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Abstract
Historical knowledge is fundamental for the conservation and management of priority
species and landscapes, yet such knowledge remains scant for many of these species and
landscapes. Historic biological specimens in the form of preserved animals or their parts,
constitute a high-value form of primary evidence on past environmental conditions and
biology. Beyond specimens in formal museum holdings, biological archives can be enriched
by accessing non-traditional supply chains. This thesis presents a new perspective on
Murray cod (Maccullochella peelii [Mitchell, 1838]) — a large, long lived and vulnerable
Australian freshwater fish.
Chapter 2
To demonstrate utility of taxidermy forms of the fish as a scientific record, the stewardship,
biological features, provenance records of informally-curated mounts, as well as their
stewards’ receptiveness to science, were assessed. The taxidermy mounts of this vulnerable
predator were accessed through a broad citizen survey. A total of 459 mounts were verified
within 189 discrete collections. Seventy-nine percent of the mounts were of the head form,
and 72 % were curated in hotels. This archive is comprehensive, with informally-curated
specimens spanning a 62 year harvest period (1952 to 2014), covering a distribution area
congruent with that of extant populations (~1,000,000 km2). Weight was the most recorded
provenance record and indicates the preserved mounts include large and, by inference, old
specimens of up to 56.7 kg.
Chapter 3
The taxidermy mounts’ form, morphometry, interpretive records were investigated. Mount
morphometry was evaluated for its utility to yield body form traits and was compared to
living individuals. The application of morphometry using eight morphological characters on
60 whole fish mounts, 172 head mounts and 51 living individuals identified three head
character lengths (HCL) (Inter-orbit, Inter-nare and Upper jaw) that were robust to the
taxidermy treatments and of use for describing total length (TL) and total weight (TW). The
HCL–TL and HCL–TW relationships were validated through comparisons between the
morphometric features of the three different forms and use of the taxidermy interpretative
records. The taxidermy forms had reduced HCL and the HCL maintained robust relationships
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to lifelike TL and TW. It is therefore important to be aware of the morphometric changes
that have occurred to the taxidermy preparations. As the head forms of taxidermy were
most common, verifying and enriching their TL and TW from HCL has the greatest potential
for their use as biological records. Collectively, the size range of the specimens, diverse
harvest provenance, and persistence of body length features of use to infer their lifelike
length and weight is a demonstration that taxidermy can be used as reliable biological
records.
Chapter 4
Records of 43 study taxidermy head mounts, including available harvest date, location and
presence/absence of otoliths, revealed that the mounts provide a new source of data on
this vulnerable apex predator. Non-invasive X-ray computed tomography (CT) scans
identified the presence and location of the sagittal otoliths in 34 mounts. Thirty-six pairs of
sagittal otoliths were successfully extracted. The morphology of all extracted otoliths was
analysed, and age was successfully estimated in 94% of the sectioned otoliths. The age
profile of the study mounts confirmed that the source of Murray cod contained a high
proportion of old specimens, with the oldest aged at 38 years. The findings from this
chapter suggest that otolith age or microchemistry may be combined with biological
information, harvest date, location or other features of taxidermy specimens to explore
historical patterns of fish size, growth and environmental conditions. Other taxidermy fish
mounts may also provide relatively easy to access biological archives of otoliths.
As a long-lived, large, apex predator, with a broad range of origins, these verified, and
widely accessible taxidermy collections can now be confidently added to our archives. Reaccessing these and similar informal collections could provide key historical evidence.
Recommendations are made about how similar reinterpretations of non-traditionally
curated specimens could offer a new source of historical records with traits of use to
explore past environmental and ecological conditions.
Keywords
Non-traditional records, informal biological specimens, taxidermy fish mounts,
morphometry, CT scanning, otolith archives, biological record, historical ecology,
environmental history.
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1 General introduction: taxidermy as records
1.1 The advantage of a historical perspective in ecology
A key challenge for the development of ecological management strategies is the attainment
of sufficient historical knowledge to inform baselines (Beller, McClenachan, Zavaleta, &
Larsen, 2020). Research into questions of what constitutes long-term ecological and
environmental change differs between disciplines (e.g. social, biological and archaeological
sciences), the scale ecological system being considered (e.g. local or continental), the period
under question (e.g. seasons or millennia), the target species or ecosystem and the data
sources accessed (e.g. Beller et al., 2017; Cumming, Cumming, & Redman, 2006; Redman,
Grove, & Kuby, 2004). Most ecological studies are only short-term and restricted spatially,
and, as such, have limited ability to provide insight into the dynamics of populations,
assemblages or indeed, ecosystems (Izzo, Doubleday, Grammer, Gilmore, et al., 2016; Lotze
& Worm, 2009; Sheppard, 1995). Short-term studies are typically strong on precision and
weak on generalisation. Such studies (e.g. less than two seasons) also rarely include
historical events that preceded, and the historical processes or drivers that have contributed
to, the directly observed states (White & Walker, 1997). Thus, our ability to understand the
origins and the trajectories of the state of the ecological unit of interest is limited. Historical
ecology and related disciplines, on the other hand, provide an antidote to the ‘short-term’
nature of most ecological studies.
Historical ecology, environmental history, archaeology and palaeoecology solve the
dilemma of ‘short-term’ assessments by extending the range of data sources back in time
(Morrison, Sillett, Funk, Ghalambor, & Rick, 2017). They also usually broaden the spatial
extent in a way that reveals patterns not otherwise seen, or assumed not to be relevant
(Beller et al., 2020; Lotze et al., 2006). Historical ecology, in particular, uses a range of both
archival (e.g. surveys) and biophysical (e.g. tree cores) sources of evidence to produce
historical baselines with which contemporary states can be compared (Beller et al., 2017;
Beller et al., 2020; Jackson & Hobbs, 2009; Millien et al., 2006; Rick & Lockwood, 2013). In
addition to informing past ecological baselines, the discipline of historical ecology has
contributed information on past ecosystem variability and dynamics (e.g. Campbell, Gray,
Hazen, & Shackeroff, 2009; McClanahan, Hicks, & Darling, 2008). In a review associated with
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the term historical ecology, Szabó (2015) concluded the following features: 1) all authors
agreed that historical ecology studies particular patterns, events and processes in the past
to understand the present; 2) almost all authors referred to human-nature interactions in
the past, and the influences and feedback mechanisms are active in both directions, and 3)
most authors acknowledged the importance of archival as well as natural scientific sources
of data, and the practical application of historical ecological knowledge in the conservation
and restoration of both natural and cultural heritage. Szabó (2015) also contended that
historical ecology would either stay nestled under a multidisciplinary umbrella or emerge as
a conventional (institutionalized) academic discipline with rigorous intellectual foundations.
While Szabó (2015) advocated for a combination of the two approaches; he concluded that
these two mains trends were at a crossroads. In a slightly later review and survey of
practitioners, Armstrong et al. (2017) concluded that historical ecology was trending
towards being a transdisciplinary research science, which erodes scientific boundaries
between the cultural and natural.
The discipline of historical ecology uses patterns in historical data (e.g. range) to inform the
assumptions around applying the historical ecological knowledge to potential future states
(Romme, Wiens, & Safford, 2012). Because the production and preservation of data of
relevance to the past is limited by source availability and somewhat incidental (although
naturally not completely random), historical ecological research is essentially inductive
(Szabó, 2015). Given evidence from the past could be both formally and informally archival
and naturally occurring, its persistence and accessibility is potentially biased (Boakes et al.,
2010). The discipline commonly extends baseline knowledge to provide new perspectives on
what future states might look like with the appropriate management approach
(McClenachan, Cooper, McKenzie, & Drew, 2015). However, the more datasets extend back
into the past, the patchier the data becomes (Romme et al., 2012). Correspondingly, the
more uncertain we are of the exact state and the greater the potential for high variability,
the more we must generalise (Romme et al., 2012). It is probably this aversion to working
with uncertainty and generalisations that make many contemporary ecologists wary of
including historical data and aspects in their work (Romme et al., 2012).
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1.1.1 The value of a historical perspective for policy and management
Knowledge of past environmental and ecological condition can help to establish more
realistic baselines, put current states into longer-term context and add legitimacy to policy
and management objectives (Beller et al., 2020; McClenachan et al., 2015; McClenachan,
Ferretti, & Baum, 2012). Historical research can also be used to improve our understanding
of the human influences on ecosystems and through those insights, mitigate future impacts
(Millien et al., 2006; Schwerdtner Máñez et al., 2014). Human and non-human factors will
influence the biotic response of a species to its environment, both proximally, through
behaviour or epigenetics, or ultimately, through evolution (Hughes, 2000).
While some historical ecology case studies have been shown to fundamentally alter
management priorities and strategies (McClenachan et al., 2015), these studies are still
relatively rare in the literature. In a recent review of the links between historical ecology
and ecosystem management, Beller et al. (2020) only found 50 publications from 1994 to
2017 within the Web of Science database, which included empirical data that explicitly
challenged the status quo of contemporary management. While the generation of new
knowledge and integration of the causes and dynamics of past ecosystem states into current
management presents challenges, the alternative, of not using and losing information on
past populations and environmental changes, represents a greater risk (McClenachan et al.,
2012). In human-dominated aquatic ecosystems, the historical perspective that considers
the anthropogenic influences on both the evidence and ecosystem it represents, will
improve the interpretations of the past state and subsequent setting of management
objectives (Kopf, Finlayson, Humphries, Sims, & Hladyz, 2015).
1.1.2 Fisheries: an example where a historical perspective is useful
Fishery stock assessment is an example of research that typically suffers from limited
temporal extent and reassessment (e.g. Fisher & Hunter, 2018). Yet the efficacy of such
research inherently depends on the availability of data from many years and generations of
fish to determine patterns in population sizes properly, and data from even longer periods
to identify the relevant environmental drivers (Coleman et al., 2000; Lotze, Coll, Magera,
Ward-Paige, & Airoldi, 2011). The potential productivity of the North Atlantic cod fishery, for
example, was revised by two orders of magnitude through the use of historical fishing logs
(see Rosenberg et al., 2005). Similarly, several historic baselines of species’ distributions
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have shown that twentieth-century marine conservation efforts have only achieved partial
recovery of former ecosystem structure and functions (Lotze et al., 2006). Further, the
biases away from small, large and deep-water fish associated with standard assessment
techniques like electrofishing (e.g. Lyon et al., 2014), and the fact that many freshwater
fishes are highly mobile (e.g. Lucas, Baras, Thom, Duncan, & Slavik, 2001), means that
adjustments to short-term assessments are common. The utility of longer-term historical
perspectives in freshwater fishery assessments is equally important; however, it has
received relatively little attention (Humphries & Winemiller, 2009).

1.2 Biological collections as a historical data source
Biological records of animals and plants, such as those collected for museums and herbaria,
are one of the most valuable, available and utilised historical data sources, which can help
to identify cyclic and non-cyclic patterns in the natural world (Dayton, Tegner, Edwards, &
Riser, 1998; Sparks & Carey, 1995). Specimens can be formally curated in public institutions
(e.g. museums) or outside public institutions (e.g. in naturalists’ personal collections), but
the associated data (e.g. date, location) and value-added interpretations (e.g. scientific
assessment) with the former are typically more retrievable than those with the latter
(Casas-Marce et al., 2012; Hebert et al., 2013; Nielsen, Hansen, & Loeschcke, 1999b;
Worthington, Van Houdt, Hull, & Kemp, 2016). Such collections have been used in
taphonomic, morphometric, molecular and microchemistry studies (Beck, 2018; McLean et
al., 2016; Pyke & Ehrlich, 2010) to make contributions to science and society in areas as
divergent as public health and safety (e.g. bacteria, Hoffmaster, Fitzgerald, Ribot, Mayer, &
Popovic, 2002), monitoring of environmental change (e.g. chlorinated hydrocarbons,
Ratcliffe, 1967), and traditional taxonomy and systematics (Suarez & Tsutsui, 2004).
1.2.1 Animal specimens are high-value evidence sources
Collections of animal specimens are typically high-value evidence sources because they tend
to be accessibly registered and come with provenance records (Hebert et al., 2013), are
maintained in good condition, persist over long time periods, and can be actively used by
researchers (Pyke & Ehrlich, 2010; Schnalke, 2011). The features of the form, tissues and
other parts of animal specimens are conducive to multiple analytical applications (e.g.
taphonomy, morphometry, molecular and microchemistry) and can provide historical data
on an individual animal's life (e.g. occurrence, size, condition and age), on a species (e.g.
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genetics), or on the relationship between an animal and its environment (e.g. diet) over the
life of that animal (Beck, 2018; Izzo, Doubleday, Grammer, Gilmore, et al., 2016; McLean et
al., 2016; Pyke & Ehrlich, 2010). For example, by combining species’ occurrence and absence
records across multiple regions and times, with genetic information, the predictive capacity
of models can be improved to overcome geographical biases in available data (Elith &
Leathwick, 2007; Nielsen, Hansen, & Loeschcke, 1999a). However, using biological
collections to create historical ecological knowledge and construct baselines, is limited by
the availability of data sources (Izzo, Doubleday, Grammer, Gilmore, et al., 2016), access and
the capacity required to interpret them as a data source (Lotze & Worm, 2009).
1.2.2 Biological collections have gaps and biases
Despite their potential utility, the type, amount, and quality of available evidence in
biological collections limit our ability to describe historical ecological and environmental
patterns with confidence (Morrison et al., 2017). The effort to maintain and especially add
to the biological collections, as well as the changing curatorial objectives in response to
public feedback and funding, result in physical collections commonly having taxonomic,
temporal and spatial gaps (e.g. Izzo, Doubleday, Grammer, Gilmore, et al., 2016; Pyke &
Ehrlich, 2010; Suarez & Tsutsui, 2004; Vernon, 1993). In addition, the older the collections
and data sources are, the more likely that there will be a cultural influence on their
persistence and nature (Haidvogl et al., 2014). Gaps in evidence, and assumed historical
baselines, can lead to inherently biased and duration-limited management objectives that
rely on personal experience (Al-Abdulrazzak, Naidoo, Palomares, & Pauly, 2012;
McClenachan et al., 2012; Pauly, 1995; Post et al., 2002; Schwerdtner Máñez et al., 2014).
Further, the setting of management objectives (and knowledge gain in general) can be
inhibited by gaps in sources of evidence, human-related biases in available and accessible
evidence, and assumptions around how presence or absence of data is used to draw
conclusions (Beller et al., 2020; Pyke & Ehrlich, 2010). While the presence of historical
evidence needs to be accommodated and assessed for its veracity (McClenachan et al.,
2015), factors like the small size of a fish have been shown to result in their
underrepresentation in the historical record, and thus associated with incorrect
assumptions of absence or low abundance (Haidvogl et al., 2014). The availability of
historical evidence may also reflect the human biases in the supply chain (Casas-Marce et
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al., 2012), or what is accessible through transparent registrations (Sanders, 2017). These
outcomes, when combined with an assumption that the form of evidence was
representative (i.e. unbiased), can subsequently lead to misinterpretations (McClenachan et
al., 2015). Cultural influences on the availability, accessibility and persistence of biological
collections, and particularly animal collections, introduce biases like motives for selection
that also create gaps in the available evidence (Boakes et al., 2010). Irrespective of these
gaps and biases in animal collections, they are a high-value physical data source and the
case for taxidermy as a unique form of animal collection is made below (See 1.2.7).
1.2.3 Biological collections are a limited resource
Many have advocated for more effort to go into creating, maintaining and utilising biological
collections as sources of evidence of the past (e.g. Izzo, Doubleday, Grammer, Gilmore, et
al., 2016; McLean et al., 2016; Sanders, 2017). The utility of existing biological collections is
limited not only by the challenges associated with realising the potential of existing
collections, but also the uncertainty and resources involved in validating new forms and
uses of biological specimens (Casas-Marce et al., 2012), restrictive protocols for accessing
sub-samples of biological tissue (Casas-Marce, Revilla, & Godoy, 2010), and the fact that
biological tissues can only support a limited number of analytical assays (Hebert et al., 2013;
McLean et al., 2016). Although making the best use of known biological collections will
continue to be important for knowledge generation (McLean et al., 2016), and optimising
destructive sub-sampling of biological specimens will prolong the existence of archival
collections (Benson, Harding, & Mackenzie-Dodds, 2016), the potential supplementation of
formal collections with non-traditional sources (e.g. private) could provide a new source of
accessible biological material (Casas-Marce et al., 2012; Whitty et al., 2014). Despite the
known (and unknown) gaps in provenance and species richness and access issues with
formal biological collections, the exploration and re-interpretation of non-traditional forms
of biological evidence are still uncommon (Casas-Marce et al., 2012).
Making sense of historical ecology evidence
One of the main challenges with acquiring, appreciating and applying lessons learnt from
the analysis and interpretation of historical ecological data, is that it was formed in dynamic
and variable systems with multiple and concurrent abiotic and biotic drivers (Izzo,
Doubleday, Grammer, Gilmore, et al., 2016). McClenachan et al. (2015) undertook a review
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focusing on historical ecology, and identified four key practices that will help increase the
kinds of data that can be used: 1) identifying a full range of sources relevant to the research
question; 2) addressing biases in the historical record, 3) designing analyses to deal with
data gaps; and 4) using multiple lines of evidence while understanding the limitations of
each. Even though the McClenachan et al. (2015) review focused on marine ecology, these
practices are considered relevant to most data validation endeavours within the discipline
of historical ecology, including those associated with animal specimens. In the following, I
will summarise the ecological knowledge of the fish stocks within the Murray–Darling Basin
(MDB) — the habitat of the case study historical data source. I will also briefly describe the
biology of the case study historical data source — Murray cod (Maccullochella peelii
[Mitchell, 1838]) — and outline the potential advantages of using taxidermy forms as a
historical data source. The Murray cod was chosen as a historical record for providing
information on both past environmental and ecological conditions, its biology, and because
of its role in Australian culture (Rowland, 1989). Finally, I will respond to the McClenachan
et al. (2015) best practices within the context of exploring the utility of taxidermy Murray
cod as a historical data source.
1.2.4 Overview of the ecology of the fish stocks within the Murray–Darling Basin
It is widely acknowledged that the MDB and its fish fauna, have been greatly transformed
over the past ~150 years, since European settlement (Dakin & Kesteven, 1938; Lintermans et
al., 2005; Rowland, 1989). But despite the acceleration of the impact of people on the

Australian environment, largely associated with industrialisation and urbanisation, it was
not until the late 1940s that formal ecological knowledge was documented for the MDB by
J.O. Langtry (Cadwallader, 1977, 1978). Langtry and others (e.g. Whitley, 1937) described
the MDB as a system impacted by the introduction of alien species, commercial and
recreational fishing, river regulation and barriers to fish movement. In the mid-1990s, the
biggest scientific survey of New South Wales freshwater fishes up until that time — the NSW
Rivers Survey — identified that Murray cod were uncommon in many areas, and were rare
in two of the core parts of the distribution of the species, the Murray and Murrumbidgee
rivers (Harris & Gehrke, 1997). In terms of abundance and diversity, native fish populations
across the MDB were estimated by experts in 2001 to be about 10% of their pre-European
settlement levels (MDBC, 2003).
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Eight major threats to the freshwater fishes and ecology of the MDB have been recognised:
flow regulation, habitat alteration, reduced water quality, in-stream barriers, introduced
species, disease, exploitation, and translocation and stocking (MDBC, 2003). These threats
to native fish in the MDB have been the subject of many studies (e.g. Barrett et al., 2013;
Barwick et al., 2014; Humphries, Serafini, & King, 2002; Koehn, Balcombe, & Zampatti,
2019). To improve our baseline assessments on the composition and abundance of past fish
stocks, and use this knowledge to re-interpret our current state and potential management
options, we need to source historical data of sufficient quality to use in rigorous
assessments (Pauly, 1995).
There have been a number of investigations into the post-European-settlement impacts on
historical fish ecology in the MDB (e.g. Rowland, 2004; Rowland, 1989). Other examples of
historical sources of evidence that have been used to provide insights into the ecology of
the MDB fishery include: archival otoliths (ear bones) from middens (Disspain, Wilson, &
Gillanders, 2012), diaries of the first explorers (Scott, 2005), ledgers of commercial take
(Lintermans et al., 2005), settlers’ journals and anthropological accounts (Humphries, 2007),
newspapers and Royal Commissions (Humphries & Winemiller, 2009), and oral histories of
fishers and records of fishery managers (Trueman, 2012). These evidence sources have
provided data and anecdotes to fill knowledge gaps and question assumptions about the
timing of fish stock declines and the nature of the reductions themselves. Over time, the
evidence base about the effects of the exploitation of the fishery has grown, with both
commercial (Rowland, 1989) and recreational (Koehn & Todd, 2012) fishing becoming
important threats to the ecology. However, knowledge of the impacts of activities, like
commercial fishing in the MDB, has arisen from records that post-date when the impacts
were likely to have started (Humphries & Winemiller, 2009; Rowland, 1989). The focus of
the present study was to explore and validate a non-traditional biological historical source
of data — taxidermy Murray cod — to determine whether it has the potential to inform
investigators about how the threats to the MDB have influenced the freshwater fishes and
ecology of the MDB.
The biology and management of the case study species — Murray cod
The biology of the Murray cod was paramount in choosing to explore taxidermy forms as
historical records as it could provide information on both past environmental and ecological
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conditions and itself. The species is Australia's largest and one of the longest-lived
freshwater fish (Berra & Weatherley, 1972), which once supported an important
commercial fishery and continues to support an enormously popular recreational fishery
(Henry & Lyle, 2003). Its conservation and management are typically given priority in the
MDB, as it is distributed throughout most of the basin in south-eastern Australia (Humphries
& Walker, 2013) and is regarded as a 'flagship' species (Ebner et al., 2016). The Murray cod
is an ambush predator as an adult (Lintermans, 2007). As the largest carnivore (and an apex
predator) in the MDB, the Murray cod occupies a relatively high trophic position, and likely
plays an important role in the functioning of MDB rivers through top-down regulation of
prey resources (Ebner, 2006). Its populations are estimated to be well below historical levels
(Rowland, 2004), and consequently, the species has been listed under the Commonwealth
of Australia’s Environment Protection and Biodiversity Conservation Act of 1999 as
‘vulnerable’ (Lintermans et al., 2005), and included on the ICUN 'red list' since 1996 (Gilligan
et al., 2019). The Rowland (2004) assessment of historical cod populations included
qualitative opinions of experts and quantitively sources such as historical commercial catch
and contemporary survey records. The seeking out other lines of evidence that point to the
timing, location and magnitude of Murray cod populations will extend our knowledge on the
long-term ecological changes that have occurred in the fishery.
The management decisions regarding the Murray cod fishery have been predominantly
based on data collected two or more decades ago (see Cadwallader & Gooley, 1985; Lake,
1967b; Rowland, 1983; Ye, Jones, & Pierce, 2000). A number of the more recent
assessments and recommendations, such as system-by-system size take limits, geneticbased restocking and fishery closures, have yet to be integrated into the management
frameworks (Forbes, 2016; Forbes, Watts, Robinson, Baumgartner, Allen, et al., 2015; Koehn
& Clunie, 2010; Koehn & Todd, 2012; Koehn et al., 2019; Koehn et al., 2020; Rourke,
McPartlan, Ingram, & Taylor, 2011). The biological traits of historical cod specimens (e.g.
size, condition, age, growth) can provide information on the ecology and population
conditions, such as carrying capacity (Anderson, Morison, & Ray, 1992), and act as proxies
for the environmental conditions (Long et al., 2018). Although the size of the largest fish
should not be interpreted as a direct metric of the carrying capacity of the environment,
larger-bodied animals are often exploited preferentially (Pauly, Christensen, Dalsgaard,
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Froese, & Torres Jr, 1998), so that the size of the largest fish can be an indirect indicator of
overall availability (Gulland & Rosenberg, 1992). Seeking out and validating physical
historical records of a large fish, like Murray cod, will provide more data to make the best
use of contemporary knowledge and inform conservation management efforts.
1.2.5 Murray cod, size, age and growth
The maximum validated total length of Murray cod is 1400 mm, weight is 47.3 kg, and age is
48 years (Anderson et al., 1992). The many mentions of a Murray cod of 1800 mm TL and
113.6 kg from the Barwon River (e.g. Whitley, 1955) have not been validated and are
probably spurious (Humphries, 2012). Murray cod mature at about five years of age and can
vary in length from 236-640 mm (Harris & Rowland, 1996). Lake (1967a) suggested that the
difference in growth between populations from the northern and southern parts of the
MDB could be due to differences in environmental conditions and the impact that has on
early growth. Anderson et al. (1992) suggested that body form and growth patterns of
Murray cod could be different due to different habitats having different productivity.
Rowland (1993) found that there were significant morphological differences between
Murray cod populations in rivers and small, impounded waters, and those in large,
impounded waters. From the age of about ten years, there can be large (± 5 kg) variation
between the weights of Murray cod of the same age (Rowland, 1998a). Anderson et al.
(1992) reported that historically harvested specimens (1949–51) had more variable growth
rates than more recent (1986–91) Murray cod, and the length-weight relationship was
positively allometric. Although Llewellyn (2011) reported that >20 kg male Murray cod were
slightly heavier than females of the same length, sexual dimorphism is unlikely to contribute
to sex-based variability in length and weight, and most growth assessments suggest that the
sexes are not significantly different (Gooley, 1992; Llewellyn, 2011; Rowland, 1985).
1.2.6 Recreational fishing for Murray cod
The size and eating quality of the Murray cod have led to it being a targeted recreational
species that plays a substantial social and economic role within the MDB (Forbes, 2016;
Rowland, 1989). Recreational fishing forms an important contribution to social well-being,
communities and regional economies of the MDB, and fishers are a primary stakeholder in
the water resource debates in the MDB (Forbes, Watts, Robinson, Baumgartner, Allen, et al.,
2015). It has been estimated that recreational fishing generates $A912 million (Deloitte
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Access Economics, 2012) each year within the MDB and supports 10,950 jobs (Ernst and
Young, 2011). Even though the stocks of Murray cod and other native fish species in the
MDB are currently considered low (Lintermans et al., 2005), substantial effort goes into the
management of this very popular recreational Murray cod fishery (Allen, Brown, Douglas,
Fulton, & Catalano, 2009).
Trophy fishing for Murray cod and taxidermy
Trophy fishing occurs when anglers target the largest members of a species, with the goal of
obtaining an award with perceived prestige (Shiffman et al., 2014). Gabelhouse Jr (1984)
described a trophy (fish) as one 'considered worthy of acknowledgement' and defined a
trophy size based on length. However, the constitution of a trophy fish can vary over time
and, in some cases, cannot be related to the economic costs associated with their
attainment (McClenachan, 2009a). In a multi-decadal study and review of the dynamics and
role of trophy fish, Bellquist and Semmens (2016) summarised that data on trophy fish could
be useful because they: 1) are commonly one of the most important components of the
overall spawning stock biomass, because they have greater fecundity with higher quality
eggs (Berkeley, Hixon, Larson, & Love, 2004); 2) are genetic exemplars of large individuals
within the population (Fenberg & Roy, 2008); 3) have size-related features that can
influence community structure and ecosystem function (Friedlander & DeMartini, 2002);
4) affect trophic flow (Sandin et al., 2008); and 5) show a decrease in age and size structure
as often the first sign of commercial and recreational fishing impacts (McClenachan, 2009a,
2009b).
For Murray cod, a noteworthy length is 1 m; however, this is largely arbitrary and linked to
length-based regulations of the species that emerged in the 1990s (Ebner et al., 2016). What
constitutes a trophy or large (and old) Murray Cod, in various parts of its range is unclear
(Todd & Koehn, 2009). The large and potentially ‘trophy size’ of Murray cod is part of its
recreational appeal and has contributed to some of the fish being preserved as ‘trophies’
through taxidermy. It was anecdotal observations of these informally-curated trophy
taxidermy Murray cod that formed the main stimulus for the current study. In addition, the
use of privately acquired taxidermy Murray cod in museum displays indicated that they
were accessible as a study object (Middleby, 2014a, 2014b). As an endemic and iconic
threatened species, these potentially large non-traditionally-curated taxidermy fish
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specimens could be a high-value supplementary biological record to provide new insights
into the species and the environments it lives in, and consequently inform baselines for the
management of both (Disspain et al., 2012; Ebner et al., 2016; Rowland, 1998a).
1.2.7 Expanding our historical archives with taxidermy
The curatorial motivations and constraints in creating and maintaining biological specimens
mean that formal collections only capture a fraction of the spatial, temporal and taxonomic
diversity that exists within most species (Izzo, Doubleday, Grammer, Gilmore, et al., 2016;
Sikes & Paul, 2013). In addition, formal archives can have curatorial policies that inhibit
timely access or invasive analytical approaches, which limit the research questions that can
be asked of them (Hebert et al., 2013). Given these gaps and constraints, it would be
advantageous to expand the range of data sources and archives, especially ones that may
not have as many restrictions on them. However, we cannot go back in time and preserve
new specimens. If formal (written) records or ecological knowledge is limited, then we must
look for alternative sources of information (Al-Abdulrazzak et al., 2012; Lotze & Worm,
2009).
Taxidermy preparation is a unique form of biological archiving
The preparation and preservation of an animal through taxidermy effectively forms a
biological archive that has the potential to provide much high-value information for the
historical ecologist and environmental historian. Taxidermy typically forms part of formal
(e.g. museum) and informal (e.g. private) animal collections (Beck, 2018). Both formal or
informal sources of taxidermy may have limited provenance information of relevance to its
use as a historical evidence source (O'Connell & Tunnicliffe, 2001). The term 'taxidermy', or
‘skin arrangement’ is etymologically derived from the Greek taxis = order/arrangement, and
derma = skin (Kalshoven, 2018). The preparation and preservation of taxidermy are
generally for display purposes, and include specimens such as mammals, birds, fish,
amphibians and reptiles (Sleightholme & Campbell, 2018a). In formal natural history
collections, mammals, and birds are more common; however, fish, amphibians and reptiles
are also represented (Beck, 2018). Taxidermy preparation can preserve whole and part
animal specimens. A special form of fish mount is the head form, where the teeth and
mouth size are considered important features and commonly preserved (Migdalski, 1981).
Contemporary uses of the term taxidermy can include dermoplastic, freeze-dried, and
32

plastination forms of preservation (Beck, 2018). The traditional Morris (2010) definition of
taxidermy, or mount, is applicable to the subject matter of this research. The preservation
generally involves the whole, or part of the animal being skinned, then preserved and
positioned, and mounted (Morris, 2010). According to this definition, mummified animals,
fragments of animals, study skins, and wet-preserved specimens do not count as taxidermy.
Sanders (2017) identified that there are numerous research and public engagement
opportunities that could be realised by providing more access to taxidermy collections.
Members of the public outside formal scientific institutions have for centuries recorded
their observations of the natural world, including plant and animal distribution and
phenology (Miller-Rushing, Primack, & Bonney, 2012). In addition to archived collections,
people have also created physical objects from the natural world (e.g. jewellery or trophies),
that can be used as a form of historical evidence (e.g. Wehi, Whaanga, & Trewick, 2012).
Smith (1965), identified that the taxidermy fish that are regularly curated outside formal
collections could be a source of invaluable point-in-time data to fill scientific knowledge
gaps. In a world where animals are increasingly represented in non-biological ways (e.g.
digital) (Davies, 2000), and the collection, preservation and curation of animal specimens in
formal institutions is past its peak (Vernon, 1993), the existence of taxidermy outside formal
collections, including trophy animal records, is a unique legacy and opportunity to expand
animal-based archives (Smith, 1965).
Advantages of taxidermy as a historical record
Taxidermy has a long history as a subject matter, and this precedence of use opens up other
opportunities to interpret them as a historical evidence source. The most common type of
study of taxidermy has been in the natural history and museum curatorial literature on
formal collections (e.g. Asma, 2001; Barber, 1980); however, other studies have focused
more on the profession itself (Patchett, 2017), or the role of taxidermy in art and culture
(Lange-Berndt, 2014), scientific literature (Orr, 2015), dioramas as historical documents
(Hutterer, 2015), human-animal relations (Patchett & Foster, 2008; Youdelman, 2017),
ethnology (Kalshoven, 2018), education (Pimm, 1986; Sanders & Hohenstein, 2015), and
historical animal geographies (Lorimer & Whatmore, 2009).
While the use of taxidermy as a subject of historical research is surprisingly limited,
taxidermy preparations come with many features that could be used to advantage.
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Taxidermy specimens and displays exist for multiple reasons, including visual
noteworthiness (Morris, 2010), or because they are large animals worthy of continued
display (Desmond, 2002), and they are an inherently valuable object worthy of maintenance
and restoration (Paddon, 2009b). Taxidermy generally preserves high-quality animal
specimens that persist for decades and even centuries (Schulze-Hagen, Steinheimer,
Kinzelbach, & Gasser, 2003). These cultural values and persistence-related factors increase
the potential for taxidermy to be analysed repeatedly, and do not preclude their use as
historical evidence, as long as they are treated sensitively (Beck, 2018).
In an investigation into the history of bird collections that included taxidermy, Farber (1980)
suggested that the scientific value of the specimens started to be recognised in the late 18th
century. The biological constituents, morphological characteristics and interpretative
records can all be used to improve our understanding of the species’ biology, ecological role
and environmental conditions associated with their life cycle (e.g. Singh & Bahuguna, 2014).
Taxidermy preparations have been used as scientific study specimens in a range of research
contexts, including: determining the most appropriate populations from which to
reintroduce fish (Worthington et al., 2016); understanding genetic diversity within extant
populations of goats (Cassidy et al., 2017); describing the taxonomy of endangered cats
(Bahuguna, 2018) and fish (Mayden & Kuhajda, 1996); and defining the adult and juvenile
forms of extinct marsupial carnivores (Sleightholme & Campbell, 2018b). Informal sources of
taxidermy have been used as a supplementary record with unique provenance (e.g. Seitz &
Waters, 2018), and as a source of biological tissue (e.g. Casas-Marce et al., 2012).
The true potential of an animal specimen to act as a scientific record, however, can only be
realised if its existence is transparently catalogued, and it is curated in an accessible manner
(Sanders, 2017). If the registration and protocols for access also come with provenance
records about the specimen — which is the norm (Morris, 2010; Quinn, 2007) — then
researchers can tailor research questions and techniques to the available data sources
(Nielsen et al., 1999a). However, when a record's quality or provenance is uncertain,
multiple lines of evidence (e.g. physical and written) can be used to improve its utility as a
historical evidence source (O'Connell & Tunnicliffe, 2001). The existence of enriched
contextual information on why and how the record came to be (e.g. habitat condition, other
individuals observed but not collected, survey effort, absences) can also enhance the
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potential ecological value of a specimen (Pyke & Ehrlich, 2010). In situations like diorama
displays, taxidermy commonly includes physical and written contextual information of
relevance to the animals' life history and surrounding environment (Howes, 2016; Quinn,
2007). Rare animal specimens, with rich and accessible corroborating records of
provenance, have been shown to exist within both informal and formal taxidermy
collections (e.g. Casas-Marce et al., 2012; Sleightholme & Campbell, 2018a). The withinspecies diversity from informal collections of mammalian taxidermy has been shown to be
of unique research value to improve the understanding of genetic variability of an
endangered cat (Casas-Marce et al., 2012). The likelihood of the existence of quality
corroborating knowledge on the curation and provenance of taxidermy means that
researchers will have more information to help make sense and tease out what the
presenting features mean (Izzo, Doubleday, Grammer, Gilmore, et al., 2016).
The quality of a taxidermy mount is commonly assessed by the lifelike form, realism, natural
posture and replication of the original animals' morphology (Desmond, 2002; Kalshoven,
2018; Morris, 2010). Morphometrics of preserved animal specimens are common for
taxonomic identifications and have been used to identify and differentiate terrestrial
(Machado-Stredel & Pérez-Emán, 2017) and aquatic species (Whitty et al., 2014).
Morphometrics on non-traditional preserved animal collections and records can help
identify new species (e.g. Seitz & Hoover, 2017) and understand the biotic and abiotic
mechanisms that influence animal traits (e.g. Monteith et al., 2013). Morphometrics on
preserved specimens can also be used to fill gaps in specimens with missing parts (e.g.
Larkin & Porro, 2016), in evolutionary studies (e.g. Seitz & Hoover, 2017) and to identify
characteristics, like sexual dimorphism, within a species (Takeuchi, 2010). The body shape
and structure of dried museum skins of owls, for example, have been used to identify a
species (Sawada, Yamasaki, Iwami, & Takagi, 2018). In another example, the morphology of
taxidermy forms of sturgeon has been used to differentiate two species (Mayden &
Kuhajda, 1996). The relationships between the preserved features of taxidermy to their
lifelike size have the potential to be used to validate the size of the specimens (Izzo,
Doubleday, Grammer, Gilmore, et al., 2016). For fish, this would be useful, because length is
a fundamental metric used in estimating growth, age, weight, and in assessments of life
history more generally (Jellyman, Booker, Crow, Bonnett, & Jellyman, 2013).
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Like other conventional natural history collections, taxidermy can be used to study
systematics and biogeography, genomics, morphometrics, stable isotope ecology, and
parasites and pathogens (McLean et al., 2016). Similarly, biological material from taxidermy,
such as hides or skins, bones, teeth, antlers, feathers, scales and even insects will yield
information on the species, ecology and environmental conditions (Casas-Marce et al.,
2010; Izzo, Doubleday, Grammer, Gilmore, et al., 2016; Monteith et al., 2013; Wandeler,
Hoeck, & Keller, 2007). Each of these tissues may yield data related to the specimens' life
history (e.g. Hansen, Ruzzante, Nielsen, Bekkevold, & Mensberg, 2002), the ecology of the
system they lived in (e.g. Casas-Marce et al., 2012), and the condition of their environment
(e.g. Blight, Hobson, Kyser, & Arcese, 2015). The diversity of tissue types preserved with
taxidermy increases the likelihood that some will be viable or that, when gaps exist, there
will be a substitute available (Morris, 2010; Sikes & Paul, 2013). For example, molecularbased investigations typically require tissue samples from hard parts (e.g. bone) that have
not been exposed to contamination, and are resistant to weathering (e.g. McMillan, Izzo,
Wade, & Gillanders, 2017). Given that taxidermy preserves large volumes of tissues, this
both increases the likelihood that sub-sampling will be consented to (Hebert et al., 2013),
and that the amount of material sampled will be sufficient for genetic or isotopic analytical
approaches (e.g. Thomsen et al., 2009).
1.2.8 Demonstrating the merit of taxidermy Murray cod as a scientific study specimen
Given the many features of taxidermy that make a ‘mount’ conducive for use as a study
specimen to understand past biological and environmental conditions, it is surprising how
few examples of use as an ecological record occur in the literature (Morris, 2010). A
common challenge within the discipline of historical ecology is that the available time and
resources to access and validate the data source are limited (Casas-Marce et al., 2012).
Given this challenge, and the fact that there were only anecdotal observations that
taxidermy Murray cod persisted in informal collections, the exploration into them for the
current study started broad to enable an understanding of what mounts were potentially
accessible to be used as a study specimen, and then validated some scientific uses of them
as study specimens. The following provides a response to the McClenachan et al. (2015)
best practices on how to assess new forms of historical data and provides the rationale
behind the approach taken to demonstrate the merit of taxidermy Murray cod as historical
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scientific study specimens in the current study. While the McClenachan et al. (2015) best
practices presuppose that there is a research question that would be met through looking at
it from a historical ecology perspective, they are also relevant to the assessment of new
data sources.
Identify a full suite of sources relevant to the research
There are many archival sources of data that can yield information on the state and
condition of past environments and ecological systems (e.g. literature, surveys,
measurements, database records). Given the many advantages of animal specimens to
explore baselines, expanding the comprehensiveness and representativeness of archives
that are accessible to science will increase our ability to analyse alternative baselines (CasasMarce et al., 2012; Elith & Leathwick, 2007; Sikes & Paul, 2013). Formal specimen collections
commonly have gaps, and limitations in archival fish records influence our ability to
reconstruct baselines of past population characteristics and track trends over time (Izzo,
Doubleday, Grammer, Gilmore, et al., 2016). Further, the accessibility of formal archives can
be inhibited by the conflict between conservation-based curatorial objectives and
destructive sampling requirements (Casas-Marce et al., 2012). As every specimen of fish
could be an important scientific resource (Smith, 1965), there is a case to look for and use
non-traditional sources (McClenachan et al., 2015; Sikes & Paul, 2013). While nontraditional, or anecdotal sources of data can be dismissed as too time-consuming to source
and validate, too sparse, or just unreliable (Al-Abdulrazzak et al., 2012), researchers have
started to realise the potential of non-traditional fishery records (e.g. Wehi et al., 2012).
There are many examples of where non-traditional fish records that have been used to fill
knowledge gaps, including trophy fish ledgers (Bellquist & Semmens, 2016), angler logbooks
(Jansen, Arlinghaus, Als, & Skov, 2013), historical catch statistics (Alleway, Connell, Ward, &
Gillanders, 2014), seafood menus (Van Houtan, McClenachan, & Kittinger, 2013), newspaper
articles (McClenachan, 2009b), photographs (McClenachan, 2009a), historical fish narratives
(Al-Abdulrazzak et al., 2012), and fishing artefacts (Drew, Philipp, & Westneat, 2013). Even if
definitive conclusions cannot be drawn from these records, or the evidence period is
relatively short (e.g. 50 yrs.), they can be used to identify where assumptions about nonshifting states of environmental conditions may not be appropriate (Ferguson, Ward, Ye,
Geddes, & Gillanders, 2013; McClenachan et al., 2012). Physical forms of animals that were
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considered of no scientific value in the past (e.g. trophy marlin bills) may, in fact, be of use
with the addition of modern analytical techniques and perspectives (Smith, 1965). For
example, Phillips, Chaplin, Morgan, and Peverell (2009) sampled informally-curated
swordfish rostrums to yield viable DNA profiles of a critically endangered species. However,
before an alternative or non-traditional form of evidence, like taxidermy Murray cod, can be
considered as a reliable data source, there is a need to validate its features and accessibility
as a scientific record. A precedence with accessing and obtaining tissue samples from a
mammalian form of informally-curated taxidermy provides insights into the need to build
rapport with the stewards of the specimens, and the issues involved in obtaining the
consent required for scientific use of them (Casas-Marce et al., 2012).
Understand biases in the historical record
Because Murray cod taxidermy mounts are trophies, we need to know the selection and
persistence biases in collections to properly understand how they can be used as historical
scientific specimens that represent populations, the species and the environment in which
they were caught (Beller et al., 2017; Miller-Rushing et al., 2012; Monteith et al., 2013).
There can also be biases in the accessibility of specimens, which can be verified for
important features and reassessed as required (Casas-Marce et al., 2012). Even after a
specimen is accessed, there may then be biases associated with the removal of original
tissues (Migdalski, 1981) and the shrinkage (Radtke, 1989) that occurs during the
preservation and curation process, which will influence morphological measurements and
the potential to extract intact hard parts, such as otoliths, for further analysis.
Although these biases collectively may be substantial, a large body of evidence that exists
for Murray cod will allow cross-referencing of observations based on taxidermy with those
recorded for living specimens. For example, the allometric growth of living Murray cod from
a range of habitats and temporal scales has provided data (e.g. Anderson et al., 1992; Berra
& Weatherley, 1972; Ebner, 2006; Forbes, Watts, Robinson, Baumgartner, Allen, et al., 2015;
Gooley, 1992; Llewellyn, 2011; Rowland, 1985, 1993, 1998a; Stuart, Zampatti, &
Baumgartner, 2008) that enables comparisons of the morphology of taxidermy specimens.
Similarly, the otoliths of taxidermy specimens can potentially be used to provide historical
data on the age and growth of Murray cod and conditions of the environments they
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occupied, since there have been a number of related studies on living fish for comparison
(e.g. Anderson et al., 1992; Forbes, 2016; Gooley, 1992; Humphries, 2005; Rowland, 1998a).
Design analyses to deal with data gaps
Gaps in historical datasets are inevitable, and the mitigation of these gaps is a non-trivial
task (McClenachan, 2015). However, in the case of taxidermy Murray cod, it is not possible
to devise analyses to fill data gaps at this stage because the temporal and spatial extent,
consistency, quality and completeness of the data source (including the potential
morphological features and original body parts) are unknown. Traits like length and weight
of fish are fundamental biological metrics used for fisheries science, and they provide
ecological and biological insights on the populations, species and environment they came
from (Froese, 2006). Similar to understanding the biases in the record, the application of
morphometry to the form of the taxidermy Murray cod can be used to validate the size of
fish (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). In fisheries, otoliths have attracted
the interest of scientists since at least 1899 (Ricker, 1975). The analysis of shape, age
characteristics and chemistry of otoliths allows for exploration of taxonomy, life history and
behaviour of the fish (Campana & Thorrold, 2001). The comparison of the taxidermy-derived
otolith morphology and annuli assessments to the literature, will validate the accessibility of
the specimens as a source of biological tissue and enrich knowledge on the specimens'
biological traits (e.g. age). It will also build a case for further investigation of the remaining
biological tissues to validate and enrich knowledge on the life history and behaviour of the
fish.
Use multiple lines of evidence and understand the limitations of each
It is imperative that the investigation of problems conducive to using historical ecology is
done by establishing multiple lines of evidence and understanding the limits of these
(McClenachan, 2015). Given that the use of taxidermy Murray cod as a source of historical
evidence has not been explored to date, it is a little premature to determine what other
lines of evidence might be useful to include with this source. Nonetheless, photographic
evidence and provenance records may help verify the biological nature of the taxidermy
specimen (Diniz-Filho et al., 2009; Wiggins, Newman, Stevenson, & Crowston, 2011).
Furthermore, results from previous studies of Murray cod morphology, age and growth, as
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well as comparisons with live fish, may provide additional lines of evidence that can be used
to verify the merits of the historical Murray cod size and age.

1.3 Overview of the methods and approach
Because of the unexplored role of taxidermy Murray cod for providing insight into aspects of
the life history, diet and genetics of populations and the species, as well as the chemical
condition of the environment when the individuals lived, I had to: 1) determine and validate
their existence and provenance; 2) evaluate their research accessibility; and 3) assess the
types and quality of the features in the mounts that could undergo further scientific
analysis. The research approach for the present study will first need to build a register of the
available provenance records (e.g. harvest date, location and size), through engagement
with the agents involved in their existence (e.g. catcher, owner, steward). While some forms
of taxidermy have been used as an evidence source (see 1.2.7), aspects of fish taxidermy,
such as the utility of their shape to inform lifelike biological traits like length and weight, or
presence of viable otoliths for age determination are unknown.
To help understand the role of humans in the presentation of the specimens, the initial
exploration focused on the specimens’ curation and identified that: 1) the stewardship of
specimens was informal; 2) they were widely dispersed and had multiple agents involved in
their curation; 3) they were common in two forms — head and whole; 4) they had
substantial non-scientific values and motivations for their existence; and 5) their physical
size and provenance records indicated they were biased toward large exemplars of the
species from across their home range. The curatorial assessment also identified that the
stewards were receptive to scientific uses of the mounts. The curatorial review informed the
subsequent methods used to explore and validate the taxidermy Murray cod utility as a
scientific subject matter.
The validation of the scientific potential of taxidermy Murray cod as a historical record of
past characteristics of environmental conditions and population characteristics, requires an
understanding of the curatorial circumstances. The validation of the specimens' utility as a
scientific subject matter consisted of testing and demonstrating the receptiveness of the
mounts’ stewards to multiple types of scientific uses of the mounts, and maintaining the
integrity of the specimens for future re-interpretations and limit unnecessary damage to
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their non-scientific values. To better understand how the preserved biological tissues of the
specimens related to their lifelike state (e.g. length and weight) and the environments they
lived in (e.g. age), an array of typical scientific uses was applied, consisting of biogeographic,
morphological, biological, sampling and full study specimens. The methods chosen to
validate the case study specimens' potential as a biogeographic and morphological record
were non-invasive and complementary to future scientific assessments. An assessment of
the morphology of the specimens and a benchmark living population was used to assess the
relationship of the taxidermy form to the lifelike length and weight of the species. The
methods chosen to validate the biological utility of the study specimens used a combination
of non-invasive and invasive techniques. Initially, the presence of the high-value biological
tissues (sagittal otoliths), was assessed using a non-invasive diagnostic tool, X-ray computed
tomography (CT) scans. This evidence was then used to guide and build a case for the
extraction of this tissue, and exploration into their integrity and macrostructure. This
component of the research was targeted towards the head form of the specimens as they
were: 1) the most common; 2) presented with the most diverse provenance; and 3) were
the most accessible to tissue sub-sampling.
The overall research was designed to explore the potential of a non-traditional historical
record and enable future access and re-interpretations. This 'proof of concept' exploration
limited the depth of knowledge that was yielded on individual specimen’s features and the
number of analytical approaches and comparisons with other evidence sources applied.
However, the resulting research design and outcomes were considered of more value to
future researchers. We now have a rich archive of an Australian freshwater apex predator
around which we can design study objectives. In addition, the approach taken could be used
to explore other forms of persisting non-traditional biological archives form around the
world.

1.4 The aims and structure of the thesis
The overarching aim of this thesis was to explore the utility of the taxidermy Murray cod as
a historical scientific record of past characteristics of populations, the species and of
environmental conditions. The current chapter (Chapter 1) identified that preserved
biological records from our past often have temporal, spatial or taxonomic gaps and that
this reduces our ability to understand the state and conditions of our historical baselines.
41

Chapter 1 also identified that taxidermy mounts are a unique form of preserved biological
record, persist in a range of situations, have many potential advantages as a research
subject matter, and have received limited scientific study.
The thesis has three main research areas that assess the nature and features of the
taxidermy Murray cod (Chapters 2–4) and uses empirical data to demonstrate the
associated scientific utility of the specimens. In the first research chapter (Chapter 2), I
explore the stewardship and curation of the taxidermy Murray cod and describe how
accessible taxidermy Murray cod are as a biogeographic form of record. Chapter 2 also
provides a description of the taxidermy Murray cod using the mounts' form, curation,
provenance and stewards' receptiveness to research uses of them. A range of potential
scientific uses and the transparency of the mounts' accessibility are tested with the mounts'
stewards. Specifically, this part of the thesis applied a curatorial assessment to the mounts
and aimed to describe the relationship between the taxidermy form and:
1) the provenance records and their stewardship circumstances
2) categories of potential scientific use
3) the stewards' receptiveness to registering the mount as a study specimen.
This curatorial validation of the taxidermy identified that the specimens were informally
curated, were usable as study specimens, commonly came in head form, and typically came
with gaps in the size records. In the second research chapter (Chapter 3), I enrich the
knowledge on the specimens' size traits through an assessment of the influence of
taxidermy preparations on the shape of the specimens. Chapter 3 explores the utility of
taxidermy Murray cod morphology and interpretative records by comparing the morphology
of the taxidermy with that of a live population of Murray cod. It describes how the head
features of the taxidermy are related to the lifelike form. Specifically, this part of the thesis
applies morphometric systematics to assess and accommodate the influence of preservation
and storage histories on the taxidermy shape and identify the head-based morphological
characters that most accurately describe the lifelike length and live weight of the fish.
Chapter 3 presents:
1) a description of the relationship between morphometric characters and provenance
records of size and harvest location of the specimens
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2) the correlated morphological characters on living and taxidermy forms of Murray
cod
3) the most reliable head-based morphological relationships on taxidermy Murray cod
for predicting total length or weight
4) a description of the relationship between the living Murray cod and whole
taxidermy Murray cod total length and weight.
The morphology-based validation of the utility of the taxidermy size determined that several
head character lengths on taxidermy Murray cod can be used to infer lifelike weight and
length of the specimens. This assessment also validated that the stewards of the mounts
were receptive to them being used as a morphological form of record. However, little
information existed about whether taxidermy Murray cod could be used as biological
specimens and if their sagittal otoliths persisted in a state that was of use to estimate the
age of the specimens. Chapter 4 explores the utility of the taxidermy Murray cod head
specimens as a source of biological tissue through an assessment of the presence and utility
of the sagittal otoliths. It describes how the features of the otoliths from the taxidermy are
related to the provenance records of the mounts and estimates of age. Specifically, this part
of the thesis applies CT scanning, morphometric systematics and annuli assessments to
taxidermy Murray cod heads. Thin sections of the otoliths are used to estimate the age of
the specimens. Morphometry is applied to the otoliths, and age estimates are applied to
validate the lifelike length and weight estimates from Chapter 3. Chapter 4 presents:
1) a description and comparison of reported and predicted total weight and length of the
sub-sampled taxidermy specimens to the archive of Murray cod heads verified in
Chapter 2
2) a determination of the presence or absence of sagittal otoliths in taxidermy head
mounts and assesses the reliability of non-invasive X-ray computed tomography (CT)
scans for detecting otoliths
3) a description of the qualitative relationship between the morphology and preservation
condition of extracted otoliths and condition of the taxidermy Murray cod heads
4) a description of the readability of thin-sectioned otolith annuli from the taxidermy
Murray cod heads
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5) a description of the relationships between otolith age estimates with: otolith length;
thickness and weight; date of harvest and year of birth; and fish length and weight.
The sampling of the otoliths from the taxidermy heads shows that a large proportion of
mounts contained sagittal otoliths in a state that was of use to estimate the length and age
of the specimens. I compare the morphology and age estimates of the taxidermy-derived
otoliths and fish length and weight features to the literature on Murray cod. This
assessment also confirms that the stewards of the mounts are receptive to the taxidermy
being used as a source of biological tissue.
The final chapter of this thesis, the general discussion (Chapter 5), provides a summary and
synthesis of the results from the three research chapters (Chapters 2–4). I discuss the
implications of the research discoveries on the utility of taxidermy fish as historical study
specimens. Collectively, the exploration of the taxidermy Murray cod curation, relationship
to the lifelike size, and ability to yield age provide the evidence to demonstrate that the
specimens are usable as a scientific resource. This validation provides confidence that this
unique form of record is conducive to multiple research applications. Finally, I provide
recommendations on how this non-traditional historical record, and other similar biological
archives, could be sourced, validated and used as records to explore past biology of the
species, ecology and the environments.
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2 Taxidermy as records: the curation and scientific potential of
Murray cod mounts
2.1 Introduction
2.1.1 Scientific uses of biological collections
Animal specimens and other sources of historical biological tissues are one form of evidence
that can be used to determine baseline environmental, biological and ecological conditions.
Biological collections commonly span multiple time and ecological scales, and their use and
values to science and the community have been emphasised by several authors (e.g. Cook
et al., 2014; Suarez & Tsutsui, 2004; Wandeler et al., 2007). Biological collections have been
used in taphonomic, morphometric, molecular and microchemistry studies (Beck, 2018;
McLean et al., 2016; Pyke & Ehrlich, 2010). Specimen collections have made contributions to
science and society in areas as divergent as public health and safety (e.g. bacteria,
Hoffmaster et al., 2002), monitoring of environmental change (e.g. chlorinated
hydrocarbons, Ratcliffe, 1967), and traditional taxonomy and systematics (Suarez & Tsutsui,
2004). Importantly, a number of the major analytical approaches that can be applied to
contemporary animal specimens (or their tissues) are also applicable to their historical
forms (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). Historical forms of biological
specimens provide a data source to explore the impact of events or longer-term drivers of
environmental and ecological conditions (Pyke & Ehrlich, 2010). Given the rapidity of
environmental change due to anthropogenic influences, the maintenance, use and growth
of biological archives that coincide with these changes are one of the scientific imperatives
for the future (McLean et al., 2016). As we can not go back in time a create specimen
collections, their is value in sourcing and validating the scientific utility of novel forms of
biological material (Al-Abdulrazzak et al., 2012; Lotze & Worm, 2009). Irrespective of the
‘novelty’ of thier origin, there are several features of preserved animal tissues that relate to
their use as historical evidence sources. Each specimen, or part thereof, constitutes a
potential record that may extend knowledge and provide evidence to reassess assumptions
and conclusions about the past, and thereby improve management and conservation advice
(Smith, 1965).
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Uses of animal tissue
Primary animal records from the past can be used to improve assumptions of the biological
nature of a species and its role in ecological processes and functions. Pyke and Ehrlich
(2010) reviewed the use of biological specimens, and noted that the main lines of enquiry
could be grouped into: 1) biological features (e.g. status of species over time), 2) ecological
processes, or functions, occurring in the environment (e.g. changes to populations, habitats
or diet), and 3) states or conditions of the environment (e.g. bio-accumulation of pollution
residues). Specifically, preserved animal specimens have been used for understanding gene
flow and genetic drift (Holbrook, DeYoung, Tewes, & Young, 2012), dietary preferences
(Schulz & Kaiser, 2013), sexual dimorphism (Machado-Stredel & Pérez-Emán, 2017), life
history (Elsdon et al.,2008), taxonomy (Berra & Weatherley, 1972), species-habitat
specialisations (Vennemann, Hegner, Cliff, & Benz, 2001), and exposure to pollutants (Bond,
Hobson, & Branfireun, 2015). Also, through baseline comparisons of the spatially-varying
trace elements in biological tissues (e.g. stable isotope analysis), it is possible to
retrospectively identify the provenance and movement of animals (e.g. Lavers, Bond, Van
Wilgenburg, & Hobson, 2013). Most preserved animal specimens are dry parts of animals
(e.g. skins, bones, teeth) and those preserved in alcohol or formalin (Amadon, 1958). The
various challenges associated with the use and curation of biological collections have been
widely discussed and include: transparency of existence, accessibility for sub-sampling,
growth, and contamination and distortion of features from preservation and maintenance
(e.g. Elith & Leathwick, 2007; McLean et al., 2016; Pyke & Ehrlich, 2010; Schnalke, 2011;
Suarez & Tsutsui, 2004).
Formal biological collections held in museums and research institutions are — and will
continue to be — a critical repository of primary evidence for multiple research pursuits.
However, formal biological collections commonly have temporal, spatial or taxa biases, or
gaps, that can limit their utility (Sikes & Paul, 2013). The reasons for these gaps are
numerous and include: costs of acquisition (Machado-Stredel & Pérez-Emán, 2017),
unsystematic or opportunistic collection (Elith & Leathwick, 2007), limited supply chain
(Paddon, 2009a), change in curatorial focus (Rader & Cain, 2015), registration bias (Boakes
et al., 2010), maintenance (Sanders, 2017), de-investment and reduced additions (Suarez &
Tsutsui, 2004), or disposal and loss (Marte, Péquignot, & Von Endt, 2006). Further, the
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availability of verified historical data sources limits our ability to explore baselines and make
sense of past environmental or ecological dynamics (McClenachan et al., 2015; Pauly, 1995).
Gaps in historical records constrain our ability to construct more informed baselines that
characterise biological and environmental challenges. Despite their potential utility, the
type, amount, and quality of available evidence in biological collections limit our ability to
describe historical ecological and environmental patterns with confidence (Morrison et al.,
2017).
There are several key features of biological specimens that improve their utility as scientific
study specimens. Those specimens that come with knowledge on expected biological traits
(e.g. growth), provenance records, preservation history and a contextual understanding of
reasons for selection are generally considered more valuable, as these enable calibrated
spatial and temporal insights for population, ecological, pathological, and genetic studies
(Thomas, Pääbo, Villablanca, & Wilson, 1990). A collection of specimens with registered
biogeographical characteristics provides an opportunity to combine multiple records across
space and time, which is a cornerstone of most observational studies (Elith & Leathwick,
2007). Even without invasive physical analysis of a specimen, records of its biogeographical
and morphological features can be used to explore climate and anthropogenic trends (e.g.
Diniz-Filho et al., 2009). In addition to records of provenance, knowledge of a specimen’s life
habits (e.g. migration) and expected traits (e.g. size) greatly enhances how you can interpret
its features (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). Combining the assessment of
the preserved biological material, provenance records and traits can be useful in the fields
of systematics and biogeography to explore the extent, evolution and distribution of Earth’s
biodiversity (e.g. mammals - McLean et al., 2016). This chapter uses the term ‘interpretative
records’ to describe the many types of information (e.g. photographs, written records,
analytical results), which can be associated with a biological specimen to improve its utility
as a scientific record. These interpretative records help understand where the specimen
came from and, hence, what its features represent (e.g. biases). However, most of the
documented knowledge on past environmental conditions is limited by the type, amount
and quality of available evidence, the quality and richness of the associated interpretations
of this, as well as the capacity to interpret and validate this (Lotze & Worm, 2009).
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2.1.2 Supplementing formal collections with non-traditional records
Given the role played by biological archives as a historical evidence source (Haidvogl et al.,
2014), it is important that archives continue to be used as a source of ecological evidence
and are added to (Beck, 2018). Data from public and private fish collections, combined with
that from contemporary assays, can provide important scientific knowledge (Campana,
Valentin, MacLellan, & Groot, 2016; Seitz & Waters, 2018; Smith, 1965). However, formal
fish collections curated by public institutions (e.g. museums) and the interpretations derived
from them have gaps (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). In addition, some
avenues of invasive biological research can be inherently destructive, and consequently will
encounter ethical or curation policies that may restrict or prohibit them. Irrespective of the
reasons why there are limitations to the utilisation of the specimen pool, these barriers
influence scientific capacity, limit lines of enquiry and introduce methodological and
knowledge creation constraints (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). Since we
cannot go back in time to collect additional specimens, one solution is to supplement formal
collections with informal sources of biological material. For example, historical artefacts that
have a biological origin, or link, are being increasingly subjected to scientific scrutiny (e.g.
Wehi et al., 2012). Opportunistically collected fish scales have been used to inform fish
migration patterns and trophic interactions (e.g. Seeley & Walther, 2018; Woodcock &
Walther, 2014). With appropriate consent protocols, such informal specimens may
supplement our formal archives and overcome some of the availability and accessibility
constraints. One unique source of biological evidence that preserves many of the animals'
original parts is taxidermy (Migdalski, 1981).
2.1.3 Taxidermy
A taxidermy mount is a form of dried animal preparation primarily used for display in both
formal (e.g. museum) and informal (e.g. private) collections (Sleightholme & Campbell,
2018a). Contemporary use of the term taxidermy can include freeze-dried and plastination
forms of preservation (Beck, 2018). This chapter follows Morris (2010) in defining taxidermy
as an animal specimen with preserved skin and internal support. According to this
definition, mummified animals, fragments of animals, study skins, and wet-preserved
specimens do not count as taxidermy. Taxidermy can preserve most animal types. However,
due to resource constraints, the difficulty of preservation and curator skill, it is much less
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common than other forms of more limited animal preparation, such as skins (Amadon,
1958). The preservation involves the whole, or part of the animal being skinned, with the
skin then preserved and positioned, and mounted, in a near lifelike state (Morris, 2010). To
practically achieve this, many taxidermy specimens retain original bones and hard features
that are required to provide shape (e.g. skull) or those that are too intricate to extract (e.g.
fins, feet). The external features are typically skin or hide, with attached fur, feathers or
scales. However, even within Morris’s (2010) definition, there can be many forms and
anthropomorphic influences on its presentation, e.g. as ‘tableaux’, or part animal mounts. In
the case of fish taxidermy, one special form of fish mount is the head form, where the teeth
and mouth are considered important features and are therefore emphasised (Migdalski,
1981).
2.1.4 Uses of taxidermy as a biological record
The visual nature and extensive interpretations of informal exemplars of taxidermy
enhances their potential utility as historical biological records. Their display value, which can
be traced back to the curiosity cabinets of the late sixteenth and early seventeenth
centuries (e.g. Worm, 1655), makes them a highly-valued and persistent part of both formal
and informal zoological collections (Beck, 2018). Taxidermy commonly come with rich
provenance records and information on the contextual circumstances of harvest and
preservation (Quinn, 2007). Smith (1965) reviewed the curation of museum collections of
taxidermy fish, and identified the potential for both informal and formal taxidermy to be a
valuable point-in-time record for tracking and inferring changes in environmental
conditions. However, to date, there have been few direct uses of taxidermy as a scientific
study specimen, probably at least in part due to its display value. While interpretations of
their tissues, life histories, and form as scientific records are limited, taxidermy specimens
present several features that could be used to understand the past. Besides this knowledge
of place, time of harvest and method of creation, taxidermy often presents the animal as
lifelike in appearance (Wandeler et al., 2007). Indeed, it commonly preserves multiple
biological tissues (e.g. hide, skin, bone, teeth, feather, scale), that allow molecular, isotopic
and trace-element analyses to be applied to explore past biological and environmental
conditions (McLean et al., 2016; Splendiani et al., 2017; Wandeler et al., 2007). Preserved
animals may also trap environmental pollutants at the time of collection (DuBay & Fuldner,
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2017). Collectively, the lifelike nature and form (Izzo, Doubleday, Grammer, Gilmore, et al.,
2016), volume (Hebert et al., 2013) and range of proven preserved tissues (Casas-Marce et
al., 2010), and the life history and provenance interpretations of taxidermy (Quinn, 2007),
can be used to understand past biological and environmental conditions.
Similar to other animal-based investigations, taxidermy mounts, or their parts, have been
used for understanding an individual species’ form, chemical and biological makeup and
what their features can show for the environmental processes that occurred throughout
their lives. Species-focused studies that have used taxidermy are more common and
include: defining the adult and juvenile forms of extinct marsupial carnivores (Sleightholme
& Campbell, 2018b), describing the taxonomy of endangered cats (Bahuguna, 2018), and
the use of specimen morphology in broad taxonomic studies (Mayden & Kuhajda, 1996).
The most common use of taxidermy as scientific specimens is within the field of genetics,
where the sub-tissue sample required is small and the display values of the specimens are
maintained. The effects of taxidermy preservation on DNA yield (Quadros & Monteiro-Filho,
1998), and applicability of investigative techniques on potential genetic applications of
tissue samples (Singh & Bahuguna, 2014), have concluded that taxidermy tissues are viable
as an evidence source. More specifically, taxidermy have yielded biological material to:
determine the most appropriate populations from which to reintroduce an extinct
freshwater fish (Worthington et al., 2016), and understand genetic diversity within extant
populations of goats (Cassidy et al., 2017). The provenance records of occurrence (e.g. size,
location) and size of horn-like structures from trophy mount records have been combined to
identify conditions and mechanisms that shift baseline states (e.g. culture, climate), and
understand patterns of organismal response to change (Monteith et al., 2013).
Most of the applications and uses of taxidermy as a scientific record have drawn on formal
collections (Cassidy et al., 2017; Farber, 1980; Worthington et al., 2016). However, the value
and accessibility of informal taxidermy records have been partially explored in a European
study, where specimens were accessed to broaden a genetic investigation on the
endangered Iberian Lynx (Casas-Marce et al., 2012). Casas-Marce et al. (2012) concluded
that these informal specimens were high-value records due to their rareness, the richness of
tissue types, representativeness, and their accessible biological tissues. Other anecdotal
sources of biological material and information (e.g. ledgers) have also contributed
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knowledge of the past state of fisheries (e.g. Parsons et al., 2009). Informally-curated
taxidermy collections could supplement our existing biological catalogues and introduce the
potential of intra-species richness, diversity of provenance, and even accessibility to tissues
for research uses, that can add substantial value to conservation (e.g. Casas-Marce et al.,
2012). Re-interpreting informally-curated taxidermy, and adding them into the pool of
scientifically accessible primary archives, could help define past biological and ecological
conditions and improve assumptions about current and future states (Pauly, 1995).
2.1.5 What is needed to realise the potential of animal specimens?
For non-traditionally sourced taxidermy specimens to be useful as a scientific record, their
curatorial circumstances and steward receptiveness to research access, will also be
important. To be of most value for the scientific community, specimens need to: 1) be
transparently catalogued, 2) be of relevance and comparable to other (e.g. modern)
records, and 3) have clear scientific use and access protocols (Ballard et al., 2017). The
formal cataloguing and curation of biological specimens are highly-skilled, laborious and
time-consuming tasks (Lane, 1996). Specimens outside formal institutions are typically not
within a database or catalogued with clear access protocols. The lack of transparency and
knowledge about non-traditional historical records’ existence, form, features, interpretative
records, biological components, and preservation history means that they are commonly
disregarded as a source of biological or environmental information (McClenachan et al.,
2015). In addition to the uncertainties about how many are accessible, the occurrence,
selection and persistence of specimens could be a biased representation (e.g. size).
However, issues such as selection bias within formal biological collections can also manifest
through unsystematic or opportunistic supply chains (Boakes et al., 2010).
To help understand the cultural overlay of the privately curated taxidermy, this chapter uses
the term ‘stewards’ to describe the people who physically host and curate the taxidermy
specimens. A steward may have multiple connections to the taxidermy, such as the owner
or catcher of the taxidermy. While most taxidermy are kept for display and sentimental
reasons, when they are curated outside formal institutions, there is an increased likelihood
of deterioration and movement that results in a reduction of their record utility. Irrespective
of what a taxidermy mount or its provenance represents, it will not be interpretable as a
study specimen if it is not maintained in reasonable condition, or the consent from its
51

stewards for its scientific access and use is too restrictive. Curators of private collections
may not want the mounts to be known about, touched or may not have the skills and
capacity to maintain the specimens in a usable state. One study, for example, demonstrated
that a misinterpretation of endangered species legislation and intergenerational cultural
shifts led to the loss of mounts that could otherwise have supported scientific lines of
investigations (Casas-Marce et al., 2012). Collectively, the time and resources required to
source this curatorial knowledge, locate the specimens, verify and transcribe the associated
information, and gain consent from the stewards to use them for scientific enquiry, are
substantial barriers to the potential utility of informal collections.
2.1.6 Murray cod as a record
Early communications and anecdotal observations suggested that Murray cod
(Maccullochella peelii [Mitchell, 1838]), the most popular angling species of freshwater fish
in Australia, have been preserved as taxidermy mounts and persist within private
collections. Murray cod are the continent’s largest long-lived freshwater fish (maximum:
verified age 48 years; total length 1400 mm; weight 47.3 kg) (Anderson et al., 1992). Stocks
of Murray cod are estimated to be well below historical levels (Rowland, 2004), such that
the species is listed as ‘vulnerable’ by the Commonwealth of Australia under the
Environment Protection and Biodiversity Conservation Act of 1999; (Lintermans et al.,
2005), and has been included on the ICUN 'red list' since 1996 (Gilligan et al., 2019). Given
that Murray cod still play an important economic and environmental role in the MurrayDarling Basin (MDB) (Allen et al., 2009), knowledge of their historical occurrence and
biological features is likely to be crucial for informing their present day management
(Rowland, 1998a). The substantial life span and size, combined with the life history features
such as high trophic position, means the biological information supplied by these taxidermy
Murray cod could yield many direct and proxy scientific applications (Ebner et al., 2016). In
addition to their ecological role, the distribution of Murray cod throughout the MDB also
adds to the reasons why they are an advantageous study species to aid understanding of
past ecological and environmental conditions throughout the basin (Ebner, 2006).
The multiple biological features of Murray cod mean that historical records can be used to
explore the temporal and geographical pattern of use to bolster conservation and
management recommendations (Forbes, Watts, Robinson, Baumgartner, Allen, et al., 2015;
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Rowland, 1989; Rowland, 1998b). As the life span of an individual fish can cover multiple
decades, the collective temporal and spatial coverage of a collection of taxidermy specimens
built up over several human generations will coincide with important and relevant
anthropogenic impacts (e.g. pollution, pests, and habitat modification), and thus allow us to
improve or even extend, assumptions around pre-impact and ecological baselines (Pauly,
1995). Using isotopic and radiometric analyses on their preserved hard parts (e.g. otoliths,
spines and bone), the mounts and their associated provenance records could yield valuable
ecological (e.g. trophic) and biological (e.g. age and growth), information as has been done
for other species (Campana et al., 2016). As apex predators, Murray cod can be a source of
ecological evidence to understand the capacity of the systems from which they are found,
and the trophic patterns in the other predators they affect (e.g. Ferguson et al., 2013). Given
Murray cod continue to be researched extensively, any historical knowledge can be
compared to, and extend the applicability of, existing observations and knowledge (Izzo,
Doubleday, Grammer, Gilmore, et al., 2016). However, as no one has used taxidermy
Murray cod as a scientific record, the cod mounts need to be validated to realise any
historical record potential (McClenachan et al., 2012). The current research has built on the
extensive natural history of curatorial knowledge and scientific uses of biological collections
to design a register and test the accessibility of taxidermy Murray cod as a study specimen.
This research aimed to establish a register of taxidermy Murray cod available for future
scientific enquiry. This chapter describes the curation of Murray cod taxidermy mounts. The
features, stewardship and curation of informally-curated taxidermy Murray cod were
assessed for their potential use as scientific study specimens. The specimens’ verified
features, interpretations and context were used to describe the relationship between the
taxidermy form and: 1) the provenance records and their stewardship circumstances, 2)
categories of potential scientific use and 3) the stewards' receptiveness to registering the
mount as a study specimen. The scientific values of the taxidermy combined with a
knowledge of their stewardship may support their ongoing curation and associated
retrievability. Finally, the data presented in this chapter allow for the planning of future
research strategies that see value in sourcing and verifying informal records.
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2.2 Method
2.2.1 Register formation
The initial information on the existence and general nature of taxidermy Murray cod was
gathered as part of a research effort that used a ‘contributory’ citizen science approach
(Bonney et al., 2009). Human ethics for the registration of the taxidermy mounts, obtaining
copies of interpretive records, undertaking curatorial assessments and surveying their hosts
was approved by the Charles Sturt University Human Research Ethics Committee in October
2017. The surveying method voluntarily sought out contributions throughout 2018-2019
from anywhere and anyone who knew of the existence of taxidermy Murray cod. The
contributions were obtained through multiple online methods (e.g. survey monkey on
project website 'www.codspot.com.au', post to project Facebook Page, 'Cod mounts as
records') and through word of mouth. The contributions indicated that the taxidermy fish
mounts were predominantly curated informally in a trophy-like manner within the MBD and
came in two main forms, with some interpretations of provenance. As there was substantial
uncertainty around the scope of the collections, biological features of the mounts, and their
stewards’ receptiveness to use in research, the contributions were used to seek out more
information on the mounts and re-engage with the mounts’ stewards. The weight of 22.7 kg
(or 50lb) is used as a large sized cod to help describe the patterns. The stewards of verified
taxidermy mounts were interviewed about their receptiveness to research uses and this
consent was tested. Collectively, the register of the taxidermy Murray cod features,
curation, stewardship and accessibility to scientific uses was used to describe the potential
research utility of the taxidermy mounts as study specimens.
2.2.2 Validating the form, curatorial and stewardship circumstances of the mounts
The available information was used to describe and validate the mounts’ potential as study
specimens. The main elements of the register were mount form, features, life history
interpretations (e.g. location, size, date of harvest), associated persons, curatorial
circumstances and potential research utility. Evidence and records that were gathered for
the register included: 1) curatorial location of the mount and location in host venue, 2)
verbal or written consent from the steward to register the mount for potential scientific use
and receptiveness to further research, 3) photographs of the mount and its context (e.g. colocated interpretative records of the fish history), 4) the mount’s steward type and link to
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specimen (e.g. host or owner), 5) transcriptions of form, provenance (e.g. where and when
caught and how preserved), 6) curatorial context (e.g. collection size, condition and quality),
7) digital reproductions of corroborating records (e.g. a copy or scan of photograph of the
fish before preservation), and 8) contact information of those who could provide additional
information about the mount’s history (e.g. steward, owner, catcher, taxidermist)
(Figure 2-1).

Figure 2-1. Example (a) head and (b) whole forms of taxidermy Murray cod with co-located
interpretations of provenance on backing boards.
Steward categories
The stewards of the taxidermy were those who managed or hosted the taxidermy mounts.
To evaluate the stewardship circumstances of the mounts, the stewards were divided into
four categories with various levels of public accessibility (Table 2-1). These categories were
used to describe: 1) the type of venue where the mounts were curated, 2) how the
stewardship related to the form (e.g. head or whole) and provenance information of the
mounts (e.g. geographical, temporal and size range), and 3) how publicly the display of the
taxidermy was.
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Table 2-1. Description of taxidermy Murray cod steward categories and the public
accessibility of these venues.
Steward
category

Host venue

Formal

Museums, universities, research institutions

Yes

Hotel

Public house, or pub, licensed to serve alcohol

Yes

Public other

Licenced sporting clubs, accommodation
establishment and retail facilities

Yes

Private

Private residences or locations that wished to
remain confidential

No

Publicly accessible

2.2.3 Scientific potential
The register of the features and accessibility of the taxidermy Murray cod were used to
evaluate their scientific utility. Each mount was assigned a minimum potential research
category, based on a range of typical research applications. These categories were related to
how invasive and potentially destructive that research application could be on the integrity
of the mount. The five categories were: 1) biogeographic, 2) morphological, 3) biological,
4) sampling, and 5) scientific study specimen (Table 2-2). The minimal empirical evidence
needed to register a mount as potentially useable as a biogeographic specimen was: 1) a
recent photograph of the mount confirming its biological form and existence, and
2) consent from the steward to register its curatorial location and physical features for
research purposes.
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Table 2-2. Categories of scientific research use of taxidermy Murray cod specimens, the associated risk to the display integrity, and verification
applied for testing the use.
Record use
category

Potential use

Risk to
specimen
posed by
the use

Verification

Biogeographic

Transcriptions and digital reproductions of Negligible
specimen provenance, form, features and
interpretations

A recent photograph of the mount confirming its
biological form, transcription of curatorial
arrangements, and verbal permission from the mount’s
steward to register

Morphological

As per above plus handling of specimen
for morphological character assessment

Low

As per above plus physically handling the mount and
collecting morphometric characters, multiple
photographs of the mount, interpretative records, and
context and transcriptions of the existing
interpretations

Biological

As per above plus borrowing of specimen
for non-invasive diagnostic assessments

Medium

As per above plus written consent and borrowing of
the mount for non-invasive assessment of biological
traits (e.g. scanning of tissues or shape)

Sampling

As per above plus borrowing of specimen
for non-destructive tissue sampling where
any display-side impacts are rehabilitated

High

As per above plus sub-sampling of biological tissues
and associated rehabilitation

Study specimen

Full use rights as a scientific study
specimen

Extreme

Receipt of donated or purchased specimen
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The quality of the registration for each mount was improved and validated through a
combination of expert review (through visits and communications) and cataloguing of the
existing information (e.g. date and location features of the data). As key agents in the
curation of the specimens, the stewards and owners of the mounts were specifically
engaged through phone calls, emails, Facebook and multimedia messaging and face-to-face
interactions. If there were gaps in the registration of the mount features or inconsistencies
in the evidence that supported its curatorial and provenance history, these were also
pursued.
The physical inspections enriched the register content and gauged the stewards’
receptiveness to the actual and potential alternative uses of the mounts as scientific
records. Specifically, the researcher visits were used to: 1) exchange information about the
research objectives, 2) validate the preserved biological features, 3) validate registration
details, 4) gather more data on the curatorial and stewardship circumstances, 5) gather
supporting historical evidence validating the mount’s existence and features, and 6)
categorise the steward’s type and receptiveness to research use of the mount. Because the
research was also interested in validating the steward’s receptiveness to uses of the
taxidermy Murray cod as a scientific record, access protocols for research with the mounts
were negotiated. Those stewards who were visited by the researcher were all asked about
their receptiveness to scientific uses of their mount. The extent and verification of the more
invasive research uses of the mount was not fully explored with every steward due to
ethical considerations, resource constraints and the limited number needed to
demonstrated utility of those that were explored for this purpose. Consent to use the
mounts as some form of research subject matter involved confirming how transparent the
steward was willing to be on the registration of the mount. The steward’s willingness to be
transparent about the registration of their mount for scientific use was used to describe the
potential re-accessibility of the mounts to science. The steward was asked if they were
receptive to the mount’s existence being publicly registered for scientific use and registered
as either: 1) unconstrained and fully transparent, or 2) depersonalised and for research
purposes only. If the steward was willing to be fully transparent about the registration of
their mount, this was an indicator that the mount would be re-accessible to others who
might wish to access the mount as a scientific record.
58

The consent provided from the steward was tested, with all accessible mounts encountered
being registered as biogeographic records. A subset of the registered mounts was also used
as morphological, biological, sample and full scientific study specimens. As these more
invasive uses were only a sub-sample, the results presented on these categories can be
considered a conservative estimate. In particular, the use of the mount as a scientific study
specimen was not promoted or encouraged. However, the opportunistic receipt of
donations and ad-hoc acquisition of mounts through the research period allowed for the
presentation of these preliminary results. To evaluate each mount’s scientific potential, the
category of the scientific record (Table 2-2) was related to: 1) the receptivity of the steward
to these uses, 2) how transparent the steward was willing to be with the registration, and
3) the form of the mount.

2.3 Results
2.3.1 Form of taxidermy
A total of 459 taxidermy Murray cod mounts were verified through photographic evidence,
and had their form and interpretations of provenance transcribed (Table 2-3). A significant
proportion (~64%) of the head and whole fish mounts (n = 293) were physically inspected by
the researcher. Head mounts outnumbered the whole forms of taxidermy with a ~4:1 ratio.
The proportion of non-taxidermy mounts encountered was low, with 35 of the specimens
being identified as non-taxidermy (e.g. replica, liquid preserved or frozen). Only 27 of the
initial registrations resulted in no mounts. There were an additional 79 registrations that did
not have enough evidence for validation of the specimens’ location or form (e.g. specific
location or photograph); however, with further investigation and evidence, these could have
led to verified taxidermy Murray cod. While most collections consisted of a single mount,
some large collections of up to 30 head specimens were encountered.
Table 2-3. Summary of remotely-verified and physically-inspected Murray cod mounts.

Form of specimen

Verified
(n)

Inspected
(n and %)

Head taxidermy
Whole taxidermy
Non-taxidermy

363
96
35

231 (64%)
62 (65%)
25 (71%)

Collection size
(no. of inds)
Median
Range
(SE)
(min–max)
1 (0.39)
1-30
1 (0.08)
1-5
1 (0.06)
1-3
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2.3.2 Stewardship and curatorial circumstances of the records
The verified Murray cod specimens were curated all throughout the Murray-Darling Basin
and beyond (Figure 2-2). The mounts were spread across 189 stewards and were almost
exclusively informally-curated with only 3% curated in formal collections (Table 2-4). Only
two of the mounts were already within existing electronic databases. Both head and whole
fish mounts were commonly curated within hotels (49% and 72%, respectively) and private
residences (19% and 21%, respectively). The least common steward type was a formal
venue, with less than 3% of the mounts located there. A larger proportion (51%) of the
whole mounts was stewarded in venues other than a hotel when compared to the head
mounts (28%).
Most mounts were curated within the MDB (Figure 2-2), with whole mounts being more
commonly curated outside the MDB than heads (Table 2-4). Mounts of both forms were
more commonly stewarded in the southern part of the MDB, with hotels in that part of the
MDB stewarding 51% of the heads and 33% of the whole-forms registered. Irrespective of
mount form and steward, most mounts were on display, with whole mounts being slightly
more likely to be on display (87%) than head mounts (75%). Most mounts were located
within the southern part of the home range along the Murray River and its major tributaries,
and in the more densely populated areas. There were few mounts curated within South
Australia (SA), with only three stewards, with three mounts, verified in this state.
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Table 2-4. Location relative to the home range; Murray-Darling Basin (MDB), and display status across the steward categories of the verified
head (n = 363) and whole-form (n = 96) taxidermy Murray cod mounts.
Location and display status
MDB North (%)
Steward
location

Display status
Total verified

MDB South (%)
Outside MDB (%)
Total (%)
Displayed (%)
Unconfirmed (%)
Not displayed (%)
(n)

Hotel

Head mount
Public
Private
other

Formal

Hotel

Whole mount
Public
Private
other

Formal

21

1

1

0

16

1

1

0

51

18

6

2

33

16

25

1

0

0

0

0

0

4

0

3

72

19

7

2

49

21

26

4

54

17

4

0

43

17

24

3

8
10
260

2
0
70

2
1
27

0
1
6

6
0
47

3
1
20

0
2
25

0
1
4
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Figure 2-2. Density map of verified Murray cod taxidermy specimens held in Australia
(n = 459) across their 189 steward locations plotted against major rivers and population
centres of >2000 people in the Murray-Darling Basin (MDB). Map, Deanna Duffy, SPAN CSU.
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2.3.3 Specimens’ interpretations of provenance
The mounts of Murray cod commonly came with useful interpretations of provenance that
were co-located or transcribed on the front or back of the backing board in the form of
plaques (Figure 2-1). The data commonly comprised one or more of: location, date and size
at harvest and named persons. Out of the four categories of stewards, hotels had both the
most mounts with some interpretative records of harvest (head 134, whole 24) and without
any of these records (head 114, whole 21), irrespective of form (Table 2-5). A large number
of both forms of the mount came with all three interpretations of year, weight and location
of harvest (155 head and 47 whole). Head and whole specimens without any provenance
records were also common (135 and 32, respectively). Specimens lacking such records were
most prevalent in hotels (114 heads 21 whole) and least prevalent in private collections (5
heads and 5 whole).
Weight, generally reported in pounds (where 1 lb or 0.452 kg), was the most common
biological trait available for both forms, with 62% whole and 55% of the heads having this
record (Table 2-5). Overall, the range of weights was greatest in hotels and private stewards
and least within formal institutions. The reported date (which ranged in accuracy from
specific day to the year of harvest) was the next most common provenance interpretation
after weight, with 54% of the whole and 53% of the head mounts coming with at least year
of harvest information. The range of harvest period was greatest in hotels (1958–2011) and
private (1952–2005) stewards. The least common key provenance record was location of
harvest (e.g. ‘Murray River, Echuca’). Where attribution was given, it referred in most
instances to a location on a river, rather than a more detailed provenance. However, given
the species’ life-history traits of a limited home range and high site fidelity (Koehn et al.,
2009), even vague location records can still be considered of biological relevance. There was
a relatively even split for the head forms between the northern and southern MDB and
more whole mounts were noted in the southern MDB (Table 2-5).
Both forms of mounts commonly had persons named within their interpretative records,
with those within hotels making up the major share of both forms (44% whole, 79% heads).
Of the 199 mounts that had people named, most (129) had more than one name listed.
There was a masculine bias in the named persons, with at least one male name being
identifiable in more than 85% of the mounts, and only five mounts having discernible female
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names in their associated records. The role of these named persons was generally
confirmed to be the catcher of the fish or member of a fishing group involved in catching it.
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Table 2-5. Summary of taxidermy Murray cod interpretive records of provenance (weight, year and catch location (relative to the Murray
Darling Basin [MDB]) and named persons split across the four steward categories, for each mount form.
Interpretative records
Weight (pounds)

Year
Location
Location and
weight
Year and weight
Location and year
Year, location and
weight
No date, location
or weight
Named persons

Hotel

Head (n = 363)
Public
Private
other

Whole (n = 96)
Formal

Hotel

Private

Public
other

Formal

30–106

40–125

50–105

14

18

4

Range

13–103

7–108

16–85

68–74

n

134

57

7

2

8–96
24

Range

1978–2011

1952–2005

1956–2014

1958–1985

1958–2010

1986–2005

1969–2006

1893–1993

n

119

59

13

3

19

13

16

4

Northern MDB (n)

56

16

2

1

3

3

0

0

Southern MDB (n)

51

38

6

0

18

11

16

4

n

102

54

5

1

19

13

15

4

n

110

51

7

2

17

12

15

4

n

100

51

7

1

18

12

15

4

n

98

51

5

1

17

12

14

4

n

114

5

13

3

21

5

6

0

Range (min–max)

0–12

0–3

0–5

0–2

0–9

0–3

0–5

0–2

≥ one male (n)

122

19

5

0

15

10

11

1

n > one name (n)

98

6

5

1

10

4

4

1

n female (n)
Total (n)

4
125

0
21

0
10

0
2

1
18

0
10

0
11

0
2
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Weight at harvest records
The 260 (57%) verified specimens that came with interpretative records of weight suggest
that the mounts of both forms are mostly large, mature and old specimens, with less than
10% of both forms being small (i.e. immature) fish (Figure 2-3). The overall distribution of
the head form was approximately normal, with the most common reported size range being
14–17 kg, and median and mean sizes being 24 kg and 23 kg, respectively. For whole
mounts, the most common weight range encountered was 36–40 kg, with a median of 24 kg
and a mean of 32 kg. The largest reported weight was a whole mount of 56.7 kg.
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Figure 2-3. Frequency of reported weight at harvest for the (a) head (n = 200) and (b) whole
(n = 60) taxidermy Murray cod specimens. The dashed line (~9 kg) is a conservative
benchmark weight at maturity of live Murray cod from multiple habitats across their range
(Rowland, 1985). The reported weight is assumed to be live weight.
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Year of harvest records
A total of 246 mounts (54%) had their harvest year reported with them (Table 2-5). The
harvest period range was 121 years. Apart from a single whole specimen collected in 1893
and stewarded in a formal museum (Melbourne), all recorded mounts were harvested over
a 62 year period from 1952–2014 (Figure 2-4). The number of mounts for both forms that
have persisted had a peak harvest period from 1990–1999. There were only 17 mounts
encountered with a reported harvest year before 1980. Before 2000, there were many more
head mounts (150) created than whole mounts (32). However, after 2000, while there were
still more heads preserved than whole forms, the proportion of whole mounts increased
with 44 head and 18 whole mounts. Therefore, the activity of preserving Murray cod
through taxidermy was similar temporally for both forms, with a rapid rise in popularity
around the 1980s and then an equally rapid decline around the 2000s.
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a

b

Figure 2-4. Frequency of interpreted year of harvest for the (a) head (n = 194) and (b) whole
(n = 52) forms of taxidermy Murray cod specimens.
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Location of harvest records
A total of 225 mounts (49%) had reported harvest location (Table 2-5). The harvest location
records show a provenance from across the contemporary range of Murray cod, with only
one mount reported as being harvested from a stocked population outside the MDB. More
specimens of both forms were harvested from the southern MDB (n 144), and few whole
mounts were harvested from the northern MDB (n 6).
Of the mounts with locations recorded, 119 (53%) had a catch location less than 100 km
(straight line) from where they were stewarded (Figure 2-5). In Australia, a catch location
less than 100 km away could be considered to be local. A large taxidermy cod (≥ 22.7 kg)
was more likely to persist less than 100 km from where it was caught, with a large
proportion (66%) of specimens (29 whole, 50 head) being of this nature. A total of 81
mounts (12 whole, 69 head) had catch location records indicating they were caught greater
than 200 km from where they were curated. The majority (75%) of the greater–than–200
km cohort, were curated greater than 500 km from where they were reported to be
harvested. A total of 63 of greater–than–200 km cohort were reported to be harvested from
the Darling River, a key and remote location for the species in a sparsely populated part of
the country (Figure 2-2). This remote cohort of mounts was also relatively smaller in size,
with most being less than 22.7 kg.
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Figure 2-5. Log scale scatter plot of the distance between reported harvest and verified
steward location (log km) and reported weight (kg) for both head and whole taxidermy
Murray cod specimens.

2.3.4 The scientific potential of the mounts
Each mount was assigned a minimum scientific utility potential based on typical research
uses of preserved animal specimens (Table 2-2). Most of the stewards were very willing to
collaborate, with multiple categories of research uses of their mounts. In line with their
overall form pattern, there were more head specimens accessible to multiple research uses
(n = 363, 79%) than whole mounts (n = 96, 21%) (Table 2-6). In most situations, the lack of
existing protocols for the use of the Murray cod as scientific records was not a major barrier
to registering their stewards' consent category and verifying this.
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Table 2-6. Potential and researcher-verified uses of Murray cod taxidermy mounts as a scientific record, split by mount form (whole and head)
and transparency of their registration as a specimen for further scientific enquiry. Unconstrained = fully transparent registration.
Depersonalised = private and depersonalised registration for research purposes only.
Record use
category*

Head (n = 363)
Transparency
Unconstrained Depersonalised
n (%)
n (%)

Researcher
verified
n (%)

Whole (n = 96)
Transparency
Unconstrained Depersonalised
n (%)
n (%)

Researcher
verified
n (%)

283 (78%)
80 (22%)
231 (64 %)
79 (82 %)
17 (18 %)
62 (65 %)
Biogeographic
248 (68 %)
6 (2%)
173 (48 %)
69 (72 %)
3 (3 %)
60 (63 %)
Morphological
104 (29 %)
5 (1%)
43 (12 %)
15 (16 %)
1 (1 %)
1 (1 %)
Biological
104 (29 %)
5 (1%)
43 (12%)
15 (16 %)
1 (1 %)
1 (1 %)
Sampling
8 (2%)
0 (0%)
8 (2%)
1 (1 %)
0 (0%)
1 (1 %)
Study specimen
* The category of scientific use is a conservative estimate and higher risk to the integrity of the mount may be possible.
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The results presented on the categories should be considered a conservative estimate as the
only category of use that was tested in every face–to–face interaction was that of a
biogeographic record. A substantial proportion of those registered as accessible
biogeographic records were physically verified by the researcher (64% heads, 65% whole).
As the categories of scientific use allowed for a range of uses, a subset of these specimens
was also tested as morphological and sampling records. A total of 233 (51%) of the mounts
were verified as morphological records (Chapter 3). Both forms of the taxidermy were
accessible to use as biological specimens (n = 125, 27%), with another subset of 44 (10%)
being verified as sample specimens (Chapter 4). A small number of the specimens were
acquired as scientific study specimens (n = 9, 2%). This invasive category was only verified
through the opportunistic receipt of donations and trade. The biological and sample record
consent was provided, with the main constraint being a ‘no harm’ approach to the
specimens’ display features. As a case study, 15% of the head form (n = 43) were verified as
a source of biological tissue (Chapter 4). These mounts were either acquired by the
researcher or had written permission of the person responsible for the specimen (the
steward and owner) obtained for this use.
A proportion of the stewards directly and remotely registered their mounts as potential
records, and those who were visited were interviewed to provide an indication on the reaccessibility of the mount to future use as a study specimen. The actual re-accessibility and
re-usability of the mounts as scientific study specimens were not assessed. Most of the
stewards were willing to be transparent about their mount’s existence, and open to it being
registered as at least a biogeographical scientific study specimen. Indeed, 78% of the head
and 82 % of the whole mounts had unconstrained and transparent registrations.
Importantly, the reported openness of stewards to more invasive research uses of the
mount is likely to be a conservative estimate, as a number of the stewards who registered
their mounts as being biogeographic records were not asked if they would be open to more
invasive uses of these mounts.
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2.4 Discussion
Fish specimens and collections can tell us about past biology, ecology and environmental
conditions (Izzo, Doubleday, Grammer, Gilmore, et al., 2016). Non-formal biological
collections can add richness and supplement our knowledge base (Casas-Marce et al., 2012).
However, to realise the potential of alternative biological materials as historical ecological
evidence, their features, curation, provenance, and accessibility need to be recorded and
verified (McClenachan et al., 2015). In the current research, 459 taxidermy Murray cod
mounts, stewarded at 189 locations, were registered as useable scientific records, and
included permission to be publicly registered for potential use in future research
applications. The curatorial patterns associated with the mounts presented here and
knowledge of Murray cod’s life history can be confidently used to improve our
understanding of the species’ biology, its ecological role, and past environmental conditions.
Most of the fish mounts were of head form and curated in a public place, and had stewards
receptive to them being used scientifically. Collectively, the comprehensiveness of these
previously unregistered biological specimens, the subject matter’s life-history traits, the
transcription and registration of each mount’s provenance, and its stewardship, presents an
untapped archive open to alternative uses and interpretations. As will be shown in
subsequent chapters, the cod mounts in the register have been validated as scientific
specimens with useable morphological characteristics (Chapter 3) and biological parts
(Chapter 4) that confirm their provenance records of size. The register of specimens
currently resides with the researcher and transitioning the registers curation to an
institution with cataloguing capacity is recommended (See 5.6). Given the receptiveness of
the mounts’ stewards to scientific enquiry and willingness to be transparent about their
taxidermy curatorial circumstances, these mounts represent a new biological archive that
adds a unique richness to our primary sources of evidence from the past.
2.4.1 Curation and stewardship
The registered curatorial elements of quantity, form, existing interpretations with a focus on
provenance, host type, steward’s receptiveness to a range of scientific uses, and steward’s
receptiveness to future research enabled an exploration of the taxidermy scientific
potential. The consent to use the mounts as study specimens was verified on most mounts
(64%) and provides confidence that the stewards will provide access to their specimens. The
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existence and quality of the provenance records will have a major influence on the ability to
use a specimen as an evidence source (Nielsen et al., 1999a). The registration of harvest
location, date, size, and named persons demonstrates how rich these records are and
enables those who may need these to target specimens of a particular provenance and
engage with the stewards. While it stands to reason that the size of the trophy fish would be
part of its noteworthiness and be recorded with it (Gabelhouse Jr, 1984; Shiffman et al.,
2014), the lack of key provence size records like weight or length with some of the
informally-curated taxidermy cod mounts is noteworthy. The gaps observed in harvest
location or date records are consistent with other forms of historical records (Lucas, 2014).
The common occurrence of steward’s consent to openly share the registration and digital
reproductions of the mount’s form and available interpretative records, has enhanced the
mount’s scientific potential (Worthington et al., 2016). Further, those with a knowledge of
taxidermy preparation can use the visual reproductions to infer who made them, how they
were made, and the animal’s life history (Patchett, 2008). In addition, an assessment of the
specimens’ isotopic and elemental fingerprints within their various tissues (e.g. otoliths or
bones) may infer or verify provenance and facilitate an exploration of movement, diet and
trophic position (e.g. Blight et al., 2015; Izzo, Doubleday, Grammer, Gilmore, et al., 2016;
Long et al., 2018; Zampatti et al., 2015). The curation patterns have a direct influence on the
usability of the mounts as scientific records. Some collections contained large numbers of
heads, whereas the whole-form was more commonly within small collections. Also,
comparatively few mounts were stewarded in South Australia (< 2 %). One reason for this
could be that the core habitat of the species, the Murray River, was in a poor state by the
1970s before the creation of taxidermy became common (Reynolds, 1976). Another could
be the capacity to create affordable taxidermy mounts did not exist in that area (Patchett &
Foster, 2008).
The dispersed nature and range of steward types meant that verification of the features,
and the accessibility and utility of mounts required hundreds of personal interactions across
~ 18 months. Further, re-accessing the specimens (especially those on public display) may
come with logistical challenges. Informal collections and traditional sources of biological
specimens can add value to each other as evidence sources. Apart for being another source
of specimens that do not exist elsewhere, informal collections can also contain a diversity of
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provenance and provide access to tissues from specimens that traditional sources do not
allow (Casas-Marce et al., 2012; Seitz & Waters, 2018). In this study, the richness and
comprehensiveness in the temporal range of the informally-curated mounts was
substantial, with 62 years of harvest (1952–2014). This richness of provenance is consistent
with other studies that have accessed non-traditional taxidermy as a source of biological
tissue (e.g. Casas-Marce et al., 2012). However, they need a strong cultural filter to make
the most use of the now verified and accessible historical records, and to interpret baseline
biological and environmental information they can provide. In the current research, the
specimens within private stewardship were associated with richer interpretations of
provenance and with more whole mounts than those within public stewardship. Further,
compared to the private stewards, the public stewards were more receptive and willing to
be transparent about their taxidermy being available for research. These types of curation
patterns and biological features will be relevant to future research collaborations.
The provenance records show a spatial and temporal harvest consistent with the extant
distribution of Murray cod. In addition, and similar to other investigations into taxidermy
(Morris, 2010), large, and by inference old, specimens of Murray cod have been preserved
and curated. The resulting intraspecific richness of this high trophic order species is unlikely
to be encountered in formal collections (Farber, 1980). Given the potential selection and
curation biases involved in the mounts’ presentation, it will be important to consider how
these could influence, or provide an advantage for, inferring the environmental states and
patterns they provide insights on (Boakes et al., 2010; Holmes et al., 2016; Pyke & Ehrlich,
2010). The chosen study design will need to accommodate the potential issues of time and
place comprehensiveness, selection and curation biases, and feedback from the selection.
For example, both abiotic and biotic drivers (e.g. oceanographic processes, natural history
characteristics, fishing, and fisheries regulations) of the availability and resulting size of fish
harvested have been identified with trophy fish records (Bellquist, Graham, Barker, Ho, &
Semmens, 2016). Further, the cultural influences on animals that have been selectively
harvested, such as social structure, age structure, sex ratios, and population dynamics, may
mean that the animals are not a representative sample of past environmental or ecological
states (Milner, Nilsen, & Andreassen, 2007; Monteith et al., 2013; Mysterud, 2011). In this
study, the circumstances of the fish selection and relative location of where they were
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caught, typically being campaign fishing trips, resulted in smaller taxidermy fish. Irrespective
of the potential biases in the occurrence and features of taxidermy Murray cod, the register
presents several specimens with life history intersections that can be used to explore
baseline environmental states and patterns (McMillan et al., 2017).
This exploration, re-interpretation and categorising of the curatorial and stewardship
circumstances of the taxidermy Murray cod has registered the mounts as accessible
specimens of potential value to science. The verified occurrence of scientifically accessible
taxidermy presented provides clear patterns on form, stewardship, and location of the
mounts. The curation and stewardship patterns along with the registers' other features
could be used to guide those seeking to access additional specimens. The temporal and
spatial patterns of accessible informally-curated taxidermy Murray cod warrant further
exploration. Others have found that taxidermy can occur more commonly when the
capacity to create the specimen in the community exists (Arluke & Bogdan, 2010; Patchett &
Foster, 2008), or reduce due to hunting and stewardship preferences (Casas-Marce et al.,
2012; Sanders, 2017). In addition, the register of scientifically accessible taxidermy could be
expanded with the application of other surveying approaches (e.g. incentivised
contributions or snow balling).
The new catalogue will enable targeted and designed research into specimens of a
particular provenance or form (Suarez & Tsutsui, 2004). Some of the gaps and patterns in
the provenance and curation circumstances of the taxidermy Murray cod could be further
explored through interviews with those who know about the history of the mount (as
pioneered by Parsons et al., 2009), or through further assessment of the preservation
techniques and curatorial pattens (as demonstrated by Patchett, 2008). The observed
naming bias within publicly curated specimens is understandable, because the privately
curated fish were predominantly hosted by those who caught them and hence did not
promote their association with the fish. However, the retrievable provenance and
corroborating records that were accessible from the private stewards were richer and
present obvious advantages. The size pattern for large fish to be caught more locally also
makes sense based on a trophy needing to be noteworthy in that community for the trophy
to persist. These kinds of cultural-related nuances in the non-scientific curatorial values and
provenance could present opportunities to source further corroborating evidence of the
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fish’s history, reasons for existence (West, Stark, Murphy, Lyle, & Ochwada-Doyle, 2015), or
contextual information on the habitat it was sourced from (Howes, 2016). Further, exploring
the provenance, persistence and scientific features of the mounts in future collaborations
with the agents involved in the curation could provide other broader benefits such as: 1)
informing policy and management decisions of relevance to water resources (McKinley et
al., 2017); and 2) leading to a broader understanding and community acceptance of ecologybased management recommendations (Cooper, Dickinson, Phillips, & Bonney, 2007;
Forrester et al., 2017).
2.4.2 Verifying the scientific potential of the taxidermy
The spectrum of scientific uses and low-risk nature of the initial biogeographic verification is
believed to have contributed to most of the taxidermy Murray cod being registered as
accessible scientific study specimens. Engagement with the stewards during this verification
both confirmed where and how the fish came to be and verified whether stewards were
open to scientific uses of the specimens. Many of the stewards were willing to have the
features, photographs, and the location harvested of the mount registered for future
scientific research. The digitisation of biological archives in a transparent and publiclyaccessible register is a critical step to realising the specimens’ scientific utility (Cook et al.,
2014). This receptiveness of the stewards to be open to research is noteworthy and
consistent with others who have accessed informal taxidermy specimens to supplement
formally-curated archives (e.g. Casas-Marce et al., 2012). The register could be improved
through the introduction of criteria that rank the quality and values of the specimens and
their stewards' receptiveness (e.g. Collette & Lachner, 1976). This type of further evaluation
could identify important individuals, gaps, and duplicates, and thus inform where future
curatorial and scientific effort could be targeted. It could also inform the study design and
the resources required to use the specimens. However, the knowledge on each specimen
and the weighting of the scientific values and qualities would need to be adapted to fit the
situation, as each specimen is a unique point-in-time record and may be the key record
needed to explore a baseline (Smith, 1979).
The verified specimens present a register, with opportunities to select specimens with a
provenance that fits a particular study’s aim. The research validation of the accessibility of
the mounts to scientific use provides confidence that the mounts are, and will continue to
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be, useable. The validation of consent and development of access protocols is important
when working with people who are not normally involved in scientific research, and/or
when protocols do not exist (Bonney et al., 2009). There were several factors that are
believed to have contributed to the ability to determine the scientific accessibly of the
taxidermy Murray cod. The Murray cod is a large visually noteworthy, vulnerable apex
predator and a flagship species rolled into one (Ebner, 2006). Somewhat ironically, the
recreational fishing pressure on the Murray cod is likely to have contributed to its
conservation status (Forbes, Watts, Robinson, Baumgartner, Steffe, et al., 2015) and
occurrence as taxidermy. The reported weight of the mounts (median 24 kg) suggests most
of the specimens are of substantial age (e.g. > 25 yrs.) (Anderson et al., 1992). Combining
this trait with the 62 years of harvest from the informally-curated specimens (1952–2014)
suggests the potential for an 85+ year record of a species and its habitat. Primary evidence,
like large and old, apex or cryptic animal specimens can be difficult to acquire due to
(1) their rarity (Brunell, Delaney, Spratt, Carbonneau, & Waller, 2013), (2) difficulties in
assessment (Elzinga, Salzer, Willoughby, & Gibbs, 2009), and (3) biases associated with
common fish monitoring techniques (Gooley, 1992). Because flagship species are useful for
multiple scientific pursuits (e.g. apex predators that bio-accumulate) and of relevance to
multiple stakeholders, they receive a disproportional amount of scientific interest (Ebner et
al., 2016). Therefore, it is important to leverage this bias and validate and explore changes
in species over time and space. Collectively the mounts’ scientific value has been enhanced
through (1) criteria and tested protocols around access, and (2) the registration of mount
quality, interpretations of provenance and tissue type. The registration of multiple, and
complementary, research categories enables future re-interpretations to be fitted to the
available archive. However, further testing of the stewards' receptiveness to these research
use categories and curatorial biases is recommended.
Each specimen’s life history, physical form, features, and makeup of biological tissues could
yield primary evidence of value to science (Izzo, Doubleday, Grammer, Gilmore, et al., 2016).
The occurrence, life history and biological tissues of the specimens may supplement other
evidence sources and provide new baselines for comparisons. Further, the multi-decadal
and multi-habitat harvest range of the specimens coincides with several anthropogenic
activities of relevance to contemporary management and conservation of the species itself
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and the MDB (e.g. algal blooms, flow regulation, pest fish). The morphology of the
specimens could be used to advantage with an application of morphometrics and
assessment of the influence of shrinkage on their lifelike length and weight (Milgrom, 2010;
Winker, 1993). The influence of the taxidermy preparations on the presence and viability of
the preserved biological tissues to analysis and interpretations is an obvious area for further
exploration (e.g. DNA, Worthington et al., 2016). If high-value tissues, like otoliths, persist
and maintain lifelike physical and chemical characteristics, the taxidermy specimens could
yield historical information on the biology of the species (e.g. age, growth and size) or the
ecosystems they occupied (e.g. Disspain et al., 2012).
Further research with the mounts will require re-engagement with the stewards and
confirmation that they consent to the proposed use. Any future uses of the mounts as
scientific study specimens will require trust in, and demonstrated value from, the research.
Further explorations of the scientific values of the specimens will be able to build on the
trust and evidence developed in this research. Additional use of the mounts as specimens
could also lead to advocacy of science, the conservation of the species, and support the
ongoing curation of the taxidermy (Forrester et al., 2017). Further research will also validate
the persistence of mounts, movement patterns and could explore the ownership, and the
associated likelihood of re-accessibility for research uses. In another study that accessed
informal taxidermy collections, Casas-Marce et al. (2012) identified a substantial loss of their
study specimens over time and suggested trade as one option to mitigate against this risk.
Whilst trade or donations of the specimens was not an objective of the current research,
attempting transitioning of unwanted and important specimens into more formally-curated
collections increases the likelihood of some of them being re-accessible to research uses
(Bradley, Bradley, Garner, & Baker, 2014).
In conclusion, this chapter provides evidence for researchers, natural resource managers
and others wishing to retrieve and access informal taxidermy fish specimens. This
exploration of the scientific utility of these informally-curated taxidermy mounts provides a
deeper understanding of how to verify a non-traditional biological record. The research has
validated hundreds of taxidermy specimens of a vulnerable species that were previously
unregistered or accessible to science. The substantial single-species archive comes with a
comprehensive provenance and receptive stewards. Given the number and dispersed
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nature of the collections, and the range of agents involved in the curation of the collections,
the efficacy involved in recording and validating of non-traditional biological specimens
through remote and face-to-face interactions has much to offer. Their biogeographic and
biological features, combined with the confidence that they are accessible to invasive
scientific uses, means they can be integrated with other forms and more contemporary
biological and environmental data. Research with flagship animals that have a cultural and
visual appeal, like Murray cod, can be leveraged to gain support for other research in their
habitats, and the knowledge gained can be used as part of a holistic conservation strategy
(Ebner et al., 2016). Further explorations and validations of these specimens and their
curatorial arrangements could also provide a strategic opportunity to invigorate the
communities’ connection with, and support of, science (McLean et al., 2016; Suarez &
Tsutsui, 2004). Historical animal specimens, like taxidermy fish that preserve the form of the
animal and a variety of biological tissues, are conducive to multiple research applications
(Pyke & Ehrlich, 2010). The evaluation of long-term data sources serve a vital role for
biological research, because changes in ecological processes and the structure of biological
communities often occur over long timescales, and shifts in baseline trends can be missed
(McClenachan et al., 2015; Pauly, 1995). This research design and register could be built on
to explore further scientific features of the taxidermy Murray cod or similar unconventional
biological collections. However, to add value to other data sources, these collations and
specimens need to be curated. Further studies into size and age features might facilitate
new interdisciplinary relationships between researchers, museum curators and the public,
thus contributing to wider debates on the place of animal collections in society.
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3 Taxidermy as records: the lifelike size and shape of Murray cod
mounts
3.1 Introduction
3.1.1 Taxidermy as a biological study specimen
As a persistent form of animal preservation that is valued for its realism to the original
animal (Morris, 2010), taxidermy could be used to yield biological information, or even act
as a proxy to investigate past environmental states and inform ecological baselines (Pauly,
1995). Irrespective of where it is curated, each taxidermy fish has the potential to provide
historical biological information (Smith, 1965). Ecological and biological research, including
systematics, biogeography, genomics, morphometry, stable isotope ecology, and
parasitology are some examples of fields that could utilise taxidermy specimens (McLean et
al., 2016). For example, historical records of animal weight and length are important to
understand the effects of climate change and other anthropogenic stressors (e.g. Millien et
al., 2006). In fish, body size can be an important determinant of trophic interactions and fish
community structure (e.g.Polis, Myers, & Holt, 1989).
Chapter 1 of this thesis outlined the potential of taxidermy Murray cod (Maccullochella
peelii [Mitchell, 1838]), as a historical, biological record. In Chapter 2, the Murray cod
taxidermy collections were shown to: 1) preserve more head than whole forms; 2) be
persistent biological specimens that present with multiple types of biological tissues, such as
skin, bone and teeth; 3) be accessible to research uses; 4) commonly come with
interpretations of provenance (e.g. harvest location, timing and size); 5) preserve a range of
sizes; and 6) be of strong interest to the community. Informally-curated taxidermy forms of
Murray cod commonly only have the head (79 %) of the animal preserved, but often do not
come with records of provenance (36 %) of relevance to their use as a biological record (e.g.
location, date, weight or length at harvest) (Chapter 2). These phenomena are consistent
with taxidermy Murray cod being a form of a trophy (Smith, 1965), and metrics like length
being a more contemporary fishery management tool (Todd & Koehn, 2009). In other
cultures and trophy fisheries it can be fish length (Gabelhouse Jr, 1984), or fish weight
(Bellquist & Semmens, 2016) that is used to record the size of the target species. Given that
weight is the most commonly reported size information with the informally-curated
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taxidermy Murray cod (55 %), and the potential of lifelike realism of the taxidermy (Morris,
2010), this provided an ability to use morphometry to derive and compare relationships
between length and weight features of the specimens. If taxidermy specimens of cod
maintain morphological features of use to validate and infer lifelike total weight and length,
they will add to our archival knowledge base on fish size.
3.1.2 Uses of biological metrics in fisheries
Length and weight of fish are fundamental biological metrics used for fisheries science and
management (e.g. Romanuk, Hayward, & Hutchings, 2011), and also greatly assist with
understanding the functioning of aquatic ecosystems (Andersen, 2019). The quantitative
analysis of fish weight and length is used in a broad array of studies, ranging from ecological
conditions, adaptation, speciation, and food web dynamics (e.g. Blanchard, Heneghan,
Everett, Trebilco, & Richardson, 2017; Brose et al., 2017; Shukla & Bhat, 2017). For example,
the length of hard parts (e.g. fins, skull) of dried Murray cod specimens have been used to
describe a new species (Rowland, 1993). Length-based relationships from fisheries are
important because they provide ecological and biological insights on the species and the
systems they came from (Froese, 2006). Ultimately, relating the morphometry of animals to
factors that affect body size, including temperature, food availability, competition and
predation regimes, fishing pressure, and pollution can provide important information on
ecological processes, past populations and environments (Cheung et al., 2013; Roy, Collins,
Becker, Begovic, & Engle, 2003). For example, length, weight and morphometric
characteristics of Murray cod were used by Ebner (2006) in his description of the species as
an apex predator and by Stuart et al. (2008) to assist with designing fish-ways for multiple
fish species, including large Murray cod.
3.1.3 Applications of morphometry in fisheries
The field of morphometry — the quantitative analysis of form that encompasses size and
shape variation and its covariation with other variables — has long been of interest to
ecologists and evolutionary biologists (Adams, Rohlf, & Slice, 2013; Bookstein, 1997; Strauss
& Bond, 1990). In fisheries research, measured traits (e.g. length and weight) and the
relationship between them have been used for decades to understand individual,
population, and community dynamics (Froese, 2006). The length-based relationships of fish
can be used in a wide range of applications, such as: 1) estimates of weight or length when
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gaps exist; 2) conversions for stock assessments between growth in length and weight (e.g.
biomass from length data); 3) estimates of condition and as a species condition factor; and
4) comparisons among life history and morphologic differentiation of the same species in
different areas or from different times (Jellyman et al., 2013; Pauly, Soriano-Bartz, Moreau,
& Jarre-Teichmann, 1992). Variations in morphology and growth patterns of a fish are
related to its ecological role and factors that affect the fish’s diet composition, including its
capability to move, catch and consume its food (Rowland, 1985), differences in the supply of
food and differences in the consumption patterns of the community (Wainwright & Reilly,
1994). There are shape-based growth patterns of a fish that are allometric, where the fish
either gets fatter or skinnier over its life or isometric, where the proportions of its shape and
weight stay the same over its life (Humphries & Walker, 2013). Providing the traits of the
specimen are measurable (or reported), and these maintain a relationship to the lifelike
form, we can use morphometry to elucidate useful metrics such as length and weight from
taxidermy forms of fish (Blackith & Reyment, 1971). The ability to compare the taxidermy to
the living forms also provides a mechanism to validate the measured and reported length
and weight traits.
3.1.4 Morphometry with fish specimens
Irrespective of the form of fish specimens used in an applicant of morphometry, an
assessment of bias in the data being compared will be required (Froese, 2006). Further,
knowledge of the sources of variability within the non-preserved form and how these could
transfer to the preserved form will help interpret the utility of the resulting morphometric
relationships (Winker, 1993). In an assessment of multiple length-weight relationships in
fish, Jellyman et al. (2013) identified gear, size range, growth stanzas, partial size range,
sexual dimorphism and seasonal differences as the main sources of bias. In addition to the
seasonal differences, other sources of variability in length relationships come with fish from
different habitat types (Rowland, 1993), harvest timings (Anderson et al., 1992), and subpopulations (Jellyman et al., 2013). Measurement accuracy is another source of error on the
utility of morphometric relationships (Neumann, Guy, & Willis, 2012). While Jellyman et al.
(2013) focused on reviewing length-weight relationships, the measurement biases may also
be relevant to assessing all length-based relationships on fish specimens. The length
measurements of fish are generally very precise, whereas weight measurements, especially
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those taken in the field, can vary substantially (Gutreuter & Krzoska, 1994). Furthermore,
the precision of weight measurements for small specimens, and associated ability to use
weight in length-weight analyses can also be limiting (Neumann et al., 2012). When looking
at different forms of specimens and describing the differences between the derived lengthbased relationships, it is useful to understand the sources of variability, like the provenance
of the specimens, accuracy of measurements and background variation in fish weights.
3.1.5 Yielding measurable traits from a non-traditional data source
Before length-based relationships yielded from a non-traditional data source, like taxidermy
Murray cod, can be used to infer lifelike size, some validations associated with the merits of
the record for historical ecology are needed (McClenachan et al., 2015). In addition to the
measurement and the background variability considerations with any specimen, preserved
animals come with additional characteristics that influence the utility of the morphometry,
and what can be measured. The most robust way to validate the utility of the morphometry
from preserved animal specimens is to compare a range of specimens pre-and postpreservation (e.g. Sotola et al., 2019). Further, if historical interpretations of prepreservation length and weight are available, these can also be used as a line of evidence to
generate and validate the relationships from the preserved specimen (Pyke & Ehrlich, 2010).
However, pre-and post-preservation comparisons may not be possible in some situations,
such as when assessing historical collections, or when written records have gaps. In these
situations, an exploration into the sources of variation and the likely differences between
forms will guide the application the morphometry and increase the likelihood that nontraditional data sources can be used to make inferences about past environmental or
ecological conditions (McClenachan et al., 2015).
3.1.6 Preservation and curation influences on preserved specimen features
When using preserved specimens to derive estimates, and validate records, of lifelike length
and weight, the preservation and curation are additional sources of bias that could influence
the ability to yield metrics and use the morphometric relationships (Mayden & Kuhajda,
1996). The lifelike length and weight of fish can shrink through perseveration, which can be
exacerbated if the fish had delayed fixation (Radtke, 1989). Previous applications of
morphometric systematics on fish preserved in ethanol, dry ice or formalin have identified
the need to account for the influence of both the preservation and curation on the
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retrievable length and weight (e. g. Paradis, Magnan, Brodeur, & Mingelbier, 2007). In
taxidermy birds, Winker (1993) found the post mortem body form, proportions and
measurable length traits could be different from those of the unpreserved forms. Other
preservation processes that could influence the measurable traits of taxidermy include rearticulation into non-natural positions (Desmond, 2002; Migdalski, 1981), the introduction
of foreign biological materials (Viscardi, Hollinshead, McFarlane, & Moffatt, 2014), and parts
or tissues missing (Larkin & Porro, 2016). In fish taxidermy, it is common for only skin, fins
and head (e.g. jaw, skull) to be preserved, whereas most skeletal bones are removed and
replaced with internal moulds and supports (Migdalski, 1981; Smith, 1965). Some of these
preservation impacts on taxidermy (like distortions to the lifelike resemblance) may result in
the need to exclude specimens from morphological assessment (e.g. Mayden & Kuhajda,
1996), whereas others (like missing parts or distortions) could be overcome if the remaining
features maintain usable morphological relationships (e.g. Larkin & Porro, 2016).
3.1.7 Curation
There are also curatorial factors that could influence the measurable traits and subsequent
utility of taxidermy as a record. Physical processes, like weathering or decay (Wandeler et
al., 2007) and loss or damage of parts (Sawada et al., 2018), have similar impacts to the
preservation factors. However, non-physical curatorial factors like gaps in harvest location,
date and size records (Drew et al., 2013), size-based biases in the selection and presentation
of the specimen (Bellquist et al., 2016), lost, degraded or deliberately deceptive provenance
records (Morris, 2010), and gaps in the contextual understanding of life history
circumstances of the specimen (Izzo, Doubleday, Grammer, Gilmore, et al., 2016) can also
impact the measurable traits and the utility of the record. Not all these curatorial sources of
variation, or bias, are a disadvantage in the applications of morphometry. For example, a
size-selection bias may provide information on maximum growth relationships, which are
often poorly understood, due to them being a rare part of most sampling regimes (Brunell
et al., 2013). It is common for historical animal specimens not to come with life history
records (such as length); and if they persist, they are generally taken on face value without
an assessment of the influence of measurement method or recording accuracy (Morris,
2010). The application of morphometry to describe the lifelike size of the specimen, allows
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the investigator to overcome gaps in the record of size, or questions around the validity of
the available interpretations.
When controlling for pre-post animal preparations’ impacts on the application of
morphometry, one of the most useful strategies is to focus assessments on the hard parts
(Winker, 1993). Hard, mineralized, keratinized or chitinized tissue (e.g. teeth, beaks, skulls,
horns, antlers, exoskeletons, shells) are resistant to both preservation and curatorial
conditions and are commonly used in the quantitative analysis of an animal’s form (e.g.
Gröger, Piatkowski, & Heinemann, 2000; Naylor & Marcus, 1994; Whitty et al., 2014). The
morphological features of hard parts tend to persist and minimise post-death preservation
and curatorial considerations like shrinkage (Winker, 1993). For example, the morphometric
structure and shape of records and collections of antlers and horns have been used to
identify changes in the impacts of harvesting or environmental conditions on the size of 26
trophy animals (Monteith et al., 2013). An application of morphometry on sawfishes’ rostra
has been shown to be most robust to the influence of curation processes (e.g. shrinkage),
and of use to differentiate species (Whitty et al., 2014). Given that a common objective of
taxidermy is anatomical accuracy (Desmond, 2002), and those taxidermy specimens
commonly preserve skull features and appendages like antlers (Morris, 2010), it is
noteworthy that few applications have used the shape of specimens as a method to explore
historical patterns of lifelike size. Through the application of morphometry, the hard
features that present with taxidermy (e.g. skull), are conducive to providing a record of size
of living fishes (Adams et al., 2013).
3.1.8 Murray cod growth
In addition to having the ability to compare the taxidermy Murray cod to living populations,
there is already much knowledge concerning the morphology and length-based
relationships of the species (Berra & Weatherley, 1972; Forbes et al., 2016; Gooley, 1992;
Llewellyn, 2011; Robinson, 2012; Rowland, 1998a). Murray cod are an apex predator that
continue to grow throughout their life (Ebner, 2006). The size and age records of Murray
cod include some rare large, and old specimens up to 48 years old, with a total length (TL) of
1400 mm (Anderson et al., 1992) and a total weight of 40 kg (Rowland, 1998a). The growth
rate of Murray cod is slow and similar for males and females up to 30 years old (Rowland,
1998a). Most of the reported length-weight relationships for Murray cod are positively (>3)
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allometric (e.g. Anderson et al., 1992; Berra & Weatherley, 1972; Gooley, 1992; Rowland,
1998a). The maximum TL of Murray cod has been reported to be reached at 15 years;
however, estimates are highly dependent on the individuals used to determine this metric
(Anderson et al., 1992; Rowland, 1998a). Similar to length, there is no consensus on
maximum weight, with Rowland (1998a) concluding that for Murray cod up to ~30 years,
there is no asymptote apparent in the age-weight relationship. This knowledge base
regarding the species’ growth and size can be leveraged and expanded through comparisons
with the features of the taxidermy.
As Australia’s largest freshwater fish, Murray cod feature within informal taxidermy
collections as a form of a trophy (Chapter 2). They are also accessible to science, and thus
taxidermy Murray cod presents a useful case study for exploring the morphometric utility of
taxidermy for inferring lifelike length and weight. In addition, the occurrence of large
Murray cod in the taxidermy form could extend the applicable range of length-based
relationships and inform the estimates of maximum length and weight. To determine if
informally-curated taxidermy Murray cod could be useful as a morphological record and
extend this knowledge into assessing changes in the environment, it was necessary to
compare the taxidermy form to a benchmark living population. This chapter aimed to:
1) describe the relationship between morphometric characters and provenance records of
size and harvest location of the specimens
2) determine the correlated morphological characters on living and taxidermy forms of
Murray cod
3) determine the most reliable head-based morphological relationships on taxidermy
Murray cod for predicting total length or weight
4) describe the relationship between the living Murray cod and whole taxidermy Murray
cod total length and weight.
Morphometry was used to assess the two taxidermy forms (whole and head) relative to a
living population and accommodate the removal of fish parts (e.g. bodies) and shrinkage.
The application of morphometry was such to assess and accommodate the influence of
preservation and curatorial histories on the taxidermy shape and identify the head-based
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morphological characters that most accurately describe the lifelike length and weight of the
fish. The relationships between head length feature, TL, and weight and provenance traits
(e.g. harvest location and year) of the three forms of Murray cod studied (head and whole
taxidermy and living) are described. The head-based morphological characters that most
accurately describe the lifelike length and weight of the fish are identified. The validity of
the length and weight interpretations accompanying the taxidermy were confirmed by
interviewing stewards of the mounts and comparing the robust length-based relationships
between three forms of Murray cod. Finally, in the discussion, I comment on the use of the
morphometric relationships to verify and infer life-history traits of non-traditional records
and provide insights on how these can be leveraged for further explorations into the
scientific utility of taxidermy Murray cod.
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3.2 Method
3.2.1 Study specimens
Two forms of taxidermy Murray cod were assessed for their life-like shape: head mounts
(the severed head) and whole mounts (the entire body). This chapter adopts the Morris
(2010) definition of taxidermy, by which the preservation involves the whole or part of the
animal being skinned, then preserved and positioned, and mounted, in a near lifelike state.
The taxidermy head and whole mounts’ features were recorded and categorised in 2018–19
using broad-scale citizen surveys across the Murray-Darling Basin (MDB) (Chapter 2). The
features and accessibility of the mounts were registered for a range of research pursuits
(Chapter 2). This chapter provides the detailed information on the use of the mounts as a
morphological record.
Given the non-traditional supply chain of the specimens and common curation with public
areas, a risk assessment on the ability to safely use them as a morphological record was
undertaken before they were used. If the condition of the mount or physical location was
such that handling of the specimen imposed an excessive risk to its integrity or the
researcher, or the steward did not provide consent to access, it was excluded as a
morphological study specimen. All the whole forms and most of the head forms were
mounted in a trophy style. The mount was typically fixed onto a backing board in a position
to emphasise its mouth or body size, with interpretations of provenance transcribed on that
board, and then hung on display (Chapter 2, Chapter 4). The preservation techniques
applied to the fish and the curatorial history for the mounts were generally incomplete or
unknown. The living specimens were sampled from the Murray River downstream
Yarrawonga, Australia in June 2018 and measured and weighed in the field. These
specimens were boat electro-fished and returned to the waterway. The sampling location of
the living specimens overlapped with the reported harvest location of the taxidermy
specimens (Figure 3-1).
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Figure 3-1. Reported harvest location of the head (n = 100) and whole (n = 45) taxidermy
study specimens symbolised by weight and form (head or whole). The sampling location of
living specimens (n = 51) within the MDB is also shown (the star), as are the harvest
locations of another 98 study specimens recorded and categorised as accessible in Chapter
2 (symbolised by the triangles). Map, Deanna Duffy, SPAN CSU.
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3.2.2 Interpretive records
The taxidermy specimens were photographed in-situ and had their curatorial circumstances,
condition and interpretative records copied and transcribed. The available interpretative
records of relevance to the assessment of biological features and provenance (such as time,
place and weight [generally in pounds] of harvest) were specifically sought. These existing
interpretations most commonly appeared on the mounting board with, or near, the display
area of the taxidermy. Key provenance records, like harvest year, length and weight, were
used in combination with their morphological features to evaluate the biases in the
taxidermy presentations and utility of the fish as historical records (Figure 3-2).
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Figure 3-2. Reported harvest year and weight (kg) of the head (n = 108) and whole (n = 41)
taxidermy study specimens.
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3.2.3 Specimen measurements
A total of 363 head and 96 whole forms of taxidermy Murray cod from informal curatorial
origins were verified in Chapter 2 as accessible to use for this project (Table 2-6). Chapter 2
verified that the mounts were usable as biological records where their stewards were open
to registrations of the features, interpretations of location, timing and size at harvest. For
the present chapter, the morphometry of a subset of this larger archive (232 taxidermy
mounts from 79 stewards [172 head, 60 whole] and 51 living Murray cod) was assessed. The
whole and living specimens were targeted for morphometric analysis to encompass a wide
range of sizes. Due to the availability of specimens, this meant large living individuals (e.g. >
600 mm TL) and small whole mounts (e.g. < 600 mm TL) were targeted. The most common
form of mount, heads, were assessed on an ‘as available’ basis within as large as possible
collections. Consequently, the 3:1 proportion of head to whole mounts assessed was a slight
over-representation of the proportion of whole taxidermy mounts that were validated as
being accessible to research uses (which consisted of a 4:1 proportion of head to whole
mounts).
Morphometric analysis was applied to assess and accommodate the influence of
preservation and curatorial histories on the taxidermy shape and identify the morphological
characters that most accurately described the lifelike length and weight of the fish. Eight
morphological characters were measured on the three fish forms. Seven of these were head
character lengths (HCL): minimum inter-orbital distance (IO), minimum inter-nare width
(IN), upper jaw length (UJ), maximum eye diameter (ED), maximum mouth width (MW),
maximum head width (HW), maximum mouth height (MH), and one was based on whole
forms of the specimen, total length (TL)(Figure 3-3, Table 3-1). In addition to the
morphological characters, total weight (TW) data were obtained through the records of the
taxidermy and by weighing the live form specimens. Not all measurements were robust to
the numerous types of taxidermy presentations. However, those that were chosen, were
based on hard features and allowed comparisons among forms. Total weight was measured
on the living form specimens and transcribed from interpretative records that came with
the taxidermy forms (Table 3-1).
All morphological characters were point-to-point straight line lengths that followed
standard protocols, except where stated (Strauss & Bond, 1990). The IO and IN were
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chosen, due to them being the least-fleshy point-to-point measurements associated with
the skull. Furthermore, they had been used in taxonomic investigations associated with the
species and were likely to be robust to the typical influences of preservation and curation
(e.g. weathering, shrinkage and distortions) (Berra & Weatherley, 1972; Rowland, 1993).
The ED and HW were chosen as they had been used for detecting allometric growth (Berra
& Weatherley, 1972; Rowland, 1993) and isometric growth (Stuart et al., 2008) of the
species. The UJ was included due to it being previously assessed on the species without its
morphometric relationship details (Berra & Weatherley, 1972), the ease of retrievability on
all forms, and its potential relationship to TL (Lawton, Wing, & Sturrock, 2010). Even though
MW and MH were likely to be influenced by the preservation process (Table 3-1), they were
included due to them being related to the TL of the species and their utility in describing the
species trophic position (Ebner, 2006). Adjustments were needed to accommodate
constraints, such as non-lethal handling time of the living form and physical positioning of
the taxidermy. This was particularly relevant for the larger specimens. For example, the
living form specimens needed to be handled quickly to minimise risks to their welfare
(Mayden & Kuhajda, 1996), and the whole taxidermy form specimens were often very heavy
or fragile, meaning it was pragmatic to measure them in-situ above ground level.
Observations on the influence of preservation on the taxidermy fish morphology included:
shrinkage; the introduction of foreign objects (e.g. moulds); and deformations (e.g. mouth
dislocated). Not all measurements were available for each specimen, given the alterations
to form from the taxidermy (e.g. TL unavailable on the head mounts). In summary, the
straight line HCL were minimum or maximum lengths based on: 1) their potential to be
robustly obtained from the three forms of study specimens within the likely sampling
constraints; 2) previous investigations into the morphology and length-based growth
characteristics of the species; 3) previous investigations that have used preserved forms of
fish as morphological records; and 4) their likelihood of being related to TL and TW.
Measurements were made at least to 1 mm and 1 g. All measurements were collected by
one person, and most were transcribed by an assistant.
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Figure 3-3. Illustration of the eight morphological characters assessed on Murray cod: interorbital (IO), inter-nare (IN), upper jaw (UJ), eye diameter (ED), mouth width (MW), head
width (HW), mouth height (MH), and total length (TL). Some morphological characters
involved summing, subtracting or multiplying to achieve equivalency across the forms.
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Table 3-1. Description of the eight morphological characters: inter-orbital (IO), inter-nare (IN), upper jaw (UJ), eye diameter (ED), mouth width
(MW), head width (HW), mouth height (MH), total length (TL) and total weight (TW) assessed on Murray cod. A comment on the relative
robustness to the taxidermy presentation has also been provided, since some morphological characters were observed to be distorted from
taxidermy treatments.
Character

Abbreviation

Description

HCL or

Relative

Comment on influence

body

robustness

of taxidermy presentation

Form of specimens where
character collected
Head

Whole

Living

Inter-orbital

IO

Shortest straight-line lateral eye gap at the
level of pupil centres

HCL

High

Character robust to multiple preparations

Yes

Yes

Yes

Inter-nare

IN

Shortest straight-line lateral nasal (posterior
nostril) gap

HCL

High

Character robust to multiple preparations

Yes

Yes

Yes

Upper jaw

UJ

Tip of pre-maxillary symphysis (snout) to
maxillary tip (rounded part of the
supplementary bone)

HCL

High

Character robust to multiple mouth placement positions

Yes

Yes

Yes

Eye diameter

ED

Maximum eye socket diameter in line with
the tip of snout and nares

HCL

Low

Eye augmentation with fake eyes which unnaturally
increased character length

Yes

Yes

Yes

Mouth width

MW

Maximum width between the maxilla

HCL

Medium

Mouth position highly variable; however, character
retrievable from multiple mouth positions

Yes

Yes

Yes

Head width

HW

Width of the head at the posterior end of the
pre-opercula

HCL

Low

Un-lifelike flaring of gills common in the head form of
taxidermy, which unnaturally increased character length

Yes

Yes

Yes

Mouth height

MH

Maximum mouth height with forwarding
displacement of the premaxilla and maxilla

HCL

Low

Un-lifelike opening of mouth common in the head form of
taxidermy, which unnaturally increased character length

Yes

Yes

Yes

Total length

TL

Tip of the snout to the tip of the longest lobe
of the rounded caudal fin

Body

Medium

Body placement on the whole form can require adjustments,
and length rarely reported in interpretive records

No

Yes*

Yes

Total weight

TW

Total weight of whole fish

Body

NA

Available from interpretive records only*

Yes*

Yes*

Yes

* Metrics also transcribed from available interpretive records
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3.2.4 Morphometric analysis of taxidermy and living specimens
For assessing the length-based relationships in fishes, the size range of specimens is of
greater importance than the number of individuals, because misleading regression (slope
and intercept) values can result if only a partial size spectrum is used (Froese, 2006). Given
the effect of their known allometric and isometric growth patterns of the various body parts
and the objective of assessing if taxidermy HCL can be used to predict lifelike TL and TW,
and the potential influence of shrinkage on the taxidermy form on this, only fish and
taxidermy forms with a similar size range were analysed and compared.
Identifying robust HCL on taxidermy and living specimens
The whole mount and living datasets were sub-sampled to a similar TL range to 1) assess
which HCL were related and most comparable within and between forms (and therefore
most robust to influence of taxidermy), and 2) derive length relationships. The length
correlations within a form were assessed to identify the most robust HCL on the taxidermy
presentations. The robust HCL of IO, IN or UJ, were used for the remainder of the study (see
Results 3.3.3).
HCL-TL relationships on taxidermy and living specimens
HCL-TL relationships were determined by the method of least squares to fit a simple linear
regression:
Y = a + bX
where Y = size of fish (e.g. TL (mm)), X = character lengths (mm) (e.g. IO, IN or UJ), (a) =
intercept and coefficient related to body form (proportionality constant) and (b) = exponent
coefficient.
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Length-weight relationships on taxidermy and living specimens
The measured TL and the total weight (TW) were used to assess and compare the various
HCL-TW and TL-TW relationships. The samples of fish from each form were limited to fish
within a similar TL or HCL range to reduce the effect of allometric and isometric growth. The
HCL-TW and TL-TW relationships were analysed by using the linear expression (Pauly, 1980):
Y = a Xb
where Y = size of fish (e.g. TW (kg)), X = character lengths (e.g. IN or TL) (mm), (a) = is the
coefficient related to body form (proportionality constant) and (b) = exponent coefficient.
The parameters of (a) and (b) of the exponential curve were estimated by linear regression
analysis over natural log-transformed data expressed as:
logY = log(a) + (b)logX
Where necessary for back-calculation, this formula was transformed by exponentiation
Y = (ea) Xb. This length-weight relationship is considered isometric (proportions stay
relatively the same) when (b) (regression slope) = 3. Departures from 3 are considered
allometric growth (Humphries & Walker, 2013). High values of 3 for (b) are termed positive
allometric growth and occur in fishes that become progressively fatter as they grow.
Conversely, (b) can be less than 3 (negative allometric) when larger specimens become
more elongated, or smaller specimens are in better condition (Froese, 2006).
3.2.5 Assessment of interpretations of TW and TL
In addition to the morphological characters, the available interpretative records of TL and
TW were used to develop the HCL-TL, HCL-TW and TL-TW relationships. The allometry
within and between the three forms of specimens was analysed to determine how well the
HCL relate to TL, and then TW. The HCL-TL relationships of the living form and the
interpreted TL and TW of the whole taxidermy form were used to explore the differences
and consistencies. The various length-based relationships were used to assess the reliability
of the mounts’ interpretive records of TW and TL. The length-based relationships were used
to draw conclusions on the how the presentations of taxidermy Murray cod and their
provenance records were a reflection of their lifelike size. The resulting length-based
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relationship were used to evaluate how lifelike the interpretations of TW and TL were. The
various HCL based relationships were used to assess the reliability of the mounts’
interpretive records of TW and TL. The HCL-TL relationships of the living form and the
interpreted TL and TW of the whole taxidermy form were used to explore the differences
and consistencies.
3.2.6 Statistical analysis
The various HCL-TL, HCL-TW, and TL-TW relationships from taxidermy specimens were
compared with the analogous relationships on the living forms (e.g. IO-TL relationships and
coefficients compared between whole and living forms). Patterns and interactions among
the HCL, TL and TW were visualised, and models tested for significant differences between
the heads, whole and living forms. The likelihood of the relationships between the
taxidermy and living specimens being of biological significance was assessed through an
assessment of the standard error (SE) and TL or TW predictions. Potential differences in
HCL-TL, the HCL-TW and TL-TW relationships between forms of specimens and model
parameters (coefficients) were evaluated by subjecting the linear regressions to analysis of
variance (ANOVA) and analysis of covariance (ANCOVA). The relationships between the
interdependent (a) and (b) values were also assessed. Variation in (a) was used to describe
the differences in body shape between the forms. The influence of morphological character
on (a) and (b) values were assessed using a homogeneity of slopes (b) test. If a nonsignificant interaction term was returned, then ANOVA or ANCOVA was conducted. The
descriptive statistics (e.g. 95% confidence limits (CI) of (a) and (b), coefficient of
determination (R2), covariance, Pearson’s Correlation Coefficients, linear regressions and
ANOVA and ANCOVA were undertaken with R freeware (R Core Team, 2013). For non-linear
growth function calculations, the packages FSA (Ogle, Wheeler, & Dinno, 2019), car (Fox &
Weisberg, 2019) and nlstools (Baty et al., 2015) were used. Unless otherwise indicated
statistical significance occurred for P < 0.05.
3.2.7 Deriving the taxidermy correction factor
So that living fish length and weight could be estimated and corrected for the shrinkage of
the taxidermy form, the correction factor (Ć) was calculated by: 1) assessing which length
feature (e.g. TL or HCL) was contributing to the difference; 2) deriving a Ć algebraically (see
Appendix 2: HCL-TL correction factors) that describes the difference between the living and
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taxidermy forms; and 3) incorporating the Ć into the benchmark living form regression that
uses the intercept (a) and the slope (b) from the analogous living form. The resulting linear
regression was:
YL = aL + bL(XT + Ć)
Where Ć =(bT/bL)XT + (aT - aL/bL) - XT
YL = lifelike size of fish (e.g. TW (kg) or TL (mm)), X = character length (e.g. IN) (mm), (a) = is
the coefficient related to body form (proportionality constant), (b) = exponent coefficient
and (Ć) = correction factor. The derivation of the Ć for shrinkage on the various lengthweight relationships occurred on the natural log-transformed data. This regression includes
the Ć for shrinkage and uses the subscript ‘T’ to refer to the parameter that relates to the
taxidermy form, and subscript ‘L’ to refer to the benchmark living form.

3.3 Results
3.3.1 Specimen morphometric and provenance features
The taxidermy specimens came in two forms, head and whole, with three times more heads
assessed as morphological records (Table 3-2). Weight was the most commonly-recorded
attribute with the taxidermy, followed by the year of harvest and then the location of
harvest. The taxidermy specimens were harvested from locations covering an area over 250
000 km2, with more from the southern part of their living range within the MDB (Figure 3-1).
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Table 3-2. Descriptive morphometric and interpretative metadata of Murray cod study specimens.

Form

n

Year of
harvest
Range

Harvest
location

Total length (mm)

Total weight (kg)

Measured

Interpreted

n

Nth
MDB

Sth
MDB

n

Range

Mean

SE

n

Range

Mean

SE

n

Range

Mean

SE

Head

172

1952–2006*

111

63*

40

125

2.9–48.9*

22.2

0.95

NA

NA

NA

NA

11

950–1300*

1162

34.7

Whole

60

1958–2010*

42

6*

42

48

3.6–56.7*

32.4

1.52

60

590–1419

1135

24.0

16

860–1500*

1200

43.0

Living

51

2018

51

0

51

51

0.031–27.1

5.5

1.2

51

148–1180

559

43.2

NA

NA

NA

NA

*Denotes metrics reported in mounts’ interpretive records.
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Date of harvest
The interpreted records of the informally-curated taxidermy specimens showed a 58 year
harvest period (1952–2010), with a peak for both forms in the 1990s (Figure 3-4). The
harvest date for both forms of taxidermy was negatively skewed, with only 16 specimens
coming with a harvest date before 1980.

60
Number of specimens

50

Head
Whole

40
30
20
10
0

1950s

1960s

1970s

1980s

1990s

2000s

2010s

Decade of harvest

Figure 3-4. Frequency distribution for the measured head (n = 109) and whole (n = 42)
taxidermy study specimens that came with interpretive records of harvest date.
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3.3.2 Morphometric features
Head character range and distribution
The reported TW and measured TL indicates that both taxidermy forms included larger
specimens than the living population (Table 3-2). The distribution of the IO lengths on the
study specimens show there was a reasonable intersection between the morphological
parameters assessed on the three forms of study specimen (Figure 3-5). The distribution of
the IO lengths shows that the occurrence of small (and by inference young) forms of Murray
cod within both forms of taxidermy was less commonly encountered than from the living
population. The distribution of IO lengths was negatively skewed for the whole mount form
and positively skewed for the living form; whereas the IO lengths were normally distributed
for the head form. The range of the other character lengths and weights across the three
forms also intersected (see Appendix 1: Distribution of characters on study specimens).

Number of specimens

40

Living

35

Head

30

Whole

Intersection

25
20
15
10
5
0

IO (mm)

Figure 3-5. Frequency of inter-orbit (IO) length for the three forms of study specimen; living
(n = 51), head (n = 171) and whole (n = 60) with dashed lines indicating the taxidermy form
intersection with the benchmark living population. The distribution of the other character
assessed are contained Appendix 1: Distribution of characters on study specimens.
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Character length correlations
The sub-sampled had an analogous TL range of 590–1195 mm and included 32 whole and 20
living specimens. There was a good intersection for the HCL and TL, with only the characters
MH and ED being observed to be physically altered by the taxidermy treatments(Table 3-3).
On the living specimens, the correlation between the lengths of all characters was strong
(r > 0.91), and all HCL were very strongly correlated to TL (r > 0.98). On the whole
specimens, the strongest length correlations were between IO, IN and UJ and TL. On the
head specimens, the most correlated HCL were between IN, UJ and IO. The HCL of IN, UJ
and IO maintained their strong correlation irrespective of the form (r > 0.96) and were also
strongly correlated with TL (r > 0.95) on both the whole and living specimens. These
correlations indicate that the length of IN, UJ and IO on the taxidermy form were the most
comparable and robust, and thus suggest that they are the best characters for assessing the
influence of taxidermy on length-based relationships. These lengths could be used to predict
TL and TW, providing that the influence of taxidermy on the HCL follow similar relationships
on the head and whole specimens.
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Table 3-3. Correlation matrix (r values) for TL and seven head character lengths (HCL) for
similar TL range (590–1195 mm) and all head specimens (e.g. IO 34.1–108.6 mm), with the
consistently significant interrelationships among the robust HCL of IO, IN and UJ bolded.
Characters: inter-orbital (IO), inter-nare (IN), upper jaw (UJ), eye diameter (ED), mouth
width (MW), head width (HW), mouth height (MH), and total length (TL).
Form

Living
(n = 20)

Whole
(n =32)

Head
(n =172)

TL
IO
ED
IN
UJ
MH
MW
HW
TL
IO
ED
IN
UJ
MH
MW
HW
TL
IO
ED
IN
UJ
MH
MW
HW

TL
1
0.99
0.98
0.99
0.99
0.94
0.98
0.99
1
0.95
0.80
0.96
0.96
0.52
0.85
0.84
NA
NA
NA
NA
NA
NA
NA
NA

IO

ED

IN

UJ

MH

MW

HW

1
0.97
0.99
0.98
0.95
0.98
0.98

1
0.97
0.97
0.91
0.97
0.97

1
0.98
0.96
0.99
0.98

1
0.93
0.98
0.98

1
0.94
0.93

1
0.97

1

1
0.74
0.98
0.96
0.38
0.89
0.89

1
0.81
0.84
0.32
0.73
0.67

1
0.98
0.41
0.89
0.87

1
0.41
0.88
0.84

1
0.30
0.35

1
0.94

1

1
0.81
0.99
0.96
0.31
0.92
0.84

1
0.84
0.83
0.27
0.84
0.73

1
0.97
0.36
0.93
0.85

1
0.39
0.94
0.84

1
0.38
0.41

1
0.90

1
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3.3.3 Reported and measured total length comparison
A comparison of the reported and measured TL on the whole specimens indicated that their
interpreted TL was consistent with their measured TL (Figure 3-6). While this was a limited
data set (n = 16), and variation was evident, the reported range was large (TL 860–
1500 mm). Given the regression slope (b) was 1.1 (95% CI 0.7–1.6), this indicates that the
interpretive records of TL and the preserved TL may be representative of their lifelike TL.

Figure 3-6 Scatter plot showing regression fit (with 95 % CI) of measured and interpreted
total length (TL) of whole Murray cod taxidermy specimens (n = 16) within the reported TL
range of 860–1500 mm.
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3.3.4 HCL-TL relationships
The linear regression models testing the relationship between IO, IN and UJ against TL for
both living and whole forms, were all highly significant (Table 3-4) and IO, IN and UJ length
were positively related to TL for both the whole and living form (Figure 3-7). All the
regression fits were stronger on the living form (R2 > 0.97) when compared to the analogous
whole form relationship (R2 0.90–0.93) (Table 3-4). All HCL-TL relationships were directly
proportional (isometric), and had similar large slopes (b) to each other, indicating that fish
TL grew faster than their HCL over this range. The uncertainty of the analogous relationship
was consistently and slightly larger on the whole mount form than the living form. Finally,
these results show that the whole taxidermy specimens had a different (larger) intercept (a)
than the living form specimens.
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Figure 3-7. Scatter plots showing regression fits (with 95 % CI) (Table 3-4) of three HCL: inter-nare (a), upper Jaw (b) and inter-orbit (c), and
Total Length (TL) on living (n = 20) and whole taxidermy (n = 32) Murray cod within the TL range of 590–1195 mm. The arrow points to the
correction that needs to be applied to the taxidermy HCL to meet the benchmark living form.
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Table 3-4. Allometry between HCL (IN 35.0–86.7 mm, IO 41.9–107.8 mm and UJ 68.3–180.0 mm) and TL on living (n = 20) and whole taxidermy
specimens (n = 32) of Murray cod within analogous TL range (590–1195 mm). Linear relationships expressed as Y= a + bX, where Y= TL, X = HCL
(IO, IN or UJ). SE = Standard Error; CI = Confidence Intervals; R2 = coefficient of determination; significance (P <) = assessment of the significant
relationship between the variables in the linear regression.
Form

Living
(n = 20)

Whole
(n = 32)

Body
Parameters
x
y
IN
TL
UJ

TL

IO

TL

IN

TL

UJ

TL

IO

TL

Regression
parameters

Coefficients

SE

95 % CI

R2

Significance
(P <)

Intercept (a)
Slope (b)
Intercept (a)
Slope (b)
Intercept (a)
Slope (b)
Intercept (a)
Slope (b)
Intercept (a)
Slope (b)
Intercept (a)
Slope (b)

196.7
11.2
133.1
6.1
177.7
9.4
219.1
12.1
239.3
5.9
260.8
9.6

20.6
0.3
30.7
0.2
22.7
0.3
41.4
0.6
42.3
0.3
45.7
0.6

153.5 –240.0
10.5–11.9
68.7–197.5
5.6–6.6
129.9–225.5
8.8–10.0
134.4–303.9
10.8–13.4
152.8–325.9
5.2–6.6
167.5–354.2
8.4–10.8

0.99

6.1e-18

0.97

1.6e-15

0.98

2.3e-17

0.93

4.7e-18

0.92

1.6e-17

0.90

2.5e-16
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Comparison of HCL-TL regressions between forms
The HCL-TL linear regressions on the living and whole forms for IO-TL, IN-TL and UJ-TL
showed that whole mounts had a consistently higher intercept (a) (23–106 mm) than the
living specimens (Table 3-4). For any given HCL, the associated TL on the taxidermy form
was longer. ANOVA on the HCL-TL linear regressions indicated that the form was not
significant (IN p = 0.21, IO p = 0.76 and UJ p = 0.70) (Table 3-5). Therefore, there was not
enough evidence to conclude that there was a difference in the slopes of these HCL-TL
relationships. Further, the intercepts (a) on all models were significantly different when the
interaction of form was removed, and the regressions had similar slopes (P 1.23E-08-5.91E10). The similar slopes (b) means that no size effect was observed for this difference across

this range. The HCL -TL relationships on the whole mounts were similar irrespective of the
location of harvest. The fit and slopes (b) of the various HCL -TL relationships on the whole
mounts and living specimens indicates that the broader harvest location of the mounts was
not a major factor in identifying the consistencies between form. The similar slopes (b) and
different intercepts (a) for the analogous HCL-TL relationships indicate that there was a
consistent influence from taxidermy across this TL range. The largest living specimen had a
TL of 1180 mm and an IN length of 86.7 mm. The equivalent IN dimension on a wholemount specimen resulted in a TL ~150 mm longer. The estimated and measured TL
difference between the regressions for an analogous HCL was considered biologically
significant and required a correction factor. While clipping the data to analogous TL was
appropriate for comparison, it included some larger taxidermy specimens due to the
reduction (shrinkage) of their HCL or increased (stretching) of their TL. The difference
between form was assumed to be predominantly from the shrinkage of the HCL on the
taxidermy due to: 1) the difficulty in stretching a tanned taxidermy skin up to 150 mm; and
2) the consistency between reported TL of the fish at harvest and measured TL of the mount
specimens (Figure 3-6). Although both the live and whole taxidermy regressions were very
strong and able to predict the TL from the HCL within a form, using the HCL from the
taxidermy specimens to infer lifelike TL required an adjustment, or correction factor (Ć),
that accounted for the difference between them.
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Table 3-5. Analysis of variance (ANOVA) of three robust linear HCL-TL regressions, with TL as
the response variable over a comparable TL range (590–1195 mm), and the interaction
between living (L) and whole (W) specimens. # removes the interaction of form on HCL-TL
model. Characters = inter-orbital (IO), inter-nare (IN), upper jaw (UJ) and total length (TL).
Response to TL
IO
Form (W/L)
IO:Form #
Residuals
IN
Form (W/L)
IN:Form #
Residuals
UJ
Form (W/L)
UJ:Form #
Residuals

Df

Sum Sq

Mean Sq

F value

Pr (>F)

1
1
1
47
1
1
1
47
1
1
1
47

1676127
118387
190
92502
1736325
76577
2461
71844
1709218
89200
286
88503

1676127
118387
190
1968
1736325
76577
2461
1529
1709218
89200
286
1883

851.63
60.15
0.10

< 2e-16
5.91e-10
0.76

Signif
Yes
Yes
No

1135.89
50.10
1.61

< 2e-16
6.23e-09
0.21

Yes
Yes
No

907.69
47.37
0.15

< 2e-16
1.23e-08
0.70

Yes
Yes
No
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Corrected HCL-TL regressions
The calculations to assess differences in HCL between the living and whole form at any given
TL have been described in Appendix 2: HCL-TL correction factors. A unique correction factor
(Ć) was required for each taxidermy HCL regression. The resulting regressions that related
the taxidermy HCL (XT) to lifelike TL (YL) for fish between 590–1195 mm TL using the
coefficients from Table 3-4 were:
YL = aL + bL(XT + Ć)
Where Ć =(bT/bL)XT + (aT - aL/bL) - XT
YL = 11.2(INT+ Ć)+196.7,
YL = 6.1(UJT+ Ć)+133.1, and
YL = 9.4(IOT+Ć)+177.7
The length correction (Ć) for HCL shrinkage on a taxidermy INT of 60 mm was 6.95 mm;
whereas the length correction on a taxidermy IOT of 80 mm was 10.6 mm, and that on a
taxidermy UJT of 100 mm was 14.2 mm (see Appendix 2: HCL-TL correction factors for
calculations).
3.3.5 Length-weight relationships
The linear models of the log-log transformed HCL–TW showed that the relationship on the
living form was extremely strong (R2 = 0.98–0.99), and there was more, and similar,
variation in the HCL–TW relationships on the two taxidermy forms (head R2 = 0.84–0.87 and
whole R2 = 0.83–0.9) (Table 3-6). The analogous taxidermy HCL-TW relationships had similar
slopes (b) and intercepts (a). Except for UJ-TW on the living form, the slope and 95% CI
indicated that these relationships were negatively allometric. Given IN, IO and UJ were all
robustly and strongly related to each other on the three forms and TL on both the whole
and living form (Table 3-3), only one of these HCL characters, IN, is discussed in detail. The
95% confidence intervals of the IN-TW relationships showed that the living fish was
between 0.44 and 0.60 smaller (on a log scale) than the head form, and 0.4 and 0.59 smaller
than the whole form regardless of IN length of the fish. The equivalent IN lengths on the
taxidermy specimens resulted in a ~5 kg heavier fish. This difference was considered
biologically significant.
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Table 3-6. Descriptive statistics and estimated parameters of natural log-log transformed HCL-TW relationships for three forms of Murray cod
specimen over an analogous HCL range. TW reported in interpretative records of taxidermy specimens. CI = Confidence Intervals;
R2 = coefficient of determination; significance (P <) = assessment of the significance of the relationship between the variables in the linear
regression. Characters = inter-orbital (IO), inter-nare (IN), upper jaw (UJ) and total weight (TW).
HCL (mm)
Regression

IN~TW

UJ~TW

IO~TW

Form
Living
Whole
Head
Living
Whole
Head
Living
Whole
Head

n
28
45
121
22
47
122
27
46
125

Min

Max

30.2
35.2
30.3
71.0
68.3
85.6
35.3
41.9
35.8

86.7
86.6
85.6
180.0
178.0
177.9
107.8
106.7
107.8

Regression
parameters
Intercept Slope
(a)
(b)
-9.09
2.78
-7.97
2.63
-7.89
2.61
-12.07
3.00
-9.54
2.58
-9.95
2.66
-9.18
2.68
-7.68
2.47
-7.44
2.42

95 % CI a

95 % CI b

2.5%

97.5%

2.5% 97.5%

-9.48
-9.26
-8.66
-12.88
-10.86
-10.96
-9.63
-9.19
-8.20

-8.69
-6.69
-7.12
-11.27
-8.23
-8.93
-8.73
-6.17
-6.68

2.68
2.33
2.43
2.83
2.32
2.45
2.57
2.13
2.24

2.89
2.93
2.80
3.17
2.85
2.87
2.79
2.80
2.59

R2

Significance
(P <)

0.99
0.88
0.87
0.98
0.90
0.84
0.99
0.83
0.86

< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
< 2.2e-16
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Comparing HCL–TW regressions
ANCOVA of the natural log transformed HCL-TW regressions, with TW as the response
variable indicated that the form of the specimen (interaction term) was not significant (P =
0.06–0.36) (Table 3-7). The covariate HCL (e.g. IN, UJ or IO), was also a significant predictor
(P < 2e-16) and thus, the various relationships had shared slopes. The highly significant Pvalue for the indicator HCL variable, indicated that there was a difference in the intercepts
between the forms (P < 2e-16). The TW predictions from the length of HCL on the head and
whole specimens was consistent with the HCL–TW relationship on the living form, as
evidenced by the three forms having statistically equal slopes (b). The statistically different,
and smaller, intercepts (a), of the respective relationships (Table 3-6), indicated that the TW
for head and whole mounts, was heavier for the same length HCL than for the living fish.
Table 3-7. ANCOVA of natural log transformed HCL-TW regressions, with TW as the response
variable over comparable HCL lengths, and the interaction between living (L), head (H) and
whole (W) specimens. # removes the interaction of form on log transformed HCL-TW linear
model. Characters: inter-orbital (IO), inter-nare (IN), upper jaw (UJ) and total weight (TW).
Response to logTW
logIN
Form (W/L/H)
logIN:Form#
Residuals
logUJ
Form (W/L/H)
logUJ:Form#
Residuals
logIO
Form (W/L/H)
logIO:Form#
Residuals

Df
1
2
2
188
1
2
2
182
1
2
2
191

Sum Sq
113.54
5.26
0.07
6.03
75.66
4.94
0.20
6.37
105.71
8.55
0.17
7.27

Mean Sq
113.54
2.63
0.03
0.03
75.66
2.47
0.10
0.04
105.71
4.27
0.08
0.04

F value
3540.54
82.07
1.03

Pr (>F)
< 2e-16
< 2e-16

0.36

2163.34
70.61
2.84

< 2e-16
< 2e-16

2776.45
112.26
2.19

< 2e-16
< 2e-16

0.06

0.12

Signif
Yes
Yes
No
Yes
Yes
No
Yes
Yes
No

The length-weight relationships of IN-TW show the best fit line for the full range of
specimens and analogous IN range where the ANOVA comparison between forms was made
(Figure 3-8). The similar slopes and consistent difference between living and the two
taxidermy forms are shown. The similarity of the two taxidermy forms is shown by the
overlap of the predicted TW variation for both taxidermy forms. The IN lengths on both
forms of taxidermy were consistently small for the same weight fish. Due to this and the
114

correction factor required for the HCL-TL regressions (Appendix 2: HCL-TL correction
factors), it appears that this HCL–TW difference is likely to be due to shrinkage of the HCL
rather than consistent over-reporting of 166 taxidermy specimens’ weights. Whilst clipping
the data was appropriate for the comparison, it included some larger (heavier) taxidermy
specimens, due to the likely reduction (shrinkage) of their HCL.

a

b

Figure 3-8.. Scatter plot of natural log-transformed IN length (mm) and total weight (TW)
(kg) of Murray cod specimens with best fit line and 95% prediction interval superimposed,
without the interaction of specimen type. The results have been shown using: a) the full
range of specimens with TW data (living (n = 51), whole (n = 48), head (n = 125)); and b) a
sub-sample of specimens (living (n = 28), whole (n = 45), head (n = 121)) with comparable IN
length (30.2–86.7 mm) and associated TW (1.26–49.0 kg). For the taxidermy specimens TW
was reported. The arrow points to the correction that needs to be applied to the taxidermy
HCL (e.g. Inter-nare (IN)) to meet the benchmark living form.
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All natural log HCL–TW models were strong (R2 > 0.83), and able to predict the TW within
form across the assessed size range. However, to be able to use taxidermy HCL to infer
lifelike TW and the HCL-TW relationships, correction factors (Ć) would need to be generated
(on the natural log scale) for each HCL. Using the approach shown for the HCL-TL
relationships (see Appendix 2: HCL-TL correction factors), the corrected regression that
relates the taxidermy HCL (XT) to lifelike TW (TWL) is:
logTWL = aL + logbL(XT + Ć),
where Ć =(bT/bL)logXT + (aT - aL/bL) - logXT.
As an example, for fish with comparable IN lengths (30.2–86.7 mm) using the coefficients
(on the natural log scale) from Table 3-4,the corrected lifelike regression for TW is:
logTWL = 2.78(logINT+ Ć) - 9.09
Given the analogous head mount regression was logTW = 2.61logINT -7.89 the Ć needed for
any given logTW would be 0.93logINT + 0.43 - logINT.
Comparing TL-TW regressions
The scatter plot of the TL-TW relationships showed more variation in the TW of the whole
mounts when compared to living form (Figure 3-9). The TL-TW scatter plot also indicated
that this relationship was similar on both forms, and hence the whole mounts’ measured TL
and reported TW, could be representative of their lifelike size.
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Figure 3-9. Scatter plot of TL-TW for whole TL 590–1419 mm (n = 48) and living TL 148–
1180 mm (n = 51) forms of Murray cod. TW was reported in interpretative records of whole
specimens.
To assess the differences in the TL-TW relationships between the whole and living
specimens, the data was clipped to analogous TL range (590–1195 mm), which resulted in a
TW range of 2.6–37.2 kg. The TL-TW scatter plot indicated that the taxidermy TL-TW
relationship was within the range of the living form (Figure 3-9). However, the comparable
TL dataset was limited at the lower end, with only a single whole mount smaller than
854 mm TL. The two linear models of the log-log transformed TL-TW data across the
analogous TL range and for the full range for whole and living specimens is presented in
Figure 3-10.
ANOVA of the natural log transformed TL-TW linear model within the TL range of 590–
1195 mm indicated that slopes of the regressions between the forms were not significantly
different (F = 8.4, P = 0.07) (Table 3-8). The significant P-value for the predictor variable,
form, (P = 2.5e-05) indicated that there was a difference in the intercepts between the
forms. The TW predictions from the TL on the whole specimens were consistent with the
TL–TW relationship on the living form, as evidenced by the two forms having statistically
equal slopes (b) of the log-transformed TL-TW relationships. The statistically different, and
117

smaller, intercepts (a), of the respective relationships, indicated that the TW for the whole
mounts, was consistently heavier for the same TL on and living fish. However, the lack of
small taxidermy mounts could have been driving an unbalanced assessment between the
slopes of these linear relationships.
Table 3-8. ANOVA of natural log transformed TL-TW regression, with TW as the response
variable over comparable TL (590–1195 mm) and associated TW (2.6–37.2 kg), and the
interaction between living (L) (n = 20) and whole (W) (n = 22) specimens. # removes the
interaction of form on log transformed TL-TW linear model. Characters: total length (TL) and
total weight (TW).
Response to logTW
logTL
Form (W/L)
logTL:Form#
Residuals

Df

Sum Sq

Mean Sq

F value

Pr (>F)

1
1
1
38

27.13
0.15
0.06
0.68

27.13
0.15
0.06
0.02

1505.75
8.44
3.57

< 2.2e-16
0.01
0.07

Signif
Yes
Yes
No

Estimates and confidence intervals on the natural log TL-TW relationships of the 590–
1195 mm range showed that the TW of living form was 0.136 (95% CI 0.038–0.233) smaller
on the log scale, than the whole form (Figure 3-10). The fit of the whole taxidermy TL-TW
relationship was strong (R2 = 0.91), but not as strong as the benchmark living form data set
(R2 = 0.97). Additionally, the slope (b) of the living form was 3.372 (95% CI 3.160–3.585) and
intercept (a) was -20.532 (95% CI -21.966 – -19.097). When back transformed, the
difference in the TW predictions was ~1.15 kg. This difference was not considered
biologically significant for the size range of the fish. Thus, this length-weight relationship for
the two forms of Murray cod within this TL range could be modelled with similar equations.
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b

Figure 3-10. Scatter plot of natural log-transformed TL (mm) and TW (kg) of Murray cod specimens with best fit line and 95% prediction
interval superimposed, using a) the full range of specimens (living (n = 51) and whole (n = 48)), and b) a sub-sample of living (n = 20) and whole
(n = 22) specimens within a comparable TL range (590–1195 mm) and associated TW (2.6–37.2 kg). Total weight was reported in interpretative
records of whole specimens.
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For comparison, the ANOVA on the natural log transformed TL-TW linear model across the
full taxidermy form data set with TW records (TL 148–1419 mm) showed a similar pattern to
the sub-sampled data (R2 = 0.9). Estimates and confidence intervals on the natural log TL-TW
showed that the living form was 0.168 (95% CI 0.092–0.245) smaller on the log scale, than
the whole form (Figure 3-10). Additionally, the slope (b) of the living form was 3.235
(95% CI 3.174–3.297) and intercept (a) was -19.624 (95% CI -20.006 – -19.243) with an R2 of
0.99. When back transformed, this difference in the TW predictions was ~1.18 kg. This
difference could be considered biologically significant in small forms of the species;
however, it was commonly observed in fish > 5 kg and > 600 mm TL.
3.3.6 Robustness of length-based relationships on taxidermy to infer lifelike TL and TW
The length of three head characters, IO, IN and UJ on the whole and head forms of
taxidermy can be used to yield lifelike TL and TW. When considering and comparing the
HCL-TL and HCL-TW relationship between the living and taxidermy specimens, it appears
that there had been shrinkage in the taxidermy HCL. However, due to the consistency of this
shrinkage across a substantial range, it did not reduce the utility of these relationships
providing that a correction factor is used. The following describes the logical steps in the
assessment of the lengths and weights of the three forms of study specimen:
1) a number of length features on the benchmark study specimen (living) had strong
relationships to other length features, including TL (Table 3-3) and TW (Table 3-6)
2) the correlations between the HCL of IO, IN and UJ, were robust to taxidermy
treatment (Table 3-3)
3) the reported and measured TL on the whole taxidermy indicated that their
interpretations and measurable TL could be lifelike (Figure 3-6)
4) three of the HCL (IO, IN and UJ) were strongly related to TL on the whole taxidermy
and living form specimens (Table 3-4). The HCL-TL relationships were validated for
HCL ranges of IN (35.0–86.7 mm), IO (41.9–107.8 mm), and UJ (68.3–180.0 mm) with
an analogous TL range of 590–1195 mm. These three HCL-TL relationships were
directly related and maintained consistent differences, or offsets, between
taxidermy and living forms over the assessed size range. The difference between the
benchmark and taxidermy regressions intercepts suggest shrinking of HCL on the
taxidermy form rather than a less likely stretching of their preserved TL. The
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difference between the relationships means a correction for the form of the
specimen needs to occur when inferring lifelike TL from taxidermy HCL (Appendix 2:
HCL-TL correction factors). The similarities in the HCL-TL relationships also instil
confidence in the lifelike nature of the measurable TL on the whole taxidermy form
(Table 3-4)
5) three of the HCL (IO, IN and UJ) were strongly related to TW on all three forms of the
specimen (Table 3-6). The HCL-TW relationships were validated for HCL ranges of IN
(30.2–86.7 mm), IO (35.3–107.8 mm), and UJ (68.3–180.0 mm) with an analogous
TW range 1.26–49.0 kg. The HCL-TW relationships on the taxidermy forms were very
similar to each other and maintained a constant difference from the analogous living
form. The consistent difference in the two taxidermy relationships was believed to
be from shrinkage of HCL on the taxidermy rather than a less likely consistent overreporting of the TW of the 166 taxidermy specimens. The consistency of the
relationships on the two taxidermy forms also suggests the reported TW of
taxidermy was likely to be lifelike
6) the difference between both the HCL-TL and HCL-TW relationships means the form
of the specimen needs to be considered when inferring lifelike length and weight,
and that a unique correction factor (Ć) to adjust for the HCL shrinkage is required for
each regression (see Appendix 2: HCL-TL correction factors)
7) the TL-TW relationships on the whole taxidermy and living form were strong and
similar to each other (Figure 3-10). The difference between the relationships was not
considered biologically significant, and the form of specimen used to derive the
relationships did not influence the ability to infer lifelike size. The TL-TW relationship
was validated for TL length (590–1195 mm) and resulted in a range of 2.6–37.2 kg.
However, the inclusion of all data points suggests this relationship persisted for
larger specimens up to the maximum assessed TL 1419 mm. These relationships also
suggest the reported and measured TL on the taxidermy form was close to lifelike TL.
In summary, the HCL-TL and HCL-TW relationships from taxidermy Murray cod can be used
to infer lifelike TL and TW with the inclusion of correction factors for the differences. While
the various HCL relationships on the two taxidermy forms were different from the
benchmark living form, they were consistently different and therefore useable to infer these
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metrics. The HCL-TW relationships on the two taxidermy forms were very similar and
suggested that the likely shrinkage of the taxidermy HCL on the two forms manifests in a
similar manner. In addition, the reliability and consistency of the various taxidermy
regressions to the benchmark form instils confidence in the lifelike nature of the TL and TW
interpretations that come with the informally-curated taxidermy Murray cod.

3.4 Discussion
The utility of taxidermy specimens as reliable records of length and weight has been
demonstrated through comparison of their morphometries with those of a living form. The
informally-curated taxidermy Murray cod maintained usable head and body features for
estimating total length (TL) and total weight (TW). Morphometry identified three head
character lengths (HCL); inter-orbit (IO), inter-nare (IN) and upper jaw (UJ) — that had
strong and significant correlations with each other and were useful to estimate TL and TW
on both living and taxidermy forms. The head character-body length relationships suggested
that the taxidermy records of TL and TW were reliable. Once the shrinkage for HCL is
corrected for, the relationships to TL and TW can be used on taxidermy specimens within
the TL 590–1195 mm range. Given the trophy origins of the taxidermy and the
predominance of head forms without body size measurements, the ability to predict TL
from head morphology expands opportunities for their use as a biological record. Validation
of the recorded historical TL and TW of the taxidermy specimens supports further
exploration of variation in their body size and what this means for past and current
environmental conditions.
3.4.1 Morphometric and provenance features
The present study was limited by the range of available large living and small taxidermy
specimens. These sampling bias and range issues have been noted by other investigations
into the morphology, age and growth of Murray cod (Anderson et al., 1992; Gooley, 1992).
However, the subsampling of the data prior to making comparisons between the forms,
effectively resulted in a large size range of adult fish (TL 590–1195 mm). The applicability of
the HCL-based relationships could be enhanced with the addition of a few (e.g. three) larger
living specimens and smaller taxidermy specimens (Froese, 2006).
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The application of morphometry and comparison to the living form, both used and validated
the fish taxidermy interpretations of length and weight. The provenance records of the
taxidermy Murray cod indicated that they include unusually large and rarely-surveyed
examples from across the MDB (Rowland, 2004). Although interpretive records of length
rarely accompanied the taxidermy Murray cod specimens, when they did occur, they were
correlated well with the measured length of the preserved whole form. Further, the records
of weight, which were far more common, appeared accurate based on the evaluation of
length-based relationships, and the taxidermy HCL-TW relationships were consistent with
those of the living form. Other investigations into informally-curated taxidermy have also
encountered a unique richness of temporal and spatial provenance (e.g. Casas-Marce et al.,
2012). Given that the persisting body features of the taxidermy corroborated the size-based
provenance records, further validation of the specimens’ harvest provenance and utility of
their biological features is warranted. The reported harvest period of the informally-curated
taxidermy Murray cod coincided with major environmental change in the MDB. Limitations
in recorded size traits and other provenance data with taxidermy specimens and historical
records, are common (Lucas, 2014; Morris, 2010). This issue was compounded in the
present study by the fact that Murray cod specimens were effectively a form of trophy,
where the weight of fish was the main metric of noteworthiness (Martínez, Rodríguez-Vigal,
Jones, Coulson, & Miguel, 2005). As a result of this research, the 459 taxidermy Murray cod
(including heads) registered from across a broad geographic range of the MDB (Chapter 2)
have effectively had their biological size traits enhanced. Further, any Murray cod mounts
that do not come with length and weight interpretations, now have several HCL
relationships that can be applied to them to produce reliable estimates of size.
3.4.2 Large specimens bias
Biases associated with selection, persistence and availability of historical evidence sources
are common (Holmes et al., 2016; Wehi et al., 2012). Other forms of historical trophy fish
records have been shown to contain biases derived from both abiotic and biotic processes
(e.g. oceanographic processes, life history characteristics, fishing, and fisheries regulations)
(Bellquist et al., 2016). A number of taxidermy-based studies have also identified a bias
towards the persistence of larger specimens from a high trophic position, as one expects for
trophy collections (e.g. Bahuguna, 2018; Singh & Bahuguna, 2014). However, the ‘trophy’
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size of the encountered specimens provides a source of large specimens that are rarely
sampled in conventional contemporary surveys. The large length and weight of fish assessed
could arise from a selection preferences (e.g. trophy), favourable environmental and
growing conditions (Rowland, 1998a), or effectiveness of fish take regulations(Forbes,
2016). However, comparisons of the taxidermy size to the broader Murray cod knowledge
base need to be carefully considered given the apparent large size bias within the informal
collections. Large animals are underrepresented in assessments of fisheries because of
biases in sampling regimes (Hart & Reynolds, 2002), ethical approvals and logistics (Sikes &
Paul, 2013), rareness within a population (Brunell et al., 2013), and a lack of preparedness to
take advantage of opportunistic events like fish deaths (La & Cooke, 2011). Large and old
specimens are a rare part of the population, and adjustments for their underrepresentation
from standard sampling assessments is common in fisheries (Hart & Reynolds, 2002). Given
that the morphology of taxidermy Murray cod specimens can be used to infer and validate
the lifelike length and weight, the mounts’ utility as reliable records of the species are
advantageous.
The diversity of large, and by inference old, specimens presents obvious advantages to
explore the historical trophic processes associated with this apex predator (Ebner, 2006).
Historical records of large fish could improve our understanding of how the fishery and
system productivity changes over time (Izzo, Doubleday, Grammer, Gilmore, et al., 2016).
Large specimens can provide key information on maximum growth relationships that are
often poorly understood in fisheries (Brunell et al., 2013). Museum specimens and records
of animal size have been identified as critical evidence sources to improve our
understanding of variations in body size, and to assess potential responses to climate
change or shifts in species distributions or genetics (Millien et al., 2006). Some of the
specimens of Murray cod in the present study were heavier and longer, and by inference
potentially older, than those used in previous investigations exploring the growth patterns
of the species (Anderson et al., 1992; Berra & Weatherley, 1972; Ebner, 2006; Forbes,
Watts, Robinson, Baumgartner, Allen, et al., 2015; Llewellyn, 2011; Rowland, 1985, 1993,
1998a; Stuart et al., 2008). The existing knowledge on the variability in size, age, length and
associated sexual maturity of Murray cod between systems (Gooley, Anderson, & Appleford,
1995; Rowland, 1985), and associated links to overfishing risk (Forbes, et al., 2015), could be
124

leveraged and compared to. The new archival source of verified size with a targeted effort
towards the largest forms of taxidermy from each major population, could help explain
some this variability, provide insights on the historical capacity of the system and inform
population level baselines.
It is reasonable to expect that large taxidermy specimens would have lived for decades and
that their growth and biological makeup will be of relevance to the conservation of the
species and the rivers in which they lived. The widespread harvest period (1952–2010) and
HCL relationships could be used to improve our understanding of temporal, seasonal or
population growth relationships of Murray cod (Anderson et al., 1992). The maximum TL of
1419 mm and TW of 56.7 kg from 232 trophy taxidermy records assessed provides insights
on the nature of the size of the largest Murray cod. In many journals, books and articles, the
largest Murray Cod ever recorded was 1.8 m long and weighed 113.6 kg (250 lb) (e.g. Berra
& Weatherley, 1972). While it stands to reason that the size of the biggest Murray cod could
change over time until a maximum record is reached, this cod was originally reported in a
newspaper article in 1955, and its size was unverified (Anderson et al., 1992). This
investigation into trophy forms of the species agrees with Anderson’s et al. (1992)
scepticism about the size of this Murray Cod, given the unverified nature of the observation
(Anderson et al., 1992).
3.4.3 Length-length relationships
This study is the first to compare taxidermy and non-taxidermy fish length-based
relationships (e.g. HCL-TL). Further, for the benchmark living form, none of the
morphometric details associated with the HCL relationships (e.g. IN-TL, IO-TL or UJ-TL) have
been previously reported. A number of factors are known to influence the length
relationships in fishes, including growth phase, season, degree of stomach fullness, gonad
maturity, sex, size range, health and general fish condition and preservation techniques
(Tesch, 1968). The shrinkage to the taxidermy specimens introduced a preservation factor of
shrinkage that needed to be accommodated (Paradis et al., 2007). However, given the
harvest date of the specimens (1952–2010), it is likely that most of the shrinkage had
occurred well before they were measured. The skull features of the fish were used because
of: 1) their potential robustness to taxidermy; 2) the relatively common occurrence of the
head taxidermy form; 3) there use in the taxonomic description of the genus (Berra &
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Weatherley, 1972), 4) the existing knowledge on the length based features of the species
(Anderson et al., 1992; Rowland, 1998a); and 5) their likelihood to be related to a
biologically-relevant metric, TL (Froese, 2006). Further, the ability to yield length traits from
the hard parts of damaged specimens was consistent with other uses of the preserved form
of this species (Rowland, 1993).
The isometric length-length relationships were linear for both live and taxidermy fish and
explained extremely high percentages of variances on both forms over the assessed size
range. All eight of the HCL assessed were highly correlated with TL on the living form. Given
that the location and period of harvest for Murray cod are known to increase variability in
the species length-based relationships (Anderson et al., 1992), the benchmark relationships
are likely to be stronger than that of the taxidermy form due to the specimens being
purposely sampled from one population at one time up to a maximum TL, and not having
taxidermy applied to them. The robust HCL relationships introduce different opportunities
across the different forms of the specimens. For example, they could be used to estimate
length and weight on living specimens when time or technical constraints prevent such
attributes from being recorded (e.g. ethical and safe handling of large and dangerous
animals). Further morphological and growth investigations across populations of cod and
taxidermy techniques is recommended. The population level growth relationships could
contribute to the conservation of large forms of the species, given current requirements to
release all large specimens (Koehn & Todd, 2012) and associated ethical handling risks for
large live fish (Mayden & Kuhajda, 1996). As a start, the HCL-TL relationships from the living
form can be applied to the mid-Murray River population of Murray cod to reduce handling
risks and provide estimates of TL.
The comparison between the taxidermy and living form showed that the length of three
head characters, IN, IO and UJ, on the whole taxidermy maintained a useable and strong
relationship to the lifelike TL. While the hard parts like the bones of animals tend to be
resistant to the taphonomic process associated with animal preparations and storage (see
Section 3.1.7), the post death shrinkage of bone and inter-bone tissue associated with
multiple forms of preservation and preparation has been reported (e.g. Bancroft (e.g.
Bancroft & Gamble, 2008; Burdi, 1965; Buytaert, Goyens, De Greef, Aerts, & Dirckx, 2014;
Gedrange et al., 2008; Lane & Ráliš, 1983; Shah, Johansson, Thomsen, & Palmquist, 2015;
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Winker, 1993). The shrinkage of the HCL did not alter the utility of the derived morphologic
relationship. The HCL of mouth height (MH), mouth width (MW), eye diameter (ED) and
head width (HW), although correlated with TL on the living form, and also used in the
taxonomic description of the genus (Berra & Weatherley, 1972), were not reliable. Three of
the HCL used have been previously identified on the species as having usable length
relationships, namely: MH for the trophic position (Ebner, 2006); ED for taxonomic
differentiation (Berra & Weatherley, 1972); and HW for the design of fishways (Stuart et al.,
2008). However, none of these relationships were as strong as IN–TL, IO–TL or UJ–TL on the
taxidermy form. Two of these HCL had been directly influenced by the taxidermy
preparations, with the placement of the specimens’ mouth directly distorting (e.g.
overemphasising) MH and the addition of non-biological glass eyes enlarging the ED. While
MW and HW did not appear to be directly influenced by the taxidermy process and reliably
related to TL on the living form, they were a poorer fit to TL than IN, IO and UJ on all forms.
3.4.4 Length-weight relationships
This is the first study to report length-weight relationships (e.g. HCL-TW) from taxidermy
Murray cod. Similar to the length-length relationships, the HCL of IN, IO and UJ were
strongly correlated with TW on all forms. Also, the TL-TW relationship were strong on the
whole and living form specimens. The natural logarithmic length-weight relationships were
linear and explained extremely high percentages of variances for all forms. Similar to the
HCL-TL relationships, the ANCOVA testing of the IN-TW, IO-TW and UJ-TW relationships
differed between the living and the taxidermy specimens (head and whole). Given that the
respective intercepts were significantly different, but not the slope, this suggests that there
was consistent shrinkage from the taxidermy of IN, IO and UJ, and the provenance of the
fish has limited influence on how these various length-weight relationships can be used to
both infer and validate the lifelike weight of taxidermy specimens.
Length-weight relationships vary more when fish are from different habitats and periods,
due to different growth rates, and condition levels associated with the timing of their
growth (Tesch, 1968). Furthermore, Murray cod become progressively fatter as length
increases, and they have consistently been reported to exhibit positively allometric growth,
with slope values between 3.12 and 3.26 (Forbes et al., 2016; Gooley, 1992; Llewellyn, 2011;
Robinson, 2012; Rowland, 1998a). This expected variability is consistent with the positive
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allometric TL-TW relationships derived in the present study. Without subsampling for
length, the slope for the benchmark live form was 3.235 and increased to 3.39 when the
data were sub-sampled from an analogous TL range to taxidermy specimens. Also, the
analogous slope for the whole mounts over smaller TL range was only 3.021. This data range
influence on relationships is a well-understood concept (Jellyman et al., 2013). The
goodness of fit (R2) of the live fish TL-TW regression was 0.996, with that for the analogous
relationship on the whole taxidermy specimens was 0.903. The likely reasons for the greater
variation in the TL-TW relationship for the taxidermy than that for the living form are: 1) the
living fish were targeted for their size, with limited replication from one population and had
a maximum TL of 1180 mm; 2) the whole mounts included larger specimens (max TL
1419 mm); and 3) the taxidermy were from multiple populations and periods where their
TL-TW relationship could be expected to be more variable. In addition to the provenance
and range influences, these results could be due to a combination of measurement error
(e.g. weight on all forms and length on taxidermy), taxidermy stretching TL, and a
consistently inaccurate transcription and reporting of taxidermy TW. The assessment of
these factors in the present study and the literature suggests that growth rate differences
among locations likely explained the greater variation in the goodness of fit of taxidermy
specimens. Irrespective of this, the difference in the TW predictions from TL, from taxidermy
and living forms was ± ~1.2 kg, and not considered of biological significance. Thus, for
biological assessments that only need TW estimates from the TL of Murray cod in the 600–
1419 mm range, either of the presented TL–TW relationships can be used to provide an
estimate of lifelike TW.
It is the author’s understanding that the morphometric detail of the negative allometric
growth relationships between the HCL of IN, IO and UJ and TW have never been previously
reported. The HCL-TW relationships showed similar patterns to those of TL-TW, where the
taxidermy form had a similar slope to live fish (e.g. IN-TW; 2.63 whole, 2.61 head, 2.78 live)
and had overall lower R2 values (e.g. IN-TW; 0.88 whole, 0.87 head) than live fish (0.99). The
exceptionally strong R2 values for the live form are likely due to the specimens’ provenance
and being targeted for size from a single population. The increased variation in lengthweight as fish get larger with different harvest location and period, was consistent with that
observed in other Murray cod studies (Anderson et al., 1992; Rowland, 1993). While some
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may reject fits with R2 values < 0.9 as seen on the taxidermy form (e.g. Ogle & Winfield,
2009), it is believed the fit observed was a reflection of: 1) the dataset including larger
specimens due to shrinkage of the HCL observed in the HCL-TL assessments; 2) the
specimens being measured as available; and 3) the variability in fish condition due to the
habitat conditions. The limited sample size for the small mounts and large living form, and
the different habitats and periods they were harvested from, are all likely to have
contributed to the increased variability (Jellyman et al., 2013). Further, a comparison of the
HCL-TW relationships showed that the taxidermy forms were consistently heavier than the
living form for the equivalent HCL length. However, unlike the TL-TW relationship, HCL-TW
relationships were negatively allometric; where all three of the robust HCL increased
disproportionately with increasing weight. In contrast to the TL-TW relationships, the
difference in the predictions of TW from the example HCL IN was ± 5 kg, which is of
biological significance in smaller specimens (Rowland, 1998a). It also could indicate that the
TW of the historical specimens was slightly greater (i.e. in better condition) for the same
HCL length of the benchmark living form (Anderson et al., 1992). Nevertheless, the similar
slopes but differing intercepts mean that all the reported HCL-TW relationships derived
from taxidermy can be used to infer and validate lifelike TW.
3.4.5 Correcting for shrinkage
Testing of the various morphological attributes in living and taxidermy forms indicated that
the two forms differed, probably due to a consistent shrinkage of the head characters.
However, the slope of the regressions was similar, effectively parallel, between the forms.
This difference in HCL-TL relationships between forms was likely to be due to shrinkage of
the HCL rather than stretched TL, since the likelihood of tanned fish skins being anatomically
stretched is extremely low (Migdalski, 1981), and the reported and measured TL were not
different from one another. The differences between the strength of the HCL-TL
relationships were likely to be from greater variability in the life histories of the taxidermy;
and the influence of taxidermy on the HCL. However, the strength of three HCL regressions
on the taxidermy form suggest that any sampling biases associated with provenance, or
influences from the taxidermy treatment, may not be applicable.
Shrinkage — related to preservation and time — is one of the primary causes of error in fish
length measurement and associated utility in growth, condition and mortality analyses
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(Buchheister & Wilson, 2005; Fey, 1999; Porter, Brown, & Bailey, 2001). The absolute
changes in length (mm) or natural log weight (kg) of taxidermy preserved specimens were
not dependent on fish size, and therefore the correction factor was sufficient in describing
the difference in the HCL between the relationships. The assumption of shrinkage of HCL
and limited stretching of TL, or over-reporting of TW, allowed for the generation of HCL
relationships that can be used to infer lifelike TL and TW. As the absolute values of HCL
appear to change equally across fish size with the assessed range, even the large shrinkage
(on average) may have no effect on the utility of these regressions for growth rate analysis.
While estimating the morphometric changes that have occurred due to the taxidermy
preservation was possible using linear measurements, the understanding of shrinkage and
need for correction factors may be improved by following the taxidermy preparation
process and applying geometric morphometric analyses (e.g. Fruciano et al., 2020; Sotola et
al., 2019).
3.4.6 Further research recommendations
This study has substantially increased the number of historical specimens of Murray cod
that can be used for scientific investigations. Three of the skull-based head characters, IN, UJ
and IO were robust to the influence of taxidermy and can be reliably used to predict, or
validate, lifelike length and weight of fish over a substantial size range (TL 590–1195 mm,
TW 2.6–37.2 kg). The ability to verify and infer TL and TW using several HCL adds to the size,
spatial and temporal provenance advantages of these specimens. The size provenance
records were consistent with the morphology assessments. This finding, together with their
trophy origins, provides confidence in the utility of the specimens’ harvest location (>250
000 km2) and period (~60 years) records. Importantly, the use of these relationships above
~1200 mm TL should be verified by comparing them to those of living forms or assessing the
impact of applying taxidermy on a few very large specimens. The accuracy of the lengthbased relationships and size range they can be applied to, would be improved through
accessing the morphological features of smaller taxidermy and multiple larger forms of
living populations (Froese, 2006). Other non-invasive computer-aided morphometric
techniques (e.g. 3D geometrics) could better account for the distortions and contortions
from taxidermy preparations (e.g. loss of parts) and improve the acquisition and diversity of
usable relationships of relevance to biology (Adams et al., 2013; Bookstein, 1997; Rubio130

Paramio, Montalvo-Gil, Ramírez-Garrido, Martínez-Salmerón, & Azorit, 2016; Sawada et al.,
2018). The ability to yield biologically-relevant length and weight data from only the head
features of non-traditional records with unknown preservation history justifies further
explorations into them and similar archival sources.
The length data from these historical study specimens could be leveraged to provide
insights on the temporal variations of system productivity and ecological baseline shifts
(Izzo, Doubleday, Grammer, Gilmore, et al., 2016). As large exemplars, targeted sampling
could improve estimates of population-level maximum length and weights of species
(Brunell et al., 2013). The length, weight and occurrence records could also be used to
explore how size patterns relate to fisheries-induced food web dynamics that include
exploited large species (Olsen et al., 2004). The length and weight records may provide
insights on the recovery from commercial fishing (Rowland, 1989), or the influence of
recreational harvesting regulations (Forbes, 2016). Further, the length-based relationships,
mouth size, length and weight traits of the specimens could be used to explore changes in
predatory capabilities over time (Barneche et al., 2014), the morphologically- and
metabolism-dependent drivers of trophic cascades (Renneville et al., 2016). They could also
be used as proxies to explore the past abundance of the species, and the broader functions
of shifts in apex predator characteristics (e.g. length/mouth gape) for estimating historical
food-web structures and baselines (Humphries & Winemiller, 2009).
An assessment of the influence of taxidermy on the presence and viability of tissues like the
otoliths, would value-add to other historical assessments of these features with the species
(Anderson et al., 1992). If the otoliths were viable, the length, provenance, age and growth
data could be used to assess the timing of growth and what this means about the condition
of the environment (Begg, Campana, Fowler, & Suthers, 2005; Campana & Thorrold, 2001).
The size and growth patterns could identify links between the species, seasonal dynamics
and system productivity (Froese, 2006). Other lines of enquiry that validate and enrich the
harvest location, explore patterns of movement and infer diet and trophic position (e.g.
isotopic and elemental fingerprints), or knowledge of the population dynamics (e.g.
genetics), are recommended (Casas-Marce et al., 2012; Izzo, Doubleday, Grammer, Gilmore,
et al., 2016; Johnson, Krutovsky, Rajora, Gaddis, & Cairns, 2019; Long et al., 2018; Zampatti
et al., 2015).
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The assessment and re-assessments of formal, informal, anecdotal and proxy records have
been previously used to verify the utility of non-traditional records (Linzey & Hamed, 2016;
Parsons et al., 2009; Seitz & Waters, 2018) and inform conservation efforts (McLean et al.,
2016; Pyke & Ehrlich, 2010). In this study, the relatively low level of invasiveness and the
associated likelihood of damage to the specimen from the applied technique was an
important factor in acquiring the data. The non-invasive techniques were conducive to
acquisition and assessment of the specimens’ provenance and building the rapport with
their stewards needed for scientific access. Similar non-invasive comparisons between
benchmark data or knowledge with other forms of non-traditionally-derived biological
records could both discover new evidence sources and build the case for more invasive
explorations such as tissue sub-sampling (Casas-Marce et al., 2012). Cumulatively, the
verified size and accessibly of the mounts as study specimen, combined with their
provenance, represent a new, and important biological archive of an apex predator that
could be used as part of multiple historical research agendas.
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4 Taxidermy as records: the presence, morphology and utility of
otoliths to age Murray cod mounts
4.1 Introduction
4.1.1 Use of growth characteristics in fisheries
A basic requirement in population-level fisheries research is the determination of age
structure, growth and mortality rates (e.g. Pawson, 1990). Age, growth and model
parameter outputs, like the theoretical asymptotic length (L∞) and mean length (Lm) at
which fish of a given population become sexually mature, are key metrics in fisheries
research that provide insight into the carrying capacity of the environment and the
associated potential of the fishery (e.g. Froese & Binohlan, 2000). The health of fisheries and
their underlying influencing factors, can both be monitored by assessing the links between
the metrics of individuals and populations of fish and environmental conditions (e.g.
Berkeley et al., 2004). Accordingly, the generation of the model parameters like L∞ and Lm
from sub-sampling populations through time, can be used to assess fish population patterns
and set management parameters and conservation objectives (e.g. Jennings, Reynolds, &
Mills, 1998).
4.1.2 Growth and age structures of fish populations
Fishery scientists have explored many methods to understand growth and age structures of
fish populations, including non-lethal measurements and destructive tissue sampling
(Lorenzen et al., 2016). To generate growth model parameters like L∞, it is necessary to
measure the fish in combination with assessing its age through tissue analysis (Welcomme,
1999). While many parts of a fish can be used to provide age and growth information (e.g.
spines, fins, opercula), the otoliths provide one of the most reliable techniques (Campana &
Thorrold, 2001). Otoliths are located in the membranous labyrinths within the otic capsules
situated at each side of the neurocranium, and their functions are equilibrium and hearing
(Popper & Lu, 2000). Otoliths are composed of precipitated calcium carbonate (usually
aragonite) and other minerals in small amounts, all of which are immersed in a proteinorganic matrix (Degens, Deuser, & Haedrich, 1969). They form before hatching, grow
continuously throughout the life of the fish, and are formed by alternating layers of the
calcium carbonate and protein being deposited on a daily basis (Campana & Neilson, 1985).
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The shape and form of otoliths result from the differential accretion of minerals, producing
the characteristic morphology of otoliths for a given species (Lagardère, Chaumillon, Amara,
Heineman, & Lago, 1995) and is related to the environmental conditions under which
growth occurred (Campana, 2005). As otoliths can be indicative of taxonomy and related to
life history and behaviour (Campana & Thorrold, 2001), they have attracted the interest of
fisheries scientists since at least 1899 (Ricker, 1975). The sagittal otoliths are the largest of
the three types of otoliths, and are the ones most used for fish ageing and other
assessments (Secor, Dean, & Laban, 1992). The morphology and internal structure of
otoliths can be used to understand the fish and the system they came from (Campana &
Thorrold, 2001). The morphology of otoliths is related to fish size and can be used for stock
identification, species identification, phylogenetic reconstructions, paleontological studies,
food web analyses, eco-morphological work, sex identification, and age estimation (MartiPuig, Danés, Manjabacas, & Lombarte, 2016). Factors that may contribute to intraspecific
variations in otolith morphology include depth, temperature, salinity, diet, population
location, and even reproductive tactics (e.g. Bose, Adragna, & Balshine, 2017;
Reichenbacher, Sienknecht, Küchenhoff, & Fenske, 2007). The macrostructure of otoliths
present annual growth rings to reliably age fish greater than one-year-old (Campana &
Thorrold, 2001). The microstructure of otoliths can also present growth increments of use to
explore daily growth and estimate the age of young fish (Campana & Neilson, 1985).
4.1.3 Uses of otoliths
The effort required to create reasonable population and stock assessments (particularly
those that include the use of otoliths) limits how many populations are assessed and the
number of evaluations that occur on that population over time (Fisher & Hunter, 2018). It is
common for otolith-based stock assessments to be of a single community at a single point in
time, and for re-assessments of that population to have spatial and chronological gaps
(Cooke et al., 2016). The resourcing and capacity constraints within fisheries science that
limit the number of assessments into the spatial ecology growth patterns of fish
populations, are compounded by the ethical-based considerations associated with the
repeated lethal sampling of fish (Sikes & Paul, 2013). While snapshot age- and growthassessments will produce a precise estimate of parameters like L∞, their precision in time
limits their applications more generally, and their ability to describe the spatial and
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temporal variability of the fishery (Cooke et al., 2016). While snapshot age and growth
estimations are useful, otolith archives present an opportunity to derive retrospective
information about a fishery, or the life history of a species (Berg, Sarvas, Harbitz, Fevolden,
& Salberg, 2005). The assessment of growth from archival collections of otoliths (including
non-traditional sources, like those from taxidermy), and what this means about the
condition of the environment, can potentially address age and growth gaps in our
knowledge base (Begg et al., 2005; Campana & Thorrold, 2001). The analysis of otolith
increments can be used to explore how fish growth relates to environmental conditions (e.g.
Stoffels et al., 2020). This chapter adopts the Morris (2010) definition of taxidermy, by which
the preservation involves the whole or part of the animal being skinned, then preserved and
positioned, and mounted, in a near lifelike state. Although there are studies that have used
taxidermy as a study specimen (Chapter 1), and despite decades of otolith research, some
aspects of otolith presence, morphology and annuli assessment remain untested. Indeed, no
study to date has investigated the presence and viability of otolith morphology and
macrostructure sourced from taxidermy fish specimens.
4.1.4 Murray cod otolith research
In Australia, Murray cod (Maccullochella peelii [Mitchell, 1838]), is the apex predator in the
largest freshwater system in Australia, the Murray–Darling Basin (MDB) (Ebner, 2006).
Despite gaps in spatial ecology-based research that use otoliths and length features of the
fish, Murray cod have been the recipient of some of the most comprehensive otolith-based
population assessment work done in Australia (e.g. Anderson et al., 1992; Forbes, 2016;
Gooley, 1992; Humphries, 2005; Rowland, 1998a). The focus on Murray cod is thought to be
because of its wide distribution, large size and high trophic position, and its iconic and
flagship role in conservation and culture (Ebner et al., 2016). The Murray cod has the
longest lifespan recorded for any native Australian freshwater fish species, and is the
longest and heaviest fish in the system (maximum: verified age 48 years; total length 1400
mm; weight 47.3 kg) (Anderson et al., 1992). The many mentions of a Murray cod of 1800
mm TL, 113.6 kg from Barwon River (e.g. Whitley, 1955) have not been validated.
The benchmark knowledge on Murray cod otoliths provides a baseline to assess the merits
of new sources of otoliths. The first published assessment of annuli formation of Murray cod
sagittal otoliths provided no conclusive data on the age and growth of the species
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(Llewellyn, 1966). The validation of the sagittal otoliths for age assessment of Murray cod
was undertaken by Gooley (1992). Both Gooley (1992) and Anderson et al. (1992) used the
macrostructure and associated annuli counts of Murray cod sagittal otoliths to age
specimens and derive age-length and age-weight relationships, and explore how these
varied across the MDB. Anderson et al. (1992) showed that the thickness and weight of
Murray cod otoliths were related to age. Later, the microstructure of the otoliths from the
early life phases of Murray cod was assessed by Humphries (2005) to identify the hatching
diameter and where to evaluate daily growth increment formation thereafter. Since then,
there have been many assessments of otolith annuli and macro-structure from Murray cod
(e.g. Forbes et al., 2016), including those from archival collections (e.g. Tonkin et al., 2017)
and archaeological sources (e.g. Disspain et al., 2012). The traits of Murray cod (e.g. large
and long-lived), potentially makes them excellent sources of long-term data to fill gaps that
exist in contemporary studies. Further, as there are gaps in our knowledge of the biology
and ecology of Murray cod (e.g. historical population size structure and growth rates), an
assessment of the viability of the otoliths from a non-traditional source — taxidermy —
could augment our archives, fill gaps in our historical records and improve baseline
assessments.
4.1.5 Verification of otoliths from taxidermy head mounts: non-traditional record
The potential spatio-temporal ecology features of the otoliths presented by this nontraditional archival source of evidence serve as the rationale for this assessment into the
taxidermy. The taxidermy sagittal otolith could provide a historical data source to explore
the age- and growth-related patterns of multiple populations across a broad temporal and
spatial scale. Tapping into the scientific utility of otoliths from taxidermy collections could
facilitate new research agendas and fill or extend temporal or spatial coverage of our
knowledge base (Chapter 1). For taxidermy-derived otoliths to be used as a historical data
source, it makes sense to apply analytical approaches that have been used successfully on
similar forms of evidence (McClenachan et al., 2015). If the otoliths could be retrieved in a
suitable condition for morphological and annuli assessment, this would demonstrate their
foundational scientific utility (Campana & Neilson, 1985). However, like most forms of
preserved animals, there are challenges and constraints involved in the curation and
scientific assessment of taxidermy Murray cod that influence: 1) how and when specimens
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are accessed; 2) what analyses can be applied; and 3) how their features may be a biased
representation (Sanders, 2017). Taxidermy specimens could be a problematic source of
viable otoliths due to: 1) the multiple, or unknown, agents or processes involved in their
creation and curation (Beck, 2018); 2) them suffering from missing preservation or
maintenance records (Casas-Marce et al., 2012); 3) the otoliths being removed as part of the
preservation (Morris 2010); 4) the addition of destructive preservation chemicals (Hendry
1999); 5) storage and curation damage (Sawada et al., 2018); and 6) shrinkage and
weathering (Migdalski, 1981).
To determine if informally-curated taxidermy Murray cod mounts could be useful for
assessing change in the environment and in populations, I first needed to verify the
presence and quality of otoliths. To this end, this chapter aimed to:
1) describe and compare reported and predicted total weight and length of the subsampled taxidermy specimens to the archive of Murray cod heads verified in Chapter 2
2) determine the presence or absence of sagittal otoliths in taxidermy head mounts and
assess the reliability of non-invasive X-ray computed tomography (CT) scans for
detecting otoliths
3) describe the qualitative relationship between the morphology and preservation
condition of extracted otoliths and condition of the taxidermy Murray cod heads
4) describe the readability of thin-sectioned otolith annuli from the taxidermy Murray cod
heads
5) describe the relationships between otolith age estimates with: otolith length; thickness
and weight; date of harvest and year of birth; and fish length and weight.
The assessment of morphology and preservation condition of extracted otoliths and utility
of otoliths for ageing from historical taxidermy sources will build a case for further exploring
the specimens' life-history traits, such as growth and movement. Given the size, harvest
period and quality of the preserved specimens, the sagittal otolith was predicted to be large,
morphologically resistant to taxidermy treatment and curation, and maintain a
macrostructure usable for estimating age and describing age-related patterns.
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4.2 Method
4.2.1 Study specimens
As part of a more extensive research program, 363 head and 96 whole forms of taxidermy
Murray cod from informal curatorial origins were verified as accessible to scientific uses
(Chapter 2). The wider research demonstrated that the mounts were usable as
biogeographical records (Chapter 2) and retained functional morphological relationships to
infer lifelike length and weight (Chapter 3). Before this research effort, none of these
mounts had been previously registered, used or categorised as scientific study specimens.
Two-hundred-and-forty-eight of the head mounts were used as morphological records to
derive length-based relationships for application in the current study (Chapter 3). Onehundred-and-four of the head mounts had been registered as accessible biological records.
Given the head form was more common than the full-body mounts, a sub-sample of 43 was
used in this study as tissue sampling specimens.
The sampling specimens were acquired as available, through a loan from their stewards or
opportunistically through donations or trade. Thirty-five specimens were borrowed from
their stewards, and eight were acquired and categorised as full scientific study specimens.
The eight acquired mounts were used in the early trials of the CT diagnosis, surgery and
associated rehabilitation techniques. Protocols for use were developed with each steward,
and included the ability to borrow the specimen, obtain CT scans, undertake minor surgery,
obtain tissue subsamples, and the need to rehabilitate the mount. The accessibility of each
mount as a sampling study specimen and source of otoliths, was verified by: 1) engaging
with the mount’s steward and obtaining verbal consent to validate the mount’s features and
provenance; 2) obtaining physical access to assess the mount’s morphology, photograph the
mount, interview stewards about its history, and obtain copies and transcripts of
interpretative records of its provenance; 3) negotiating access protocols and obtaining
written consent to use the mount as a sampling study specimen; 4) borrowing the
specimen; and 5) returning the mount, and providing a report on otolith presence and age
estimate of the mount. In most circumstances, the specimens were borrowed for a period
of at least six months.
There was very little available knowledge of how all the specimens were preserved. Physical
examination indicated that there were two distinct types of head taxidermy: a minimalist
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form of dried and fixed preparation with no, or limited non-biological additions; and a less
common form where the inside of the head cavity was filled with a plaster mould. Those
with minimal preparation sometimes had filler material between the tanned skin and skull
features (e.g. cheeks). Most of the mounts were sealed with transparent varnish-like
material, and a limited number had been painted. A common feature was the addition of
glass eyes into sockets and physical mounting on trophy-style backing boards for display.
Most mounts were found hanging by a metal screw or bolt into the area of the remaining
vertebra. A small number had been mounted by fixing through the opercula. The
preservation technique did not influence the selection of specimens or the assessment of
otolith presence and utility. However, the condition and preservation techniques of some
mounts did inhibit the ability to undertake surgery to confirm and extract the otoliths.
4.2.2 Provenance records
The biologically-relevant provenance interpretations of the fish's history, such as harvest
date, location and weight were transcribed. The provenance records did not influence the
selection of specimens. To assess study specimens’ representativeness and describe the
extent and range of their provenance, they were compared to the more substantial archive
registered in Chapter 2. For the 32 specimens that came with harvest location records, all
were caught from riverine environments of the Murray–Darling Basin (MDB), Australia.
4.2.3 Diagnosis of otolith presence and location
Given the private stewardship and display values of the specimens, a non-destructive
diagnostic technique was used to identify the presence and build a case for otolith
extractions. The sagittal otoliths are the largest pair of otoliths in Murray cod, with lengths
up to 30 mm in large specimens (Anderson et al., 1992). An exploratory evaluation of otolith
presence and location was included in the current research, given that there were no
previously-reported assessments of the presence or viability of sagittal otoliths from fish
taxidermy, or of the protocol of minimising the risks to the specimen display values. To this
end, X-ray computed tomography (CT) scanning was applied to assess the presence of
sagittal otoliths within the taxidermy Murray cod. While few studies have applied CT
scanning for otolith assessment in taxidermy specimens, the scanning technique has been
used as a non-destructive diagnostic tool for assessing otolith presence, location, size (Long
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& Stewart, 2010), and macro- and micro-structure features in fish specimens (Fisher &
Hunter, 2018).
In situ information on the otolith presence and location for 40 of the taxidermy heads were
obtained through CT scanning. The scanning was conducted with a Phillips Brilliance 64 slice
scanner (Helical X-ray source, 20–500 mA at 120 kV) using 0.9 mm slices. Slices were saved
in a TIFF file format and combined into 3D models using RadiAnt DICOM Viewer, version
5.5.1 (https://www.radiantviewer.com/). Standard settings were used, and the same
radiographer undertook each scan. To inform the diagnosis, a pair of otoliths that were
extracted from the first scientific study specimen were used as calibration otoliths in
subsequent scans. Otoliths are among the densest objects in the head of fish (Long & Snow,
2016). CT scanning technology digitally images the object through a series of X-Ray slices
that can then be recombined to visualise the interior of the object scanned (Ketcham &
Carlson, 2001). Individual volumetric pixels (voxels) indicate the density of materials being
scanned at that point and are represented in greyscale, with the densest materials, such as
metals or bone appearing white (or black in inverse images). The software can be used to
manipulate single plane X-ray sections, segmenting elements by their density and
generating reconstructions in 3D.
In the present study, the CT X-Ray images were reconstructed into inverse 3D images and
using maximum intensity projection (MIP) format. The grey levels on the 3D reconstructions
were adjusted to optimise for the dense otoliths that show up black in the inverse MIP 3D
reconstructions. The 3D renderings were rotated and examined in detail, and a
representative screenshot image that included the calibration otoliths and any the
diagnosed otoliths (if applicable) were captured. The diagnosis of no, one, or two otoliths
and the location of otoliths relative to the pre-mortem position, were registered. If the
steward of the mount required further information and justification for the risk posed by
tissue subsampling, the 3D rendering was used. A diagnosis of presence or absence and
location was relatively straightforward once the 3D reconstruction had been adjusted. The
attenuation of the X-rays from the dense otoliths and the presence of the calibration
otoliths greatly assisted the diagnoses. The CT scan diagnoses of otolith presence and
location were verified with surgical extractions.
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Surgical verification of diagnosis and mount rehabilitation
Thirty-nine mounts were surgically assessed to verify the results from the CT scan diagnosis.
Due to the predominance of the mount's informal curation, the invasive subsampling for
sagittal otoliths was undertaken in a way to minimise harm to the mount’s display values.
The otoliths were surgically accessed from the non-show side through the otic capsule area.
Initial surgery into the neurocranium and rehabilitation was trialled on the specimens with
full user rights. The CT scan diagnosis of otolith location was used to guide where the
surgery procedure occurred. A small router was used to cut the bone and tweezers were
used to extract the otoliths. Four of the mounts that had CT scans were not surgically
assessed, as the procedure was considered to pose too high a risk to the integrity and
display values of the specimen. In addition, three specimens that were accessed after the CT
diagnosis phase had surgery undertaken on them. The otoliths were commonly removed
with some of their surrounding tissue fused onto them. In some circumstances, they were
fragile and fused onto other tissues or embedded within non-biological mounting materials.
Subsequently, some were fractured during extraction and preparation. Some of the otoliths
that were embedded in non-biological material were deemed too difficult to extract without
damage to the mounts display value or the otoliths. Each mount was photographed before,
during and after rehabilitation of the surgical area. The ~2 x 3 cm otic capsule surgery region
of a typical dried and fixed preparation form of mount and the post-extraction rehabilitation
site is provided in Figure 4-1. The display values of the biological study specimens were
maintained by rehabilitating the surgery area with an epoxy putty PC-Fahrenheit™
(https://www.pcepoxy.com/).
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Figure 4-1. Photographs displaying the non-show side of a mount otic capsule region used to verify the CT diagnoses and extract sagittal
otoliths (a) pre-surgery, (b) in situ during surgery (showing the otoliths), and (c) post-surgery (showing the rehabilitated capsule area).
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4.2.4 Morphological condition of otoliths and host mount
Otolith preservation condition
As the preservation and maintenance histories of the specimens were mostly unknown, the
observable condition of the otic capsule area, state of sagittal otoliths and associated
viability for morphological and macrostructure assessments were recorded. Murray cod lay
down material on the proximal face of their otoliths, and this results in an increase in the
otoliths size and weight throughout their life (Anderson et al., 1992). Given the lack of
precedence of extraction and morphological assessment of otoliths from taxidermy, the
condition of the otoliths was related to the features of the taxidermy preparations. Each
otolith was washed in deionised water and lightly brushed to remove excess tissues and
surface accretion. The otoliths were dried at room temperature for at least 48 hours before
having their preservation condition categorised and morphology assessed. The handling and
extraction of the otoliths indicated varying levels of fracturing, surface erosion, surface
accretion, and fused-on tissues. Although all efforts were made to avoid damage to the
otoliths while extracting and preparing them for morphological assessment and thin
sectioning, some were in a poorly preserved condition (n=8). Preservation condition
categories were derived to determine whether the preservation state of the otoliths related
to the ability to retrieve morphological characters (Behrensmeyer, 1978). The relative
condition of each otolith was categorised qualitatively as follows: 1) well-preserved and
whole; 2) well-preserved and single fracture; and 3) poorly-preserved with surface erosion
or accretion.
Otolith morphology
A number of techniques have been used to study morphometry and variability in otoliths,
including: 1) shape analysis (e.g. Jemaa et al., 2015); 2) analysis of measurements such as
length, weight, width, area and perimeter (e.g. Reichenbacher et al., 2007); and 3) otolith
outlines with elliptic Fourier analysis (e.g. Campana & Casselman, 1993). Otolith shape and
size are commonly used due to their relationships to fish size (Campana & Neilson, 1985).
The current study aimed to assess the morphology of sagittal otoliths from taxidermy
Murray cod, and the relationships they have with fish length, weight and age. Relationships
between the otoliths’ weight and length to fish length (Gooley, 1992) and otolith thickness
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and age (Anderson et al., 1992) have been identified for Murray cod and these provide a
benchmark for comparisons.
The otoliths were measured for maximum otolith length (OL) (anterior-posterior) and
maximum otolith width (OW) (dorsal-ventral) to the nearest 0.1 mm using digital callipers
(as per Anderson et al. (1992)). The maximum otolith thickness (OT) (distal-proximal) was
assessed on the otolith thin section under the stereomicroscope (×5.0 and ×3.2 depending
on otolith size) with transmitted light, generally to the edge of the medial groove in line with
Anderson et al. (1992). This method of obtaining OT length avoided the influence of nodule
growths and irregular dorsal margins, which were present in some of the specimens. The
otolith total weight (OTW) was recorded to the nearest 0.001 g using an analytical balance.
Because the otoliths become more curved as they increase in size, the OL measured as a
span may have underestimated the actual length along the edge of the otolith (Anderson et
al., 1992).
Mount otic capsule area condition
Given the variable and unknown taxidermy preparations related to the ability to retrieve
otoliths, a set of otic capsule area categories was derived (Behrensmeyer, 1978). The otic
capsule area consists of the skeleton surrounding the inner ear, or otic vesicle, and attached
vertebrae. The pre-surgery condition of the otic capsule area was categorised qualitatively
as either 1) being exposed or fractured, or 2) having no fractures or exposure and part of
vertebra intact. Two potentially co-occurring additional subcategory states were also used:
3) being used as the primary fixing point, and 4) containing foreign objects. These otic
capsule area categories were related to the preservation condition and morphology of the
otoliths.
4.2.5 Age assessment
Thin sectioning of otoliths
One otolith from each mount was thin-sectioned and had an annulus count undertaken.
Otolith preparation and interpretation of thin sections followed methods outlined in
Anderson et al. (1992). Epoxy liquid resin (Polyplex clear) and hardening catalyst (Methyl
Ethyl Ketone Peroxide) were used to set the otoliths. Generally, the left otolith was chosen
for sectioning, unless it was poorly preserved. If both otoliths were poorly preserved, the
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one most likely to yield a viable thin section was selected. Briefly, thin transverse sections of
one sagittal otolith through the lateral axis from each fish were taken, as nearly through the
primordium as possible. The polished thin sections were mounted on a glass slide and
examined under a stereomicroscope (×5.0 and ×3.2 depending on otolith size) with
transmitted light, independently labelled, and then photographed with a digital camera.
Annuli readability and validation
Assessment of annuli and measurements of OT were carried out using a photograph of the
otolith section through the primordium. Counts of annuli were defined as a pair of
translucent and opaque zones. Annuli were marked at the start of each opaque zone on a
transect that ran from the primordium to the distal edge on the dorsal side, adjacent to the
sulcus. This transect was selected as it showed minimal change in the growth axis. Older
specimens that displayed a change in growth axis were countered by adjusting the transect
angle from the point of deviation. To assess the precision of age estimates, two readers (A
and B) viewed the thin sections independently. Reader A was experienced in otolith
preparation and interpretation. Only otoliths where both readers were confident in counts
were selected. The precision of the first age estimates was examined visually by plotting the
first age estimate for both readers (Campana, Annand, & McMillan, 1995) and an
assessment of derivations. The two readers corrected disagreements on total age estimates
through discussion and joint evaluation of the thin section. Once a full agreement was
reached, the Murray cod specimens were assigned an estimated age.
Age and otolith morphology relationships
Relationships between the age estimates and otolith morphology and weight and specimen
provenance, total length and weight were examined. Age estimates were compared to:
1) interpretations of harvest year and location; 2) otolith morphology — OTW, OL, OW and
OT; 3) the pre-taxidermy total weight of the fish, reported (FishTWR), and predicted
(FishTWP); and 4) predictions of pre-taxidermy fish total length (FishTLP). The relationships
used to predict FishTWP and FishTLP were based on the taxidermy inter-nare (IN) length, a
feature that maintains relationships on the taxidermy form
(logFishTWP = 2.78(logIN+(0.93logIN + 0.43 - logIN)) – 9.09 and
FishTLP = 196.7+11.2(IN+(1.08IN+2.00-IN) (Chapter 3).
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Three growth models, linear, Gompertz and Von Bertalanffy were used to assess the
relationship between length (OL, OW, OT, FishTLP) and weight (OTW, FishTWP, FishTWR )
metrics with Murray cod age (years). Three models were considered:
Linear: 𝑆𝑖𝑧𝑒 = ∝ +𝛽 𝑥
(−𝛽1 𝑥−𝛽2 ))

Gompertz: 𝑆𝑖𝑧𝑒 = 𝛽0 𝑒(−𝑒

Von Bertalanffy: 𝑆𝑖𝑧𝑒 = 𝛽0 (1 − 𝑒(−𝛽1 𝑥−𝛽3 )) ),
where 𝑆𝑖𝑧𝑒 is the Length or Weight at age x, β0 the theoretical asymptotic length or weight,
β1 the instantaneous growth rate, β2 the inflection point of the curve where growth rate
begins to decline, β3 the hypothetical age where the length or weight is equal to zero, and α
is the predicted length or weight at age equal to zero. The parameters (β0, β1, β2, β3, α)
were estimated using non-linear least squares, with the relative support for each of these
models assessed by calculating Akaike's Information Criterion (AIC), corrected for small
sample size (AICc) (Burnham & Anderson, 2003). AICc values were rescaled to allow for
differences between the model and identify the model with the lowest AICc value. The
likelihood of the models, given the data, was calculated as:
𝑃(𝑀 ǀ 𝑦) =

. ×∆
. ×∆

,

where 𝑃(𝑀 ǀ 𝑦) is the likelihood of models considered 𝑀 , …, 𝑀 given data y (Hoeting,
Madigan, Raftery, & Volinsky, 1999). Model selection procedures using AICc, as outlined
above, were used to select the model with the most support.
The descriptive statistics and analysis were undertaken with R freeware (R Core Team,
2013). For non-linear growth function calculations, the packages FSA (Ogle et al., 2019), car
(Fox & Weisberg, 2019) and nlstools (Baty et al., 2015) were used. Unless otherwise
indicated statistical significance occurred for P < 0.05.
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4.3 Results
4.3.1 Provenance and traits of specimens
Of the 43 study specimens, 40 came with at least one key provenance record of weight,
year, or location of the harvest of relevance to their use as sampling study specimens
(Table 4-1). The harvest year was the most common interpretation (n = 38), followed by
weight (n = 36) and location (n = 33). The specimens' spatial, temporal and size patterns
were representative of the other head mounts that were verified in a broader registration
(Chapter 2) of informally-curated taxidermy Murray cod (Figure 4-2, Figure 4-3 and
Figure 4-4). The harvest period was 53 years (1952–2005), and harvest weight range was 46
kg (3–49 kg). The harvest location covered an area of ~500 000 km2 and indicated they were
caught from riverine environments.
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Table 4-1. Specimen category, provenance records and sagittal otolith assessment technique used on the informally-curated taxidermy Murray
cod mounts, for validation of presence and viability for morphological and annuli assessment.
Provenance records
Specimen
category

n

Weight

Otolith assessment

Year

Range
(kg)

Unknown
(n)

Range

Location (n)

Unknown
(n)

Nth
MDB

Sth
MDB

Unknown

CT
diagnosis
(n)

Surgical
verification
(n)

Sampling

35

3–49

2

1952–2005

2

6

24

5

34

31

Full use
rights

8

7–34

5

1956–1985

3

2

1

5

6

8
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Figure 4-2. Map of the harvest location of the 33 taxidermy Murray cod head mount study
specimens and harvest location of the other 140 informally-curated head mounts with this
information (see Chapter 2). A light grey area denotes the Southern MDB, and the Dark Grey
area indicates the Northern MDB. Map, Deanna Duffy, SPAN CSU.
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Number of specimens

100

Study specimens (n = 38)

80

Other accessible head
mounts in register (n = 158)

60
40
20
0
1950s

1960s

1970s

1980s

1990s

2000s

2010s

Decade of harvest

Figure 4-3. Frequency-histogram of reported harvest date from the taxidermy Murray cod
head mount register. The dark shading denotes the 38 study specimens used in this chapter
and light the other accessible head mounts contained within the register (n = 158).

40

Study specimens (n = 36)

Number of specimens

35
Other accessable head
mounts in register (n = 164)

30
25
20
15
10
5

45-49

41-44

36-49

32-35

27-31

23-26

18-22

14-17

9-13

5-8

<5

0

Fish weight (kg)

Figure 4-4. Frequency-histogram of reported fish weight (FishTWR) from the taxidermy
Murray cod head mount register. The dark shading denotes the 36 study specimens used in
this chapter and light the other accessible head mounts contained within the register
(n = 164). The dotted line (~9 kg) is a conservative benchmark of weight at maturity of
Murray cod from multiple habitats across their range (Rowland, 1985).
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4.3.2 Presence and extractability of otoliths
CT scan
Forty of the 43 study specimens were CT scanned. In the inverse images, the otoliths and
other dense objects showed up black (Table 4-1, Figure 4-5). Other biological material (e.g.
bone, skin flesh) and information on the preservation technique (e.g. mould) and materials
(e.g. polystyrene) were also identifiable (Figure 4-5e). The most visually noteworthy of the
foreign materials were dense metal objects used in the mounting and fixing process such as
screws, chains and nails (Figure 4-5a, b, d, e, and g). Articulation of the jaw in a hyperextended, open position, for display purposes, was common (Figure 4-5a, b, c, d, and h). All
40 representative MIP images obtained are in Appendix 3: Mount MIP images.

151

Figure 4-5. Representative Maximum Intensity Projection (MIP) 3D reconstruction screenshots (inverse) from CT scans of taxidermy head
mounts with adjusted grey levels showing a diagnosis of the cod sagittal otoliths: presence (a–d) (red circles), absence (e–h), the calibration
otoliths (green circles) and a 20 mm scale bar. Other dense (dark) non-biological objects (e.g. metal fixings) are identifiable in images a, b, d, e,
and g. The non-natural mouth position is identifiable in images a, b, c, d, and h. Pre-reconstruction x-ray slices were 0.9 mm thick with an interslice spacing of 0.9 mm.

152

The CT diagnoses were that 85% (34) specimens contained sagittal otoliths (Table 4-2). Only
one specimen was diagnosed to possess a single otolith, and the steward of this mount said
that the taxidermist removed it; however, the otolith was not attempted to be recovered in
this study. Most of the otoliths were positioned in the expected anatomical location;
although 18 (27%) were obviously moved. Most of those that had moved had generally only
rotated and fused onto the adjacent bone (e.g. Figure 4-5a), and those that had moved
substantially >20 mm (e.g. Figure 4-5b) appeared to be displaced by the preservation
process.
Table 4-2. CT scan diagnosis for sagittal otolith presence or absence and position relative to
the expected anatomical location within the taxidermy Murray cod heads. The proportion of
the sagittal otoliths that were surgically verified is also indicated.
n

Surgically
verified
(%)

Pair

33

97

One

1

0

Absent

6

67

Close to
expected

49

94

Moved

18

100

CT scan diagnosis

Presence or absence (n = 40)

Otolith position (n = 67)

Surgical verification and mount rehabilitation
Follow-up surgery on 36 of the mounts with a CT diagnosis confirmed otolith presence or
absence and position with 100 % accuracy (Table 4-2). Follow-up surgery did not occur on
four mounts due to a high risk of damaging their display integrity. Two of these mounts had
a CT diagnosis identifying the presence of otoliths. The other two mounts had most of their
internal structure replaced with a plaster mould, and a CT scanning diagnosis of absent
otoliths (Figure 4-5 e and g). The surgery into the optical capsule area had little impact on
the trophy display values (Figure 4-6).
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Figure 4-6. Photographs displaying the show side of a typical dried and fixed preparation
pre-(a) and post- (b) surgery into the optical capsule area.
4.3.3 Morphological condition of otoliths
Surgery yielded 35 pairs (70) of sagittal otoliths from 43 specimens (81%) (Table 4-3). Some
taphonomic alteration to the otoliths state was observed, with 62 (89%) of the otoliths
being well preserved. The common use of the otic capsule area as the primary fixing point of
the mount onto the backing boards was not associated with poorly preserved otoliths.
Further, this fixing location did not reduce an otolith’s morphological condition. Those
otoliths with a single fracture had a morphological range representative of the whole
otoliths. The occurrence of surface erosion or accretion was associated with larger otoliths
and those with an exposed or fractured otic capsule area, and not associated with the year
of harvest. Foreign objects within the otic capsule area were not associated with poorly
preserved otoliths, provided the otic capsule area was not fractured or exposed. Two (6%)
of the mounts that underwent surgery yielded pairs of poorly preserved otoliths. The poorly
preserved otoliths were also associated with a CT diagnosis of the otolith having moved
from their expected anatomical location. Combined, the taphonomic processes, extraction
and preparation, resulted in eight (11%) otoliths presenting in a sub-optimal condition for
age estimation. The best indicators of yielding well-preserved otoliths were the presence of
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some vertebrae, no fracturing or exposure of the otic capsule area, and a CT diagnosis of the
otoliths being located close to their original location.
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Table 4-3. Summary of otolith preservation states, pre-surgery otic capsule area states, and otolith weights and morphologies yielded from
taxidermy Murray cod heads. *Otoliths in poorly-preserved condition were likely to yield an underestimate of otolith total weight (OTW) and
morphological variables (OL, OW and OT). Two (6%) of study specimens that underwent surgery yielded pairs of poorly-preserved otoliths.

Otolith preservation
state

Well
preserved
Poorly
preserved

Whole
Single
fracture
Surface
erosion
or
accretion

Total
(n)

54

Otic capsule area state (%)
No fractures or exposure
Exposed or fractured
and part of vertebra
visible
Used as
Used as the
Contained
the
Contained
primary
foreign
primary
foreign
fixing point
objects
fixing
objects
point
4
0
83
13

Weight and morphology range
Length (mm)
Otolith
total
weight
(OTW)
(g)

Otolith
length
(OL)

Otolith
width
(OW)

Otolith
thickness
(OT)

0.27–1.90

16.8–29.6

7.3–11.7

1.8–4.6

8

63

0

25

13

0.15–1.84

14.8–25.5

6.7–11.0

1.9–4.0

8

38

0

63

0

0.40–1.48

19.8–28.0

8.35–11.6

2.3–3.6
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The erosion and accretion on the poorly-preserved otoliths altered their morphological
appearance (Figure 4-7c and d), when compared to well-preserved otoliths
(Figure 4-7a and b). Chemical treatment may help remove excess tissue surrounding the
otolith, but it was not trialled in this study.

Figure 4-7. Photographs demonstrating the states of yielded pairs of taxidermy Murray cod
sagittal otoliths showing a) well-preserved — whole, b) well-preserved, single fracture,
c)poorly preserved — with surface accretion or erosion — pre-washing, and d) the same
otoliths — post-washing.
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4.3.4 Thin sectioning of otoliths and precision in age estimates
All thirty-five specimens that yielded pairs of sagittal otoliths had one of the otoliths thinsectioned and photographed for age estimation (Appendix 4: Otolith thin sections). The
erosion on the poorly-preserved otoliths did not affect the ability to thin-section the
otoliths. Two sections were of too poor a quality to yield a useable age estimate
(Figure 4-10b) as determined by both readers. The comparison of the initial age estimates
for the 33 sections from the two readers showed a slight deviation from the 1:1 line
(Figure 4-8). The initial agreement was low (18%), with a maximum difference of four annuli
counts and an average disagreement of 1.4. Reader B, the less experienced reader, was
consistently lower than Reader A. The between-reader variation tended to increase with fish
age, indicating that the level of precision can be expected to be lower when ageing older
specimens.
40

Reader B

30

20

10

0
0

10

20

30

40

Reader A

Figure 4-8. Age-bias plot, comparing between readers initial total age estimates from 33
sagittal otoliths yielded from taxidermy Murray cod heads, with a linear model and
associated fit. The dotted line indicates the 1:1 equivalence.
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Age estimates
The resolution between reader variation identified was associated with the less experienced
reader not counting the first and last, or marginal, annuli. Agreement of age was reached for
33 samples. Example thin-section photographs showing readable and unreadable sections
(Figure 4-10) indicated that reasonable images were yielded even by the sections where no
consensus was reached. The condition of the proximal (convex) face of the otolith and
quality of the section (where annuli appear for the older Murray cod), was crucial to
establishing an age for older fish. The estimated age on 33 specimens ranged from 6–36
years (Figure 4-9). The median age of 16 years was close to an average of 18 years; however,
younger fish (<9 years) dominated (n = 8).
9
8
7

Number

6
5
4
3
2
1
35-39

30-34

25-29

20-24

15-19

10-14

5-9

0-4

0

Estimated age (years)

Figure 4-9. Age-frequency distribution of taxidermy Murray cod specimens using their
sagittal otoliths (n = 33). Age estimates agreed to by two readers.
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Figure 4-10. Example transverse thin sections through the nucleus of sagittal otoliths from
taxidermy Murray cod under reflected light showing a) a readable section with a mark-up of
31 annuli and the morphological variable of otolith thickness (OT) red lines, and b) an
unreadable section by both readers. All 35 thin-section images are in Appendix 4: Otolith
thin sections.
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4.3.5 Age relationships
Age and fish provenance
The estimated life-span of the 26 specimens that came with a harvest location and year of
capture interpretations, had a 69-year history (Figure 4-11). There was a 55-year range of
birth years (1936–1991) and a 49-year range of harvest years (1956–2005). The seven
specimens harvested in the Northern MDB had a gap within the 1960s with a range of
1936–2002, and the 19 specimens from the Southern MDB had estimated coverage from
1944–2005. The harvest years of 1970 and 1981 contributed four mounts each, or 28% of
those specimens that came with the harvest date.
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Figure 4-11. The estimated life-span of taxidermy Murray cod specimens (n = 26) calculated
from the reported year of harvest. Coded by reported harvest location; Northern MDB and
Southern MDB and annotated with FishTWP (kg) and FishTLP (mm), using the corrected
taxidermy Inter-nare length relationships from Chapter 3.
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Age and morphological features of sagittal otoliths
Gompertz growth models were found to best describe the relationship between each of the
four otolith features (OTW, OT, OL and OW) and age (Table 4-4).
Table 4-4. Results of the model selection procedure, parameter coefficients and 95%
confidence intervals for the three growth models used to predict estimate age of taxidermy
Murray cod from otolith total weight (OTW), otolith thickness (OT), otolith length (OL), and
otolith width (OW). β0 = the theoretical asymptotic length (mm) or weight (g), β1 = the
instantaneous growth rate (gram year-1 or mm year-1), β2 = the inflection point of the curve
where growth rate begins to decline (yrs.), β3 = the hypothetical age where length or weight
is equal to zero, and α = the predicted length (mm) or weight (g) at age equal to zero.
95 % CI
2.5%
97.5%
Otolith total weight (OTW) - Age (n = 33)
Gompertz
β0
1.93
1.44
2.43
β1
0.08
0.05
0.12
β2
13.96
10.27
17.66
Von Bertalanffy
β0
2.90
0.54
5.26
β1
0.03
-0.01
0.06
β3
2.81
-0.41
6.04
Linear
β1
0.05
0.04
0.06
α
0.02
-0.11
0.15
Otolith thickness (OT) - Age (n = 33)
Gompertz
β0
5.53
4.30
6.76
β1
0.05
0.03
0.08
β2
6.36
2.90
9.82
Von Bertalanffy
β0
6.68
3.63
9.74
β1
0.03
0.00
0.05
β3
-7.32
-13.63
-1.01
Linear
β1
0.09
0.08
0.10
α
1.60
1.42
1.77
Otolith length (OL) - Age (n = 33)
Gompertz
β0
27.36
24.70
30.02
β1
0.11
0.04
0.19
β2
-0.34
-5.22
4.53
Von Bertalanffy
β0
27.62
24.52
30.73
β1
0.09
0.03
0.17
β3
-3.87
-16.68
0.90
Linear
β1
0.33
0.23
0.42
α
17.04
15.19
18.88
Otolith width (OW) - Age (n = 33)
Gompertz
β0
10.64
9.94
11.33
β1
0.15
0.04
0.25
β2
-1.02
-6.99
4.95
Von Bertalanffy
β0
10.67
10.11
11.86
β1
0.13
0.06
0.23
β3
-3.19
-15.94
1.35
Linear
β1
0.09
0.06
0.13
α
7.84
7.15
8.54
Model

Parameter
coefficient

AICc

ΔAICc

Likelihood

-23.98

0.00

0.56

-22.40

1.58

0.25

-21.73

2.25

0.18

-5.49

0.00

0.49

-5.16

0.33

0.41

-2.34

3.14

0.10

145.23

0.00

0.53

145.53

0.30

0.46

153.38

8.15

0.01

79.90

0.00

0.53

80.17

0.27

0.46

89.27

9.36

0.00
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The predicted relationship between otolith lengths and weight and age for the most likely
model (Gompertz) showed that how the lengths contributed to the increase in weight for
Murray cod of different ages changed with the age of the specimens (Figure 4-12). Otolith
total weight (TW) and thickness (OT) had a similar pattern to estimated age, as did otolith
length (OL) and otolith width (OW). The curvature fit of the Gompertz growth functions for
OW and OL and age showed that the rates of growth were maximal early on, and the
functions were such that rates of growth in these metrics declined after about 15–20 years
of age. The similar patterns of OTW and OT to age and the change in growth rate point (β2)
for the various otolith length-age Gompertz models, indicated that OT contributed most to
TW. The shape of the curves, similar theoretical asymptotic lengths (β0), < 0.3 ∆AICc and
related likelihood score for OL and OW and age, suggest that either a Von Bertalanffy or
Gompertz model could provide a reliable age estimation up to the β0 (OL < 27.4 mm, OW <
10.6 mm). In addition, the linear correlations between the otolith total weight (TW:
R² = 0.88) and thickness (OT: R2 = 0.93) and estimated age, were both strong. Although the
Gompertz was the best model for all otolith relationships, it appeared that any of three
OTW and OT at age models, could be used for age estimation within the assessed ranges
(OTW 0.19–1.89 g, OT 1.86–4.55 mm).
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Figure 4-12. Age estimate (yrs.) and a) otolith total weight (OTW), b) otolith width (OW), c)
otolith thickness (OT), and d) otolith length (OL), from taxidermy Murray cod sagittal
otoliths (n = 33) with a Gompertz growth function and approximate 95% prediction bounds
shown as dashed lines.
Age and fish traits
Model selection applied to the three growth rate models associated with the fish features
(FishTWP, FishTWR and FishTLP) and estimated age indicated that the Gompertz model was
the most supported by the data for FishTWP, and FishTWR — with model likelihoods of 0.72
and 0.51, respectively (Table 4-5). The Von Bertalanffy model was the most supported by the
data for FishTLP, with a likelihood of 0.54. However, it appeared that either of these models
could be used, since their FishTWP and FishTLP at age differed in likelihoods by only 0.04 and
0.08, respectively, and they had similar β0 values (Table 4-5).
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Table 4-5. Results of the model selection procedure for three different models of the growth
rate of taxidermy Murray cod fitted to the fish reported total weight (FishTWR), predicted
total weight (FishTWP), and total length (FishTLP) at estimated age (years). β0 = the
theoretical asymptotic length (mm) or weight (kg), β1 = the instantaneous growth rate
(kg year-1 or mm year-1), β2 = the inflection point of the curve where growth rate begins to
decline (yrs.), β3 = the hypothetical age (yrs.) where length or weight is equal to zero, and
α = the predicted length (mm) or weight (kg) at age (yrs.) equal to zero.
95 % CI
2.5%
97.5%
Fish weight reported (FishTWR) - Age (n = 29)
Gompertz
β0
38.99
31.05
46.93
β1
0.16
0.06
0.27
β2
10.54
8.43
12.65
Von Bertalanffy
β0
42.21
28.33
56.10
β1
0.09
0.01
0.16
β3
5.18
2.47
7.88
Linear
β1
1.17
0.82
1.53
α
3.12
-3.67
9.91
Fish weight predicted (FishTWP) - Age (n = 33)
Gompertz
β0
34.15
27.86
40.45
β1
0.15
0.06
0.24
β2
9.93
7.89
11.98
Von Bertalanffy
β0
36.74
26.71
46.78
β1
0.09
0.02
0.15
β3
4.73
2.04
7.42
Linear
β1
0.98
-1.03
9.20
α
4.09
0.72
1.24
Fish total length (FishTLP) - Age (n = 33)
Von Bertalanffy
β0
1193.36 1127.51 1278.75
β1
0.13
0.08
0.20
β3
-0.40
-5.30
2.20
Gompertz
β0
1177.98 1106.59 1249.38
β1
0.15
0.08
0.23
β2
2.13
-0.61
4.87
Linear
β1
15.38
11.30
19.47
α
729.45
648.08
810.81
Model

Parameter
coefficient

AICc

ΔAICc

Likelihood

200.87

0.00

0.72

202.87

1.99

0.27

208.87

8.00

0.01

214.08

0.00

0.51

214.22

0.14

0.47

220.62

6.54

0.02

387.69

0.00

0.54

388.00

0.31

0.46

403.21

15.52

0.00
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The Gompertz growth functions fitted to FishTWP and FishTWR - age data had similar β0
predictions (34.2 and 36.7 kg, respectively), and increases in weight for Murray cod of
different ages changed with the age of the specimens (Figure 4-13). Murray cod weighing
about 10 kg were estimated to be from 9 to 10 years old, and Murray cod weighing about
30 kg were estimated to be between 17 and 36 years old. The yearly average rates of
reported weight gain (FishTWR yr-1) ranged from 0.49 kg yr-1 (3 kg cod aged 6) to 2.2 kg yr-1
(37 kg aged 17). The 95% CI range of 27-47 kg on the Gompertz models β0 and data spread,
and associated prediction bounds showed that the weight was highly variable in both data
sets (FishTWP and FishTWR), and indicate that fish weights are not a reliable means to
predict age.

Figure 4-13. Age estimate at a) predicted fish weight (FishTWP, n = 33) and b) reported fish
weight (FishTWR, n = 29) for taxidermy Murray cod heads with a Gompertz growth function
and approximate 95% prediction bounds shown as dashed lines. The FishTWP was estimated
by the relationship logFishTWP = 2.78(logIN+[0.93logIN + 0.43 - logIN]) – 9.09 from Chapter 3.
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The traditional Von Bertalanffy growth function fitted to fish length-age data had a β0 of
1194 mm and provided a reasonable representation of the sample (Figure 4-14). There was
substantial variation in length-at-age — with the predicted average FishTLP of a 15-year-old
fish being between 985 and 1064 mm (95% CI) and a 5-year-old fish being between 474 and
701 mm (95% CI). The ~300 mm prediction bound range of the FishTLP suggests that this
length-age relationship was not a reliable means to predict age.

Figure 4-14. Age at fish total length (FishTLP) estimates for taxidermy Murray cod heads
(n = 33) represented by a typical Von Bertalanffy growth function regression with
approximate 95% prediction bounds shown as dashed lines. The FishTLP was estimated by
the relationship FishTLP = 196.7+11.2(IN+[1.08IN+2.00-IN]) from Chapter 3.
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4.4 Discussion
To the author’s knowledge, this is the first study to extract and age otoliths from taxidermy
specimens. The study showed that: 1) otoliths exist in taxidermy fish heads; 2) the otoliths
can be removed in good condition; and 3) thin sections of otoliths can be read and used to
age fish. This research provides a pathway for other studies to make use of taxidermy
specimens and for further interpretations of Murray cod mounts to explore historical
patterns in size, age, growth and environmental history across broad temporal and spatial
scales.
4.4.1 Provenance patterns
The 53-year harvest period covered an area of approximately 500 000 km2, and together
with the 46-kg weight range, represents a new archival source of Murray cod specimens
(Chapter 2). The estimated ages of 6–36 years, combined with harvest year and location
records, show that the mounts had a 69-year environmental history (1936–2005), and
covered much of the MDB, extending from Darling River near Queensland to the Murray
River near South Australia and Murrumbidgee River near Canberra. Given that the selection
and persistence of the taxidermy are biased toward larger specimens (Chapter 3), the subsample may not be representative of historical Murray cod populations. Other studies that
have used widely-sourced Murray cod otoliths (harvested in 1949–91 from across the MDB)
have also identified that larger and older specimens tend to occur and persist from historical
archives (Anderson et al., 1992). Irrespective of the large mount bias, the provenance
associated with the archive presents an opportunity to understand more about the
historical growth and length-weight patterns of Murray cod from different environments.
Verification of the ability to yield otoliths and age estimates from taxidermy Murray cod
heads builds the case to explore the other 320 heads mounts documented in this thesis that
have already been identified as accessible to science (Chapter 2).
4.4.2 Otolith presence and absence
The CT scans successfully diagnosed the presence/absence and location of otoliths in
taxidermy fish heads. The diagnostic capability of CT scanning of the dense otoliths is
consistent with other studies into historical specimens, which have used this form of
scanning to locate and differentiate the morphological features of otoliths (e.g. Long &
Stewart, 2010). The CT scans also provided information on how the mount was preserved by
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identifying materials such as plaster, foam and metal. The ability to identify non-biological
material and the location of the otoliths from CT scans, were consistent with other studies
on taxidermy that have used CT scanning for exploring the preservation history of taxidermy
(e.g. Viscardi et al., 2014).
4.4.3 Otolith extraction
The surgery through the otic capsule area on the non-show side of the mounts facilitated
the extraction of sagittal otoliths in the majority (89%) of mounts. In all cases, the display
values of the mount were maintained to a standard acceptable to the mounts' stewards.
Only two (6%) of the study specimens that underwent surgery yielded pairs of poorly
preserved otoliths. The state of each mount’s otic capsule area was related to its otoliths'
morphological condition. The descriptive categorisation of the condition of the otic capsule
area based on fracturing, fixing points and foreign objects, provides a low cost, non-invasive,
remotely-assessable and rapid basis for assessing the likely condition and morphological
utility of the otoliths from the taxidermy fish. If choices are available or resources are
constrained, photographs and the classification system can be used to select specimens
from the archive without physical inspections. This type of descriptive categorisation has
been used in investigations into the origins of human taxidermy objects (Houlton &
Wilkinson, 2016), and the taphonomy of bones (Behrensmeyer, 1978). In all cases, the CT
scans were effective at guiding the surgical extraction of the otoliths and identified the
otoliths that had moved from their original location. As the movement of otoliths was
associated with a poorer preservation state, a CT scan could be used to justify and guide the
surgical techniques needed to yield otoliths or other high-value tissues. On fragile or rare
specimens, a combination of the otic capsule assessment and CT scanning could be used to:
1) yield morphological metrics and estimate age and length of the specimens; 2) indicate the
likelihood of the otoliths being extracted in reasonable conditions; 3) build the case for
extractions; and 4) guide any invasive tissue-sampling procedures.
4.4.4 Otolith morphology
Every yielded sagittal otolith provided usable morphological metrics, and the eight that
were poorly preserved had dimensions within the range of the well-preserved otoliths. The
method of qualitatively classifying the preservation state of the otolith provided a triage
technique for identifying sub-optimal otoliths. The majority (89%) of otoliths were well
170

preserved. Although 11% of the otoliths incurred a single fracture during preparation for
morphological and thin-sectioning assessments, this did not inhibit their utility. The
occurrence of damaged otoliths and associated adjustments to morphological relationships
(Disspain et al., 2012), and removal of damaged otoliths from the study sample, are not
uncommon (Anderson et al., 1992). Given some of the otoliths within the taxidermy are not
easily accessible, and that some may be damaged through preparation, assessment of the
otoliths' 3D characteristic could be done in situ to minimise the potential for damage (Fisher
& Hunter, 2018). Further, some stewards of taxidermy in formal institutions limit destructive
scientific access to rare or fragile specimens (Casas-Marce et al., 2012).
Applications and exploration of the capability of CT scans as a non-invasive analytical tool
for growth and age estimation are recommended (e.g. Fisher & Hunter, 2018). The utility of
the 3D characteristics of Murray cod otoliths is yet to be explored. Given µCT scans and 3D
renderings have yielded usable otolith characteristics in other species, further applications
of the technique and assessment of the Murray cod otolith morphology should be
undertaken (Marti-Puig et al., 2016; Schulz-Mirbach, Heß, & Metscher, 2013; Schwarzhans,
Beckett, Schein, & Friedman, 2018). For example, the construction of 3D renderings of the
otoliths could be used to explore morphological features (e.g. length, volume) from the
otoliths of both live (e.g. sedated) and preserved fish. This would avoid the need for, or
restrictions on, invasive and destructive sampling of specimens (Wandeler et al., 2007).
4.4.5 Annuli counts of otoliths
All otolith sections provided a clear pattern of opaque and translucent bands. Even the pairs
of otoliths from the two mounts that only contained otoliths with accretion or eroded
surfaces, had one of the pairs capable of being thin-sectioned. However, six percent of the
sections did not yield agreed age estimates between readers. Like other investigations into
more traditionally-sourced Murray cod otoliths, the difference between readers' counts
were generally confined to whether there was an annulus on the outer edge of the section
and whether the first annulus counted was a true annulus (Anderson et al., 1992). The
ability to thin-section and obtain age estimates from most otoliths is a clear indication that
the taphonomic processes that have occurred during the curation of the taxidermy did not
adversely affect the ability to assess the macrostructure of the sagittal otoliths. Given that it
is common for poorly-presented otoliths to be excluded from study samples, and for the
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number of discarded otoliths, or resulting sections, not to be reported, it is not possible to
comment on the relative quality of the taxidermy otoliths. To compare the measure of the
precision of the taxidermy-derived otoliths to other age estimation studies, increased
sample size and validation of readability (e.g. average percent error) are recommended (see
Campana, 2001).
The age estimates and harvest year records showed that the mounts had a 55-year range of
birth years (1936–1991). With a median age of 16 years and twenty-five percent of
individuals estimated at >25 years, the age profile of these mounts indicated that they were
a source of long-lived and rarely-sampled examples. Three other studies that have looked at
the age profile of Murray cod have demonstrated that old fish are uncommonly sampled.
Specifically, Anderson et al. (1992) noted that only five percent of the individuals they
sampled were >25 years, while Rowland (1998a) found that less than one percent of the
individuals he sampled were >25 years, and Gooley (1992) did not find any individuals >25
years. Though sourcing the longest-lived exemplar of the species was not an objective of the
current research, the maximum age of 36 years in the specimens from the current study is
consistent with the maximum of 34 years that Rowland (1985) found for Murray cod also
sourced in the Southern MDB, but younger than the 48-year-old Murray cod recorded by
Anderson et al. (1992). Given the age profile of the present study, it is recommended that a
targeted sampling regime for the largest specimens, or largest otoliths from CT scans, from
multiple habitats could improve our estimates of maximum weight and length at age for the
species. This historical perspective would also add value to our more contemporary placebased explorations into the growth, size and sustainable take of the species (e.g. Forbes,
Watts, Robinson, Baumgartner, Allen, et al., 2015).
Age and otolith morphology relationships
The estimated fish ages were positively related to various measurements of otolith size.
Although the Gompertz model best explained all otolith morphology relationships, it
appears the von Bertalanffy model for OT, OL and OW at age relationships show that this
model was also usable. Further, the strong linear OT and OTW at age relationships (R2 = 0.93
and 0.88, respectively) suggest that even these models could be used to estimate age. The
large and old fish included in this sample provide insight into why the theoretical asymptotic
lengths (β0) are the largest reported for Murray cod otoliths (OL= 27.36 mm,
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OW = 10.64 mm), with Anderson et al. (1992) reporting β0 values for OL = 24.75 and
OW = 9.79 mm from their Von Bertalanffy model. For the present study, although the
sample size (n = 33) was limited, the maximum OL (29.12 mm) and OW (11.26 mm)
measured were very large exemplars when compared to graphical depictions of these
metrics provided by Anderson et al. (1992). The maximum OTW of 1.9 g was also larger than
the 1.314 g archeologically-sourced otoliths used in the Disspain et al. (2012) study. As the
otoliths increased in size, their thickness (OT) and weight (OTW) were more linearly related
to age than the width (OW) and length (OL). The decline in the rates of growth in the OW
and OL models for older fish were consistent with Anderson et al. (1992), who also found
the rate of growth of the OW and OL reduced after about 15–20 years of age. There were no
growth stanzas evident for the OT-age relationship as identified by Anderson et al. (1992).
However, this is not surprising, as all fish were aged at least six-years-old, and this inflection
in the model occurred at the age of ~ five years for the Anderson et al. (1992) sample.
The otolith morphology-age relationships were consistent with those determined by past
studies into Murray cod. Although the most reliable way to estimate Murray cod age is
through an assessment of the annuli (Gooley, 1992), these otolith metrics and relationships
could be a simple method to estimate the length and age of the fish. For example, the
historical fish lengths of Murray cod have been estimated using the otolith total weight
(OTW)-age relationship (see Disspain et al., 2012). The variability with otolith weight and
length-at-age relationships is believed to be a reflection of the: 1) small sample size;
2) natural variability in growth of these features in fish from different habitats and periods;
and 3) limited occurrence of smaller otoliths within the sample and lack of younger fish (1–
5 years) (Anderson et al., 1992; Ogle & Winfield, 2009). Given that Anderson et al. (1992)
also found a similar age-otolith morphology relationship using archived otoliths, it appears
that the taxidermy and other curatorial processes do not inhibit the retrieval of these
features and associated age relationships from most head mount specimens. However, to
validate this conclusion, it is recommended to apply taxidermy to a range of Murray cod
sizes, and to assess the impact of this on the morphological and annuli features of the
otoliths. Further, it may be possible to improve the model prediction capacity, with enough
samples from populations and longer time periods. Combining this with sub-sampling of the
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archival fish populations and periods may improve our understanding of differences in
otolith morphology, growth rates (body form) and ageing of long lived species.
Age and fish trait relationships
The age profile of specimens was consistent with the reported weight and estimated length,
with an average age of 18 years. The observed variability in weight with age observed
(± 8 kg at age 30 years) was consistent with Rowland’s findings, which comprised of a
standard deviation of ± 7.5 kg in Murray cod of 25 years and no apparent asymptote in the
species’ age-weight relationships up until 30 years of age (Rowland, 1998a). Given that the
available harvest records indicated that specimens were sourced from rivers, the findings
were also consistent with conclusions that this variability increases when the cod are
sourced from rivers (Anderson et al., 1992; Rowland, 1993). The yearly average weight
increase of 0.5–2.0 kg was comparable to that of 0.43–2.0 kg recorded by Anderson et al.
(1992) for Murray cod aged up to 48 years and 0.96–1.6 kg recorded by Rowland (1998a) for
Murray cod aged up to 7 years. The inability to estimate age from the weight of the
specimens was also in line with previous investigations, which have concluded that Murray
cod weight-age relationships are highly variable (Anderson et al., 1992; Gooley, 1992;
Rowland, 1998a).
The traditional Von Bertalanffy growth function provided a reasonable fit to the length-age
data, with a theoretical asymptotic length (β0) of 1193.4 mm (1127.51–1278.75 mm 95% CI)
and an instantaneous growth rate (β1) of 0.09 (0.03–0.17 95% CI). The derived Von
Bertalanffy model coefficients were similar to those of others that have obtained Murray
cod from riverine environments (e.g. β0 = 1202 mm and β1 = 0.091 by Anderson et al. (1992).
In comparison, Rowland (1985) found a β0 of 1369 mm, and a β1 of 0.06 for Murray cod from
rivers and impoundments. As the β1 and β0 are inversely related and heavily influenced by
the largest fish in the sample (in my case, FishTLP 1287 mm, 46 kg, estimated age 23 years),
it is not surprising that the β0 values in the present study were similar to those found by
Anderson et al. (1992), which included a fish of 1400 mm and 47.33 kg in their sample.
Although the available data in the present study were limited, it suggests that targeted
assessment of the largest specimens of taxidermy Murray cod would improve the
confidence in the β0 value. Rowland (1998a) concluded that Murray cod had a very large
maximum potential length and weight and just kept getting heavier with age. Even though
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the longest total length in the Rowland (1998a) sample was 1270 mm, he reported a
β0 > 1369 mm and concluded that an even larger β0 could be obtained with more Murray cod

> 1000 mm. Anderson et al. (1992) identified that harvest location and period had a
biologically meaningful influence on growth and length-weight patterns of Murray cod.
Further, when Anderson et al. (1992) sub-sampled for historical specimens (harvested in
1949–51) and compared these to those harvested in 1986–91, they found significant
differences in growth rates and length-weight relationships, with greater variability in the
historical specimens, driven by proportionally more fish with slower growth rates. The
growth rate of the historically-sourced riverine Murray cod in the study (β1= 0.13) can be
considered high for this species. However, when Anderson et al. (1992) sub-sampled for a
population of historical riverine Murray cod taken from the southern MDB (upstream of
Yarrawonga n = 45), the Von Bertalanffy growth function parameters were very similar to
that encountered in the present study (β0 = 1213 mm and β1 = 0.134). Although the available
data in the present study were too limited for a meaningful statistical assessment of the
differences between populations and periods, the research generally confirms the Anderson
et al. (1992) and Rowland (1998a) conclusions about more variability in growth patterns and
body forms of Murray cod from historical and riverine populations. In addition, even though
this was the first assessment of otoliths from taxidermy specimens, it appears that the
specimens' length, weight, otolith morphology and age relationships were consistent with
other assessments of the species. Collectively, this comparison with reported age-based
relationships for the species indicates that: 1) the method for otolith sampling has a limited
effect on the otolith's utility to retrieve age-based relationships; 2) Gompertz models of
length and weight metrics are worthy of testing; and 3) there is a sampling bias for large old
specimens within the informal collections of taxidermy Murray cod.
4.4.6 Further research with the taxidermy
This research into the state of the taxidermy and sagittal otoliths has validated the utility of
taxidermy fish heads as biological specimens for generating age and length estimates of the
specimens. The ability to extract high-value tissues like otoliths and use their morphological
and macrostructure to yield biological traits from the taxidermy, provides confidence and a
baseline for future research agendas. Even the three specimens that did not come with any
provenance records yielded otoliths that provided age estimates. Several age-length
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relationships (e.g. OT-Age) can be used to estimate the lifelike length of these specimens;
however, the weight-age relationship was less reliable. The age estimates, provenance
interpretations, and relationships between otolith morphology and fish traits (e.g. length)
validate the mounts as a non-traditional form of record. The study also suggests that the
age of a taxidermy Murray cod can be estimated by CT scanning and retrieval of
morphological features from the otoliths. The social and cultural values associated with the
taxidermy were not diminished by this predominately non-invasive research, even though
assessment of the otoliths was destructive. The 3D screenshots of the CT scan diagnosis of
otolith presence and age estimates from other otoliths, provided evidence to justify the
invasive surgical procedure. Collectively, this assessment of the otoliths and the previous
verification of the utility of taxidermy Murray cod (Chapters 2 and 3) provides an example of
how to use multiple lines of enquiry to verify a non-traditional source of historical data
(McClenachan et al., 2015).
4.4.7 Value-adding to the chronological information
In addition to the point-in-time markers of harvest location, timing and size (Chapter 2), and
verified length and weight of the specimens (Chapter 3), we now have a chronological trait,
age and a number of age-length relationships to add to the provenance of these historical
records. The decadal biochronoligical information of fish growth that could be yielded from
the otoliths could extend our knowledge on how fish growth relates to abiotic variables like
flow (e.g. Stoffels et al., 2020; Tonkin et al., 2017). As most of these taxidermy specimens
were harvested from riverine environments, they are likely to have lived in an environment
with multiple anthropogenic pressures like river regulation and pollution (Cadwallader,
1978; Rowland, 2004). Thus, it is recommended that the specimens' isotopic and elemental
fingerprints within their various tissues (e.g. otoliths) be assessed to verify provenance,
explore patterns of movement and infer diet and trophic position (e.g. Izzo, Doubleday,
Grammer, Gilmore, et al., 2016; Long et al., 2018; Zampatti et al., 2015). While the number
of specimens with usable otoliths may limit the ability to yield the age composition of the
past populations (Campana & Thorrold, 2001), the application of genomics on their tissues
may yield these broader population-level insights (e.g. Casas-Marce et al., 2012; Johnson et
al., 2019). However, verification of the suitability of otoliths and other tissues from the
specimens for genetic and isotopic analyses is required. The treatment of taxidermy and
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subsequent weathering and maintenance may have influenced their utility for genetic and
isotopic analyses. To preserve the otoliths for further analytic options, and yield elemental
abundance information, a non-destructive technique like µX-ray fluorescence scanning
could be applied to the thin sections (e.g. Gadd et al., 2018). If this proved valuable, a
quantitative and semi-destructive trace element analysis, using techniques like Laser
Ablation Inductively Coupled Plasma Mass Spectrometry, could be warranted (e.g. Long et
al., 2018). The volume and diversity of tissues that include a number of bones suggest that
genetic analysis is also a worthy line of investigation (e.g. Wandeler et al., 2007).
The stewards of the mounts were receptive to this exploratory research. The number of
head specimens encountered in this research, and confidence that most contain viable
otoliths should provide suitable spatial or temporal coverage for a number lines of enquiry.
A greater number of otoliths is likely to be accessible to science and could even persist in
the unassessed whole form of the taxidermy cod. Extraction of other otoliths and tissues
from other mounts is likely to be possible providing future researchers clearly explain the
scientific purpose and take the time to build the trust and repour required. The testing of a
sub-sample of the head mounts' re-accessibility for non-invasive and invasive scientific
assessment techniques would add substantially to the confidence that this research had not
adversely influenced their persistence as a usable archive. Given the ethical considerations
with access to the non-traditional curated specimens, it is recommended that future
investigators apply non-destructive diagnostic approaches like µCT scanning (for otolith
morphology metrics), and experimental trials using destructive techniques on the replicated
and existing specimens.
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5 General discussion: taxidermy as records
5.1.

Summary of the exploration into the scientific utility of taxidermy Murray cod

This research is a case study of how to progressively verify and increase the scientific utility
of non-traditional forms of historical biological data. The research utilised baseline
knowledge on taxidermy and scientific uses of preserved animal tissues and Murray cod
(Maccullochella peelii [Mitchell, 1838]), biology and ecology. It compared the taxidermy
Murray cod to a contemporary population and registered hundreds of fish as scientifically
accessible specimens. The resulting register of specimens was built by taking advantage of
the flagship role that large fish play in culture, and the persistence of informally-curated
taxidermy. The unique curatorial circumstances of the 459 verified taxidermy Murray cod
mounts and trophy origins of the taxidermy fish is believed to have contributed to large, old,
rare and ethically-challenging exemplars of Murray cod being curated predominately within
the public domain. The distributed nature of the informal taxidermy collections required
efficient mechanisms for engaging a large number of people to assist with the verification of
the historical evidence sources. The more invasive uses of the specimens were tested
towards the end of the research, once there was an understanding of the scope of the
informally-curated collections. The pre-existing interpretations of harvest location and
timing suggest that the specimens have a widespread cultural value within the Murray–
Darling Basin (MDB) and persist across the extant range of the species. The complementary
nature of the categories of scientific use tested, allowed for trust to be built through the
less-invasive use phase and facilitated borrowing and sub-sampling of the biological tissues
from the mounts.
The collections of Murray cod taxidermy have been shown to: 1) preserve more head than
whole forms; 2) be persistent biological specimens that present with multiple types of
biological tissues, such as skin, bone and teeth; 3) be accessible to multiple research uses;
4) commonly come with interpretations of provenance (e.g. harvest location, timing and
size); 5) preserve a range of sizes, with a bias towards larger forms; 6) maintain head shape
features of use to validate and infer lifelike total weight and length; 7) contain viable
otoliths for age estimation; and 8) be of strong interest to the community. The research has
demonstrated some of the potential of the specimens, including use as a source of
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biological tissue. The specimens’ biological traits (e.g. weight, length and age) combined
with a coverage of at least 78 years (1936–2014) of life, presents a substantial archive. The
ability to register and validate a range of scientific uses of the specimens has proven that
the stewards of the mounts will consent to this alternative use of the taxidermy. The
creation of the specimens peaked when restrictions for obtaining large examples of the fish
were not in place, and food was a common motivation of recreational fishers (West et al.,
2015). Given the current restrictions on obtaining large specimens in most jurisdictions (e.g.
specimens > 700 mm TL are illegal in NSW and Victoria) (Koehn & Todd, 2012), and shift in
fishing culture toward catch and release (Forbes, Watts, Robinson, Baumgartner, Steffe, et
al., 2015), the likelihood that the community will add additional taxidermy Murray cod
specimens to their personal collections is diminishing. The observed poor maintenance and
condition of the specimens also suggest that their persistence is worthy of further
consideration, as decomposition has been associated with disposal and loss of taxidermy
(Hendry, 1999). As the peak creation of taxidermy Murray cod is in the past (1990s) and the
most recently harvested specimen was caught in 2014 (Chapter 2), there is some urgency in
exploring how the non-traditionally-curated specimens can supplement our other sources of
historical evidence. Given the timing of their creation, the people who have a direct link to
the provenance of the specimens could still be engaged and enrich this knowledge. I,
therefore, present the lessons learnt in verifying the scientific utility of the taxidermy
Murray cod, and a number of management measures that will help realise the potential of
novel forms of biological material like informal taxidermy collections. I then discuss further
research recommendations, before providing some concluding remarks.
In the remainder of this chapter, I synthesise the main findings of the previous chapters on
the curation, shape, biological traits and tissues of the taxidermy Murray cod. The key
findings are summarised from the curatorial assessment, application of morphometry, and
otolith verifications of the taxidermy Murray cod. I discuss the curatorial circumstances of
the taxidermy Murray cod and potential pathways to utilise the new register of specimens
and improve our understanding of the likelihood of the mounts persisting as accessible
scientific resources. I also discuss how aspects of the length and weight of the specimens
have been validated and how these historical records could be used to explore the past
condition of river systems across the MDB. The presence, retrievability, morphology and
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annuli readability of sagittal otoliths from taxidermy Murray cod heads are summarised. I
then provide recommendations on how this non-traditional historical record, and other
similar biological archives, could be sourced, validated and used as records to explore the
historical biology, ecology and the environment of Murray cod. Finally, I outline how the
features of the otoliths could be used to validate the harvest provenance and timing of the
specimens, and how the otoliths and other biological tissues from the specimen could be
used to explore the condition of past river systems across the MDB.

5.2.

Results synthesis

Collectively, this research has demonstrated that the informally-curated taxidermy
specimens present an archival source of historical biological records of substantial temporal
and spatial scope. There is now scope to undertake further research using the 459 fish
specimen mounts assessed in the current study, and to re-engage with the mounts’
stewards, thanks to the curatorial and contact information for the mounts in the new
register (Chapter 2). The shape assessment and derived head character length (HCL)
relationships that correct for shrinkage, provide a mechanism to verify and infer length and
weight traits of these taxidermy Murray cod, the living form and other similar preserved
forms (Chapter 3). The persistence of usable morphological features and comparison with
the living form also demonstrated that informal taxidermy collections commonly preserved
very large, and by inference old, specimens of the species. This is particularly advantageous
as: 1) length and weight are usable traits to inform the interpretations of the historic
ecosystem carrying capacity; 2) the whole form of the specimen seems to be relatively rare;
and 3) interpretations of length are relatively uncommon with this form of study specimen.
In addition, these length-based relationships were consistent with the available
interpretations of size, adding further support to the likelihood that the other provenance
records were also reliable. Moreover, the presence and thin-sectioning of the otoliths
demonstrated the life span of the specimens and viability of the taxidermy-derived otoliths
(Chapter 4). Further information on each of these aspects is outlined below.
5.2.1. Taxidermy Murray cod curation and accessibility
Chapter 2 investigated the form, stewardship, provenance records, condition, categories of
scientific use and accessibility of the taxidermy Murray cod mounts. The 459 verified
taxidermy Murray cod were predominantly of the head form (79 %), informally stewarded
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within a public hotel (67%), with reported harvest locations from across the MDB (northern
n = 81, southern n = 144), between 1952 and 2014 and with a weight range from 3.2–
56.7 kg. The median collection size for both whole and head forms was 1, with the
maximum collection size of 5 whole and 30 head specimens. The specimens had their
biological form verified remotely through photographs. The vast majority of the mounts'
stewards were open to transparent and unconstrained registration of the mounts' biological
features for scientific use (78 %), and a significant proportion of both forms of mounts were
physically validated as biogeographical records by the researcher (64 % head, 65% whole).
5.2.2. Taxidermy Murray cod utility to infer lifelike length and weight
In Chapter 3, I confirmed that several head character lengths (HCL) on the taxidermy Murray
cod were usable to infer lifelike total length and weight of the specimens. A sub-sample of
those verified as biogeographic records in Chapter 2 were used as morphological records
(n = 60 whole and 173 head) and compared to a living population of Murray cod (in the
Murray River downstream of Yarrawonga). Although shrinkage of the HCL on the taxidermy
form was likely to have contributed to observed differences between the living and
taxidermy forms, the application of morphometry validated the suitability of numerous
length-based relationships based on the taxidermy Murray cod head features for inferring
lifelike length and weight of the specimens over a substantial size range (TL 590–1195 mm,
TW 2.6–37.2 kg). The comparison of the various analogous relationships between forms
provided confidence that the interpretive records of length and weight were reliable, and
that the taxidermy were commonly very large specimens.
5.2.3. Taxidermy Murray cod otoliths and utility to estimate the age
In Chapter 4, I confirmed the presence, morphology and annuli readability of the sagittal
otoliths from taxidermy Murray cod heads. A sub-sample (n = 43) of the head specimens
verified as biogeographical records in Chapter 2, and morphological records in Chapter 3,
were used as sampling records in Chapter 4 for the assessment of the sagittal otoliths. The
condition of the otic capsule area; the retrieval location; and the presence, morphology and
annuli count of sagittal otoliths were described. The application of morphometrics and
annuli assessment demonstrated that the specimens were a source of viable biological
tissue. The ages of the fish estimates from the thin sections of the sagittal otoliths were
compared to the specimens' provenance, morphological features of the otoliths and fish
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weight and length. The assessed taxidermy Murray cod heads included fish with a weight
range from 3 to 49 kg. The majority of the head mounts contained otoliths (as confirmed by
CT scan diagnosis), although otoliths were only removed from 81% of the specimens. Most
of the yielded otoliths were in good condition (89%) and there were readable annuli (94%),
allowing for historical fish length-age relationships to be established from this archival
source. The age estimates combined with the available interpretative records of date (1952–
2005) and location of the harvest (n = 26 or 60% of the sub-sample) suggest they had lived
for 74 years from multiple regions in the MDB (42% from the northern part and 58% from
the southern part).

5.3.

Significance and contribution of the research into taxidermy Murray cod

The thesis has documented the scientific accessibility of taxidermy Murray cod of head and
whole forms. The research has demonstrated that: 1) informally-curated taxidermy fish
commonly come with provenance records and are accessible to science; 2) the shape of the
taxidermy form is related to the lifelike size; and 3) viable otoliths are commonly preserved
within the head form of fish taxidermy. The new knowledge provided in this study includes
the biological features, form and interpretations of the provenance of taxidermy Murray
cod (Chapter 2); accessibility of taxidermy Murray cod to multiple scientific uses (Chapters
2, 3 and 4); the utility of head length-based relationships to infer lifelike lengths and weights
of taxidermy Murray cod (Chapter 3); and presence, condition and utility of otoliths to infer
the length, weight and age of the taxidermy Murray cod (Chapter 4). Each of these
discoveries is considered a significant contribution to the scientific knowledge base as:
1) they are a demonstration that non-traditional supply chains of taxidermy contain
specimens with provenance advantages; 2) the morphology of the taxidermy specimens can
be used to infer biological traits and validate records of size; and 3) taxidermy fish heads can
preserve high-value biological tissues, such as otoliths. Collectively, these discoveries
provide fundamental biological information for use and ongoing assessment, and a
substantial register of historical ecological evidence that others can utilise. This research has
greatly expanded our archival sources of biological forms of data to question, and inform,
assumptions and management objectives for Murray cod and their ecosystems.
To the researcher's knowledge, this is the first investigation focusing on the scientific utility
of informally-curated freshwater taxidermy fish. Historical ecology seeks to understand how
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past conditions and interactions between people and their environment have shaped
contemporary conditions (Szabó, 2015). To ensure sufficient documentation and knowledge
gain on what the past conditions of the places mean for current opportunities, we need to
access alternative sources of historical evidence (Morrison et al., 2017). We also need to
validate the merits of these historical sources of data to assist in the application of
McClenachan’s (2015) best practices of historical ecology. When interpreting the status of
ecological systems, decisions based on a short-term, or spatially restricted, or unvalidated
data may lead to incorrect assumptions about historical baselines, which subsequently
inhibit the ability to interpret the current state and set management strategies and
objectives (see Beller et al., 2020; McClenachan et al., 2015; Pauly, 1995). Ignoring the past
fishery ecology and state and/or over- or underestimating historical baseline conditions and
population carrying-capacity, can lead to management strategies that contribute to the
decline of the species or system of concern (Pauly, 1995). Re-interpreting pre-existing and
non–traditional biological archives can open up new knowledge (Casas-Marce et al., 2012;
Smith, 1965) by helping to overcome the gaps and biases that commonly exist in formal fish
archives and the knowledge base (Izzo, Doubleday, Grammer, Gilmore, et al., 2016), and the
financial, sociological, institutional, and academic, obstacles impeding access to specimens
within formal biological collections (Hedrick et al., 2020). Sourcing, interpreting and
validating historical data sources of vital fishery information such as fish length and age, can
improve past population estimates and inform management decisions (Berkeley et al., 2004;
Froese & Binohlan, 2000).
This research presents a substantial archive of biological records open to multiple research
pursuits of varying levels of invasiveness (Chapter 2). The archival characteristics of these
taxidermy Murray cod included: 1) a broad harvest history from the majority of the MDB
(Chapter 2); 2) a multi-decadal harvest range 1952–2014 (Chapter 2); and 3) multiple large
specimens (e.g. TL > 1200 mm and > 40 kg) (Chapter 3) that had life-spans encompassing at
least 80 years of riverine history (Chapter 4). Since accessibility, provenance, length and
weight are fundamental metrics in multiple fisheries science applications (e.g. Andersen,
2019; Romanuk et al., 2011), the number of historical records of Murray cod available for
further analysis has been substantially increased. While the quantity of available specimens
may inhibit precise estimates of past populations (Chapter 2), even sparse historical records
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with retrospective information about a fishery can provide spatial and temporal-based
ecological knowledge of use for management priorities and strategies (McClenachan et al.,
2015). The validated scientific utility of the otoliths sourced from taxidermy fish is a novel
finding. Many contemporary (e.g. Begg et al., 2005; Campana & Thorrold, 2001) and
archaeological (e.g. Higham & Horn, 2000; Hufthammer et al., 2010; Van Neer, Löugas, &
Rijnsdorp, 1999; Weisler, 1993) studies have utilised otoliths as a source of evidence. The
features of taxidermy derived otoliths can now confidently be explored.
The current research has demonstrated some of the utility of the informally-curated
taxidermy Murray cod specimens as point-in-time-and-place references and chronological
records. Each of the registered and verified accessible taxidermy specimens assessed could
be confidently added to our other forms of evidence of past biological and environmental
conditions (Seitz & Waters, 2018; Smith, 1965). The overall research findings were
consistent with those from another much longer (multi-decadal) study into non-traditional
sources of taxidermy, which also highlighted the accessibility and viability of their tissues for
scientific study (see Casas-Marce et al., 2012). Other studies have also found that taxidermy
specimens present cryptic, rare, large and even extinct animal specimens, with obvious
advantages that have potential use in science and conservation (e.g. Bahuguna, 2018). The
persistence of taxidermy specimens with unique provenance within non-traditional
curatorial circumstances has been encountered before (e.g. Casas-Marce et al., 2012). If the
informally-curated taxidermy Murray cod continue to be accessible to science, they will
provide a unique diversity of provenance and intraspecies richness that formal biological
collections rarely have (Sikes & Paul, 2013). In addition to using the biological traits and
scientific accessibility of the taxidermy Murray cod specimens, other species and forms of
taxidermy may also preserve these high-value shape features and tissues.

5.4.

Future research recommendations with the taxidermy

There are vast opportunities to design research questions based on the registered
provenance and accessibility of the taxidermy specimens. Collectively, the mounts present a
substantial chronological history of relevance to the MDB and can be used to explore size,
age- and growth-related patterns of multiple populations of Murray cod across broad
temporal and spatial scales. For example, the long-lived life-history of the specimens
coincided with several biotic (e.g. pest fish emergence in the 1970s) and abiotic (e.g. river
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regulation and flow dynamics since 1930) drivers of the state of the fishery and the MDB
environment. Beyond publishing the research presented within the thesis, the starting point
for further research opportunities are expansive and could include utilising the data on: 1)
the stewardship and curatorial circumstances to design new research questions that further
explore the correlations between the mounts’ features and Australian culture and history,
and 2) specimen features to design new research questions that further explore the utility
of the specimens for inferring past ecosystem and environmental states.
If gaps in specimen availability, feature viability and quality are identified (e.g. harvest
locations, periods or sizes), it is conceivable that engaging with the types of stewards
outlined in Chapter 2, in a location desired for the study design, could yield accessible, highquality specimens. Besides snowballing new sources of specimens from the register of
curators, a logical extension would be to engage with the taxidermist networks that have
been willing collaborators on other scientific investigations (Horton & Gilliland, 1993; Judge
& Farber, 1998; Linzey & Hamed, 2016; Morris & Morris, 2009; Myers & Allen, 2005). The
notable exception to the expansive opportunities presented by this new archive is
associated with specimens and stewards from South Australia. In this state, the occurrence
of taxidermy specimens encountered through the research was comparatively rare (< 2 %).
One reason for this could be that the core environment of the species, the Murray River,
was in a poor state by the 1970s (Reynolds, 1976) before the creation of taxidermy became
common.
The common occurrence, verification and reliability of the life-history records of harvest
weight (Chapter 3) provides confidence that the mounts’ other provenance records are
usable and worthy of validation and enrichment. The size selection bias towards large
exemplars of the species (Chapters 2, 3 and 4) presents many research advantages, such as
an expected long life span. The common occurrence and viability of the sagittal otoliths to
age the head form also reinforces the notion that the predominant form of the specimen
(heads) preserve retrievable high-value tissues. Further research recommendations that
follow the research agenda presented in the thesis have been outlined in the subsequent
section.
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5.4.1. Curation of the taxidermy specimens
Further research should be undertaken into the stewardship and curation of the mounts.
When working with informal collections of taxidermy, there are multiple, and potentially
competing, values being balanced by their curators (e.g. personal, economic, cultural,
ethical and now scientific). The numerous agents involved in the taxidermy Murray cod
mounts' existence and persistence (e.g. catcher, taxidermist, steward, premises occupier,
premises owner) could all influence the condition and retrievability of the specimens as an
ongoing scientific resource. The numerous motives involved in the selection, creation and
display of the mounts also indicate a complicated curatorial arrangement. While the
research presented in this thesis provides evidence and confidence that the specimens have
scientific value and are accessible to science, the predominance of non-formal and public
stewardship is highly likely to influence the maintenance, persistence and associated
retrieval of the specimens as scientific records.
To be useable as a scientific and community resource, the taxidermy need to be re-assessed,
maintained, and their existence transparently catalogued (Buck & Gilmore, 2010; Sanders,
2017; Suarez & Tsutsui, 2004). Given that we cannot go back in time and collect analogous
specimens and create the primary source data they represent, the loss or inability to
retrieve these specimens into the future would be a missed opportunity. Further research
and collaborations with the many agents involved in the mounts' curation should enhance
the awareness of the scientific values of the specimens (Bonney et al., 2009; Hurst, 2015).
However, the persistence and value of mounts as primary source specimens will remain
uncertain without evidence on their re-accessibility and changes in condition over time
(Abrahamson, 2015; Elith & Leathwick, 2007).
The proven scientific accessibility of the informal collections builds the case to assist the
stewards and owners with the ongoing curation of the taxidermy. Given the research
findings on the curation of the Murray cod specimens, the future accessibility of the mounts
to science are likely to be linked to several cultural factors including: 1) cultural norms and
rules on the acceptability of the reason for existence (Franklin, 1996); 2) cultural norms and
rules on display (Arluke & Bogdan, 2010); 3) biases in the scientific culture around the value
of anecdotal records (Pauly, 1995); and 4) the interest and capacity of the agents involved in
the mounts' persistence (e.g. catchers and stewards) (Sanders, 2017).
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The poor quality of some specimens, position of the mounts on public display, and the
number of socially- and spatially-disconnected stewards also suggests that the addition of
skills and resources for maintenance or refurbishment of specimens will improve the
likelihood of them persisting (Sanders, 2017). The problematical situation of under-curated
(small) biological collections and recommendations for improved infrastructure and
resources are regularly acknowledged in the natural history literature (e.g. Beck, 2018).
Therefore, there is a clear need for further research into how the various agents involved in
the mounts' existence relate to the maintenance and stewardship of the mounts as
assessable historical records. For example, some specimens' interpretive records show that
there are multiple persons involved (up to 13 named persons) in the creation of a specimen
(Chapter 2). In addition, most of the mounts are curated in licenced premises (e.g. hotels),
and hence likely to have multiple stewards into the future (Chapter 2). The contact
information and registered accessibility of the mounts to science mean that they, and the
agents involved in the mounts’ curation, can be more easily re-accessed. Further interaction
and research with the stewards around the curation of the taxidermy Murray cod could
achieve multiple objectives, including: 1) raising public awareness of the multiple and
alternative values of taxidermy for historical research, 2) gathering further evidence on the
factors that are involved in the specimens' ownership, persistence and movement, 3)
increasing the likelihood of the specimens continuing to be maintained in a state accessible
to science by upholding rapport and trust with the agents involved in the mounts' curation
and providing the skills and resources to maintain the specimens, and 4) gathering further
evidence on how the specimens can act as an evidence source on the condition and
dynamics of past ecological or environmental states.
5.4.2. The lifelike shape of the taxidermy specimens
The utility of the taxidermy shape to yield a number of lifelike size metrics builds the case
for further investigation of the morphology and growth, and their relationship with
environmental variables (e.g. other fish stocks, water quality, quantity and timing) and past
Murray cod populations. The predominance of head forms of taxidermy influenced the
validation of the taxidermy size through the use of head length features. However, their
may be other body metrics (e.g. girth and body depth) that could also validate, or infer, the
size of the taxidermy fish. With targeted sampling from the archive and potential sourcing of
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new specimens using the curatorial profiling, the specimens could yield system-based
growth relationships over a number of periods. The potential to supplement other archival
sources of information on growth and yield multiple generations of information, may
provide insights on how biotic and abiotic variables relate to Murray cod size and growth
(e.g. droughts, pest fish).
The length of multiple head characters maintained biologically-usable relationships to infer
the lifelike length and weight of the fish. The application of morphometrics also suggested
that shrinkage of the head features had occurred from the taxidermy treatment and posttaxidermy storage conditions. Other’s uses of taxidermy specimens as morphological
records have also encountered distortions of their features needing to be compensated for
(e.g. Mayden & Kuhajda, 1996). It is recommended that further explorations be undertaken
into the influence of taxidermy on the shape of a range of fish sizes and taxidermy
treatments. It is also recommended that further investigation of population-level growth
relationships be undertaken to explore how harvest location and taxidermy techniques
influence the resulting growth relationships. In addition, the strength and similarity of the
head-based length relationships on the smaller living specimens suggest that both the living
and taxidermy forms' ranges could be extended with the addition of some specimens
outside those assessed. If the provenance of the taxidermy form is validated using
microchemistry profiling (see 5.4.6 Microchemistry profiles and stable isotope fractionation
from Murray cod), the generation of historical population-level growth knowledge could
contribute to the conservation of the species (Koehn & Todd, 2012). Also, given the accuracy
and ease of the obtaining HCL from both the live and preserved forms, it is recommended
that the length-based relationships be applied on other forms (e.g. liquid preserved) or in
other situations (e.g. in an ethically friendly manner while a large fish is in the water) to
provide estimates of fish length and weight.
5.4.3. Non-lethal assessment of otolith features within fish
The accuracy of the CT scanning as a non-destructive methodology to assess the presence of
sagittal otoliths, suggests that further exploration of high-quality images and associated 3D
rendering techniques on both preserved and non-preserved forms of fish specimens are
warranted. Non-lethal and non-invasive morphology-based research methods could explore
how the traits of the otoliths relate to the fish's age. For example, it is likely that assessment
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of the otoliths' morphology with micro CT scanning would open up alternative research and
non-destructive monitoring applications on multiple forms of fish specimens (Hebert et al.,
2013; Merckx, Van Roie, Gómez-Zurita, & Dekoninck, 2018).
5.4.4. Supplementing other otolith archives with taxidermy forms
The similarity of the sagittal otoliths’ morphological and age-length and weight relationships
to age-length and weight relationships found in previous Murray cod studies, indicates that
the treatment, storage and retrieval processes have had limited influence on the ability to
yield viable thin sections from the majority of taxidermy Murray cod head specimens.
However, this does not mean that taxidermy is the ideal environment for the long-term
viability of the otoliths. The extraction, cataloguing, and appropriate storage of otoliths from
the taxidermy are recommended. Other Murray cod otolith archives have been shown to be
important to understand past patterns between fish growth and abiotic variables like flow
(e.g. Tonkin et al., 2017). However, to avoid unnecessary invasive research, a review of the
size (e.g. weight, length), harvest timing and location of the existing archives should be
undertaken before supplementing our existing archival sources with taxidermy-derived
otoliths (Morrison et al., 2017).
5.4.5. Growth features of the historical Murray cod specimens
This study verified the utility of taxidermy-derived otoliths to age Murray cod. The
availability of more historical Murray cod otoliths increases our potential to explore body
form and growth patterns among populations from different environments. Most analytical
approaches involving increment counts include an assessment of annuli increments, as such
assessments are of relevance to understanding both the fish and their roles in populations
(Campana, 2001). The readability of otolith annuli means they are measurable, and this
provides an opportunity to explore growth and body form patterns across multiple temporal
and spatial scales. Baseline growth-related phenomena, such as annuli formation periods
(Anderson et al., 1992) and compensatory growth (Turchini, Francis, & De Silva, 2007), have
been documented for the species. The taxidermy Murray cod could be used to explore and
index growth phenomena for the species and relate these to climatic variables (Millien et
al., 2006). The life-history period and location of the specimens within the archive (Chapter
2) provide a unique opportunity to explore known gaps in growth variability and population
characteristics over multiple decades and habitats of a higher trophic order fish across the
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MDB (Tonkin et al., 2017). Further assessment of the growth rate of these specimens at the
yearly and even daily (microstructure) scale may provide key information on maximum
growth relationships that are also poorly understood (Brunell et al., 2013; Campana &
Neilson, 1985). The baseline estimates of maximum length and weight (Chapters 3 and 4),
combined with growth assessments, could be used to inform location-specific models of the
populations and associated management strategies for Murray cod (Forbes, Watts,
Robinson, Baumgartner, Allen, et al., 2015; Forbes et al., 2016). As apex predators, the
historical growth rates are likely to be related to the productivity of the environments they
lived in (Campana & Thorrold, 2001). An understanding of past environmental conditions
and ecosystem capacity could be obtained by combining the growth information from the
Murray cod with an assessment of the bioaccumulation of chemical signatures in their
tissues (Izzo, Doubleday, Grammer, Gilmore, et al., 2016; Winemiller, Humphries, & Pusey,
2016).
5.4.6. Microchemistry profiles and stable isotope fractionation from Murray cod
Another logical extension to this study is the chronological assessment of microchemistry
profiles and stable isotope fractionation of the otoliths and other biological tissues that are
conducive to these assessments (e.g. bones, operculum) (e.g. Campana & Thorrold, 2001; T.
Elsdon et al., 2008; Izzo, Doubleday, Grammer, Disspain, et al., 2016). While the quality of
the otolith thin sections was high and the two readers were able to resolve age estimate
differences (Chapter 4), the precision and reliability of the age estimates and chronological
information (e.g. daily growth) could be improved with the addition of elemental or isotopic
assessments and correlations with environmental cycles (Campana, 2001; Campana et al.,
2016). The use of concentrations of trace elements in inorganic matrices and stable-isotope
ratios in organic matrices from animal parts (like otoliths and bones) have been
demonstrated and reviewed extensively (e.g. Elsdon, Ayvazian, McMahon, & Thorrold,
2010; Jaspers, Voorspoels, Covaci, Lepoint, & Eens, 2007; Layman et al., 2012). Stable
isotope analysis has been broadly accepted in many disciplines, and there are many reviews
on its changing applications (Martínez del Rio, Wolf, Carleton, & Gannes, 2009), the
chronological influences of animal parts (Tzadik et al., 2017), applications in trophic ecology
(Boecklen, Yarnes, Cook, & James, 2011), and ability to infer movement (Rubenstein &
Hobson, 2004). In addition, compound-specific isotope analysis can be used to infer trophic190

level or changes in basal resources (Whiteman, Elliott Smith, Besser, & Newsome, 2019).
The preservation of the isotopic records in animal parts (e.g. bones) provides for the
potential to investigate historical changes in diet or even the diets of extinct species (e.g.
Chamberlain et al., 2005).
In fish, the chemical properties within the calcified structures can originate from either
ambient water-chemistry, variability in chemical-elemental partitioning between water and
calcified structures, or from the diet (Campana, 1999). Both trace element and stable
isotope analysis can be used to identify the geographic origin, habitat use and movement of
animals (see McMillan et al. (2017). Archaeological sources of Murray cod otoliths have had
their trace element chronologies assessed for yielding: 1) viable salinity profiles, to infer
migrations and season of harvest (see Disspain et al., 2012); and 2) stable isotope ratios, to
infer life-history and movement patterns (e.g. Long et al., 2018; Miller, Butler, Simenstad,
Backus, & Kent, 2011). Other historically-derived otoliths have shown that their inorganic
matrices maintain useable nitrogen isotopes for establishing pre-disturbance ecological
benchmarks and for defining the structure of food webs (Rowell, Dettman, & Dietz, 2010).
These recent advances in techniques have enabled researchers to link consumers to food
sources by tracing essential amino acids from producers to consumers (e.g. McMahon,
Thorrold, Elsdon, & McCarthy, 2015). If historical taxidermy-derived otoliths (or other
tissues) are also elemental markers and yield isotopic and elemental fingerprints and
chronologies, they would be an important evidence source for environmental
reconstructions over decadal and even centennial time scales.
5.4.7. Other features of the preserved biological tissues
The value of assessing the utility of existing natural history collections as a historical
evidence source, and the potential of advances in analytical techniques have been
previously acknowledged in the literature (McLean et al. (2016). Given that the process of
taxidermy involves drying and dehydration of biological materials, the taxidermy mounts
include many of the usable hard parts (e.g. bones, teeth) that have been used in enquiries
into processes or functions occurring in the environment (e.g. genetic drift, chemical
accumulations). In particular, the depth of knowledge that has been building on geneticsbased work from archival sources of biological material (e.g. zooarchaeology), means that
the starting point for validating the utility of Murray cod taxidermy tissues is not as low as it
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could be. For example, baseline taxonomic and genetic information from rare and
endangered taxidermy specimens is starting to emerge in the literature (Bahuguna, 2018).
In addition, tissue samples from both private and public natural history collections of
sawfish have yielded viable baseline genetic diversity information of use to conservation
and management (Fearing et al., 2018). The persistence of multiple forms of tissues in the
taxidermy (e.g. scales) presents opportunities to explore the genetic structure of past
populations and a method to validate any chemical signatures observed within the otoliths
(Nielsen & Hansen, 2008). Due to the size of taxidermy specimens, they come with large
volumes of tissues that have been shown to be robust to taphonomic influences and
improve the prospects of viable DNA yield (e.g. Nielsen et al., 2017). However, this
validation work would be substantial, as the treatment of taxidermy and subsequent
weathering and maintenance has been shown to inhibit the utility of them as biological
specimens (Beck, 2018; Kempson, Henry, & Francis, 2009; Morris, 2010). Typical validation
of the specimens' merits will involve exploring the degradation of DNA, and assessments
without modern DNA contamination within a specialised facility (Wandeler et al., 2007).

5.5.

Lessons learnt verifying the scientific utility of the taxidermy Murray cod

In addition to the multiple opportunities that a new historical archive presents for targeted
research and comparison with other evidence sources, the research design and approach
used in this study provide a pathway for others to replicate. Others could apply or improve
on the methods presented in this research to supplement and expand the taxonomic,
temporal and spatial coverage of our scientifically assessable primary animal records. The
common observation of other forms of taxidermy encountered during this targeted
research into a single fish species, suggests that informal collections including Murray cod
typically preserve a diversity of species. Starting with these specimens and sourcing other
specimens, could yield other unique spatial-ecological advantages that corroborate the
Murray cod features and supplement the data they can provide (e.g. trophic position). To
assist these endeavours, some of the lessons learnt with this research are further discussed
below.
5.5.1. Build a register early on in the research process
The registering and assessing of the curatorial arrangements of the taxidermy Murray cod
was critical to assessing whether the non-traditional form of evidence could be of use to
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historical ecology. One of the first steps to make sense and help realise the potential of
biological collections is the registering and cataloguing of the specimens' features and
accessibility to science (Sanders, 2017). While methods for assessing the quality of fish
collections exist (e.g. Collette & Lachner, 1976), the unique nature of the encountered
specimens and diversity of curatorial situations required a tailored registration of the
mounts' features, their stewards' receptivity and consent associated with research uses of
them and a tracking system of the researcher's verifications. The value of data accessibility
and transparency was demonstrated by Vines et al. (2013), who also recommended
promoting a culture of data archiving as part of the publication process. The ability to match
a specimen's geography and life-history to gaps in the knowledge base and other records,
greatly improves its utility as a record (Pyke & Ehrlich, 2010). The important and timeconsuming step of entering specimens into a register and seeking out non-public registered
specimens enabled Sleightholme and Campbell (2018a) to undertake targeted research that
included available taxidermy specimens. The register also captured the various validations
used to explore the taxidermy features.
The new register enabled prioritisation of the subsequent research based on empirical data.
The register captured who would need to be engaged for future research applications, the
consent and protocols for accessing the mounts and a summary of their provenance
records. The ability to review the comprehensiveness of the registrations is believed to have
contributed to the efficiencies in the physical verification processes by the researcher. The
quality and richness of corroborating records for the mounts and stewardship engagement
guided the verification efforts of the researcher. While maintaining the register was timeconsuming, and could be improved with the addition of those practiced in cataloguing (e.g.
Buck & Gilmore, 2010), it was the foundation of the research and allowed for the
assessment of the quality and utility of the taxidermy mounts accessibility to science.
5.5.2. Validate consent using a complementary range of scientific uses
One of the most novel aspects of this thesis involved the testing of a spectrum of
complementary scientific uses of informal taxidermy collections. The suite of progressively
invasive scientific use categories (Chapter 2) allowed for: 1) the provision of feedback to
contributors (e.g. owners, stewards, catchers) on what constituted a quality record; 2) an
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informed and structured assessment of the subject matter’s quality and potential use to
science; and 3) evidence to justify invasive explorations of the taxidermy.
The high proportion of the specimens (78% head and 82% whole) transparently registered
for research purposes in this study, was probably largely attributed to the openness of the
request for access to the mounts from unconstrained registrations by their stewards. The
allowance of depersonalised and single-purpose registrations of the specimens and their
associated provenance records also provided an opportunity for those who wished to
maintain their anonymity. The quantity, accessibility and representatives of the head
mounts also guided the subsequent research and improved its efficacy.
5.5.3. Use non-invasive assessments to build a case for destructive assessments
The inherent consideration of the non-research values of the specimens was considered
very important in building the trust needed for gaining access to the mounts. The
researcher's initial interactions with the stewards of the mounts involved low-risk scientific
uses of the mounts as biogeographical and morphological records. These non-invasive
assessments verified the mounts' physical features and forms, gathered further evidence
about the mounts that could be provided to their stewards (e.g. length-based relationships),
demonstrated the scientific interest in the mounts, and provided time to build rapport
between the researcher and stewards. This approach likely resulted in the high return rate
of receptive stewards to uses of the mounts as scientific records. The reporting on research
progress and enrichment of the mounts' interpretations is believed to have also contributed
to the researcher being lent multiple specimens for use as a source of biological material
(e.g. presence and extraction of otoliths).
The ability to negotiate access protocols for the use of the mounts as a source of biological
tissue is believed to have been aided by the design of the research process. The preliminary
validation of the physical features and photography of the specimen was a low-risk
approach and provided time for the steward to observe and engage with the researcher.
The receptiveness of the stewards to invasive tissue sub-sampling of the specimens was
broached in a sensitive manner. Casas-Marce et al. (2012) similarly developed access
protocols and invested time in the research rapport-building phase, and were rewarded by
the mounts' stewards also being receptive to research uses. Nevertheless, the testing of a
spectrum of scientific uses of the specimens in the current study, has extended the
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knowledge base on how to demonstrate and realise the value of non-traditional supply
chains.
5.6.

Management measures to help realise the scientific potential of taxidermy Murray

cod
In addition to further research into the features of the Murray cod taxidermy and their
curation, there are a number of management measures that could help realise the scientific
potential of the taxidermy Murray cod. These are summarised below:
1. Use the taxidermy as an object of interest to engage with the community. The
visual nature of the taxidermy combined with digital reproductions of the mounts
means they are conducive to being used as an object of interest for community
engagement and encouraging historical research agendas (e.g. scientific curriculum
and policy). Given that the mounts are connected to all the major river systems
around the MDB, the register and evidence of their scientific potential (e.g. presence
of otoliths) could be utilised to engage the public around historical research, fish and
water management throughout the MDB.
2. Assist the stewards to curate their scientifically-accessible specimens. Given that
there is very little recognition of the potential for taxidermy specimens to act as a
retrievable scientific resource, re-engaging with the mounts' stewards and providing
advice and resources on how to maintain and refurbish the specimens will improve
the chance that some mounts remain accessible to future scientific uses.
3. Transition the register of specimens to an institution with cataloguing capacity.
The utility of the mounts as records will be improved if the register is maintained and
published by those who have the curatorial and cataloguing capacity. Effective
collection management and user-friendly and searchable cataloguing will also enable
tracking of the condition, trade, movement and use of the taxidermy, and
improvement to the access protocols.
4. Transition the ownership of important specimens to an institution with curatorial
capacity. The persistence of registered specimens as accessible records could be
enhanced by reviewing the richness and uniqueness of such specimens (e.g. high
quality, rare provenance, old, large, small) and other similar evidence sources, and
transitioning the important specimens to those with capacity.
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5. Build on the temporal, spatial, life-stage and taxonomic richness of the verified
taxidermy Murray cod specimens through targeted additions from the existing
non-traditional sources and the addition of high-quality taxidermy. Use a
systematic review of archival sources of Murray cod to extend the richness,
replication, and temporal and size ranges and associated research potential of
taxidermy Murray cod collections.
6. Utilise the research findings and methodology to seek out and explore other forms
of historical biological evidence. The demonstrated accessibility and utility of
taxidermy Murray cod could be utilised as a case study for others who have
identified the need to source alternative forms of biological records. In addition, this
kind of research would build knowledge on how to seek out and improve the
likelihood of persistence of these forms of evidence.

5.7.

Concluding remarks

The full utility of taxidermy Murray cod as a historical scientific record is far from explored.
Throughout this research, the aim was to contribute new knowledge on a previously
unverified historical evidence source, taxidermy Murray cod. This thesis provides the
baseline curatorial circumstances, accessibility to science, and presents verification of the
biotic features of the fish (e.g. length, weight, age). The informally-curated taxidermy
mounts of a socially- and ecologically-important freshwater native fish are an alternative
biological archive and can be used as a source of data on the fish and environments they
once occupied. This research has provided a review of how historical animal records are
needed to inform baselines, and the factors that limit our archival sources of data and
associated knowledge (Chapter 1). The broad curatorial survey and subsampling of the
accessibility of this new archive provided insights on what taxidermy Murray cod can offer
as a scientific data source. For example, the curatorial assessment illustrated that the
taxidermy Murray cod were predominantly informally-curated (Chapter 2), and the
accessibility of them as morphological (Chapter 3) and sampling records (Chapter 4),
demonstrated that they are open to multiple scientific uses. Our understanding of the
species’ biology, ecological role and the environmental conditions associated with its life
cycle, can be improved using the knowledge attainable from taxidermy forms’ biological
makeup, morphological characteristics, interpretative records, validated length, weight and
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presence of usable sagittal otoliths to estimate age and predict length. The register of the
specimens and the ability to verify their size means the fish can be confidently and
efficiently re-assessed. The research also builds the case for further efforts to go into
securing the curation and retrievability of the specimens.
Collectively, the exploration of the taxidermy Murray cod curation, relationship to the
lifelike size and ability to yield age, provides the evidence to demonstrate that the
taxidermy is usable as a scientific resource. The combination of social science and typical
fishery data collection methods was vital to understanding the presentation of the
specimens and validating their utility as study objects. The isolated use of either citizen
engagement or fishery science data collection would have limited the insights gained into
breadth of this previously unverified archive of preserved Murray cod specimens. The
complementary non-destructive and invasive methods of validation were vital to
understanding the features and accessibility of the informally-curated records. Although
some specimens were found to have been previously lost and others were unable to be reassessed for this thesis, this crucial re-accessibility and retrievability element was not
explored during the ~24 month-active research period. The full extent and merits of more
invasive uses of the specimens or their sub-sampled tissues were not tested. However, the
breadth of validations and proof that the stewards of the mount were receptive to scientific
enquiry is believed to outweigh these objectives. I have created new knowledge that will
help inform the access and use of non-traditional historical records. While the findings and
concluding recommendations of this study are specific to taxidermy Murray cod, factors
that were explored such as the features, quality and merit of the novel form of biological
records are likely to be common to multiple forms of non-traditional evidence sources
throughout the world. It is recommended that there is ongoing curation of taxidermy
specimens, engagement with their stewards and others who know their history, and
sensitive use of the mounts as a source of evidence to inform our scientific knowledge base
and management decisions.
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Appendix 1: Distribution of characters on study specimens
Frequency of characters for the three forms of study specimen, with dashed lines indicating
the taxidermy form intersection with the benchmark living population.
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Appendix 1: Distribution of characters on study specimens cont.
Frequency of characters for the three forms of study specimen, with dashed lines indicating
the taxidermy form intersection with the benchmark living population.
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Appendix 2: HCL-TL correction factors
To generate the correction factor (Ć) that accommodates shrinkage of HCL on the taxidermy
study specimens, the analogous HCL-TL regressions (Table 3-4) with the inclusion of the
correction factor (Ć) were used. The subscript ‘T’ refers to the HCL measured from the whole
taxidermy form.
IN-TL
The corrected lifelike regression was TL = 11.2(INT+ Ć) +196.7 and analogous whole mount
regression was TL = 12.1INT +219.1. So, for any given TL;
11.2(INT+ Ć) +196.7 = 12.1INT+219.1
11.2(INT+ Ć) = 12.1INT+(219.1-196.7)
INT+ Ć = (12.1INT+22.4)/11.2
Ć = 1.08INT+2.00-INT
As an example, the Ć for shrinkage of a taxidermy INT of 60 mm, would be 6.95 mm and
would result in an estimate lifelike TL = 11.2(60+6.95)+196 or 947 mm.
IO-TL
The corrected lifelike regression was TL = 9.4(IOT+ Ć) +177.7 and analogous whole mount
regression was TL = 9.6IOT +260.8. So, for any given TL;
9.4(IOT+ Ć) +177.7 = 9.6IOT +260.8
9.4(IOT+ Ć) = 9.6IOT+(260.8-177.7)
IOT+ Ć = (9.6IOT+83.1)/9.4
Ć = 1.02IOT+8.84-IOT.
As an example, the Ć for shrinkage of a taxidermy IOT of 80 mm, would be 10.6 mm and
would result in an estimate lifelike TL = 9.4(80+ 10.6)+177.7 or 1029 mm.
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Appendix 2: HCL-TL correction factors cont.

UJ-TL
The corrected lifelike regression was TL = 6.1(UJT+ Ć) +133.1 and analogous whole mount
regression was TL = 5.9UJT +239.3. So, for any given TL;
6.1(UJT+ Ć) +133.1 = 5.9UJT +239.3
6.1(UJT+ Ć) = 5.9UJT +(239.3-133.1)
UJT+ Ć =(5.9UJT +106.2)/6.1
Ć = 0.97UJT+17.41-UJT
As an example, the Ć for shrinkage of a taxidermy UJT of 100 mm, would be 14.2 mm and
would result in an estimate lifelike TL = 6.1(100 +14.2)+133.1 or 820 mm.
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Appendix 3: Mount MIP images
Maximum Intensity Projection (MIP) 3D reconstruction screenshots (inverse) from CT scans of taxidermy Murray cod head mounts with
adjusted grey levels showing a diagnosis of their sagittal otoliths in situ (red circles) (n = 33), the calibration otoliths (green circles), and other
dense (dark), non-biological objects (e.g. metal fixings). The MIP image from the mount that provided the calibration otoliths is not supplied
(n = 1).

Diagnosis of otolith presence (n=33)
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Diagnosis of otolith presence cont. (n=33)

Diagnosis of otolith absence (n=6)
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Appendix 4: Otolith thin sections
Representative photographs of the transverse thin sections (n = 35) through the nucleus of
sagittal otoliths from taxidermy Murray cod under reflected light used for age estimation.
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