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STRATEG IC I S SUES ART ICLE

Faunal standards for the restoration of terrestrial
ecosystems: a framework and its application to a
high-profile case study
Alan N. Andersen1,2 , Luke D. Einoder3,4, Alaric Fisher3, Brydie Hill3, Stefanie K. Oberprieler1

Assessments of ecosystem restoration have traditionally focused on soil and vegetation, often with little consideration of fauna.
It is critical to include fauna in such assessments, not just because of their intrinsic biodiversity value but also because of the
many ecological roles that animals play in restoration processes. However, a widely accepted framework for specifying faunal
standards for restoration is lacking. Here we present such a framework, incorporating: (1) the identification of appropriate ref-
erence conditions; (2) the taxa to be targeted for assessment; (3) the attributes of these taxa to be measured; (4) acceptable sim-
ilarity with reference conditions; and (5) robust sampling methodologies for reliable assessment. We illustrate this framework
using the restoration program at Ranger UraniumMine in the Australian seasonal tropics, which aims to establish an environ-
ment similar to the surrounding World Heritage-listed Kakadu National Park, corresponding to “full recovery” according to
Society for Ecosystem Restoration’s standards. Our case study has especially high restoration standards, but our framework
has wide applicability to the specification of faunal standards for ecosystem restoration.

Key words: faunal restoration, Kakadu National Park, mine-site restoration, Ranger Uranium Mine

Implications for Practice

• Our framework allows restoration standards to incorpo-
rate fauna, which are typically excluded from assess-
ments of restoration success.

• The inclusion of fauna will provide a more robust assess-
ment of restoration than would measurements of vegeta-
tion alone.

Introduction

Ecological restoration is a rapidly maturing field, as signaled by
the development of widely accepted codes of restoration prac-
tice in the past decade (Clewell & Aronson 2013; McDonald
et al. 2016a, 2016b). The Society for Ecosystem Restoration
(SER) has recently published a second edition of international
principles and standards for restoration practice (Gann
et al. 2019). These standards recognize different levels of eco-
system recovery, defining full recovery as “the state or condition
whereby, following restoration, all key ecosystem attributes
closely resemble those of the reference model” (Gann
et al. 2019). It identifies eight principles underpinning restora-
tion, including the need for clear goals along with measurable
indicators for assessing restoration success (Principle 5). Guide-
lines for developing standards and indicators are urgently
needed to assist in their adoption and uptake more broadly.

Measures of restoration of terrestrial ecosystems have histori-
cally focused on vegetation and soil development (Cristescu
et al. 2012; Gatica-Saavedra et al. 2017; Fernandes et al. 2018).

However, successful ecological restoration requires the re-
establishment of animal as well as plant communities (Cross
et al. 2019), and it cannot be assumed that revegetation will lead
to the establishment of appropriate faunal communities (Wolf
et al. 2018). The need to consider fauna in ecosystem restoration
is not just due to their intrinsic biodiversity values, but also
because animals play such fundamental roles inmany key ecolog-
ical processes required for restoration, such as soil formation and
development, nutrient cycling, pollination, and seed dispersal
(Majer 1989; Hughes et al. 2018). Invertebrates, especially ants
(Andersen & Majer 2004; Lawes et al. 2017), have a relatively
long history of use as bioindicators of ecosystem restoration,
and there is increasing consideration of fauna in restoration
research (Majer 2009). However, the restoration of vertebrate
assemblages has received little systematic attention (McCoy &
Mushinsky 2002; Cristescu et al. 2012; Cross et al. 2019). The
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focus on vegetation means that there are few precedents for devel-
oping specific faunal standards for ecosystem restoration, and the
development of such standards has been described as “the next
challenge in restoration ecology” (Cristescu et al. 2012).

Here we present a framework for developing faunal standards
for the restoration of terrestrial ecosystems where the restoration
of biodiversity values is a key goal. We note that our paper
addresses standards for assessing if restoration has been
achieved, and it is not about the dynamics of faunal recoloniza-
tion or the assessment of the likelihood of eventual restoration
using a trajectory approach. Our framework can be used to guide
management through ongoing monitoring, but the actual man-
agement of faunal restoration lies outside the scope of our paper.
We illustrate our framework using Ranger Uranium Mine
(Fig. 1A) in Australia’s Northern Territory as a case study.
Ranger commenced operation in 1980 and has been one of the
world’s largest uranium mines. Mining at Ranger ceased in
2012 and the 79-km2 Ranger Project Area is due to be rehabili-
tated by 2026 (Supervising Scientist 2018). The Ranger mine
has a particularly high public profile because it is surrounded
by World Heritage-listed Kakadu National Park, and

community expectations are that rehabilitation will be of the
highest standard. The overall goal of rehabilitation of the Ranger
Project Area is to establish an environment similar to that of
adjacent areas of Kakadu such that the restored area can be
incorporated into the Park (Supervising Scientist 2018). This
includes the establishment of habitats that support faunal com-
munities similar to those in Kakadu (Ecological
Australia 2017). Such a goal closely aligns with the “full recov-
ery” standard of SER (Gann et al. 2019). Many other restoration
projects will not have such an ambitious aim, but, with different
specifications, our framework is just as applicable to them.

Revegetation trials commenced at Ranger in the 1980s, and
these were rapidly colonized by a wide range of vertebrate taxa
(Corbett 1999). However, ant assessments indicated that succes-
sion had soon stalled due to the dominance of fast-growing spe-
cies of acacia that had been planted to achieve rapid revegetation
(Andersen 1993). Ranger’s current revegetation trials have
avoided such acacia dominance and have successfully estab-
lished canopy trees; however, the trials are at an early stage,
and ant communities are still highly dissimilar to those at refer-
ence sites (Oberprieler & Andersen 2020).

Faunal Standards

We identify five key criteria that require specification for the
effective development of faunal standards for ecosystem resto-
ration: (1) appropriate reference ecosystem; (2) faunal taxa to
be considered; (3) attributes of these taxa to be measured;
(4) acceptable level of similarity with reference conditions;
and (5) sampling methodology that is sufficiently robust to pro-
vide reliable comparative data.

Appropriate Reference Ecosystem

The first step in the development of restoration standards is the
identification of the target ecosystem that the restoration outcome
can be referenced against (McCoy & Mushinsky 2002). This
requirement seems self-evident but it is often inadequately speci-
fied (Prach et al. 2019). Most regions contain multiple ecosystems
and so the specific target needs to be clearly identified (Gann
et al. 2019). At Ranger, the goal of restoration is to establish an
ecosystem similar to that in adjacent Kakadu, where the dominant
habitat type is lowland savanna woodland (Finlayson & Von
Oertzen 1996; Fig. 1B); the federal regulatory body overseeing
rehabilitation of Ranger considers this as themost appropriate ref-
erence condition (Supervising Scientist 2018).

Faunal Taxa to Be Considered

Our framework takes a “biodiversity” approach to selecting tar-
get taxa for assessment, based on the occurrence and abundance
of species. We acknowledge that others have advocated a func-
tional approach (e.g. Cross et al. 2021), targeting taxa that are
deemed to have especially high ecological importance. We
agree that the monitoring of ecological functions during the pro-
cess of restoration can be very useful for informing restoration
management (as can studies of the ecophysiological functioning

Figure 1. Ranger Uranium Mine near Jabiru in Australia’s Northern
Territory (A), and the dominant savanna woodland in surrounding Kakadu
National Park (B). Photo credits: Mike Saynor, Australian Government’s
Supervising Scientist Branch (A) and Alan Andersen (B).
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of species [Tomlinson et al. 2021]). However, we do not believe
that a functional approach is appropriate for assessing if the res-
toration of biodiversity has been achieved. This is partly because
there is no rigorous evidence base for selecting taxa based on
functional importance, and such selection is prone to unsubstan-
tiated assertion and personal bias (everyone’s pet taxon is func-
tionally important!). More tellingly, the restoration of ecological
function, whichever way it might be measured, does not imply
the restoration of biodiversity. We believe that the best indicator
of appropriate ecological function from a biodiversity perspec-
tive is the biodiversity itself. However, as we describe later,
our framework includes functional diversity as one attribute
for characterizing biodiversity.

Species can only be meaningfully considered in assessments
of faunal restoration if they can be reliably surveyed. Some ani-
mal species are readily surveyed because they are common or
conspicuous, but many are more difficult to observe or to cap-
ture. The application of analytical approaches to survey data,
such as occupancy modeling, provides an opportunity to assess
the reliability with which species can be detected (Mackenzie
et al. 2005) and to optimize survey design and sampling effort
to target more cryptic or rare species (Guillera-Arroita &
Lahoz-Monfort 2012; Einoder et al. 2018).

Such modeling has been conducted to identify vertebrate spe-
cies that can be reliably included in faunal assessment at Ranger,
based on species records at 29 long-term biodiversity monitor-
ing sites located in lowland savanna woodland within a
100-km radius (Einoder et al. 2019). A total of 146 vertebrate
species had been recorded at these sites in the most recent
(2012–2019) round of sampling. Of these, only 50 were
assessed as being sufficiently detectable to be monitored with
high confidence using standard survey methods. These species

are deemed appropriate for inclusion in current assessments of
faunal restoration at Ranger and comprise 34 bird, 11 reptile,
and 5 mammal species (Table 1). As faunal restoration is
expected to take decades, the suite of species suitable for assess-
ment will likely need updating over time to account for changed
patterns of abundance, along with the potential introduction of
new and improved sampling methods. Additional vertebrate
species could be included if they were assessed as high priority,
but they would require a supplementary survey program. In par-
ticular, our species selections are based on a Western concept of
biodiversity, and there is increasing recognition that ecological
restoration should also consider broader social values and cul-
tural practices (Wehi & Lord 2017; Fernandez-Manjarres
et al. 2018; Urgenson et al. 2018; Robinson et al. 2021). This
is especially relevant to Ranger because the surrounding land
in Kakadu National Park is Aboriginal-owned and the Tradi-
tional Owners wish to ensure that “culturally important flora
and fauna are present” (Garde 2015).

For terrestrial invertebrates, it is not feasible to include all
taxa in faunal assessments due to their exceptionally high diver-
sity and taxonomic challenges. By necessity, surveys need to
focus on a subset of taxa that can be considered representative
of overall invertebrate diversity. Many invertebrate taxa have
been advocated for representing invertebrate diversity, but their
surrogacy qualities are typically just asserted rather than demon-
strated (Andersen 1999). An analysis of the capacity of different
taxa to represent the distributional patterns of terrestrial inverte-
brates more broadly has recently been conducted for Kakadu
(Oberprieler et al. 2020). The analysis was based on sampling
practicality, abundance and diversity, as well as capacity to pro-
vide complementary information on patterns of invertebrate
diversity. For complementarity, high value was assigned both

Table 1. Vertebrate species occurring in lowland savanna woodland surrounding Ranger UraniumMine that have sufficient detectability using standard survey
methods for incorporation into faunal standards for ecosystem restoration at Ranger.

Birds Bar-shouldered Dove
Black-faced Cuckoo-shrike
Black-tailed Treecreeper
Blue-faced Honeyeater
Blue-winged Kookaburra
Brown Honeyeater
Brush Cuckoo
Dusky Honeyeater
Grey Shrike-thrush
Grey-crowned Babbler
Leaden Flycatcher
Little Friarbird

Mistletoebird
Northern Fantail
Partridge Pigeon
Peaceful Dove
Pied Butcherbird
Rainbow Bee-eater
Rainbow Lorikeet
Red-backed Fairy-wren
Red-winged Parrot
Rufous Whistler
Silver-crowned Friarbird
Striated Pardalote

Sulphur-crested Cockatoo
Torresian Crow
Varied Triller
Weebill
White-bellied Cuckoo-shrike
White-gaped Honeyeater
White-throated Honeyeater
White-winged Triller
Willie Wagtail
Yellow Oriole

Reptiles Skinks:
Carlia amax
Ca. gracilis
Ca. munda
Cryptoblepharus metallicus
Cr. plagiocephalus
Ctenotus arnhemensis
Ct. essingtonii
Morethia storri

Geckos:
Gehyra australis
Heteronotia binoei

Dragons:
Diporiphora bilineata

Mammals Agile Wallaby
Antilopine Wallaroo

Black-footed Tree-rat
Dingo

Northern Brown Bandicoot
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to taxa that were broadly representative of total invertebrate
diversity as well as to those with unique distributions
(Oberprieler et al. 2020). Three target taxa were thus identified:
carabid and curculionid beetles, and ants. These target taxa were
selected specifically for the Kakadu region, but the method for
identifying them is widely applicable, including to the selection
of target taxa for assessing the restoration of invertebrate assem-
blages (Oberprieler et al. 2020).

Attributes of Taxa to Be Measured

There are many ways in which ecological communities can be
characterized (McCoy & Mushinsky 2002; Gann et al. 2019),
but we recommend the use of four metrics for assessing faunal
restoration: species richness, species composition, species abun-
dances, and functional diversity.

Species Richness. Species richness (the number of species at
a site) is a simple and very commonly used way of characteriz-
ing the diversity of biotic assemblages. However, it can be unin-
formative and indeed misleading as a descriptor of ecological
change, which often involves species replacement and therefore
not necessarily change in local species richness (Tabarelli
et al. 2010; Filgueiras et al. 2019). Moreover, if there is substan-
tial invasion by non-native species then increased species rich-
ness does not necessarily reflect a positive restoration
trajectory (McCoy &Mushinsky 2002). Given these limitations,
species richness should be used in conjunction with other
descriptors.

Species Composition. The composition of species occurring
at a site explicitly considers species identity and is therefore a
particularly informative metric for assessing changes in biotic
assemblages (McCoy & Mushinsky 2002; Andersen &
Majer 2004). Comparative species composition is readily ana-
lyzed through multivariate ordination (Fig. 2), such as Non-
metric Multi-Dimensional Scaling (NMDS) supported by
Analysis of Similarity (ANOSIM; Clarke 1993) for assessing

differences in species composition between restoration and ref-
erence sites.

Species Abundances. Species abundances can be incorpo-
rated into compositional analysis, rather than basing such ana-
lyses on presence/absence data. However, specific analyses of
abundance are required for species of particular interest because
of their high conservation or cultural value or functional impor-
tance. For readily sampled species occurring at high population
densities (such as for many invertebrates), abundance can be
measured as mean number of individuals sampled or, more con-
servatively, the frequency with which they are recorded in sub-
samples, within a site. However, for most vertebrates the most
robust measure of abundance in an area is site occupancy, the
proportion of sites at which they occur (Guillera-Arroita &
Lahoz-Monfort 2012; Einoder et al. 2018; Southwell
et al. 2019). A substantial number of sites are required for occu-
pancy analysis, which precludes it from small restoration areas.

Functional Diversity. The occurrence of species from a range
of functional groups provides an additional lens through which
to assess assemblage composition. Functional diversity is not
always strongly related to species diversity (Petchey &
Gaston 2002; Safi et al. 2011; Arnan et al. 2017), and the resto-
ration of functional diversity is often more predictable than that
of species diversity (Laughlin et al. 2017). The most common
functional approach to assessing the condition of faunal assem-
blages is to classify species into guilds based on foraging and
nesting behavior (O’Connell et al. 2000; Gray et al. 2007;
Edwards et al. 2009). At Ranger, vertebrate species have been
classified into 14 such guilds for assessing functional restoration
(Einoder et al. 2019).

A different functional approach is commonly used for
ants, where species can be classified globally according to
their responses to environmental stress and disturbance
(Andersen 1995; Andersen & Majer 2004; Dalle Laste
et al. 2019). This classification includes a range of highly
specialized groups that tend to be the most sensitive to

Figure 2. Schematic illustrating increasing ecological restoration as indicated by multivariate ordination of sites based on species composition. (A) Very limited
overlap between restoration (blue) and reference sites (black), indicating poor restoration. (B) Strong overlap between restoration and reference sites, indicating
partial restoration. (C) Restoration sites nested within reference sites, indicating full recovery.
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disturbance (Hoffmann & Andersen 2003; Leal et al. 2012;
Paolucci et al. 2016) and the last to recolonize restoration
sites (Andersen et al. 2003; van Hamburg et al. 2004; Lawes
et al. 2017).

Acceptable Level of Similarity

Setting standards for faunal rehabilitation requires a defini-
tion of how similarity should be measured and what level of
“similarity” restoration sites should be to reference sites.
Similarity can be assessed by comparing values of restoration
sites with benchmarks derived from reference sites and set-
ting a threshold value of acceptable similarity that is com-
mensurate with how high the restoration bar has been set.
For restoration areas that are large enough to encompass
many sampling sites (such as at Ranger), we recommend the
use of an acceptability matrix with two dimensions (Fig. 3).
One dimension represents similarity to the mean of the target
metric at reference sites, ranging from highly dissimilar
(<20% of the reference mean) to highly similar (≥80%). The
second dimension represents the proportion of restoration
sites that fall within each similarity class (Fig. 3). It needs
to be noted that a substantial proportion of sites in reference
areas will have values considerably lower than the mean.
Based on our matrix, full recovery as defined by overall high
similarity to the reference ecosystem (McDonald et al. 2016a;
Gann et al. 2019) requires at least 60% of restoration sites
achieving at least 80% of the target metric, or at least 80%
of restoration sites achieve at least 60% of the target metric,
along with remaining sites achieving at least 20% of the tar-
get. For example, if mean species richness at reference sites
for a particular faunal group is 50, then recovery is assessed
as full (scoring at least 15 points) if: (1) ≥80% of restoration
sites have a richness ≥40 (scoring 20 points); (2) ≥60% of res-
toration sites have a richness ≥40 (12 points) and the

Figure 3. Acceptability matrix for assessing restoration success, based on
percentages of sites achieving different levels of similarity with the mean of
reference sites. Points are summed across cells and full recovery (high
similarity to the reference ecosystem; McDonald et al. 2016a; Gann
et al. 2019) is achieved when points total at least 15. Adapted from Einoder
et al. (2019).

Figure 4. Increasing differences in ant species richness between reference and restoration sites with increasing sampling effort in revegetation trials at Ranger
UraniumMine in Australia’s Northern Territory. Data are mean (� SE) species richness per plot (n= 7 and 4 for reference and restoration, respectively) (redrawn
from Oberprieler & Andersen 2020).
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remaining sites have a richness ≥10 (3–5 points); or (3) ≥80%
of restoration sites have a richness ≥30 (14 points) and the
remaining sites have a richness ≥10 (1 point).

Robust Sampling Methodology

The low detectability of many animal species means that assess-
ments of faunal restoration need to be based on sampling meth-
odologies that are known to provide robust data. The potential
for inadequate sampling to provide misleading information is
illustrated by an analysis of sampling ant communities at
Ranger’s revegetation trials, where differences in ant species
richness and composition between restoration and reference
sites increased markedly with increased sampling intensity
(Fig. 4). This was because low sampling intensity effectively
sampled only the common species, which often tend to be
widely distributed, and did not capture the very many uncom-
mon species that occurred at reference but not restoration sites
(Oberprieler & Andersen 2020).

A range of standardized protocols for surveying vertebrate
fauna have been proposed, including in the context of restora-
tion assessment (e.g. Allen 1989). However, these typically lack
formal analysis of their efficiency and robustness in providing
reliable data. Our Ranger case study has benefited from an
extensive dataset derived from vertebrate surveys in the study
region, along with the use of modeling of occupancy and detect-
ability to optimize survey design, including resolving the logis-
tical trade-off between number of sites and sampling intensity
(Einoder et al. 2018; Southwell et al. 2019). Based on these ana-
lyses, Einoder et al. (2019) have provided survey guidelines
using a range of sampling methods (including camera trapping,
live trapping, and direct observations) for assessing vertebrate
restoration at Ranger. Pitfall trapping is a particularly robust
and cost-effective methodology for sampling ground-active
invertebrates (Southwood 1978; Andersen 1991; Bestelmeyer
et al. 2000; Skvarla et al. 2014) that is easy for non-specialists
to employ and can be readily conducted in association with ver-
tebrate surveys (Oberprieler et al. 2019).

Conclusion

We have provided a framework for specifying faunal standards
for ecosystem restoration where biodiversity is a key focus.
Our framework covers the identification of appropriate refer-
ence conditions, the taxa to be targeted for assessment, the attri-
butes of these taxa to be measured, acceptable similarity with
reference conditions, and robust sampling methodologies. We
have applied the framework to a case study that has especially
high standards of restoration (“full recovery”), but specific stan-
dards can be set to suit any level of restoration. Our framework
therefore has wide applicability to the specification of faunal
standards in ecosystem restoration. We hope that our framework
will help facilitate the inclusion of fauna in restoration assess-
ment and thereby allow for a more robust evaluation of restora-
tion outcomes than would measurements of vegetation alone.
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