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Abstract
Westralunio carteri is the only species of freshwater mussel found in south-western Australia and,
owing to a lack of comprehensive information on its ecology, its conservation status has been
speculative. To more accurately predict the true conservation status of this species, the historical and
contemporary distributional records were modelled with environmental data that identified salinity,
perenniality and total nitrogen as variables responsible for limiting the species’ current extent of
occurrence, inferring threatening processes. The species was found to have undergone a 49%
reduction in extent of occurrence in less than three generations, due primarily to secondary
salinisation. Current distribution is bounded by Gingin Brook in the north to the Kent, Goodga and
Waychinicup Rivers in the South, within 50–100 km of coastal south-western Australia. Field
observations indicated that W. carteri was almost never found at sites where mean salinity was
>1.6 g L–1. This was corroborated by laboratory tolerance trials that showed that W. carteri has an
acute salinity tolerance (LD50) of 1.6–3.0 g L–1. Application of IUCN Red List criteria indicates
that W. carteri qualifies for listing as vulnerable. Conservation management measures should focus on
maintaining existing populations.
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Introduction
Freshwater mussels (Unionida) are a widely distributed group of bivalve molluscs, inhabiting streams,
rivers, wetlands and lakes on every continent except Antarctica (Bogan and Roe 2008; Graf 2013).
They are important in freshwater ecosystem functionality (Spooner and Vaughn 2006; Aldridge et al.
2007; Haag 2013). Owing to their relatively limited migration and dispersal abilities, their sensitivity
to changes in the environment has become evident through heavy declines in recent decades;

freshwater mussels are among the most threatened group of fauna globally (Seddon et al.
2012; Lopes-Lima et al. 2014).
Australia’s freshwater mussels belong to six genera, all from the Hyriidae, believed to have arisen
between the Jurassic and Cretaceous periods, with Westralunio carteri as perhaps the most ancient
(Graf et al. 2015) and the sole representative of the genus in Australia (McMichael and Hiscock
1958). The taxon was described as a subspecies (W. ambiguus carteri) by Iredale (1934) and as a
distinct species (W. carteri) by McMichael and Hiscock (1958). However, until recently, little was
known of its biology. The species is now known to be a sexually dimorphic seasonal brooder with
females producing spineless hooked larvae (glochidia) that are parasitic on several host fishes
(making W. carteri a host-generalist); they become sexually mature within 3–6 years and live for at
least 50 years (Klunzinger et al. 2012a, 2013, 2014).
Declines in populations of W. carteri were first observed in two of the largest rivers throughout its
range, i.e. the Avon River (Kendrick 1976) and the Blackwood River (Williams et al. 1991), with
their disappearance attributed to increases in salinity due to secondary salinisation of these rivers. As
is evident from other regions of the world where freshwater mussels are in serious decline, changes in
land-use practices may have altered the physico-chemical state of habitats that support W. carteri. To
what degree those changes present a conservation challenge to the survival of the species, however,
has not been clear (e.g. IUCN 1996 versus Köhler 2011). Understanding how such impacts affect
species is difficult to determine without sound ecological data.
The International Union for the Conservation of Nature (IUCN) Red List of Threatened Species is
widely recognised as one of the most authoritative sources of information on the conservation status
of plants and animals (Lamoreux et al. 2003; Rodrigues et al. 2006). The use of the IUCN Red List in
conservation policy and planning places a need to provide high-quality data in order to apply the
listing criteria to species conservation assessments. In practice, however, such data are often lacking,
especially for invertebrates (Newton 2010; Cardoso et al. 2012), which appears to have been the case
for W. carteri.

The aims of this study were to accurately assess the conservation status of W. carteri through a
multimodel inference approach and to determine the key threatening processes for the conservation of
the species. The data presented will assist in guiding future research and conservation management of
the species and habitats in which it lives.

Methods
Distribution
Two databases of W. carteri occurrence were compiled: (1) a historic (pre-1992) database of 255
presence-only records from museum specimens and unpublished sources; and (2) a current (1992–
2012) database of 816 records of presence or absence determined from site visits, each consisting of
10–20 min of visual and tactile searching, unpublished data – A. M. Pinder and unpublished technical
reports and returns from citizen science surveys (Murdoch University and SERCUL 2010). The data
are provided in the supplementary material (Table S1). Seventy-seven sites from the current database
were able to be matched with records of mussel presence from the historical database. All sites were
within the South West Coast Drainage Division of Western Australia, which covers 326 000 km2 and
includes 19 river basins (AWRC 1976).
Historic and current presence records were mapped as vector data in ArcGIS™ Desktop 10.2 using
the GCS_GDA_1994 coordinate system (Geoscience Australia 2003). Extent of occurrence was
determined by constructing minimum convex polygons (α-hulls) in ArcGIS™ Desktop 10.2,
following IUCN guidelines (IUCN 2013). Two α-hulls were constructed from species distributions:
one was drawn for historic extent of occurrence (EOO) and another for the current EOO. The areas of
the resulting polygons were determined using the feature properties tool and summed to provide a
total area. Thus, the percentage change between the α-hulls estimated the temporal change in EOO.

Environmental variables
There were 39 potential reach-scale environmental variables for sites in the current database, derived
from visual assessments during site surveys or chemical parameters from gauging station and discrete
sampling data supplied by the Western Australian Department of Water, under licence. Fish species
diversity was not included in the list of potential environmental variables, because it was available
only for some of the sites and because we considered it unlikely to be a major determining factor in
the distribution of W. carteri, which is a host generalist (Klunzinger et al. 2012a). Given the
importance of variable selection and the need to avoid over-fitting the data during model construction
(Burnham and Anderson 2002), several approaches were used to reduce the variable set. Principal
components analysis (PCA) on the complete variable set did not produce interpretable results. Instead,
variables were initially categorised as ‘water habitat’, ‘bank and substratum assessment’ and ‘water
chemistry’, and PCA was performed within each category to identify correlated variables. Rather than
reduce the variable set to components, a subset of environmental variables was chosen, with potential
functional relationships to physiological and behavioural attributes of the species (Leathwick et al.
2005; Elith and Leathwick 2009). Where variables were highly correlated (r > 0.6), distal variables
(e.g. rainfall) were removed in favour of proximal variables (e.g. flow status), which are more likely
to have a direct effect on species distribution (Wintle et al. 2005). This yielded seven largely
independent environmental predictors (Table 1: all correlations for continuous variables <0.4).
Threat quantification
Current occurrence data were related to environmental variables using generalised linear models
(GLM) with a binomial distribution and logit link function. An information-theoretic, multimodel
inference approach was employed as the goal was to determine the relative importance of
environmental factors, and not to develop a predictive model (Burnham and Anderson 2002). A
global model was fitted to a subset of 299 sites for which full environmental data were available,
using the R statistical package (R Development Core Team 2013). Spatial autocorrelation of model
residuals with straight-line distance between sites was tested using Moran’s I (Dormann et al. 2007).
The global model was used to generate a set of all possible models using the R package MuMIn

(Bartoñ 2013). Models were then ranked by the Akaike Information Criterion, corrected for small
sample size (AICc) (Burnham and Anderson 2002), and model averaging was performed using
MuMIn across all models within four AICc values of the best model (i.e. models were selected for
inclusion if Δi < 4, where Δi = AICc (i) – AICc(minimum)). The importance of each variable was
determined by summing Aikaike likelihood weights across all models within the top-ranked set in
which the variable occurred, providing the selection probability that a given variable will appear in
the AIC best model (Burnham and Anderson 2002). To discover which environmental predictors may
be responsible for changes in mussel distribution, current and historical mussel occurrence were
compared at 41 sites where mussels occurred historically and where current data on all environmental
variables were available. Changes in occurrence were coded as 0 (historically present, currently
absent) or 1 (historically and currently present), and related to environmental variables as described
above. Unfortunately, historical values for environmental variables were not available, so changes in
occurrence could be related only to current values.
Estimates of parameters and variable importance from model averaging can be adversely affected by
collinearity among predictor variables (Murray and Connor 2009; Freckleton 2011). Collinearity was
assessed by calculating variance inflation factors (VIF) for each variable, using the R package HH
(Heiberger 2013). The VIF of a variable represents the extent to which the variance of the regression
coefficient for that variable is inflated due to its correlation with other variables. As a rule of thumb,
VIF >10 indicates excessive collinearity (Myers 1990), although Montgomery and Peck
(1992) suggest that any VIF >5 is a cause for concern. For variables that were significantly related to
mussel presence in model-averaging analysis, a decision-tree analysis was performed using JMP 10.0
(SAS Institute, Carey, NC). The tree indicated environmental values that maximised the difference
between sites where mussels were present and sites where they were absent.
Salinity tolerance trials
Because salinity was identified as a potential key threatening process for W. carteri through
distribution analysis (see Results), this hypothesis was tested in the laboratory. Live W. carteri, with
shell lengths between 52 and 87 mm, were hand-collected from two populations: a fresh to brackish

site (salinity range 0.39–3.16 g L–1 and a mean of 1.10 g L–1) in the Collie River (33.3003°S,
115.8169°E), and a low-salinity site (salinity range 0.04–0.05 g L–1 and a mean of 0.05 g L–1) in
Yalyal Brook (31.5025°S, 115.9964°E). Mussels were transported to the laboratory and acclimated in
aquaria with fresh water (salinity <0.5 g L–1) and a recirculated filtration system for two days before
commencing acute (instantaneous) salinity tolerance experiments. Instantaneous tolerance
experiments were used, rather than a gradual increase in salinity, because this matches the typical
pattern of salinity increases in rivers in the south-west of Western Australia, where salinity rises
sharply with the onset of winter rains due to water flow from the upper, saline parts of the catchment
(Mayer et al. 2005; Beatty et al. 2011).
Salinity tolerance experiments were conducted at room temperature in 20 continuously circulated,
aerated aquaria (54 L) with four replicates per salinity treatment in each experiment. Mussels from the
Collie River were tested in the first experiment, followed by mussels from Yalyal Brook in the second
experiment. Treatments for both experiments consisted of five salinity concentrations: control
(<0.5 g L–1), 1, 2, 3 and 4 g L–1. Treatment solutions were prepared by dissolving lake salt (WA Salt
Supply, Inc., North Coogee, WA 6163) in dechlorinated tap water and salinity concentrations
determined using an Oakton™ PCD650 portable water-testing meter. The ionic composition of
heavily salinised rivers in Western Australia varies geographically and seasonally, but is typically
similar to that of seawater, except for lower concentrations of potassium (Partridge et al. 2008).
Salinity concentrations were maintained by ensuring aquaria volumes remained topped up with
dechlorinated tap water and salinities measured to ensure they matched the treatment salinity
concentration. After the acclimation period, mussels were allocated randomly to each experimental
aquarium. Mussels were observed daily and removed when dead, which was indicated by gaping
valves that did not close when prodded. In some of the higher-salinity treatments (3–4 g L–1), shells
appeared to remain shut for the entire experiment, but mortality was evident when mussels became
autolytic and began to float as a result of a build-up of gas within the shell cavities. Experiments were
carried out for a total of 30 days each.

Bootstrap logistic regression analysis was used to relate mortality of mussels at each salinity treatment
(S). The logistic regression curve was fitted by bootstrapping 1000 random samples, and the LD50 and
LD95 values were determined according to the logistic model:

where PS is the proportion (P) of mussels that died at each salinity concentration (S), and LD50 and
LD95 are the salinity concentrations at which 50 and 95% of the total sample of mussels died,
respectively. This model was developed from Kelly (2001) and White et al. (2002) and has been
utilised in several length-at-maturity growth studies and the lethal salinity toxicity study of Beatty et
al. (2011). Bootstrapping was also used to determine upper and lower 95% confidence intervals (CI)
of the parameters being estimated. As experiments were conducted at different times for the two
different populations of mussels, we were not able to statistically test differences among populations
in LD50 or LD95 values.

Results
Distribution
The current distribution of W. carteri includes freshwater streams, rivers, reservoirs and lakes within
50–100 km of the coast, from Gingin Brook southward to the Kent River, Goodga River and
Waychinicup River of south-western Australia (Fig. 1a). From historic records, W. carteri once
extended from the Moore River and possibly as far north as the Gascoyne River (based on one
museum record from ~1824) and inland to the Avon and Blackwood Rivers, bounded by the Bow
River (Fig. 1b). Seventy-seven sites where W. carteri was historically present were able to be
resampled, and the species had disappeared from 34% of these sites. The estimated current EOO of
the species is 22 600 km2; historic EOO is 44 900 km2and, from other surveyed sites, the species is
absent from 275 500 km2 in the South West Coast Drainage Division (Fig. 1c).

Environmental predictors of distribution
From the full GLM model, containing all seven environmental variables, only three variables had a
significant effect on model fit: salinity, availability of perennial water and total nitrogen (Table 2).
The full model had a residual deviance of 262.9 on 291 degrees of freedom, indicating that no
correction was necessary for overdispersion (the tendency of the data to show greater variability than
predicted from the model). There was also no significant spatial autocorrelation of model residuals.
From model-averaging results, the selection probability (i.e. the chance of being included in the bestfitting model) for salinity was 1.0, for availability of permanent water and total nitrogen 0.99 and for
all other variables <0.60 (Table 2). VIFs were <2.2 for all variables (Table 2), suggesting that
collinearity among environmental variables was unlikely to have biased the results. The decision tree
analysis (Fig. 2) indicated that mussels were very rarely found at sites with mean salinity
concentrations of >1.62 g L–1, were never found at sites that did not have perennial water availability,
and were more common at sites with mean total nitrogen concentrations of <0.69 mg L–1.
For the 41 historic sites where changes in mussel distribution could be related to environmental
variables, all had perennial water, leaving six variables as potential predictors. The only variable with
a significant effect on model fit was salinity (P < 0.0001; residual deviance 3.81 on 35 degrees of
freedom). There was no significant spatial autocorrelation of model residuals. From model-averaging
results, the selection probability for salinity was 0.94, and for all other variables it was <0.48. The
mean salinity of 16 sites at which mussels were historically present but are now absent was 5.65 g L–1,
compared with a mean salinity of 0.48 g L–1 (±0.30 g L–1) for 42 sites where mussels were historically
present and still occur (significantly different by t-test, t56 = 9.39, P < 0.0001). To examine regional
variation in this trend, data for catchments on the south coast (i.e. those flowing into the Southern
Ocean) and west coast (i.e. those flowing into the Indian Ocean) were analysed separately. In both
regions, salinities were significantly greater in sites where mussels were historically present but are
now absent than in sites where mussels were historically present and still occur (south coast
sites, t7 = 3.71, P = 0.008; west coast sites, t47 = 8.78, P < 0.0001).

Salinity tolerance experiments
Results of salinity tolerance experiments are illustrated graphically in Fig. 3. Collie River mussels that
were exposed to salinities of <0.5, 1 and 2 g L–1 experienced virtually no mortality, but those exposed
to 3 g L–1 had a cumulative mortality of 38% and none survived the 4 g L–1 treatment. Mussels from
Yalyal Brook that were exposed to salinities of <0.5 and 1 g L–1 experienced very low mortality, but
those that were exposed to 2 g L–1 and 3–4 g L–1 had cumulative mortalities of 43.7% and 100%,
respectively.
From the logistic regression curves, the LD50 value for mussels from the Collie River was 3.04 g L–
1

(95% CI = 2.80–3.30 g L–1) and the LD95 value was 4.25 g L–1 (95% CI = 3.13–5.47) g L–1. The

LD50 and LD95 values for mussels from Yalyal Brook were 1.29 g L–1 (95% CI = 0.74–1.80 g L–1) and
3.57 g L–1 (95% CI = 2.87–4.38 g L–1), respectively. As the salinity tolerance of mussels from the
Collie River and Yalyal Brook were tested in different experiments, it is not appropriate to directly
compare their LD50 and LD95 values. The lower values for mussels from Yalyal Brook may have been
a consequence of the initial mortality that was seen in all treatments.

Discussion
Salinity as a threatening process
Of the variables that were measured in the ecological models, salinity was the most important in
explaining the current distribution of W. carteri. Determinants of current species distribution,
however, do not necessarily provide a guide to either past causes of population decline or future
environmental threats (Hortal et al. 2008). An important aspect of our study was the ability to infer
environmental factors responsible for past range reductions of W. carteri, by resampling sites at which
mussels had previously been present, as determined from museum records. Salinity, as well as being
an important predictor of current distribution, was by far the most important variable explaining the
reduction in EOO from historic levels.

The identification of salinity as the most important predictor variable of both the current distribution
of W. carteri and the difference in distribution between current and historical records provides strong
circumstantial evidence that it represents a major threatening process for the species. Inferring
causation, however, is still compromised by the possibility of correlations between salinity and other
(unmeasured) environmental variables. For W. carteri, a causative role for salinity was supported by
salinity tolerance experiments that showed that the species is very sensitive to acute changes in
salinity, with a LD50 for adult mussels of between ~1.3 and 3.0 g L–1. This level of salinity tolerance is
consistent with results from the field, where regression tree analysis indicated that mussels were
almost never found in sites where the mean salinity was greater than 1.6 g L–1. The difference in
salinity tolerance between populations of W. carteri from rivers with different levels of salinisation
suggests that some adaptation to small increases in salinity may have occurred. The salinity tolerance
of mussels from these different populations was not, however, directly compared in this study and
further research is necessary to determine the extent to which salinity tolerance may vary among
populations of freshwater mussels.
Secondary salinisation of freshwater ecosystems is a major environmental problem in arid and semiarid areas of the world, including Australia, Central and South America, large tracts of northern and
southern Africa, the Middle East and central Asia (Cañedo-Argüelles et al. 2013). In Australia,
secondary salinisation is principally caused by rising watertables as a consequence of reduced
evapotranspiration following changes in land use, typically land clearing for agriculture. The southwest corner of Australia, where ~80–90% of the land has been cleared, is a hot spot in terms of
secondary salinisation (NLWRA 2001; Halse et al. 2003; Pinder et al. 2004). As a result, most of the
freshwater ecosystems in south-western Australia are affected by increasing salinity, with 56% having
become brackish (1.0–2.0 g L–1) or saline (>2.0 g L–1) (see Mayer et al. 2005). This trend is also
evident from substantial range expansions of normally estuarine organisms (Smith 1996; Morgan et
al. 2003; Beatty et al. 2011), including the estuarine bivalve Fluviolanatus subtorta (Kendrick
1976; Pen 1999; Klunzinger et al. 2012b).

Most Australian freshwater mussels are assumed to be generally intolerant of exposure to salinities
above 3 g L–1 (Walker et al. 2001), although few studies of their salinity tolerance have been
published. Both Alathyria jacksoni and Velesunio ambiguus, species that are widespread in eastern
Australia, apparently withstand slightly elevated salinity exposures for at least brief periods (Walker
1981). Dryland salinity (i.e. secondary salinisation) has also been suggested as a limiting factor
for Hyridella species from south-eastern Australia (Walker et al. 2001, 2014; Playford and Walker
2008; Jones and Byrne 2014). During 2010, at least two cases of freshwater mussel deaths were the
result of low freshwater flow into lower reaches of rivers in south-western Australia (Canning River)
and south-eastern Australia (Murray River) which resulted in the upstream movement of salt wedges
from estuaries, causing mass losses of W. carteri and V. ambiguus, respectively (Brainwood et al.
2014). Velesunio angasi has been known to experience similar mass mortality events from estuarine
influence in northern Australia (Dr Clint McCullough, pers. comm.).
Other threatening processes
Apart from salinity, perenniality of stream flow was the other major limiting variable in the
distribution of W. carteri, suggesting that habitat drying, inadequate provision of environmental
stream flows and dewatering could pose further conservation constraints on the species. To a lesser
extent, total nitrogen was a limiting variable on the distribution of W. carteri, suggesting that nutrient
pollution may be an important threatening process, although the effect of nutrients on the species is
probably indirect, as suggested for other species of freshwater mussels (cf. Haag 2013). At a finer
scale, reductions in localised numbers of W. carteri have been attributed to rapid drawdown of
impoundments, leading to stranding and mortality from exposure, barriers (e.g. dams and weirs) that
may inhibit dispersal by host fishes, smothering by mobilised sediments, trampling and habitat
destruction by livestock, and predation by alien species (Walker et al. 2014).
Other factors have also been implicated in the decline and loss of Australian hyriids (e.g. Walker et al.
2014). These include river diversion and the loss of connectivity between subpopulations, altered flow
regimes, cold water releases from large impoundments resulting in interrupted breeding cycles,
scouring and exposure to fast currents with the loss of in-stream woody debris, pollution from

pesticides, hydrocarbons, mining wastes and nutrients, acid sulfate soil mobilisation, loss of riparian
vegetation, low dissolved oxygen, and invasive aquatic weed growth.
Conservation status and management implications
This study has provided the first comprehensive analysis of the distribution of W. carteri, the only
species of freshwater mussel in south-western Australia. Given that the EOO of the species has
declined by 49% in less than 50 years (less than three generations), due principally to secondary
salinisation, the effects of which are expected to continue into the future (Williams 2001; Mayer et al.
2005; Beatty et al. 2011), we suggest that this qualifies the species as vulnerable under criterion A2c
of the IUCN Red List Guidelines. This status was recently adopted by the IUCN Red List Mollusc
Specialist Group (cf. Klunzinger and Walker 2014) and the species was listed as threatened under the
Western Australian Wildlife Conservation Act 1950 (State of Western Australia 2014) following
nomination with supporting data from this study. Westralunio carteri also qualifies for listing as
vulnerable under the Commonwealth of Australia Environment Protection and Biodiversity
Conservation Act 1999.
Maintaining existing habitats and population strongholds for W. carteri and mitigating the effects of
secondary salinisation is paramount for the survival of the species. Quantification of dehydration
tolerance and toxicology studies of nutrients (e.g. nitrite, ammonia etc.) is needed to further refine
knowledge of distribution constraints and, thus, the threatening processes for W. carteri. Its vulnerable
status should drive further conservation research and management priorities for this, the sole endemic
freshwater mussel of south-western Australia. Supplementary data are available online to accompany
this publication and assist resource managers in this respect.
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Fig. 1. (a) Current (post-1992) distribution of Westralunio carteri. Circles indicate mussel presence;
triangles indicate mussel absence. (b) Historic (pre-1992) distribution of W. carteri. Circles indicate
mussels historically and currently present; boxes indicate mussels historically present, but currently
absent. (c) Extent of occurrence polygons for current presence (P), historic presence (H) and absence
(A) data.

Fig. 2. Decision tree analysis of the influence of salinity, hydrology type (perennial or non-perennial)
and total nitrogen concentration (TN) on the presence of Westralunio carteri. Boxes indicate terminal
nodes and circles indicate nodes subject to further splitting. The number of sites is given within each
node (with the proportion of sites at which mussels were present in parentheses) and the values at
which the split occurred for each variable is indicated on the lines beneath the nodes.

Fig. 3. Survival rates of Westralunio carteri from (a) the Collie River and (b) Yalyal Brook exposed
to various salinity concentrations in the laboratory. Percentage mortalities from (c) the Collie River
and (d) Yalyal Brook with logistic analysis curves including 95% confidence limits.

Table 1. Environmental variables used in species distribution modelling for Westralunio
carteri Iredale, 1934
The mean, standard error of the mean (s.e.) and range of observed values for each variable from the
dataset are provided. Data were provided by the Western Australia Department of Water (1976–2011)

Table 2. Association between environmental variables and mussel presence
Variables are ranked by relative importance (i.e. probability of selection in Aikaike Information
Criteria best-fit model), with coefficient estimates and standard errors (s.e.) from model averaging.
VIF is the variance inflation factor for each variable. Significant predictor variables (P < 0.05) are
shown in bold with an asterisk

