚŽ ĂŶǇ ŽŶĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĞƚ ŽĨ ĐŽŶǀĞƌŐĞŶĐĞ 

patterns in Species Abundance analysis (fig. 11). 
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Figure 11 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 6 (11a), 8 (11b) and 9 (11c) with site age since 

rehabilitation (years) at Callide Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

site, against site age siŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison. 
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Fig 11a: Convergence with Site 6, Callide Mine 
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Fig 11b: Convergence with Site 8, Callide Mine 

 

 
  



~ 117 ~ 
 

Fig 11c: Convergence with Site 9, Callide Mine 
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Looking at the NMDS ordination for Large-Bodied Species Abundance species 

(fig. 7), we see a very different ordination to that of Species Abundance (fig. 1 

(Chapter 2 Results)), corresponding to its having the highest Procrustes sum-of-

squares of the four analyses (table 11). In this ordination reference and 

rehabilitated sites overlap substantially, with reference sites 6 & 9 overlapping 

with the rehabilitated sites almost completely. However, the lack of overlap of 

reference and rehabilitated sites in ARC-Dissimilarity (fig. 11) suggests that in this 

ordination, the primary axis of convergence is not the focus of this 2D plot, 

rather than being a result of rehabilitated sites and reference sites being the 

same in terms of Large-Bodied Species Abundance Species abundance. Instead, 

this ordination pattern is predominantly a result of the positioning of TGB98 at 3 

years post-rehabilitation. This sample lacks any Large-Bodied Species Abundance 

species, meaning it is the most dissimilar sample to all other samples at Callide 

Mine on average by a large margin, and subsequently the dissimilarity between 

TGB98 at 3 years post-rehabilitation and all other samples displaces the 

dissimilarity between reference and rehabilitated sites, the primary axis of 

convergence, as the main axis of dissimilarity around which the ordination is 

structured, as discussed in chapter 2 (discussion, section 2). It is very difficult to 

interpret this ordination in terms of convergence/divergence given the primary 

axis of convergence is not one of the two axes of greatest variance (NMDS 1 & 2), 

or to relate it in any concrete way to the ARC-Dissimilarity trends. Movement of 

rehabilitated sites appears to be largely aligned to a reference site 6 ʹ reference 

site 9 axis (bottom left of the cluster (reference 6) to top right (reference 9), 

approximately along line X=Y) with little convergent or divergent movement 

relative to the reference sites as a whole, but movement from one side of the 

cluster to the other. However, the only sites this movement translates into 

movement away from one reference site towards the other for in ARC-

Dissimilarity are BH99 and TH91, suggesting this does not reflect the true extent 

of convergence or divergence for most sites. 
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1.5 ʹ Species Presence/Absence 

Species Presence/Absence had the lowest Procrustes score of the four analyses 

(table 12) and is the only simplified analysis to have a significant EYCA ICC score 

(F(23,23) = 8.187, p = 1.92x10-6), or one with good reliability. In contrast, its 

convergence/divergence Kappa score is the lowest of the four simplified 

analyses͕ ĨĂůůŝŶŐ ũƵƐƚ ďĞůŽǁ ƚŚĞ ͞ƉŽŽƌ ƌĞůŝĂďŝůŝƚǇ͟ ƚŚƌĞƐŚŽůĚ ;Ϭ͘ϲϬͿ ;ǌ;Ϯϯ͕ϮϯͿ с ϯ͘ϭ͕ 

p = 1.95x10-3). However, this relatively poor Kappa score corresponds to a high 

percentage agreement of 83%, making Species Presence/Absence analysis a 

consistently strong simplified analysis at Callide Mine.  

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 5.493 0.571** 83.33% 0.765*** 0.525-0.891 

Rank 1 4 1 

Table 12: Summary of scores and ranks of Species Presence/Absence analysis at Callide 

Mine in each of the three agreement analyses. Colours indicate reliability (Dark Grey = 

No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, Yellow = 

Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & asterisks 

indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = <0.001).  

 

ARC-Dissimilarity results for Species Presence/Absence (fig. 12) reflect these 

strong agreement scores. They are heterogenous and convergence patterns for 

each reference site show broad similarities to the convergence patterns of the 

respective sites under Species Abundance analysis (fig. 2 (Chapter 2 Results)) in 

terms of general trends in convergence, positions of individual site-samples and 

overall dissimilarity of reference and rehabilitated sites, although they are not 

identical, particularly the convergence pattern for reference site 6 (fig. 12a) 

where TH91 is convergent when it is divergent under Species Abundance 

ĂŶĂůǇƐŝƐ͕ ĂŶĚ ƚŚĞ ƐůŽƉĞ ŽĨ TGCϵϮ͛Ɛ ĐŽŶǀĞƌŐĞŶĐĞ ŝƐ ŵƵĐŚ ƐŚĂůůŽǁĞƌ ƵŶĚĞƌ “ƉĞĐŝĞƐ 

Presence/Absence than Species Abundance. 
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The NMDS ordination (fig. 8) for Species Presence/Absence also shows a clear 

resemblance to the Species Abundance ordination (fig. 1 (Chapter 2 Results)), 

corresponding to the lowest Procrustes sum-of-squares being between these 

two simplified analyses. The reference sites are clearly not clustered together, as 

expected from the lack of homogeneity across results relative to the three 

reference sites. Reference and rehabilitated sites are more clearly separated and 

rehabilitated sites are slightly more clustered, making Species 

Presence/Abundance slightly more conservative in terms of gauging rehabilitated 

site restoration than Species Abundance. Patterns in the Species 

Presence/Absence ordination may vary substantially compared to the Species 

Abundance ordination, but the overall pattern of convergence/divergence for 

each site, with the exception of DCB94, appears to be unaffected, judging by the 

high reliability of agreement between sites.  

 

Figure 12 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 6 (12a), 8 (12b) and 9 (12c) with site age since 

rehabilitation (years) at Callide Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison.  
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Fig 12a: Convergence with Site 6, Callide Mine 
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Fig 12b: Convergence with Site 8, Callide Mine 
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Fig 12c: Convergence with Site 9, Callide Mine 
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1.6 ʹ Rehabilitated Site Trends (NMDS Ordination) 

In qualitative interpretation of rehabilitated site trajectories and directions in 

NMDS Ordinations (table 13), Genus Abundance analysis was the most reliable 

analysis, producing similar directional results to Species Abundance for every 

rehabilitated site. Functional Group Abundance analysis was the second most 

reliable, producing the same results of Species Abundance analysis for 7/8 sites. 

Species Presence/Absence analysis was slightly less reliable, reproducing overall 

results for six of the eight sites but failing to replicate the clear divergence of 

DCB94 and only partially retaining the trend for DSC81, placing its starting 

position much closer to reference site 6 than in Species Abundance. Large-

Bodied Species Abundance Species analysis was the least reliable, retaining 

directional trends only for TGB98 and DCB98, though the extent to which the 

relative positions of sites contribute to this low replicability is unclear when the 

major defining feature of this ordination is the position of the first sample taken 

from TGB98 and its obscuring of the primary axis of convergence, which is much 

better-preserved in ordinations of other three simplified analyses. More minor 

differences were also apparent in the ordinations of the four simplified analyses, 

which did not alter the patterns enough to change the general trend of 

convergence but did change the story. For instance, BH99 was portrayed in 

Genus Abundance and Functional Group Abundance analysis as overlapping with 

reference sites, and potentially even heading into divergence in the future (or, 

given the zig-zag trajectory previously, about to move deeper into convergence 

with reference sites).  BHS94 also clearly overlapped with reference sites in 

ordination space in Genus Abundance and Functional Group Abundance analysis 

ordinations, which it came close to doing in Species Abundance but did not 

actually reach. Similarly, TH91 groups with reference sites across Species 

Abundance, Genus Abundance, Functional Group Abundance and Species 

Presence/Absence analyses, but is diverging much more rapidly in Genus 

Abundance and Functional Group Abundance analyses, whereas it is relatively 

static in Species Abundance and Species Presence/Absence analysis. More 

broadly, Species Presence/Absence analysis adheres to the overall picture of the 

Species Abundance ordination much more closely than Genus Abundance or 
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Functional Group Abundance analysis, the direction of DCB94 and DSC81 

notwithstanding. Therefore, it is important to note that even when trends match 

up in the broad sense, there are variations in nuance which, without knowing 

what the Species Abundance pattern looks like, may cause problems for 

practitioners. 

 

Table 13 (next page): Qualitative interpretation of rehabilitated site community trends 

in terms of convergence/divergence with reference sites at Callide Mine, based on NMDS 

ordination for each analysis. Large-bodied Species analysis ordination is based on zero-

adjusted Bray-Curtis dissimilarities. 
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 Original Analysis Simplified analyses 

Rehabilitated 

Sites 

Species Abundance  

(fig. 1 (Chapter 2 

Results)) 

Genus Abundance 

(fig. 5) 

Functional Group 

Abundance (fig. 6) 

Large-Bodied Species 

Abundance Species 

Abundance (fig. 7) 

Species 

Presence/Absence  

(fig. 8) 

BH99 Steady convergence 

towards reference sites 

Steady convergence 

towards reference sites, 

overlaps with reference 

sites by 2006 

Steady convergence 

towards reference sites; 

overlaps with reference 

sites by 2006 

No convergence on 

reference sites as group 

after 2001-02, moves 

across sample cluster 

from reference site 6 

side to reference site 9 

side 

Erratic convergence on 

reference sites, doubles 

back on self in 2003-4. 

Net movement is 

convergent 

BSH94 Initial erratic 

convergence towards 

reference sites, 

consistent from 2003 

onwards. 

Initial erratic convergence 

towards reference sites, 

consistent from 2003 

onwards, overlaps with 

reference sites in 2006 

Initial erratic 

convergence towards 

reference sites, 

consistent from 2003 

onwards, overlaps with 

reference sites by 2006 

Erratic, no net 

convergence on 

reference sites 

Erratic convergence on 

reference sites 
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DCB94 Steady divergence from 

reference sites 

Steady divergence from 

reference sites 

Steady divergence from 

reference sites 

No convergence on 

reference sites, moves 

from reference site 9 

side of sample cluster to 

reference 6 side. 

No convergence on 

reference sites 

DCB98 No convergence on 

reference sites 

No convergence on 

reference sites 

Erratic, slight 

convergence on 

reference sites 

Circular movement that 

takes it close to all 

reference sites, net 

movement is divergent 

from reference sites 6 & 

8, but neutral relative to 

site 9 

No convergence on 

reference sites 
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DSC81 On trajectory that 

intersects with 

reference site 6 in 

2003-2006 but if 

continued would 

become divergent 

On trajectory that comes 

close to convergence with 

reference site 6 in 2003 

but if continued would 

become divergent 

On trajectory that 

intersects with reference 

site 6 in 2003 but 

continues on to 

divergence 

Net convergence on 

reference sites, 

particularly reference 

site 9, with which it 

overlaps 

Erratic, net movement 

comes close to 

intersecting with 

reference site 6 but if 

continued would 

become divergent 

TGB98 Rapid convergence in 

2001-02, 2004-06 

Rapid convergence in 

2001-02, little 

convergence since 

(except on reference site 

6 in 2004-06) 

Rapid convergence in 

2001-02, 2003-04, 

converging on reference 

site 6 in 2004-06 

Rapid convergence in 

2001-02, erratic with no 

net movement relative 

to reference sites 6 or 8 

but convergent on 

reference site 9 

Rapid convergence in 

2001-02, relatively 

consistent convergence 

on reference sites 
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TGC92 Rapid movement on 

trajectory parallel to 

the reference sites, no 

convergence with 

reference sites on 

primary axis of 

convergence 

Rapid movement on 

trajectory parallel to the 

reference sites, no 

convergence with 

reference sites on 

primary axis of 

convergence 

Rapid movement on 

trajectory parallel to the 

reference sites, no 

convergence with 

reference sites on 

primary axis of 

convergence 

Erratic, no net 

movement, overlaps 

with reference site 6 

Trajectory initially 

strongly divergent and 

then enters on trajectory 

that passes by close by 

reference site 6 but is 

ultimately divergent in 

other direction 

TH91 Groups with reference 

sites. Very slow 

divergence from 

reference sites 

Groups with reference 

sites. Steady divergence 

from reference sites 

Groups with reference 

sites. Steady divergence 

from reference sites 

Erratic, diverges from 

overlapping with 

reference site 6 to 

overlapping with 

reference site 9 

Groups with reference 

sites, slow but steady 

divergence up until 

2005-06, when it 

converges strongly so 

net movement is 

convergent  
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1.7. ʹ Summary (Callide Mine) 

Out of the four simplified analyses, only Species Presence/Absence reliably 

agreed with Species Abundance analysis at Callide Mine at al l levels of analysis. 

The other three simplified analyses achieved similarly high rates of percentage 

agreement for ARC-Dissimilarity convergence/divergence, in excess of 80%, and 

had correspondingly similar Kappa scores. In NMDS Interpretation, Genus and 

Functional Group Abundance analyses actually outperformed Species 

Presence/Absence, despite their lower Procrustes scores. But only Species 

Presence/Absence scored highly in ICC analysis of estimated years to 

convergence, whereas the other three analyses had no correlation with the 

results of Species Abundance. SoTherefore, while all four simplified analyses are 

able to replicate broad trends in community change at the rehabilitated sites, 

there is a dropping off of simplified analyses as the required level of precision of 

trend replication increases, until at the level of highest precision studied, 

estimating time to convergence, only Species Presence/Absence has sufficiently 

precise fidelity to reliably serve as a surrogate measure for Species Abundance 

analysis. 
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Section 2 - German Creek Mine 

2.1 ʹ Overview 

Procrustes analysis of NMDS ordinations (table 14) shows substantially lower 

resemblance between NMDS ordination of Species Abundance analysis (fig. 3 

(Chapter 2 Results)) and the ordinations of the four simplified analyses than at 

Callide Mine, with the Procrustes results for Genus (fig. 13), Functional Group 

(fig. 14) and Large-Bodied Species Abundances (fig. 15) having Procrustes scores 

similar to that of the highly distorted Callide Mine Large-Bodied Species 

Abundance ordination (fig. 7). It is worth noting that Large-Bodied Species 

actually has a slightly lower Procrustes score at German Creek than at Callide 

Mine, however. Species Presence/Absence (fig. 16) has a substantially lower 

Procrustes score than these three, but even this is higher than the Procrustes 

scores of three of the four simplified analyses at Callide Mine.  

 

Procrustes 

NMDS 

Comparisons 

Genus 

Abundance  

Functional 

Group 

Abundances 

Large-Bodied 

Species 

Abundance 

Species 

Presence/ 

Absence 

Callide 18.95 20.9 18.42 13.92 

Table 14: Procrustes analysis results for comparison of simplified analyses to NMDS 

ordination of ant species abundance at German Creek Mine. Lower Procrustes scores = 

greater similarity of ordination based on that approach to that produced by species 

abundance approach. 
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Figure 13: Non-metric multidimensional scaling ordination of German Creek Mine Sites based on ant genus abundances, comparing reference (triangle) and 

rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age since 

rehabilitation (years) of rehabilitated site samples, or year sample was taken (1997-2001) for reference site samples. Two-dimensional stress = 0.1718107 
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Figure 14: Non-metric multidimensional scaling ordination of German Creek Mine Sites based on ant functional group abundances, comparing reference 

(triangle) and rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age 

since rehabilitation (years) of rehabilitated site samples, or year sample was taken (1997-2001) for reference site samples. Two-dimensional stress = 

0.1476129 
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Figure 15: Non-metric multidimensional scaling ordination of German Creek Mine Sites based on large bodied ant species abundances, comparing reference 

(triangle) and rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age 

since rehabilitation (years) of rehabilitated site samples, or year sample was taken (1997-2001) for reference site samples. Two-dimensional stress = 

0.174613 
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Figure 16: Non-metric multidimensional scaling ordination of German Creek Mine Sites based on ant species presence and absence, comparing reference 

(triangle) and rehabilitated (circle) site types. ARCs (square) are also included to indicate their positioning within reference clusters. Point labels indicate age 

since rehabilitation (years) of rehabilitated site samples, or year sample was taken (1997-2001) for reference site samples. Two-dimensional stress = 

0.2101377
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These results are echoed by the results of Kappa analysis of 

convergence/divergence patterns in ARC-Dissimilarity results (table 15), with 

only Species Presence/Absence obtaining an agreement with Species Abundance 

score which was significantly different from random classification of sites, or 

moderately reliable. This in turn corresponds to a high percentage agreement of 

77.78%  

Convergence/ 

Divergence 

Genus 

Abundance 

Functional 

Group 

Abundance 

Large-Bodied 

Species 

Abundance 

Species 

Presence/ 

Absence 

Kappa 0.333 0.365 -0.169 0.532* 

% Matching 66.67 66.67 44.44 77.78 

Table 15: CŽŚĞŶ͛Ɛ KĂƉƉĂ ĂŶĚ PĞƌĐĞŶƚĂŐĞ Matching values of the four simplified analyses 

for matching site classification as converging or diverging from the ARC with results of 

Species Abundance analysis at German Creek Mine. Colours indicate reliability (Dark 

Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, 

Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & 

asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = 

<0.001) 

None of the four simplified analyses obtained significant intraclass correlation 

coefficients of agreement with Species Abundance analysis for estimated times 

to convergence (table 16), and ICCs were consistently low across the board. ICCS 

for the four simplified analyses were very similar.
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EYCA Genus Abundance Functional Group Abundances Large-Bodied Species 

Abundance 

Species Presence/ 

Absence 
 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

ICC Confidence 

Interval 

Scores 0.038 -0.449-0.493 0.138 -0.303-0.547 0.103 -0.375-0.536 0.073 -0.371-0.503 

Table 16: Intraclass Correlation Coefficients (ICC) of the four simplified analyses at Callide Mine for matching the estimated years to convergence with ARCs 

(EYCA) of each reference site with results of Species Abundance analysis at German Creek Mine. Colours indicate reliability (Red = Poor Reliability, Yellow = 

Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = ч0.01, 

*** = ч0.001). 
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The three analyses, Procrustes, Convergence/Divergence Kappa and EYCA ICC, 

present a more consistent picture of which of the simplified analyses would be 

appropriate surrogates than at Callide Mine, although this is largely due to the 

far higher number of non-significant results ʹ  Species Presence/Absence is 

portrayed by both Procrustes and Kappa analyses as having substantially greater 

fidelity to Species Abundance analysis than the other three simplified analyses. 

When the rankings and scores of the four analyses are considered in detail, there 

is little agreement between the three analyses. Procrustes analysis scores the 

Large-Bodied Species, Genus and Functional Group Abundance analyses as 

similarly distant from the Species Abundance analysis NMDS, while Kappa 

analysis ranks Large-Bodied Species Abundance as the weakest analysis by a 

substantial margin. ICC scores are more consistent with Procrustes, but score all 

four simplified analyses similarly, rather than rating Species Presence/Absence as 

having higher agreement. Indeed, it is not even first-ranked. What is consistent 

across the three analyses is that all four simplified analyses have lower 

agreement with Species Abundance analysis at German Creek than at Callide 

Mine.   
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Section 2.2 ʹ Genus Abundance 

Genus Abundance analysis performed poorly (table 17), with a high Procrustes 

score and non-significant agreement with Species Abundance ARC-Dissimilarity 

results at both levels, convergence/divergence and EYCA. 

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 18.65 0.333 66.67% 0.038 -0.449-0.493 

Rank 3 3 4 

Table 17: Summary of scores and ranks of Genus Abundance analysis at German Creek 

Mine in each of the three agreement analyses. Colours indicate reliability (Dark Grey = 

No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, Yellow = 

Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & asterisks 

indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = <0.001). 

 

As with Callide Mine, Genus Abundance ARC-Dissimilarity patterns for German 

Creek (fig. 17) show much lower dissimilarities between rehabilitated and 

reference sites. Subsequently there is much greater overlap between the two, 

with the majority of rehabilitated site samples actually overlapping with 

reference site samples on the y-axis (dissimilarity from the ARC), even as some 

are clearly diverging from the reference sites. As with Callide Mine, there is a 

degree of homogenisation between the convergence patterns respective to the 

three reference sites, although unlike at Callide Mine (fig. 9) they do not closely 

resemble the convergence patterns of any of the three reference sites under 

Species Abundance analysis (fig. 4 (Chapter 2 Results)). Furthermore, while the 

overall directions of trends are similar, the underlying positions of individual site 

samples appear much more varied between the three sets of convergence 

patterns than at Callide Mine.  
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Figure 17 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 1 (17a), 3 (17b) and 7 (17c) with site age since 

rehabilitation (years) at German Creek Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison. 
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Fig 17a: Convergence with Site 1, German Creek Mine 
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Fig 17b: Convergence with Site 3, German Creek Mine 
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Fig 17c: Convergence with Site 7, German Creek Mine 
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In the NMDS ordination (fig. 13) for Genus Abundance, reference and 

rehabilitated sites remain separated along the primary axis of convergence 

(NMDS axis 2) with the exception of rehabilitated site 9 year 3. However, the gap 

between reference and rehabilitated sites is very small, and clearly smaller than 

the distance between the reference site ARCs and some samples from those 

reference sites, in congruence with the ARC-Dissimilarity results (fig. 17). The 

reference sites are also quite closely clustered together, as in the Genus 

Abundance analysis of Callide Mine data (fig. 5), explaining the increased 

homogenisation of results in the ARC-Dissimilarity results (fig. 17). Two 

additional notable differences between the ordination for Genus Abundance 

analysis and that of Species Abundance analysis (fig 3 (Chapter 2 Results)) are 

that references 3 & 7 in particular now have much more overlap, being 

completely separated in the Species Abundance analysis, and that the clustering 

of rehabilitated sites 9,10,11&12 is no longer apparent. There is also much more 

movement up and down the secondary axis (NMDS axis 1) rather than the 

primary axis of convergence, with relatively little directly convergent movement 

towards the reference sites. 
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Section 2.3 ʹ Functional Group Abundance 

Functional Group Abundance analysis (table 13) performed as poorly as Genus 

Abundance analysis, with a high Procrustes score and non-significant agreement 

with Species Abundance ARC-Dissimilarity results at the levels of both 

convergence/divergence and EYCA. 

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 20.9 0.365 66.67% 0.138 -0.303-0.547 

Rank 4 2 1 

Table 18: Summary of scores and ranks of Functional Group Abundance analysis at 

German Creek Mine in each of the three agreement analyses. Colours indicate reliability 

(Dark Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor 

Reliability, Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent 

Reliability) & asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = 

<0.01, *** = <0.001). 

 

The ARC-Dissimilarity convergence patterns (fig. 18) reveal that, as at Callide 

Mine (fig. 10), the Bray-Curtis dissimilarity between rehabilitated and reference 

sites is even lower than under Genus Abundance analysis, with many 

rehabilitated sites occurring in the same range of dissimilarities as the reference 

sites for the entirety of the sampling period, particularly reference site 7 

(fig.18c). However, the convergence patterns relative to the three reference sites 

are more differentiated than for Genus Abundance analysis.  

 

Figure 18 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 1 (18a), 3 (18b) and 7 (18c) with site age since 

rehabilitation (years) at German Creek Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison. 
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Fig 18a: Convergence with Site 1, German Creek Mine 

 

 



~ 147 ~ 
 

Fig 18b: Convergence with Site 3, German Creek Mine 
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Fig 18c: Convergence with Site 7, German Creek Mine 
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The NMDS ordination for Functional Group Abundance analysis (fig. 14) is very 

similar to that of Genus Abundance analysis, with very similar consequences. The 

primary difference is that reference site 7 now overlaps with the rehabilitated 

sites on the primary axis of convergence (NMDS axis 2), corresponding with the 

ARC-Dissimilarity model for reference site 7 (fig. 18c). The whole ordination is 

also more condensed, with lower dissimilarities between sites, as in the ARC-

Dissimilarity results. However, the reference site ARCs are also slightly further 

apart than under Genus Abundance analysis, reflecting the greater 

differentiation of ARC-Dissimilarity convergence patterns respective to each one. 
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Section 2.4 ʹ Large-Bodied Species Abundance 

Large-Bodied Species Abundance analysis (table 19) performed as poorly as 

Genus and Functional Group Abundance analyses, with a high Procrustes score 

and non-significant agreement with Species Abundance ARC-Dissimilarity results 

at the levels of both convergence/divergence and EYCA. It also experienced an 

even greater drop in raw percentage agreement at the convergence/divergence 

level, to below 50%. Despite a substantial drop in performance in 

convergence/divergence analysis, the Procrustes score is actually slightly better 

than at Callide Mine (Callide Procrustes score = 19.2).  

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 18.42 -0.169 44.44% 0.103 -0.375-0.536 

Rank 2 4 4 

Table 19: Summary of scores and ranks of Large-Bodied Species Abundance analysis at 

German Creek Mine in each of the three agreement analyses. Colours indicate reliability 

(Dark Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor 

Reliability, Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent 

Reliability) & asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = 

<0.01, *** = <0.001). 

 

Uniquely among the simplified analyses, in the ARC-Dissimilarity results for 

Large-Bodied Species Abundance at German Creek (fig. 19) most of the 

discrepancies between the Large-Bodied Species Abundance and Species 

Abundance analyses are changes in convergent/divergent classification of 

rehabilitated sites relative to each reference site, rather than more precise 

differences in estimated convergence time.  Like at Callide Mine (fig. 11) these 

ARC-Dissimilarity results are not homogenous and also do not show a consistent 

degree of dissimilarity reduction across the convergence patterns, with the 

extent of reduction in initial Bray-Curtis dissimilarity of the rehabilitated sites 

relative to each reference site varying considerably. 
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Looking at the NMDS ordination for Large-Bodied Species Abundance analysis 

(fig. 15), we see a few major changes from Species Abundance analysis (fig. 3 

(Chapter 2 Results)). The most important is the change in position of reference 

site 7, which has moved from the bottom of the ordination to the top. Another 

notable change is that reference site 3 now overlaps with all rehabilitated sites 

on axis 1, although not on axis 2. However, rehabilitated site 8 now overlaps with 

reference site 3, on both axes, rather than with the other rehabilitated sites, and 

appears to be relatively static, like TH91 at Callide Mine in the ordinations for 

Species Abundance (fig. 1 (Chapter 2 Results)) and Species Presence/Absence 

analyses (fig. 8) This substantially differentiated ordination plot correlates with 

the radically different set of ARC-Dissimilarity results. 

 

Figure 19 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 1 (19a), 3 (19b) and 7 (19c) with site age since 

rehabilitation (years) at German Creek Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison. 
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Fig 19a: Convergence with Site 1, German Creek Mine 
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Fig 19b: Convergence with Site 3, German Creek Mine 
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Fig 19c: Convergence with Site 7, German Creek Mine 
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2.5 ʹ Species Presence/Absence 

Uniquely among the four simplified analyses, Species Presence/Absence has a 

significant level of agreement at German Creek with Species Abundance analysis 

at the convergence/divergence level, achieving a similar level of agreement as at 

Callide Mine, although not quite as high (Callide: Kappa = 0.571). It also has the 

lowest Procrustes scores by a substantial margin. However, like the other 

simplified analyses it does not achieve significant agreement with Species 

Abundance analysis on estimated years to convergence.  

 

 Procrustes Convergence/ 

Divergence 

EYCA 

Scores 13.92 0.532* 77.78% 0.073 0.371-0.503 

Rank 1 1 1 

Table 20: Summary of scores and ranks of Species Presence/Absence analysis at German 

Creek Mine in each of the three agreement analyses. Colours indicate reliability (Dark 

Grey = No Agreement, Light Grey = Extremely Poor Reliability, Red = Poor Reliability, 

Yellow = Moderate Reliability, Green = Good Reliability, Blue = Excellent Reliability) & 

asterisks indicate level of significance ( = >0.05, . = 0.05, * = <0.05, ** = <0.01, *** = 

<0.001). 

 

The ARC-Dissimilarity results for Species Presence/Absence reveal a slight 

decrease in initial Bray-Curtis dissimilarity of rehabilitated sites from reference 

site ARCs (fig. 20) compared to Species Abundance (fig. 4 (Chapter 2 Results)), 

but rehabilitated sites do not overlap with reference sites under this analysis, 

despite there being an overlap with reference sites 3 & 7 in Species Abundance 

analysis (fig. 4b & 4c (Chapter 2 Results)), and changes in dissimilarity relative to 

reference site 3 are notably reduced (20b) from Species Abundance analysis, 

suggesting Species Presence/Absence analysis may actually be more 

conservative than Species Abundance. As at Callide Mine, convergence patterns 

relative to each reference site are not homogeneous and resemble their Species 

Abundance counterparts.   
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Figure 20 (next page): Change in Bray-Curtis Dissimilarity of Rehabilitated Mine Sites 

from ARCs of Reference Sites 1 (20a), 3 (20b) and 7 (20c) with site age since 

rehabilitation (years) at German Creek Mine. These figures show the dissimilarity of the 

rehabilitated sites (coloured circles), relative to the ARC (black square) of the reference 

ƐŝƚĞ͕ ĂŐĂŝŶƐƚ ƐŝƚĞ ĂŐĞ ƐŝŶĐĞ ƌĞŚĂďŝůŝƚĂƚŝŽŶ͘ TŚĞ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ͛Ɛ ƐĂŵƉůĞƐ͛ ;ďůĂĐŬ ƚƌŝĂŶŐůĞƐͿ 

dissimilarities from their ARC are included for comparison. 
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Fig 20a: Convergence with Site 1, German Creek Mine 

 

 



~ 158 ~ 
 

Fig 20b: Convergence with Site 3, German Creek Mine 
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Fig 20c: Convergence with Site 7, German Creek Mine 

 



~ 160 ~ 
 

This interpretation is supported by the NMDS ordination for Species 

Presence/Absence analysis (fig. 8), in which the reference and rehabilitated sites 

are more clearly separated than under Species Abundance (fig. 3 (Chapter 2 

Results) with very little overlap. Like with Large-Bodied Species Abundance 

analysis (fig. 7), reference site 7 is shown to have moved from the bottom to the 

top of the ordination. The cluster of sites 9, 10, 11 & 12 is also absent from this 

ordination, and they all appear to be less divergent ʹ indeed site 9 appears to be 

slightly convergent, and the convergent trends of sites 8, 12 & 13 are much less 

ambiguous, with corresponding increase in number of reference sites converged 

on for sites 12 & 13, although site 8 is now considered divergent from reference 

site 1. Despite having the most similar ordination in Procrustes analysis to 

Species Abundance (table 14) this ordination still represents a notable departure 

from that of Species Abundance, with much less ambiguous or erratic movement 

of sites towards or away from reference sites than in Species Abundance. 

Interestingly, unlike Large-Bodied Species Abundance analysis (figs. 7 & 19), 

these substantial deviations do not have correspondingly substantial deviations 

in the ARC-Dissimilarity results for Species Presence/Absence analysis (fig. 20) 

which are the most similar to those Species Abundance (fig. 4 (Chapter 2 

Results)) at the convergence/divergence level of the four simplified analyses at 

German Creek. 
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2.6 ʹ Rehabilitated Site Trends (NMDS Ordination) 

In qualitative interpretation of NMDS ordinations (table 21) of each of the 

simplified analyses, none of the four were able to replicate the trends of 

rehabilitated sites seen in the ordination for Species Abundance analysis, with 

the exception of for rehabilitated site 12. The major flaw in all four analyses was 

ƚŚĂƚ ƚŚĞ ͞ĐůƵƐƚĞƌŝŶŐ͟ ŽĨ ƐŝƚĞƐ ϵ͕ ϭϬ͕ ϭϭ Θ ϭϮ ŝŶ ƚŚĞ ŽƌŝŐŝŶĂů ĂŶĂůǇƐŝƐ ŝƐ ŶŽƚ 

maintained, with a loose association between these sites being present at best 

and substantially different patterns for each site apart from site 12, which 

maintained its overall convergent trajectory. Another major change in the 

ordinations of Large-Bodied Species Abundance and Species Presence/Absence 

analyses is the shifting position of reference site 7, from the bottom of the 

ordination to the top. As such, all four analyses undergo major shifts in the 

patterns of rehabilitated and reference sites, and do not maintain trends and 

patterns of rehabilitated site movement seen in the Species Abundance analysis.  

 

Table 21 (next page): Qualitative interpretation of rehabilitated site community trends 

in terms of convergence/divergence with reference sites at German Creek Mine, based 

on NMDS ordination for each analysis. 
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 Original Analysis Simplified analyses 

Rehabilitated 

Sites 

Species Abundance 

(fig. 3 (Chapter 2 

Results) 

Genus Abundance 

(fig. 13) 

Functional Group 

Abundance (fig. 14) 

Large-Bodied Species 

Abundance Species 

Abundance (fig. 15) 

Species 

Presence/Absence  

(fig. 16) 

8 Convergent on 

reference site 3, 

divergent from 

reference sites 1 & 7 

Erratic, little net 

movement and no 

convergence with 

reference sites 

Erratic, little net 

movement and no 

convergence with 

reference sites 

No net movement, 

stable position within 

space occupied by 

reference site 3 

Convergent on 

reference sites 3 & 7, 

divergent from 

reference site 1 

9 Little movement until 

2001, when rapidly 

diverged from 

reference sites 

Erratic, converges in 

1997-98, but net 

divergence from 

reference sites 

Erratic, converges in 

1997-98, but net 

divergence from 

reference sites 

Erratic, no net 

convergence 

Erratic, slow 

convergence on 

reference sites ʹ 

possibly divergence 

from reference site 3 
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10 Little movement until 

2001, when rapidly 

diverged from 

reference sites 

Erratic, diverging from 

reference sites but not 

on primary 

convergence axis 

Erratic, diverging from 

reference sites but not 

on primary 

convergence axis 

Net convergence with 

reference site 3 on 

secondary axis, no net 

convergence with sites 

1 or 7. 

No convergence on 

reference sites 

11 Little movement until 

2001, when rapidly 

diverged from 

reference sites 

Erratic, little net 

movement. 

Erratic, converges to 

point of overlap with 

reference sites in 1999 

before diverging again, 

net movement is 

convergent with 

reference sites. 

Net divergence with 

reference site 3 on 

secondary axis, no net 

convergence with sites 

1 or 7. 

Convergent in 1998-

2000 but then massive 

divergence in 2001, so 

little net movement 
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12 Erratic, net 

convergence with 

reference sites 

Erratic, net gradual 

convergence with 

reference sites 

Erratic, little net 

movement 

Little net movement Relatively consistent 

convergence on 

reference sites 

13 Little movement, net 

convergence with 

reference sites 

Erratic, converges in 

1999-2000 but net 

divergence from 

reference sites 

Erratic, net movement 

is slight divergence 

from reference sites. 

Erratic, net divergence 

from reference sites ʹ 

no change relative to 

reference site 3. 

Consistent 

convergence with 

reference sites, 

particularly reference 

site 1 ʹ possibly 

divergent from 

reference site 3 
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2.7 ʹ Summary (German Creek Mine) 

None of the four simplified analyses reliably agreed with the results of the 

Species Abundance analysis of trends at German Creek Mine. Genus, Functional 

Group and Large-Bodied Species Abundance analyses did not achieve significant 

ARC-Dissimilarity agreement scores at either convergence/divergence or EYCA 

levels, and all three scored poorly in Procrustes analysis. Species 

Presence/Absence was more reliable, achieving moderate agreement reliability 

at the convergence/divergence level and a decent Procrustes score, although it 

did not achieve significant agreement at the EYCA level either. All four simplified 

analyses likewise performed poorly in the qualitative assessment of NMDS 

ordinations, with key features of the Species Abundance ordination not retained 

in any of the four analyses, reflecting relatively high Procrustes analysis sums-of-

squares scores in comparison to Callide Mine. Overall the performance of the 

four simplified analyses was substantially worse than at Callide Mine, with all but 

Species Presence/Absence ineffective at all levels of analysis.  

 

3 ʹ Conclusion 

The key finding from this result is that the use of simplified analyses as a 

surrogate for Species Abundance is limited and highly contextual at best. First, 

the contextual limitation: there is the wide discrepancy in results between 

Callide Mine and German Creek, with two of the four simplified analyses (Genus 

and Functional Group Abundances) performing substantially worse in both 

NMDS and ARC-Dissimilarity, and Large-Bodied Abundance performing 

substantially worse in ARC-Dissimilarity. These results suggesting certain ant 

communities are more amenable to the use of surrogate taxonomic measures 

than others, and, when the relative consistency of Species Presence/Absence is 

considered, that the contextual requirements of each of the four analyses also 

differ. 

 

Second, even the relative success of the four simplified analyses at Callide Mine 

is limited. While qualitative examination of NMDS ordinations and ARC-
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Dissimilarity graphs at Callide Mine suggest broad patterns in community change 

can be conserved, statistical analysis of agreement between these simplified 

analyses and Species Abundance analysis reveals only moderate agreement 

reliability of ARC-Dissimilarity results even at the level of which direction 

communities are moving, converging or diverging, and non-significant agreement 

reliability for estimated convergence times, making them unreliable for use by 

practitioners. That said, moderate agreement reliability in Kappa analysis 

corresponds to over 80% agreement in practice for all four analyses, so they may 

in fact be more reliable at the broad scale of testing for convergence or 

divergence than these results suggest. 

 

These results therefore provide scope for improvement of the use of simplified 

analyses by identifying potential systematic issues underpinning mismatches 

between these analyses and a full Species Abundance analysis. 

 

Another important take-away is that the best simplified analysis to employ 

depends on the assessment method used. There is no conclusive agreement on 

ƚŚĞ ͞ďĞƐƚ ĂŶĂůǇƐŝƐ͟ ďĞƚǁĞĞŶ PƌŽĐƌƵƐƚĞƐ ĂŶĂůǇƐŝƐ ŽĨ NMD“ ŽƌĚŝŶĂƚŝŽŶƐ͕ A‘C -

Dissimilarity and qualitative interpretation of NMDS patterns, although Species 

Presence/Absence analysis does emerge as a potential  ͞ Ăůů-ƌŽƵŶĚĞƌ͟ ǁŚŝĐŚ͕ ǁŚŝůĞ 

not necessarily the best analysis under all of the three approaches, is consistent 

in its reliability across assessment methods and, to a lesser extent, across sites, 

as the only simplified analysis which is usable at any level of assessment across 

both sites. 

 

Finally, these comparisons lend weight to the ARC-Dissimilarity approach as a 

supplementary means of assessing rehabilitated mine-site recovery, as the 

approach shows good correspondence to NMDS ordination patterns from the 

same mine under the same simplified analysis and is robust to datasets where 

the primary axis of convergence is not the axis of greatest variation, as discussed 

in chapter 2 (Chapter 2 Discussion, section 2.1).  
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Discussion 

 

1 ʹ Critical Discussion of Comparative Assessment Methods 

The various analyses used here to assess the simplified analyses are effective 

means of drawing out patterns of convergence and recovery of rehabilitated 

sites, but also have a number of limitations it is important to acknowledge and 

understand. In this section I discuss these limitations and the contributions of 

these methods to understanding the patterns of convergence and recovery.  

 

1.1 ʹ ARC-Dissimilarity Comparison  

We made use of a novel approach, ARC-Dissimilarity assessment, to assess 

whether sites were converging or diverging from reference sites by direct 

comparison of changes in dissimilarity between rehabilitated sites and the 

reference sites (see Chapter 2 Methods, section 2). Evaluating the fidelity of ARC-

Dissimilarity results of the simplified analyses to those of Species Abundance 

analysis by comparing estimates of years to convergence has some limitations 

and drawbacks.  

 

The ARC-Dissimilarity method uses linear models to predict the number of years 

until dissimilarity between each of the rehabilitated sites and the ARC (average 

reference community) reaches 0. The use of linear models limits the comparison 

of ARC-Dissimilarity results. As previously described (Chapter 2 Discussion, 

section 2.2), linear model coefficients are utilised here, despite their limitations, 

in order to prevent overinterpreting the relatively low number of samples for 

each rehabilitated site by visual overfitting of those samples. However, the 

limitations resulting from the imposition of linear models also carry over to the 

comparative assessment, preventing a more direct analysis of the shape of 

patterns in the data. This means that the assessment does not take into account 

ǁŚĞƚŚĞƌ ƚŚĞ ƉĂƚƚĞƌŶ ŽĨ Ă ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞ͛Ɛ ĐŽŶǀĞƌŐĞŶĐĞ ŚĂs been retained, only 

the similarity of the years to convergence estimates. This makes the assessment 

vulnerable to rating the agreement between a simplified analysis͛Ɛ ĞƐƚŝŵĂƚĞ ĨŽƌ Ă 
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ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞ͛Ɛ ǇĞĂƌƐ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞ ĂŶĚ ƚŚĂƚ ŽĨ the original Species 

Abundance analysis as high ƐŝŵƉůǇ ďĞĐĂƵƐĞ ŝƚ ŚĂƐ Ă ƐŝŵŝůĂƌ ͞ ƚŝŵĞ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞ͟ 

when the actual path could be very different. From a management perspective, 

this is most problematic when sites display traits such as diverging post-

convergence, such as DSC81 at Callide Mine. This is an important feature of 

D“Cϴϭ͛Ɛ ĐŽŶǀĞƌŐĞŶĐĞ ƉĂƚƚĞƌŶ ďĞĐĂƵƐĞ ŝƚ ŵĞĂŶƐ ŝƚ ŝƐ ŶŽǁ ĚŝǀĞƌŐŝŶŐ ĂŶĚ ŝƐ 

potentially in need of management intervention. If trends such as this are not 

maintained across analyses, then important information is being lost even if the 

predicted convergence time does not drastically change. From a research 

perspective, this loss of information is more generally problematic, because if 

apparent trends in community composition differ across analyses then simplified 

analyses are severely limited in the kinds of studies they can be validly utilised in. 

The current ARC-Dissimilarity comparison does not test for such pattern 

retention, but future studies into the validity of these simplified analyses should 

take this important aspect into account.  

 

As was previously alluded to in chapter 2, the use of linear models as part of the 

ARC-Dissimilarity analytical method is a reductive measure necessitated by the 

lack of data. In reality, we would expect rehabilitated site dissimilarity slopes to 

be asymptotic curves, as observed in a previous long-term monitoring study 

(Majer & Nichols, 1998), converging at first before levelling out at a dissimilarity 

to a reference site ARC similar to that of the reference site samples themselves, 

indicating the rehabilitated site has become fully alike to the reference site, 

including the various natural trends and oscillations that contribute to the 

ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ ƐĂŵƉůĞƐ͛ ĂǀĞƌĂŐĞ ĚŝƐƐŝŵŝůĂƌŝƚǇ ĨƌŽŵ ƚŚĞ A‘C͕ Žƌ ƚŚĞ ƐŝǌĞ ŽĨ ƚŚĞŝƌ 

͞Žƌďŝƚ͟ ŝŶ community composition space. This proposed non-linear model 

approach would require much longer-running studies than the 4-6-year 

monitoring of Callide and German Creek mines; in the aforementioned study by 

Majer & Nichols (1998), the curves did not begin to plateau until 6-9 years into 

the study, and only one site appears to be plateauing out after 14 years of 

monitoring (Majer & Nichols, 1998). With the datasets we have, we must instead 

make use of linear models. The limitations of these linear models are made 
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particularly apparent by site TH91 at Callide Mine, which under the Large-Bodied 

Species Abundance analysis is diverging from reference site 6 but has a negative 

y-intercept, or negative dissimilarity. This is itself an impossibility and is not 

biologically meaningful, but even if we ignore any negative values, it suggests 

that site TH91 was identical to the reference site ARC some way into the 

rehabilitation program, before diverging.  

 

We can acknowledge that the underlying assumption of the linear models, of 

convergence being equal to 0.00 dissimilarity from the ARC, is false and serves 

only as a useful approximation given the lack of data. But even when we do this, 

the models themselves remain unable to distinguish between sites that are not 

converging and sites that have reached the point of convergence and stabilised 

in terms of its dissimilarity to the ARC. This problem arises because nothing in 

the models relates position of the rehabilitated site samples to the position of 

the reference site samples.  Site 8 at German Creek falls foul of this inability to 

distinguish between non-convergent and fully converged sites under the Large-

Bodied scheme. Under the Large-Bodied scheme site 8 overlaps with reference 

site 3 in both NMDS and ARC-Dissimilarity but is simply counted as slowly 

divergent from reference site 3 in ARC-Dissimilarity, with the real significance of 

its positioning missed. This is a fundamental issue for the use of linear models, 

and also leads to the possibility of false equivalence between results in the 

comparison of ARC-Dissimilarity results. The solution, as previously discussed in 

chapter 2 (Discussion, section 2.2) and above, is to consider ARC-Dissimilarity 

and NMDS results in conjunction, and to evaluate the position of rehabili tated 

sites relative to the reference site samples as well as the ARC, either qualitatively 

or quantitatively, bringing vital context to the results. 

 

While the use of linear models is a pragmatic choices which works within the 

confines of the limited dataƐĞƚƐ ĂǀĂŝůĂďůĞ͕ ŝŶ ĂŶ ͞ ŝĚĞĂů͟ ĚĂƚĂƐĞƚ ǁŝƚŚ ƐƵĨĨŝĐŝĞŶƚ 

data to fit the curved rehabilitation patterns we would expect to see if we had 

ĚĂƚĂ ĨŽƌ Ă ĨƵůů ƌĞĐŽǀĞƌǇ͕ ƚŚĞ ĐƵƌƌĞŶƚ ͞ƚŝŵĞ-to-conǀĞƌŐĞŶĐĞ͟ ŵĞƚŚŽĚ ŽĨ ĞǀĂůƵĂƚŝŶŐ 

ARC-Dissimilarity results for agreement would not be usable, as it is predicated 
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on linear models that either converge or diverge from a dissimilarity of 0. 

Instead, a more sophisticated model would be needed that compared results 

based on time taken until the slope of the curve becomes statistically 

indistinguishable from 0 (at a pre-defined p-value) and remains so, indicating the 

site has entered a stable orbit. However, given the amount of noise in ecological 

data, it would take a very long monitoring programme post-convergence to 

achieve a long-term trend that had a net dissimilarity change of 0, and that in 

itself assumes no other factors would cause the community composition to shift, 

independent of recovery, over such a long timescale, so this is a largely 

hypothetical problem concerning an ideal dataset. In terms of future studies, it 

would be better to consider linear-model-ďĂƐĞĚ ͞ ƚŝŵĞ ƚŽ ĐŽŶǀĞƌŐĞŶĐĞ ǁŝƚŚ ƚŚĞ 

A‘C͟ ĂŶĚ ŚǇƉŽƚŚĞƚŝĐĂů ĐƵƌǀĞ-ďĂƐĞĚ ͞ ƚŝŵĞ ƵŶƚŝů ĐƵƌǀĞ ƐůŽƉĞ ďĞĐŽŵĞƐ ĨŝǆĞĚ Ăƚ Ϭ͟ 

models as two ends of a continuum of modelling solutions, with longer-running 

datasets having to take account of curved recovery trajectories but adopting 

lower thresholds of convergence than the hypothetical model described above, 

such as when the curve approaches within a given distance to 0, or reaches 0 and 

remains within a given range around 0 beyond that time.  

 

Ultimately, the ARC-Dissimilarity model used here, and the subsequent method 

used to compare results from this model, are limited options chosen due to the 

restricted dataset. They are imperfect models of the true recovery pattern, but 

the datasets they have been utilised on are themselves imperfect for capturing 

the true recovery pattern. As such, it is important for future studies to consider 

the extent to which their dataset captures the full extent of recovery and choose 

an appropriate variation of the models described and suggested here.  

 

1.2 ʹ Qualitative Interpretation of NMDS Ordinations 

Given the value of NMDS ordination plots for providing information on 

rehabilitated site trajectories and the broader context within which they take 

place, the position of the other rehabilitated sites and reference sites, it is 

ŝŵƉŽƌƚĂŶƚ ƚŽ ĞǀĂůƵĂƚĞ ŚŽǁ ƚŚĞ ŝŶĚŝǀŝĚƵĂů ƐŝƚĞƐ͛ ƚƌĂũĞĐƚŽƌŝĞƐ ŚŽůĚ ƵƉ ĂĐƌŽƐƐ ƚŚĞ 

four simplified analyses. The simplest way to do this is qualitatively, testing 
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whether someone attempting to interpret the ordinations of each of the four 

simplified analyses would come away with the same conclusions as they would 

from the original Species Abundance analysis. However, this approach is subject 

to the risks of any qualitative assessment of data, particularly the subjective and 

potentially inconsistent interpretation of similarities between patterns, and 

should be treated with the requisite caution. To provide some fixed criteria of 

comparison between different analyses to limit this subjectivity, the focus of this 

exercise was whether sites were converging or diverging with the reference sites, 

the rate at which they were doing so and the consistency of that 

convergence/divergence, in addition to any key features of the patterns not 

included in that criteria, such as grouping with the reference sites (TH91) or on a 

clear intersecting trajectory rather than simply convergent (DSC81, TGC92), 

ƌĂƚŚĞƌ ƚŚĂŶ ũƵĚŐŝŶŐ ǁŚĞƚŚĞƌ ƉĂƚƚĞƌŶƐ ǁĞƌĞ ƚŚĞ ͞ƐĂŵĞ͘͟ This is similar to how 

capacity for subjective judgement was limited in the assessment of ARC-

Dissimilarity results, but the qualitative interpretation has retained more scope 

for considering pattern similarity due to the more flexible criteria. Nonetheless, 

the focus on such criteria limits the evaluation of pattern similarity, and so is 

relatively forgiving of deviation in patterns between ordinations, provided the 

pattern is broadly similar in terms of direction ʹ ƚŚŝƐ ůĞĂĚƐ ƚŽ Ă ůŽƚ ŽĨ ͞ĞƌƌĂƚŝĐ͟ 

patterns being lumped together under that label, as while they vary considerably 

in shape, the net result for convergence/divergence is often quite similar. A more 

flexibly qualitative approach would be better for distinguishing between these 

patterns, although such an approach would be even more difficult to replicate 

than the current approach. This is not necessarily particularly important for 

assessment of whether a site is converging or not, as the net 

convergence/divergence is the same, but end-users interested in the community 

patterns themselves rather than the net result may get very different results 

depending on the simplified analysis, and this has not been assessed. In future 

the evaluation could potentially be made more robust with repeated assessment 

by different evaluators, each scoring the different analyses according to how 

accurate they judged it, and those results then averaged, allowing for less 
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restricted qualitative assessments which take variation in pattern shape into 

account. 

 

This comparative exercise, based on the 2D ordination plots, also highlights the 

problems that can arise when the axis explaining the most variation in the plot is 

not the primary axis of convergence (chapter 2 Discussion, section 2.1). At Callide 

Mine, the lack of any large-bodied ant species in the sample taken from TGB98 in 

the first year of the sampling program causes the ordination to be arranged 

around the difference between this sample and all other samples, meaning the 

reference and rehabilitated site samples overlap and we cannot tell if the 

rehabilitated site patterns in this ordination are a result of the Large-Bodied 

Species Abundance analysis, or simply that all other points are similar relative to 

TGB98 sample 1. In contrast, ARC-Dissimilarity is relatively robust to this sort of 

problem, as it only has 1 dimension, dissimilarity from the ARC, and unusually 

dissimilar samples will affect only the slope of the site that sample belongs to.  

 

NMDS ordination is extremely useful to the assessment of mine-site restoration, 

but the inherently qualitative nature of its use in the context of assessment of 

ŝŶĚŝǀŝĚƵĂů ƌĞŚĂďŝůŝƚĂƚĞĚ ƐŝƚĞƐ͛ ƌĞƐƚŽƌĂƚŝŽŶ ƉĂƚƚĞƌŶƐ ŵĂŬĞƐ ƌŽďƵƐƚ ĐŽŵƉĂƌŝƐŽŶ 

across simplified analyses challenging. 

 

1.3 ʹ Inter-rater agreement: WŚĂƚ ŵĂŬĞƐ Ă ͞ŐŽŽĚ͟ simplified analysis? 

In this study, inter-rater agreement analyses were used to assess how reliably 

the simplified analyses agreed with Species Abundance analysis on whether 

rehabilitated sites were converging or diverging and estimates for years to 

convergence. These analyses provide a score which is interpreted using 

classification systems taken from the literature. However, there are no standard 

ƌĞůŝĂďŝůŝƚǇ ƚŚƌĞƐŚŽůĚƐ ĨŽƌ ĞŝƚŚĞƌ CŽŚĞŶ͛Ɛ KĂƉƉĂ Žƌ IŶƚƌĂĐůĂƐƐ CŽƌƌĞůĂƚŝŽŶ 

Coefficients (ICC) (Bakeman et al, 1997, Koo & Li, 2016). The scores provided by 

these two analyses can be affected by a wide variety of factors. Kappa is used as 

a measure of rater (Analysis) accuracy but is also affected by the number of 

possible choices (in this case, 2, convergence or divergence) and the probability 
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of each choice (Bakeman et al, 1997). ICC scores are affected not only on 

agreement between raters but variability between the rated items, the sample 

size and the number of raters being tested (Koo & Li, 2016). Although Bakeman 

et al ƉƌŽǀŝĚĞ Ă ĨŽƌŵƵůĂ ĨŽƌ ĐĂůĐƵůĂƚŝŶŐ ƚŚĞ ĐŽƌƌĞĐƚ ƚŚƌĞƐŚŽůĚƐ ĨŽƌ CŽŚĞŶ͛Ɛ KĂƉƉĂ͕ 

it requires knowledge of the probabilities of convergence and divergence, which 

are unknown and likely to depend on complex ecological factors, and we could 

not find guidelines for our scenario for ICC (Majer, 1989, Bakeman et al, 1997). 

Instead, approximate rules of thumb were used. These are not a perfect fit for 

this study, ďƵƚ ƉƌŽǀŝĚĞ ƌŽƵŐŚ ŐƵŝĚĞůŝŶĞƐ ĂƐ ƚŽ ǁŚĂƚ ĐŽƵŶƚƐ ĂƐ Ă ͞ŐŽŽĚ͟ ƌĞƐƵůƚ͘ For 

CŽŚĞŶ͛s Kappa this could be supplemented by the calculation of the raw 

percentage agreement, to provide context to the Kappa scores. The range of 

appropriate ICC values for comparison of simplified analysis could potentially be 

calculated through modelling of simulated data with varying levels of 

predetermined agreement, as has previously been done for Orthopaedic 

research, to create a context-specific rule of thumb for good inter-rater 

agreement values, (Lee et al, 2012). 

 

It is likely that the inter-rater reliability ratings for each of the four simplified 

analyses are lower than they would be based on inter-rater agreement alone, 

due to the lower number of samples, raters and possible choices. This is more of 

a problem for ICC ratings, where the score represents total agreement between 

Species Abundance analysis and each of the Simplified abundances, than for 

Kappa scores, as Kappa scores show reliable a simplified analysis is excluding 

agreement by chance, rather than all agreement, and can be compared to raw 

percentage agreement as a way of checking results (Cohen, 1960, McHugh, 2012, 

Koo & Li, 2016). However, it is still a substantial problem when using Kappa, as 

illustrated by the fact that, at Callide Mine, Kappa analysis (table 7) rates all four 

analyses as either moderately or poorly reliable, despite all four boasting raw 

agreement percentages in excess of 80%. This suggests a high portion of 

variation is being classed as agreement by random chance. In the context of 

finding a simplified analysis which has a high degree of agreement with Species 

Abundance analysis, a relatively low but significant Kappa score may still 
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correspond to a good degree of agreement, in the event that the expected 

random agreement is high.  

 

The use of inter-rater agreement approaches does not provide a simple answer 

to questions of suitability or reliability of a simplified analysis, the interpretation 

of results being heavily context-dependent. Even once accurate, context-

appropriate set of ratings have been established, depending on the use to which 

these analyses are put the acceptable rate of error may vary. Going forward, 

practitioners are encouraged to select a simplified analysis that meets the needs 

of their project, and the utility of these analyses is best considered in terms of 

conditions and contexts under which they work well and provide useful 

information, as opposed to a strict one-size-fits-all accuracy threshold. 

 

2 ʹ Discussion of Results 

2.1 ʹ Disagreement between comparison methods 

There is considerable disagreement between the results of Procrustes analysis, 

Kappa analysis, ICC analysis and qualitative interpretation of NMDS ordinations 

regarding which simplified analyses were the most successful at replicating the 

results of the Species Abundance results. At Callide Mine, Species 

Presence/Absence analysis was highest-ranked based on NMDS Procrustes 

analysis (table 6) and ARC-Dissimilarity ICC analysis (table 8), but Functional 

Group Abundance analysis was the most effective in ARC-Dissimilarity 

convergence/divergence testing (Table 7) and Genus Abundance was most 

effective in NMDS interpretation (table 13), while at German Creek NMDS 

Procrustes (table 14) and ARC-Dissimilarity Kappa analysis (table 15) ranked 

Species Presence/Absence as most effective by a considerable margin, but none 

of the four simplified analyses were effective in NMDS interpretation (table 21) 

or ICC analysis (table 16). There were also broad consistencies ʹ  all three 

comparison methods found lower effectiveness of simplified analyses at German 

Creek than Callide Mine, Genus Abundance and Functional Group Abundance 

analyses scored similarly across all methods at both mines, except for ICC 

analysis of EYCA at Callide Mine, and the results of Species Presence/Absence 
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analysis were consistently found to be quite similar to those of Species 

Abundance. However, this broad consistency of results between the three 

assessment methods with variation in the particulars is not particularly 

surprising: the four methods are all based on the same inter-sample Bray-Curtis 

dissimilarity matrix, and Procrustes and NMDS Interpretation are both based on 

NMDS while Kappa and ICC are both based on ARC-Dissimilarity. But the four are 

used to assess different aspects of the community dissimilarity data. 

 

The first major difference is between ARC-Dissimilarity and NMDS data. Kappa 

and ICC analyses of ARC-Dissimilarity data on the actual dissimilarities between 

site samples, and only looks at the dissimilarities between site samples and the 

ARCs of the reference sites. No other information goes into the analyses. In 

contrast, Procrustes and NMDS interpretation are built on NMDS ordination, 

which does not directly map onto the dissimilarities between sites, instead being 

based on rank-ordered dissimilarities between samples, and furthermore taking 

into account dissimilarities between all samples and attempting to convey those 

relationships as accurately as possible in two dimensions, when a fully accurate 

display would likely take many more. This makes the NMDS ordination several 

steps removed from the dissimilarities it is derived from, and we should not 

expect the two to map onto each other 1:1, and hence should not be too 

surprised when results differ between methods, particularly when the 

differences between simplified analyses are not always especially large at each 

mine.  

 

Differences in ratings between Kappa analysis of inter-Analysis agreement on site 

convergence/divergence and ICC analysis of agreement convergence time are 

likely to be due to differences in the required level of precision for high 

agreement in each analysis. At the convergence/divergence level, all that is 

required to achieve high agreement is agreement on the direction of community 

change the site ʹ  getting more or less similar. In contrast, high agreement for 

actual convergence time requires far more precise agreement on how quickly the 

site is changing and how dissimilar the site originally was from the reference site 
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ARC, so it is unsurprising that ICC results are frequently so much lower than 

Kappa results at both sites. 

 

As for Procrustes and NMDS interpretation, the difference probably lies in the 

fact that Procrustes analysis takes into account the entire ordination, while 

NMDS interpretation focuses on individual site trends. This means Procrustes 

analysis also takes into account the overall positions of sites, such as the sorting 

of reference and rehabilitated sites on one axis, which is fairly consistent across 

all analyses at both mines. NMDS interpretation on the other hand focuses only 

on the fate of individual sites, where relatively small changes in position of 

individual points within a cluster are sufficient to change the story of that site 

between analyses. 

 

Differences in results between assessment methods are not that surprising, 

especially as it may take relatively small changes in fidelity to cause changes in 

ranking of the four simplified analyses in each of the four analyses. It is best to 

consider the four methods as complementary approaches, revealing different 

aspects of the four simplified analyses and how they alter the story coming out 

of the data, and, when selecting a simplified analysis, to prioritise the results of 

assessment methods that tests the aspects of the simplified analyses that are of 

interest.  

 

2.2 ʹ Behaviour of simplified analyses 

The four different simplified analyses differed from Species Abundance in various 

ways in terms of their underlying mechanics, and this is reflected in consistent 

differences, trends and tendencies in the of the four from Species Abundance 

analysis and from each other across mines.  

 

Both Genus and Functional Group Abundance analyses had very similar ARC-

Dissimilarity patterns and NMDS ordinations at both mines (tables 6 & 14, figures 

5, 6, 9, 10, 13, 14, 17 & 18). They both consistently had lower Bray-Curtis 

dissimilarities between rehabilitated sites and the ARCs of the reference sites 
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than Species Abundance analysis, both at the beginning and end of the sampling 

period, and less clear separation of reference and rehabilitated sites in NMDS 

ordination. They also both placed the three reference sites much more closely 

together in NMDS ordination than Species Abundance. This consistent reduction 

in dissimilarity between sites compared to Species Abundance is probably a 

product of these two simplified analyses being based on higher taxonomic or 

ecological ranks than Species Abundance, grouping species together into genera 

and functional groups respectively. This makes these analyses less discerning 

than Species Abundance as sites are more likely to share genera or functional 

groups than individual species, simply because there are multiple species that 

count towards a genera being present at a site and while certain species may be 

specialists on highly disturbed rehabilitated sites, mid-recovery rehabilitated 

sites or fully restored/reference sites, higher groupings are more likely to 

collectively cover a greater range of conditions and have representatives at 

multiple stages in the recovery process, either due to having multiple specialists 

on different points the recovery gradient or due to a higher chance of having a 

generalist species within their ranks. This makes these higher rank analyses less 

able to discern between sites so inter-site dissimilarities are lower.  

 

That reduced dissimilarity also applies to reference sites, which are even more 

likely to share broad patterns of environmental conditions, and subsequently 

community composition, and be separated by the fine-grain detail of Species 

Abundances rather than higher ranked groups, than reference and rehabilitate 

sites are. This means that under these two analyses the reference sites are 

clustered together, and consequently convergence patterns on the three 

reference sites tend to be more homogeneous than under Species Abundance 

analysis. At Callide Mine, the relative position of the three reference sites 

compared to the rehabilitated sites is most similar to the position of reference 

site 6 under the original Species Abundance ordination, and the patterns for the 

three reference sites under Genus and Functional Group Abundance analyses 

subsequently most closely resemble those of reference site 6 under Species 

Abundance (fig. 1  (Chapter 2 Results), figs. 9 & 10). But the reference sites need 
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not necessarily cluster on the original position of one ʹ  at German Creek the 

three reference sites still cluster together, but cluster in the centre of the 

ordination rather than on a position any of the three held under Species 

Abundance analysis.  

 

The general behaviour of Large-Bodied Species Abundance analysis is harder to 

identify, due to the problems associated with the Callide Mine Large-Bodied 

Species Abundance Ordination. The increased tendency of disruption to the 

NMDS ordination (fig. 7) is in itself an important characteristic of Large-Bodied 

Species Abundance analysis and is discussed in detail in chapter 4 (section 1.2). 

Beyond that it is hard to make any particular inferences about its behaviour 

beyond the fact that it is quite variable. Despite having a high level of agreement 

in ARC-Dissimilarity convergence/divergence results at Callide Mine (table 11, fig. 

11), it achieved less than 50% agreement at German Creek (table, 15, fig. 15), 

which, together with the issues arising at Callide Mine, might suggest that it is 

the simplified analysis most vulnerable to idiosyncratic effects, perhaps as a 

result of its unusual simplification method, which excludes a variable portion of 

the dataset based on a single characteristic which was selected due to its 

practical convenience rather than an ecological basis and so does not guarantee 

the set of species selected as the basis for analysis are important in or 

representative of site community dynamics (Andersen, Hoffmann, & Sommes, 

2002). 

 

Species Presence/Absence was the simplified analysis that most closely and 

consistently resembled Species Abundance in its results, both in ARC-

Dissimilarity (tables 7, 8, 15 & 16) and NMDS ordination (tables 6 & 14), 

consistently having the lowest Procrustes score and the only simplified analysis 

to have a consistently high percentage agreement for convergence/divergence 

classification. However, Species Presence/Absence appeared to be more 

conservative than Species Abundance in how dissimilar sites were from each 

other, with reference and rehabilitated sites more clearly separated and the 

reference sites clearly separated from each other in NMDS (figs. 8 & 16). The 
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rehabilitated sites appeared to be slightly more clustered with each other 

however. Species Presence/Absence places increased priority on which species 

are present or absent at sites and less on the abundances of species. This means 

there is an increased emphasis on the percentage of species shared between 

sites and a reduced emphasis on the abundances of shared species. The likely 

consequences of this is greater differences between groups of sites which are 

less likely to share species (e.g. rehabilitated vs reference sites) and greater 

similarity within those groups, hence we see greater clustering between 

rehabilitated sites and between reference sites (and site TH91 at Callide Mine), 

but and greater separation between reference and rehabilitated sites at both 

mines. The clustering of reference sites is nowhere near as extreme as under 

Genus or Functional Group Abundance however, as Species Presence/Absence 

merely emphasises similarities between them which already exist in the Species 

Abundance data, rather than increasing those similarities with broader 

groupings. The fact that Species Presence/Absence was the most consistently in 

agreement with Species Abundance, and uniquely achieved a high level of 

agreement for estimated years to convergence at Callide Mine, suggests that the 

presence or absence of species across sites is an important component of species 

abundance data, and hence patterns are not drastically altered by the loss of 

abundance data for each species. These results also demonstrate that, although 

most simplified analyses were unable to meet the required level of precision for 

high estimated years to convergence agreement, it is at least possible to do so 

under the right conditions, meaning estimated years to convergence is, at least 

theoretically, an achievable level of agreement for simplified analyses, even if it 

is rare in practice. 

 

2.3 ʹ Differences between sites 

One of the most striking features of the results is the stark difference in 

performance of all four simplified analyses between the two mines. At Callide 

Mine all four analyses appear to be fairly faithful replicas of the Species 

Abundance analysis in terms of convergence/divergence results (table 7), and in 

NMDS results as well (table 6 & 13), Large-Bodied Species Abundance analysis 
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notwithstanding owing to issues discussed in section 1.2. But at German Creek 

only Species Presence/Absence analysis emerged as being highly accurate to the 

Species Abundance results (tables 14 & 15) or even accurate more than 2/3s of 

the time, and it performed as poorly as the other three in ARC-Dissimilarity 

estimates of years to convergence and NMDS interpretation (tables 16 & 21). 

These results are important, because they suggest that none of the four 

simplified analyses are necessarily applicable in all contexts but that, by the same 

token, they are all applicable in at least some, and identifying the conditions for 

their successful usage is of critical importance. There are a number of possible 

explanations for this contextual usefulness. 

 

The first possibility is essentially the null hypothesis for the differences between 

mines ʹ  that the results for the two mines are not actually significantly different. 

The number of rehabilitated sites surveyed at both sites is relatively low ʹ 6 at 

German Creek and 8 at Callide Mine. If we consider each rehabilitated site͛Ɛ 

convergence pattern relative to each of the reference sites as a test in the 

experiment, then those are sample sizes of 18 and 24. At Callide Mine, the range 

of fidelities of each simplified analysis for convergence/divergence were 

approximately 20-21/24 convergence patterns matching with Species Abundance 

analysis (table 7). At German Creek the corresponding results are 8-14/18 

matching convergence patterns (table 15).  While in terms of percentage 

accuracy they are quite different, in practice they are not huge differences in 

numbers of matching convergence patterns. Having said that, in ARC-

Dissimilarity convergence/divergence testing all four analyses do worse at 

German Creek (tables 7, 15), and all but Large-Bodied analysis do worse in 

Procrustes (tables 6 & 14) and NMDS interpretation (tables 13 & 21). The large 

differences in agreement of Genus and Functional Group Abundance analyses 

and Species Presence/Absence in Procrustes and NMDS Interpretation also 

suggest there is a significant difference in performance between the two mines. 

It is therefore unlikely, but possible, that the difference between the sites is 

simply a matter of coincidence. This hypothesis can be easily tested by subjecting 

more mine-site rehabilitation datasets to these simplified analyses. 
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A more interesting, although still site-specific, possibility is that the trends at 

Callide MŝŶĞ ĂƌĞ ƐŝŵƉůǇ ĞĂƐŝĞƌ ƚŽ ĚĞƚĞĐƚ͘ TŚĞ ĨŽƵƌ ĂŶĂůǇƐĞƐ Ăůů ͞ ƐŝŵƉůŝĨǇ͟ ƚŚĞ ĚĂƚĂ 

collection process by reducing the amount of information. Genus Abundance and 

Functional Group Abundance analyses reduce the resolution of the data, 

shedding the species-level information and with that information species-level 

trends. Species Presence/Absence analysis cuts out the abundance aspect of 

species-level data, and Large-Bodied Species Abundance analysis uses the 

abundance data of only a minority of the species present. As such, all four are, to 

varying extents, less sensitive to changes in ant community composition than 

Species Abundance analysis. While each may differ in the size and type of 

changes in community composition each is insensitive to, all four are less 

sensitive. Consequently, smaller changes in community composition, particularly 

those based on abundances of species alone, will not register in the data 

collected for some or all of these simplified analyses. And, comparing results of 

ARC-Dissimilarity and NMDS Ordinations between mines, changes in community 

composition at Callide Mine are much bigger than at German Creek. 

Rehabilitated sites undergo large, rapid changes in community composition over 

the course of the study which alter the functional group profiles of the 

rehabilitated sites, and are clearly converging or diverging with the reference 

sites. In contrast, changes occurring at German Creek are much less dramatic, 

without major changes to the functional group profiles of the rehabilitated sites 

and so are much less likely to register in the simplified analyses. This hypothesis 

could be tested by comparing success rates of the simplified analyses between 

more or less successful rehabilitation projects, and by re-examining the success 

rates of the simplified analyses at replicating trends of particular rehabilitated 

sites at Callide and German Creek and cross-referencing those success rates with 

which sites have the biggest changes in dissimilarity from the ARCs, or the largest 

movements on the NMDS ordinations, in the original Species Abundance 

analysis. 
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Of course, under particular circumstances certain analyses may still be 

particularly sensitive to changes, and this is the third hypothesis ʹ that 

differences between results of the simplified analyses at each site are driven by 

ĞĐŽůŽŐŝĐĂů ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ƚŚĞ ŵŝŶĞƐ͛ ĂŶƚ ĐŽŵŵƵŶŝƚŝĞƐ͘ TŚĞ ƐƉĞĐŝĨŝĐ 

ecological factors underpinning the effectiveness of each simplified analysis will 

be discussed in more detail in the general discussion, but the broad theory will 

be outlined here. Different locations differ in their environmental conditions, and 

hence in their species occurrence and community compositions, even if those 

differences can sometimes be only small (Andersen, 1995b). This means that that 

the ant community composition of different sites may be differentially organised, 

such that different amounts of information are lost by the transition to one of 

the simplified analysis at each site, and consequently the success of each analysis 

differs between sites as their correlation to the original analysis varies with local 

ecological conditions. In opposition to this idea, all four analyses experience a 

reduction in performance at German Creek relative to Callide Mine in at least 

one analysis, suggesting a common cause. It is however possible that the 

circumstances at Callide Mine are such that the community composition 

organising conditions happen to favour all four analyses, and certainly it can be 

argued from the results that Large-Bodied analysis did not really perform too 

differently at either mine and the three other analyses all behaved similarly to 

each other at both mines, suggesting a common driving factor in their patterns 

after all. But the failure of Large-Bodied analysis at Callide Mine can largely be 

attributed to incompatibilities in the procedure and assessment methods 

regarding site samples where target species are absent, rather than ecological 

causes. When these procedural issues were avoided, by using ARC-Dissimilarity 

assessment, Large-Bodied species performed similarly to the other analyses and 

had the greatest difference in performance between the two mines of any of the 

simplified analyses in ARC-Dissimilarity convergence/divergence testing. This 

hypothesis can be tested by assessing whether the qualities of the composition 

of the ant community at the Callide mine sites favour the four simplified 

analyses. The qualities that favour improved fidelity in the four analyses will be 

outlined in the general discussion (section 1).  
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Both alternative hypotheses rest on the two sites differing in on-site ecological 

conditions, either in ways that cause the recovery at Callide Mine to proceed 

more rapidly, creating a stronger and hence more easily replicated signal, or in 

ways that the community is structured such that what changes do occur are less 

likely to be detected by simplified analysis procedures. The most likely driver of 

such differences is the climate of each site. Differing climates will as a matter of 

course shape and affect the local ecosystem in various ways, creating different 

conditions and niches as a consequence of changes in variables such as 

temperature and water availability, as well as secondary effects of differences in 

those variables such as variation in vegetation structure and net primary 

productivity, all of which have been linked to ant community structuring in 

Australia and elsewhere (Majer, 1989, Majer, 1992, Andersen, 1995, Majer, 

1996, KĂƐƉĂƌŝ͕ O͛DŽŶŶĞů Θ KĞƌĐŚĞƌ͕ ϮϬϬϬ͕ Dunn et al, 2009, Kwon & Lee, 2015). 

Temperature in particular has been identified as a fundamental organising factor 

for ant activity and distribution of ant species and in relative abundances of 

functional groups and so is a likely candidate for driving differences in 

community structure between the two sites (Andersen, 1995, Dunn et al, 2009). 

However, while rainfall is less important than temperature in the general 

structuring of ant communities, in the context of rehabilitation it becomes a key 

climatic variable, defining the rate of return of ant species to rehabilitated mine 

sites (Majer, 1989, Majer, 1992, Majer, 1996͕ KĂƐƉĂƌŝ͕ O͛DŽŶŶĞů Θ KĞƌĐŚĞƌ͕ ϮϬϬϬ͕ 

Dunn et al, 2009). Higher annual rainfall drives faster increases in species 

richness at rehabilitated sites and so consequently should drive faster 

convergence of rehabilitated site communities with local natural communities 

observed at reference sites (Majer, 1989, Majer, 1992, Majer, 1996). This pattern 

is particularly well-established in Australia, with a clear continuum of increasing 

rate-of-return observed from the relatively dry Mediterranean biogeographic 

region in the south to the very humid Tropical Monsoonal regions in the North 

(Majer, 1989). As such, it follows that if there is a difference in rainfall between 

German Creek Mine and Callide Mine, it could be driving the greater recovery 

rates at Callide Mine. However, Callide and German Creek Mines are only 
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approximately 270km apart and have very similar climates, at least in terms of 

annual rainfall (Callide = 684mm, German Creek3 = 663m) and mean annual 

temperature (Callide4 = 29.1°C, German Creek4 = 29.3°C), so these key climatic 

factors are unlikely to be causing substantial differences between the ant 

communities of the two mines, whether that be differences in the community 

structure or in rates of recovery, and so we must look to other factors to explain 

these results (Bureau of Meteorology, 2014). 

 

These are three potential hypotheses to explain the differences in simplified 

analysis performance across the two mines, and the two alternative hypotheses 

are not mutually exclusive, as the difference in simplified analysis fidelity 

between the two sites could be driven by both a lack of major changes at 

German Creek (hypothesis 2) and a community composition and community 

compositional changes that made detection of changes that did occur difficult for 

the simplified analyses (hypothesis 3). In fact, an examination of the data 

suggests that both causes are likely to be in effect. One of the key differences 

between convergence patterns under Species Abundance analysis and those 

under the simplified analyses at German Creek is the lack of the clustering of 

rehabilitated sites 9, 10, 11 & 12 and their shared trajectories under the 

simplified analyses (Chapter 3 Results, section 1.7). As discussed in chapter 2 

(Discussion, section 3), these patterns are driven by the alternating dominance of 

these rehabilitated sites by two species of Iridomyrmex (rufoniger group), I. 

reference site 3 between years as they alternate between sharing dominance by 

species B & I. species E, and their subsequent large changes in similarity to I. 

species E with the reference site and being instead dominated by I. species B. 

3 German Creek annual rainfall data taken from nearest weather station for which 

annual rainfall data was available, at Boroondara, station number 035109, 12.6km away 

 

4 Callide and German Creek annual mean temperature data taken from nearest weather 

stations for which annual mean temperature data was available. Callide data taken from 

Thangool Airport, station number 039089, 19.3km away. German Creek data taken from 

Clermont Post Office, station number 035019, 96km away 
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However, these changes, which play a key role in shaping changes in community 

dissimilarity under Species Abundance analysis, are entirely driven by 

abundances of two very closely related species. This means that their impact on 

the results of Species Abundance analysis is completely undetected in all four 

simplified analyses. Under Genus Abundance analysis, they are both members of 

the genus Iridomyrmex and so the switching between the two species is not 

detectable, and this also applies at the Functional Group Abundance level. Under 

Species Presence/Absence, their hyperabundance is not accounted for, and so 

the switch between the two species is simply two species of many swapping over 

or even co-occurring, as in a number of samples at rehabilitated site 12 and 11 

both species are present simultaneously, just with one at high abundance and 

one at low abundance. Finally, neither species is a large-bodied species, and so 

they have no effect on Large-Bodied Species Abundance analysis. As such, an 

important component of the convergence patterns of Species Abundance at 

German Creek is completely excluded from all four simplified analyses, and this 

likely explains why all of the simplified analyses perform less effectively at 

German Creek, where much of the pattern is define by changes in species 

abundances alone. This is a particularly extreme example, but the loss of Species 

Abundance data also affects other aspects of the analysis of German Creek. At 

reference site 7 at German Creek, there is a revolving community of Iridomyrmex 

species (see chapter 2, section 2.2) which rapidly displace each other. This means 

that, at the Species Abundance leǀĞů͕ ƌĞĨĞƌĞŶĐĞ ƐŝƚĞ ϳ͛Ɛ A‘C ŚĂƐ Ă ǀĞƌǇ ůŽǁ 

median Iridomyrmex abundance comprised of those species that maintain a 

presence throughout the sampling period rather than a high one reflecting the 

continuous high abundance of at least one Iridomyrmex species throughout. 

Under Genus Abundance & Functional Group Abundance analyses, that changes, 

with all Iridomyrmex species being lumped into the genus-wide count or the 

Dominant Dolichoderine count respectively, so that the key factor is the 

abundance of the collective rather than of individual species. This means these 

two analyses are more robust than Species Abundance analysis to similar species 

which competitively displace each other during recovery of rehabilitated sites 

(Majer, 1989). However, it will also alter the outcome of dissimilarity calculations 
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between the ARC and other samples, as the abundances of the Iridomyrmex 

species now have a much bigger contribution to the ARC composition. The 

decreased agreement at German Creek compared to Callide Mine is not 

necessarily due entirely to these two examples, but the relatively static 

functional group profiles of the sites at German Creek indicate that within-group 

species abundance changes and displacement by similar species, as within 

Iridomyrmex, are likely to be important more generally, and this likely explains 

the reduced performance of simplified analyses at this site and the relative 

success of Species Presence/Absence analysis. If changes in species composition 

are the driving force for changes, Species Presence/Absence would better reflect 

changes in the community at the Species Abundance level, though it would still 

be insensitive to community changes driven by changes in abundances of species 

as described here. 

 

Hence the likely cause of the reduced performance of the four simplified 

analyses at German Creek relative to Callide Mine is a combination of both 

alternative hypotheses ʹ  that the community changes occurring during recovery 

at German Creek are ecologically ͞ ƐŵĂůů͟ ĐŚĂŶŐĞƐ ŝŶ ĐŽŵŵƵŶŝƚǇ ĐŽŵƉŽƐŝƚion 

consisting of changes in species abundances, rather than changes in functional 

group abundances representing major ecological shifts, particularly the 

competitive displacement of closely related Iridomyrmex species, which are not 

detectable by the four simplified analyses for various reasons. This means that 

the successful use of simplified analyses is context-dependent, requiring an 

understanding of the local ant community and its dynamics and whether a 

particular simplified analysis is reflective of those dynamics.  
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Chapter 4 ʹ General Discussion 

 

1 ʹ Evaluating the use of simplified analyses 

The results of this study suggest that the successful use of simplified analyses of 

ant communities for assessment of mine-site rehabilitation is highly context-

dependent. While all four analyses have shown some potential to be successful 

substitutes for a full, Species-Abundance-based assessment, all four have also 

been shown to be inconsistent in how closely they map to a full assessment, and 

consequently their potential utility is severely limited due to their unreliability. 

However, that is not to say that these analyses cannot be made useful. Instead, 

their use is context-dependent, suited only to certain ecological and 

management contexts where they can be used effectively. 

 

1.1 ʹ Genus Abundance and Functional Group Abundances 

Genus Abundance and Functional Group Abundance analyses showed extremely 

similar results across both mines and all four assessment methods at each mine, 

suggesting the results of both analyses are driven by the same factors. This is 

unsurprising, as the nine functional groups are made up of genera, and the 

classification of genera into one of those functional groups is in part dependent 

on each genus's habitat preferences at the biogeographic scale (Andersen & 

Hoffmann, 2003a). Disturbance involved in mine-site creation and subsequent 

rehabilitation and recovery is the disturbance most closely resembling 

biogeographic-scale environmental differences, owing to the extreme 

disturbance and succession-like changes in the ecosystem that occur during the 

recovery process, with subsequently similar changes in ant functional group 

composition during the succession (Andersen, 1993, Bisevac & Majer, 1999, 

Andersen & Hoffmann, 2003a). This means that, at mine-sites, the functional 

groups are effectively groupings of genera with similar responses to the 

environmental changes occurring during recovery, so we should expect very 

similar patterns.  
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Functional Group Abundance does not differentiate between reference and 

rehabilitated sites as well as Genus (figs. 5 & 9, 6 & 10), and has more sites 

overlap in dissimilarity from the ARC with the reference site samples. This is 

unsurprising as the reduction in information, summarising the trends of many 

genera into only nine functional groups, would result in a loss of power to 

differentiate between the sites. Having said that, both of these simplified 

analyses grouped the reference sites far closer together than in Species 

Abundance, with a subsequent homogenising effect on ARC-Dissimilarity results 

across reference sites, so the improvements offered by Genus Abundance 

analysis over Functional Group Abundance analysis in this aspect are marginal. 

 

What elements of community structuring lend themselves to accurate use of 

Genus Abundance and Functional Group Abundance analysis? As with the Genus 

Abundance ~ Functional Group Abundance relationship, the answer is likely to lie 

in consistency of responses among the constituent species and species-groups of 

the genera at a site being surveyed. If the species within a given genera all have 

similar ecological requirements and responses to disturbance, then it follows 

that the agreement between the genus-level changes in presence and 

abundance and those at the species level will be high. Therefore, the higher the 

average homogeneity of species within genera at a site in terms of ecological 

requirements and disturbance responses, the higher the congruence of results 

between species-level and genus-level analyses will be, and subsequently 

between species-level and Functional Group-level analyses. However, there are 

additional complexities. The abundance of ant species that are common or occur 

in large numbers, such as members of the Iridomyrmex rufoniger species group 

at Callide & German Creek mines, has a greater influence on the results of 

abundance-based analyses than those of rarer or solitary foraging species. As 

such, the homogeneity of species responses within genera of abundant ants such 

as Iridomyrmex will be more important than the homogeneity of species 

responses in genera of less abundant ants, and likewise the homogeneity of 

responses among abundant members of a genus are more important than the 

homogeneity of responses of less abundant members. In the case of Iridomyrmex 
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in particular, the problem is simplified, at least at German Creek Mine and Callide 

Mine, by a single hyperabundant species frequently accounting for the majority 

of Iridomyrmex abundance at a site, and frequently far higher percentages, 

resulting in high response homogeneity. Unfortunately, the practical application 

of this hypothesis is limited, as it means the utilisation of Genus Abundance or 

Functional Group Abundance analysis is dependent on knowing 1) all the species 

present at the site, and 2) their degree of homogeneity in habitat needs and 

disturbance response. While the first condition could probably be met by an 

initial species survey at the start of the monitoring programme, the second 

condition requires an in-depth understanding of the ecology of the species 

present at the site. This not only puts these two simplified analyses beyond the 

use of non-specialists in ant ecology, a major flaw given one of the great 

advantages of these approaches is the fact that genera can be relatively easily 

identified without specialist knowledge (Andersen, 1990), but for the hyper-

diverse and relatively poorly understood Australian ant fauna, such species-

specific data is, by and large, non-existent, assuming species at the site have 

even been formally identified (Andersen & Hoffmann, 2003a). However, for 

studies in less speciose and better-studied areas such as Europe, assessment of 

projects for suitability of genus- and Functional Group-level analysis is a 

possibility (Ottonetti, Tucci & Santini, 2006), and while the necessary inclusion of 

specialists at the early stages of a project to carry out such assessment is a 

ůŝŵŝƚĂƚŝŽŶ͕ ŝƚ ŝƐ Ɛƚŝůů ůĞƐƐ ůŝŵŝƚŝŶŐ ƚŚĂŶ ƚŚĞ ƌĞƋƵŝƌĞŵĞŶƚ ŽĨ Ă ƐƉĞĐŝĂůŝƐƚ͛Ɛ 

involvement in the entire monitoring programme, as is required under a full 

species-abundance assessment.  

 

This ecological context-dependency is likely why there is so much contention 

over the use of genus abundance analysis in the literature (Souza et al, 2018). 

While many authors, including Souza et al, report Genus Abundance analysis to 

be effective at reproducing the information conveyed by species-abundance 

analyses (Pik, Oliver & Beattie, 1999, Nakamura et al, 2007, Ribas and Padial, 

2015), others have found otherwise, finding genus to be a variable and unreliable 

indicator of species-level trends, particularly for ants (Andersen, 1995, Rosser & 
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Eggleton, 2012). In particular, it has been found that the effectiveness of genus 

as a surrogate measure is conditional on low species:genus ratios, and on study 

site, even at quite small scales, a finding supported by this study (Andersen, 

1995b, Lovell et al, 2007, Grantham et al, 2010, Ribas and Padial, 2015). The 

improved accuracy of Genus Abundance analysis at low species:genus ratios is in 

accordance with my prediction that greater homogeneity of species responses 

within the genus will lead to improved performance of this analysis, as variability 

between species in a genus with only a small number of representatives is likely 

to be lower so congruence between the two levels of analysis will be higher 

(Lovell et al, 2007).  

 

In contrast, the use of the functional group scheme has generally been found to 

be an effective simplified analysis, particularly for the assessment of mine-site 

recovery (Andersen, 1993, Bisevac & Majer, 1999, Pik, Oliver & Beattie, 1999). 

However, when it is compared to other simplified analyses, it has generally found 

to be less faithful to species abundance results than analysis at the genus level 

(Pik, Oliver & Beattie, 1999, Nakamura et al, 2007). Functional group analysis of 

disturbance is often treated as somewhat distinct from species-level analysis, 

with the ratio of the different functional groups at each site being compared 

across sites or site types, so evaluation of the factors affecting its performance as 

a disturbance analysis have generally been limited to assessment of factors that 

affect whether functional group analysis can detect disturbance on its own 

merits, rather than in terms of its relationship with species abundance (Andersen  

& Hoffmann, 2003a, Andersen, 2017). This study helps to bridge that gap, the 

extremely close linkage of genus and functional group analysis suggesting its 

correlation to species abundance analysis is dependent on the same factors as 

Genus Abundance analysis, and furthermore that Functional Group Abundance 

patterns of change can potentially correspond quite closely to species-level 

patterns, although, as with genus, this is heavily context-dependent.  

 

Taking all of this into account, under what management situations might we 

practically be able to make use of genus or functional group analyses? As 
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previously mentioned, the use of Genus Abundance and Functional Group 

Abundance analyses is limited by the details of the species-genus relationships, 

and that in ants that relationship is highly variable in genera and space 

(Andersen, 1995b, Andersen & Hoffmann, 2003a, Rosser & Eggleton, 2012). 

Hence their use is predicated on a solid understanding of the ecology of species 

and genera, something that seriously limits their use in hyper-diverse regions 

such as Australia, but makes them potentially quite viable in less speciose 

regions. A potential mitigating factor is that low species-genus ratios reduce 

potential for variability in species response within genera, and so this 

comparatively easily assessed aspect of community structure may potentially be 

useable as a proxy of species-genus ecological response correlation, in order to 

assess the suitability of Genus Abundance and Functional Group Abundance 

analyses for a given site and project. While the main potential utility of Genus 

Abundance and Functional Group Abundance analyses is whether they can be 

used in place of Species Abundance assessment, they also have a more niche 

use. A major issue with both NMDS and ARC-Dissimilarity approaches to 

rehabilitation assessment is the inability to verify whether a site is not 

recovering, or is simply not converging on the reference sites selected for the 

study. Under a species-abundance assessment, the number of reference sites is 

understandably limited by time and cost, and a representative set must be 

selected prior to the study as likely candidates (Andersen & Hoffmann, 1997, 

Andersen & Hoffmann, 2001b). However, in the event that many sites do not 

appear to be converging on the selected reference sites (e.g. at German Creek), 

these higher-taxon approaches can potentially be utilised as a means to rapidly 

assess a wider variety alternative local ecosystems to identify potential 

alternative reference sites, as while they are not necessarily sufficiently accurate 

for long-term monitoring of trends, they are likely sufficiently accurate to detect 

if convergence is occurring. Or, if monitoring begins after colonisation and 

community development has already begun on at least some rehabilitated sites, 

such as at Callide and German Creek mines, then a rapid Genus Abundance- or 

Functional Group-ůĞǀĞů ͞ ƐŶĂƉƐŚŽƚ͟ ĂƐƐĞƐƐŵĞŶƚ ƉƌŝŽƌ ƚŽ ďĞŐŝŶŶŝŶŐ ƚŚĞ ĨƵůů 

monitoring programme could be effective in highlighting which reference sites 
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rehabilitated sites are converging on, if any. However, even these uses are 

subject to community composition, and it is unlikely that Genus or Functional 

Group Abundance could ever be utilised without at least some previous Species 

Abundance surveying of the area to determine suitability. Their relative ease of 

use makes these two simplified analyses well-suited to interim surveys of 

conditions, looking for broad trends, even if the circumstances mean they are 

not suited for use in many areas and the identification of such areas is 

challenging. 

 

1.2 ʹ Large-Bodied Species Abundance 

Large-Bodied Species Abundance analysis was the weakest of the four analyses 

overall, consistently performing low in Procrustes analysis and NMDS 

interpretation and performing worst of the four analyses in ARC-Dissimilarity 

convergence/divergence testing at German Creek. However, Large-Bodied 

Species Abundance analysis still successfully replicated the ARC-Dissimilarity 

convergence/divergence trends of the Species Abundance analysis at Callide 

Mine 83% of the time. This suggests the use of Large-Bodied species is a highly 

conditional one, but one that, like the other three simplified analyses, has the 

potential to be viable.  

 

Mechanically, Large-Bodied Species Abundance analysis differs from the other 

three analyses in one crucial aspect. Unlike the others, Large-Bodied Species 

Abundance analysis does not make use of the full ant community dataset on at 

least some level. Genus Abundance and Functional Group Abundance analyses, 

although they merge the abundances of the species into higher taxonomic units, 

still make use of all those abundances, and Species Presence/Absence analysis 

still makes use of every species even if it does not take into account their 

abundances. This means that Large-Bodied Species Abundance analysis is in 

some ways the most different from the Species Abundance analysis in terms of 

data input. On the other hand, it is the only analysis to still use full -resolution 

species abundance data, meaning it retains the greatest taxonomic precision of 

the four analyses. In practice, it would appear that the distancing effect of losing 
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most of the data outweighs this unique capacity for matching precision in this 

study. Restricted Species Checklists such as Large-Bodied Species Abundance 

analysis are limited by a few key factors, the first and most important being 

extent of information loss (Grandin, Lenoir & Glimskär, 2013). At Callide and 

German Creek, the use of the Large-Bodied species criterion resulted in 

reduction of species in the dataset by 66% and 73% respectively. Vellend, Lilley & 

Starzomski (2008) found random removal of 10% of species in a list reduced 

correlation between restricted-species and all-species community data in a 

variety of taxa by no more than 0.2, but reduction by 50% led to reductions 

ranging from 0.3 to 0.9, with invertebrate taxa including ants tending towards 

larger reductions. Grandin, Lenoir & Glimskär (2013) similarly found that 

reductions of 37% and 84% of plant species in Swedish grasslands were sufficient 

to produce quite different ordination patterns, and concluded the size of the 

restricted species list was more important than the species selection criteria. At 

German Creek, the loss of key species contributing to the dissimilarity between 

sites (Iridomyrmex sp. E & B, rufoniger group) due to their small size was the 

major factor. At Callide Mine, where the patterns of community change were not 

so heavily influenced by two species excluded from the restricted species list of 

species above 4mm, the average convergence/divergence ARC-Dissimilarity 

matching fidelity at Callide Mine are twice that of German Creek, and are similar 

to those achieved by the other simplified analyses. Furthermore, previous 

research on the use of the Large-Bodied Species Abundance analysis on the 

diverse Australian ant fauna was able to successfully replicate results of a full 

species abundance survey under comparable conditions of loss of 76% of species 

and with even less information, as only presence/absence data was used rather 

than abundance (Andersen et al, 2002), although it is worth noting that the 

results replicated by Andersen et al are much more general than the results we 

were attempting to replicate here, which are actually quite precise relative to 

other studies on simplified.  

 

This suggests that, like Genus and Functional Group Abundance analyses, the use 

of Large-Bodied Species Abundance is dependent on ensuring the main drivers of 
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community change patterns are ones that are detectable by this simplified 

analysis. More generally, the question of how representative the species 

composition of the restricted checklist of species used in Large-Bodied Species 

Abundance analysis is an important one for the effectiveness of this analysis ʹ if 

the species list is not representative, either because, like at German Creek, it 

excludes key drivers, or due to a more diffuse lack of representation of the wider 

ant community at a site in terms of habitat preferences and restoration 

response, then this analysis will be ineffective as a monitoring tool. Conversely, if 

the species on the list were the species at the site that were most sensitive to 

the changes wrought by restoration and so were the main explanatory variable 

in the community composition change patterns displayed, then we would expect 

close correlation of results between Species Abundance analysis and Large-

Bodied Species Abundance analysis. Hence Large-Bodied Species Abundance, and 

more broadly restricted species checklists, have the most variable potential 

agreement reliability, potentially having extremely high concordance with 

Species Abundance if the right species are selected, or none at all if the wrong 

ones are. In the case of the species selected for the Large-Bodied Species 

Abundance list, having been selected on the basis of a functional morphological 

trait, there is likely to be at least some clustering of species within this group in 

terms of response to environmental factors, both as a result of phylogeny and 

ecology (Crisp et al, 2009), so their effectiveness as a representative sample of 

the ant community is questionable, unless the disturbance they are being used 

to monitor is one that large-bodied species are particularly sensitive to. 

 

Setting aside the inter-site variation of this study, Large-bodied species analysis 

also suffers from a few additional across-the-board issues as a result of its 

uniquely limited nature. Firstly, as demonstrated at Callide Mine and previously 

discussed (Chapter 2 Discussion, section 2.1), the use of a restricted species list 

ŵĞĂŶƐ ƌƵŶŶŝŶŐ ƚŚĞ ƌŝƐŬ ŽĨ ŶŽ ƐƉĞĐŝĞƐ ŵĞĞƚŝŶŐ ƚŚĞ ůŝƐƚ͛Ɛ ĐƌŝƚĞƌŝĂ͕ ƌĞƐƵůƚŝŶŐ ŝŶ Ă ƐŝƚĞ 

ǁŝƚŚ ͞Ϭ͟ ƐƉĞĐŝĞƐ ;CůĂƌŬĞ͕ “ŽŵĞƌĨŝĞůĚ Θ CŚĂƉŵĂŶ͕ ϮϬϬϲͿ͘ A ƐŝƚĞ ŚĂǀŝŶŐ ŶŽ ƐƉĞĐŝĞƐ 

that meet a certain criterion is very different thing ecologically than a site with  

no species within the taxa of interest, and yet within ecological analytical tools 
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such as Bray-Curtis they are treated identically unless specifically corrected for, 

as in this study. Even when corrected for, they can still cause severe disruption to 

important analytical methods in the field such as NMDS ordination, to the point 

of rendering the ordination useless for interpretation (fig. 7 & Chapter 3 Results, 

section 1.4). This issue is compounded by the fact that mining and rehabilitation 

are some of the strongest disturbance types for epigaeic ants, due to directly 

disturbing the soil they nest in, as opposed to indirectly affecting them through 

vegetation removal. Thus, monitoring immediately after rehabilitation is likely to 

find few or no species even without using a restricted checklist, increasing the 

likelihood of such a scenario arising (Andersen & Hoffmann, 2003a, Clarke, 

Somerfield & Chapman, 2006). The focus on Large-Bodied ants in particular is 

also problematic on a sampling level, as large ants, as a rule are less likely than 

smaller species to be caught in pitfall traps (Marsh, 1984, Olsen, 1991). 

 

All in all, Large-Bodied Species Abundance analysis can be problematic to use, as 

a result of issues arising from being a restricted species checklist and from the 

selection criteria used for that list. It involves the exclusion of a large proportion 

of the species in the dataset, and with them much of the data, a reduction which 

has been shown in this study and elsewhere to result in very different 

community composition patterns when compared to a full species abundance 

analysis. Due to the selection of species on the basis of a morphological 

character that appears to be phylogenetically clustered, all the species in the list 

are likely to share at least some degree of concordance in habitat requirements 

and response to environmental changes (Crisp et al, 2009), which also reduces 

the likelihood that they will have a range of responses representative of the 

whole community. On top of these theoretical issues, the focus on Large-Bodied 

species involves a number of practical issues, including the increased likelihood 

ŽĨ ŐĞŶĞƌĂƚŝŶŐ ͞ ĨĂůƐĞ ŶĞŐĂƚŝǀĞƐ͟ ŝŶ ĐŽŵŵƵŶŝƚǇ ĚĂƚĂ ĂŶĚ ƚŚĞ ĐŽŶƐĞƋƵĞŶƚ ĂŶĂůǇƚŝĐĂů 

problems that causes, compounded by the fact that as a group these species are 

less likely to be collected through pitfall trapping, the most common and 

simplest sampling procedure for ants (Bestelmeyer et al, 2000, Andersen & 

Hoffmann, 2003a). As such, while previous work has shown Large-Bodied Species 



~ 196 ~ 
 

Abundance analysis can be successfully utilised and can drastically reduce 

processing time (Andersen et al, 2002, Arcoverde et al, 2017), and has shown 

similar success at Callide in replicating convergence/divergence results, at the 

current time there is no reason to recommend it over the more consistently 

faithful, more user-friendly and less specialist-dependent Genus Abundance and 

Functional Group Abundance analyses for general mine-site rehabilitation and 

restoration assessment. However, there is an exception to this recommendation 

ʹ due to their shared functional trait, the group as a whole are particularly 

sensitive to disturbance (Ness et al, 2004, Gibb et al, 2018). Previous work with 

Large-Bodied species has shown them to be sensitive to changes in SO2 where 

functional group composition was not, and so Large-Bodied Species Abundance 

analysis may have a role as a specialist simplified analysis for such cases, pending 

further investigation (Andersen et al, 2002).  

 

1.3 ʹ Species Presence/Absence 

Species Presence/Absence analysis showed the most potential of the four 

simplified analyses as a general simplified assessment measure, consistently 

ranked as the most similar analysis in Procrustes analysis, and was the only one 

of the four to maintain a high degree of fidelity to the original Species 

Abundance analysis in ARC-Dissimilarity convergence/divergence assessment, or 

to attain a high degree of fidelity at the more precise level of estimating years to 

convergence. As such, it is the only analysis of the four that can be 

recommended from this study as a simplified analysis without any qualifying 

statements regarding its situational effectiveness, beyond the warning that its 

fidelity to the Species Abundance results is not perfect and its performance in 

qualitative interpretation of NMDS and estimating years to convergence was as 

inconsistent as the other four analyses. However, this study has highlighted that 

the effectiveness of simplified analyses can vary even between seemingly similar 

sites, and so further research should be done to verify this apparent success.  

 

Species Presence/Absence, like the other three analyses, has community 

compositions under which its performance improves. However, unlike the other 
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three, Species Presence/Absence analysis has a relatively simple relationship 

with Species Abundance analysis, as it is a component of Species Abundance. 

Namely, Species Presence/Absence analysis will replicate the results of Species 

Abundance analysis more accurately as the differences between site samples 

becomes increasingly defined by the presence or absence of species at a given 

site rather than their abundance. That is to say, the higher the species turnover 

throughout the restoration process at a site, the better Species 

Presence/Absence analysis will reflect Species Abundance analysis, as the 

Species Abundance becomes increasingly more like a Species Presence/Absence 

analysis. Such a scenario is more likely when there are a greater number of 

specialist species as opposed to generalist species. Both Callide and German 

Creek mines display Species Presence/Absence-friendly community composition, 

with less than 5% of species present in more than half the samples collected at 

both sites, and over 60% of species occur in under 10% of samples. Species 

Presence/Absence analysis will likely also more closely reflect Species Abundance 

analysis at sites where the variation in species abundances is lower, such that the 

ƌĞůĂƚŝǀĞ ͞ ǁĞŝŐŚƚ͟ ŽĨ ĞĂĐŚ ƐƉĞĐŝĞƐ ŝŶ ƚŚĞ ĂďƵŶĚĂŶĐĞ ĂŶĂůǇƐŝƐ ŝƐ ŵŽƌĞ ĞǀĞŶ͘ TŚĞ 

transformation of data to down-weight highly abundant species such as through 

square-root transformation, as in this study, has the same effect, and, converting 

abundance data to presence/absence data effectively can be thought of as an 

extreme down-weighting transformation for abundance data, equalising the 

abundances of all species so only presence/absence of species affects the 

analysis (Clarke & Warwick, 2001). 

 

Species Presence/Absence analysis is frequently combined with other simplified 

analyses in the literature on ants, rather than tested by itself (Pik, Oliver & 

Beattie, 1999, Andersen et al, 2002). However, the use of presence/absence data 

versus abundance data has been extensively studied in regard to monitoring of 

freshwater pollution with benthic macroinvertebrates, and found to successfully 

distinguish between polluted and clean sites and produce multivariate patterns 

closely resemble those produced by species abundance data (Wright et al, 1995, 

Thorne, Williams & Cao 1999, Marshall, Steward & Harch, 2006). However, it has 
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been noted that abundance data provides an extra level of discrimination within 

ƚŚĞ ͞ƉŽůůƵƚĞĚ͟ ĐĂƚĞŐŽƌǇ ďĞƚǁĞĞŶ ƐŝƚĞƐ ŽĨ ĚŝĨĨĞƌŝŶŐ ǁĂƚĞƌ ƋƵĂůŝƚǇ͕ ŽǁŝŶŐ ƚŽ ƚŚĞ 

fact that while the same species were present at both site types, there was 

variance in the dominance hierarchy of those species (Thorne, Williams & Cao, 

1999). There are likely to be similar scenarios in the rehabilitation of mine-sites, 

where reference and rehabilitated sites are often clearly separated, but patterns 

within these clusters are also of interest, such as this study. Indeed, the 

importance of species abundances is demonstrated by the NMDS ordinations of 

species abundance and species presence/absence data at German Creek (fig. 3 

(Chapter 2 Results), fig. 16), which show completely different arrangements of 

rehabilitated sites due to the patterns for species abundance being defined by 

changes in abundance of two hyperabundant Iridomyrmex species. The capacity 

of Species Presence/Absence analysis to be combined with other simplified 

analyses offers an intriguing avenue for further simplification of ant community 

analysis beyond what was explored in this study, and in turn further reduction in 

time and effort needed per sample. When combined with Large-Bodied Species 

Abundance analysis and Genus Abundance analysis, as well as family-level 

analysis, it has been found that little information is lost, although 10% more 

information was lost when combined with family analysis (Pik, Oliver & Beattie, 

1999, Andersen et al, 2002, Marshall, Steward & Harch, 2006). However, when 

combined with Functional Group analysis, the use of log and presence/absence 

transformations of the data resulted in substantial deviation from the species 

abundance results (Pik, Oliver & Beattie, 1999). This suggests that, within a 

degree of separation from species abundance data, simplified analyses may be 

combined for greater simplification in assessment. 

 

So, under what management contexts is Species Presence/Absence analysis 

appropriate? Species Presence/Absence analysis, uniquely among the four, 

appears to be a consistently representative simplified analysis across a variety of 

contexts, although as with all simplified analyses, there is a loss of discriminatory 

power, and particularly at fine-scale analysis such as post-rehabilitation mine-site 

recovery trends, this may cause problems. However, the results of this study 
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suggest Species Presence/Absence can maintain a high level of fidelity to species 

abundance results even at this level. As such it appears suited to use in mine-site 

rehabilitation projects in place of species abundance analysis, although it should 

be noted that it is not a perfect replacement, as shown by this study and 

elsewhere. Unfortunately the use of species presence data still necessitates 

expert identification of the species, but is quicker than species abundance 

sampling, allowing for more intensive or longer-term sampling, which would 

hopefully encourage longer studies to capture the full extent of recovery 

dynamics and allow for quantified assessment of recovery success, rectifying a 

major issue in mine-site rehabilitation studies to date, as discussed in chapters 2 

and 3. The potential combination of simplified analyses for further streamlining 

and cost-reduction of assessments offers another avenue of research to build 

upon the results and themes of this study and yield further improvements in the 

simplification of mine-site assessment.  

 

1.4 ʹ The reliability of simplified analyses 

While this study suggests that simplified analyses have potential under the right 

conditions, it is worth noting that across the literature, other studies have 

generally found the four simplified analyses trialled here to be even more 

successful, as indicated in the discussion of each of the four analyses above. 

Those results are not under dispute, but it should be pointed out that, in general, 

the level of fidelity sought in other studies tends to be lower than that sought in 

this study. Most studies of simplified analyses are built around the comparison of 

two ͞ƚǇƉĞƐ͟ ŽĨ ƐŝƚĞƐ ʹ disturbed and undisturbed ʹ  and the ability of simplified 

analyses to distinguish between them, or evaluate whether simplified analyses 

are able to track changes in community composition along environmental 

gradients. In contrast, the focus of this study was on the arrangement of samples 

within those separated clusters, and as such the criteria for success were 

naturally more demanding, and even at high levels of correlation in Procrustes 

analysis, the consistency of rehabilitated-site-specific patterns was quite 

variable. Unfortunately these small-scale patterns are not easily tested using 

conventional means of assessment such as Procrustes analysis, the Mantel test 
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or ANOSIM, particularly when the change over time is taken into account, and 

there is insufficient data for individual sites to do so in this study in any case. As 

such, the results of this study cannot be quantitatively compared to results from 

other studies of simplified analyses, so an explicitly quantitative assessment of 

how these results fit in with the rest of the literature is not possible. 

 

The implications of this are twofold. First, it means that, for studies such as this, 

which follow the recovery of rehabilitated mine-sites through time, or indeed 

any study which tracks changes in community composition over time, the 

literature paints an overly rosy picture of the utility of simplified analyses, as 

attested to by the results of this study. This is not to say that simplified analyses 

are unsuited to long-term studies, only that a higher threshold of fidelity to 

species abundance results is required for them to be useful. The second 

implication is that, for most disturbance studies, the results of this study are 

likely to be over-exacting, or not quite assessing the right elements of simplified 

analyses for most practitioners. However, I also hope that these results have 

shown that more and longer multi-year studies can be done at lower cost 

through the use of simplified analyses, particularly Species Presence/Absence 

analysis, and invite further study of simplified analyses at this level of precision.  
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1.5 ʹ Summary Cost-benefit Analysis 

Analysis 

method 

Costliness 

rank 

Accuracy at 

distinguishing 

reference and 

rehabilitated 

sites 

Accuracy at 

identifying 

trends over 

time 

(direction) 

Accuracy of 

identifying 

trends over 

time 

(rate & shape) 

Accuracy 

rank 

Species 

Abundance 

5 Very high Very high Very high 1 

Genus 

Abundance 

1 Medium Medium Low 3 

Functional 

Groups 

2 Medium Medium Low 3 

Large-bodied 

Abundance 

3 Medium Medium-

Low 

Low 4 

Species 

Presence/ 

Absence 

4 High High Medium 2 

Table 22: A broad summary cost-benefit analysis of the different simplified analyses 

assessed in this thesis for general utility. Costliness rank is an amalgamation of time and 

expertise required, and is qualitative assessment based on published commentary 

(Andersen, 1990, Lattke, 2000, Andersen et al, 2002, Arcoverde et al, 2017). Accuracy 

measures are judged based on combined performance at Callide & German Creek mines. 

Accuracy rank is a combination of the three accuracy measures. Accuracy measures use 

Species Abundance analysis results as a baseline, with assumption Species Abundance 

ĂŶĂůǇƐŝƐ ŝƐ ͞ĐŽƌƌĞĐƚ͘͟ Which analysis should actually be used will depend on the cost 

restrictions and accuracy priorities of the practitioner and on the site ecology. 
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2 ʹ Conclusions 

The use of simplified analyses, and which to use, is a topic that continues to 

attract a lot of interest and be heavily debated. These results contribute to that 

mixed picture, indicating that the successful use of simplified analysis depends 

on factors including, but not limited to, the ecology of the study site, the 

strength of discrimination sought, and the management context in which they 

are applied. Thus, while the rewards may be rich when used successfully in terms 

of time and funding saved, using them without careful consideration can be very 

risky. Of the four simplified analyses tested in this study, only Species 

Presence/Absence analysis emerges as a strong candidate for a consistently 

reliable, readily usable simplified analysis. The conclusions and conjectures of 

this study are also somewhat constrained by the limited sample size. 

Nonetheless, the take-home message of this work is that all four of these 

simplified analyses can, under the right conditions, be a very successful 

alternative to a full species-abundance analysis, and all offer substantial 

reductions in time, effort and cost required for mine-site assessment, making 

these conditions well worth further study. This study has also been a trial of the 

statistical techniques through which we can explore these questions, and 

although they remain subject to a variety of practical constraints, ARC-

Dissimilarity remains a conceptually strong approach to tracking disturbed or 

rehabilitated-site community change under the convergence model, which 

shows good complementarity with standard multivariate ordination techniques 

and a potentially powerful and intriguing synergy with the use of simplified 

analyses, showing greater consistency in congruence to species abundance 

results than NMDS results for the same analysis. Success in these endeavours 

could open up the field to more in-depth study and assessment of mine-site 

rehabilitation, and in doing so improve our understanding and application of 

rehabilitation and restoration to mine sites and other degraded ecosystems. As 

such, this study should be seen as a jumping-off point for further study of the use 

of simplified analyses for time-series analysis and site-specific trends, and of the 

underlying mechanisms in ant community composition and statistical methods 

that determine when and where simplified analyses can really shine.  
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Funding for ecological fieldwork is under pressure, and it is essential for surveys 

to maximise the information extracted for each unit of input, in terms of time, 

expertise and ultimately, money. This funding pressure coincides with a period of 

unprecedented pressure on ecosystems and biodiversity as a result of human 

activity, to the point that the currenƚ ƚŝŵĞ ŚĂƐ ďĞĞŶ ĚĞĐůĂƌĞĚ ͞ TŚĞ 

AŶƚŚƌŽƉŽĐĞŶĞ͟ ĚƵĞ ƚŽ ƚŚĞ ĞǆƚĞŶƚ ŽĨ ŚƵŵĂŶ ŝŶĨůƵĞŶĐĞ ŽŶ ƚŚĞ ŐůŽďĞ͛Ɛ ĞĐŽƐǇƐƚĞŵƐ 

(Crutzen & Stoermer, 2000), and the current rate of biodiversity loss has been 

found to be comparable to those of the Big Five mass extinction events 

(Barnosky et al, 2011). The need for robust biological monitoring to ascertain the 

extent of the damage and inform conservation and restoration interventions, 

both at the broad, global scale of threats like climate change and acute 

disturbances such as mining, is greater than ever, and yet we are suffering not 

only through a shortage of funding but a shortage of data ʹ 10% of species 

ĂƐƐĞƐƐĞĚ ďǇ ƚŚĞ IUCN ĂƌĞ ĐůĂƐƐĞĚ ĂƐ DĂƚĂ DĞĨŝĐŝĞŶƚ͕ ǁŚĞŶ ƚŚĞƌĞ ŝƐ ͞ŝŶĂĚĞƋƵĂƚĞ 

information to make a direct, or indirect, assessment of its risk of extinction 

ďĂƐĞĚ ŽŶ ŝƚƐ ĚŝƐƚƌŝďƵƚŝŽŶ ĂŶĚ ͬ Žƌ ƉŽƉƵůĂƚŝŽŶ ƐƚĂƚƵƐ͟ ;IUCN͕ ϮϬϬϭ͕ KŝŶĚƐǀĂƚĞƌ et al, 

2018). As such, we must not only find ways to maintain our current level of 

monitoring, but expand it significantly, in spite of funding shortfalls, if we hope 

to meet the ecological challenges of the 21st century. There is hope ʹ  there is 

increasing public and governmental support and pressure for sustainable, eco-

friendly development ʹ  but without accurate monitoring data, it is difficult, if not 

impossible, to gain support for and acceptance of regulations, set reasonable 

targets, or to evaluate and enforce them (Majer & Nichols, 1998, Hamburg et al, 

2004, Kindsvater et al, 2018). But it is not generally feasible to census an entire 

ecosystem, especially repeatedly to monitor the effects of environmental 

disturbance and other threats. Bioindicators then are fundamental to making 

environmental monitoring feasible, allowing us to extract the information we 

require from a small, relatively easily surveyed component of complex systems. 

But as we have seen, even when we have access to representative, relatively 

easily sampled taxa to use as bioindicators, this is often still insufficient to 

achieve fully comprehensive, long-term monitoring, which remains rare, even for 
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relatively small-scale disturbances, let alone for challenges on the global scale 

(Andersen & Majer, 2004). This not only constrains the vital task of monitoring 

itself, but also hampers our ability to study the ecology of disturbance and 

recovery, and of biomonitoring, preventing us from making the advances we 

need to address our deficits in monitoring, conservation and rehabilitation of 

degraded ecosystems. So, to address this, we must follow the conceptual basis of 

bioindicators to its logical conclusion and find means to further streamline the 

process of ecological monitoring, making it quicker, making it cheaper, making it 

easier to monitor our chosen indicators. One of the keys to this challenge is 

finding viable simplified analyses, finding the minimum amount of information 

we need on a given system in order to accurately monitor the environmental 

variables we are interested in, be it pollution levels, rates of biodiversity change 

or ecosystem function provision. This minimum will vary depending on the focal 

variables, ecosystems and indicators, as well as monitoring objectives, and so, 

while at some levels we may expect to find generally reliable simplified analyses, 

and such analyses should be highly prized, the search for simplified analyses 

should be largely considered a context-driven enterprise. With an 

acknowledgement and understanding of how the correlation of proposed 

simplified analyses such as higher taxonomic resolutions or ecologically-defined 

groupings with species abundance varies under different conditions (Andersen, 

1995b), we can adopt a more nuanced approach to the identification and 

deployment of simplified analyses. We can then move past circular debates over 

the effectiveness of particular approaches (Souza et al, 2018) and instead 

focusing our efforts on establishing why such approaches work well when they 

do, allowing us to optimise our monitoring efficiency under a given set of 

circumstances with conditionally-effective analyses rather than being forced to 

rely on globally consistently reliable but contextually suboptimal analytical 

approaches. We must do all we can to maximise the efficiency of ecological 

monitoring, as under the current paradigm we lack the resources to adequately 

achieve our goals. But with the use of simplified analyses, we have the potential 

to greatly improve the efficiency with which we can leverage those resources, 
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and in doing so dramatically amplify our capacity to monitor and maintain the 

global environment.  
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Appendix 1 ʹ  Functional Group Relative Abundance Profiles 

Section 1 ʹ Callide Sites 

 

Figure 21: Functional Group relative abundance profile for Callide Reference Site 6. 

Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 
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Figure 22: Functional Group relative abundance profile for Callide Reference Site 8. 

Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 

 

 

Figure 23: Functional Group relative abundance profile for Callide Reference Site 9. 

Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 
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Figure 24: Functional Group relative abundance profile for Callide Rehabilitated Site 

BH99. Profile shows relative abundances of each functional group in each community 

sample from the site. 

 

 

Figure 25: Functional Group relative abundance profile for Callide Rehabilitated Site 

BSH94. Profile shows relative abundances of each functional group in each community 

sample from the site. 
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Figure 26: Functional Group relative abundance profile for Callide Rehabilitated Site 

DCB94. Profile shows relative abundances of each functional group in each community 

sample from the site.  

 

 

Figure 27: Functional Group relative abundance profile for Callide Rehabilitated Site 

DCB98. Profile shows relative abundances of each functional group in each community 

sample from the site.  
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Figure 28: Functional Group relative abundance profile for Callide Rehabilitated Site 

DSC81. Profile shows relative abundances of each functional group in each community 

sample from the site.  

 

 

Figure 29: Functional Group relative abundance profile for Callide Rehabilitated Site 

TGB98. Profile shows relative abundances of each functional group in each community 

sample from the site. 
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Figure 30: Functional Group relative abundance profile for Callide Rehabilitated Site 

TGC92. Profile shows relative abundances of each functional group in each community 

sample from the site.  

 

 

Figure 31: Functional Group relative abundance profile for Callide Rehabilitated Site 

TH91. Profile shows relative abundances of each functional group in each community 

sample from the site. 
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Section 2 ʹ German Creek Sites 

 

Figure 32: Functional Group relative abundance profile for German Creek Reference Site 

1. Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 

 

 

Figure 33: Functional Group relative abundance profile for German Creek Reference Site 

3. Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 
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Figure 34: Functional Group relative abundance profile for German Creek Reference Site 

7. Profile shows relative abundances of each functional group in each community sample 

from the site and in the Average Reference Community (ARC). 

 

 

Figure 35: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 8. Profile shows relative abundances of each functional group in each community 

sample from the site.  
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Figure 36: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 9. Profile shows relative abundances of each functional group in each community 

sample from the site.  

 

 

Figure 37: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 10. Profile shows relative abundances of each functional group in each community 

sample from the site.  
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Figure 38: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 11. Profile shows relative abundances of each functional group in each community 

sample from the site.  

 

 

Figure 39: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 12. Profile shows relative abundances of each functional group in each community 

sample from the site.  
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Figure 40: Functional Group relative abundance profile for German Creek Rehabilitated 

Site 13. Profile shows relative abundances of each functional group in each community 

sample from the site.  
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Appendix 2 ʹ  Reciprocal Transformation of Estimated Years 

to Convergence 

 

 

Figure 41: Estimated Years to Convergence (EYCA) of each rehabilitated site to each of 

the three reference sites at Callide Mine, based on Species Abundance data. Estimates 

have been ranked from most to least convergent, or least to most divergent. Positive 

values are convergent, negative values are divergent.  

 

 

Figure 42: Reciprocals of Estimated Years to Convergence (EYCA) of each rehabilitated 

site to each of the three reference sites at Callide Mine, based on Species Abundance 

data. Estimates have been ranked from most to least convergent, or least to most 

divergent. Positive values are convergent, negative values are divergent. 
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