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Abstract

Atmospheric fluorides (gaseous and particulate) are deposited on, and absorbed by, vegetation.
Ingested fluoride accumulates in calcified tissues of vertebrates and if it is excessive, it may lead to
dental and skeletal fluorosis. The prevalence, form and severity of the effects vary greatly between
species. Foraging strategy can be an important determinant of fluoride exposure in herbivores, because
foliar fluoride concentrations vary between plant species, for example, according to vertical and lateral
position in the vegetation. We combined microhistological analysis of diet and analysis of foliar
fluoride levels to examine interspecific variation in dietary fluoride exposure of macropodid marsupials
(swamp wallaby Wallabia bicolor, red-necked wallaby Notamacropus rufogriseus, and eastern grey
kangaroo Macropus giganteus), in the buffer zone of an aluminium smelter in Victoria, Australia.
Dietary niche differentiation between species was evident. The swamp wallaby and the red-necked
wallaby were browsers or mixed feeders, depending on the classification system used. The eastern grey
kangaroo was a grazer, consuming almost entirely grasses. However, foliar fluoride did not vary
significantly between the main plant groups consumed. Our results indicate that interspecific variation

in diet at this site is unlikely to explain variation in fluoride exposure.

Introduction

Wildlife exposed to industrial pollutants can be affected by a wide range of sub-clinical to lethal
impacts (e.g., Newman et al. 1988; Ross et al. 1996; Gleeson and Gleeson 2012). At contaminated
sites, it is important to identify species susceptible to pollution, and their pathways of exposure (McBee
and Bickham 1990; De Lange et al. 2009). Vegetated buffer zones around industrial facilities, may
function as pollutant sinks (Smith 1974; Murphy et al. 1977; Murray 1982) whilst supporting
significant animal and plant biodiversity. Importantly, these zones contain novel plant assemblages
(Doley 1986; Weinstein and Davison 2003) and ecological interactions within them may differ from
those in natural environments (Murray 1981; Lundholm and Richardson 2010)

Fluorine is a significant natural and industrial contaminant that forms fluoride complexes in the
environment (Weinstein and Davison 2004). While fluorides are a natural component of all
environments and may be naturally high in ground water and volcanic ash, solubility in most soils is
low and natural concentrations are generally low, with background fluoride content in vegetation
generally <10 pgF/g (WHO 2000; Divan Jr et al. 2008). However, fluorides may be released in high
concentrations as industrial by-products (WHO 2000). The primary anthropogenic sources of these
fluoride emissions are the aluminium industry, oil drilling and refining, the chemical and plastics
industries, agricultural pesticide manufacturers, glass and ceramics factories, dye manufacturers and
manufacturers of metal parts (NPl 2014). Except under occupational exposure conditions, respirable

intake of fluorides is almost negligible, and total fluoride intake depends on ingestion (WHO 2000).

Gaseous and particulate emissions of fluoride are deposited on, and absorbed by, vegetation
surrounding fluoride sources (Murray 1981; Davison 1983; Doley 1986). Some plant species

accumulate high concentrations of fluoride (Davison 1983) in levels that are toxic to animals (Doley



1986), particularly in foliar margins and tips (Weinstein and Davison 2003) where it is readily
accessible to herbivores (Doley 1986). Fluoride content of the vegetation around emission sources may
reach 100-500 pgF/g (Divan Jr et al. 2008). Following ingestion, fluoride is absorbed and accumulates
in calcified tissues (Weinstein and Davison 2004). Long-term consumption of fluoride-contaminated
plant material can cause fluorosis in mammals (e.g., Suttie 1980; Shupe et al. 1984; Kierdorf et al.
1996a). Ingested fluoride is deposited in bone, impacting on its structure and strength (Everett 2011)
and resulting in osteofluorosis under chronic conditions, which includes pathological changes such as
osteoporosis, osteosclerosis, focal and/or generalised hyperostosis and increased prevalence of
degenerative joint disease (Shupe 1980: Hufschmid et al. 2015). Similarly, dental fluorosis can lead to
pathological changes caused by the hypoplasia and hypomineralisation of enamel, including
accelerated rates of tooth wear and loss (Fejerskov et al. 1977; Kierdorf et al. 1996b), and periodontal
disease and osteomyelitis of the skull and mandible (Schultz et al. 1998), with potential consequences

for fitness and longevity (Garrott et al. 2002).

In populations of free-ranging, mammalian herbivores in fluoride-contaminated areas, bone fluoride
levels and the prevalence, form and severity of associated dental and skeletal lesions vary between
species (Weatherell and Weidmann 1959; Shupe et al. 1984; Boivin et al. 1990). These differences are
associated with interspecific variation in a range of factors that influence fluoride ingestion, absorption
and biomechanical forces on bones: foraging range, activity pattern, diet, health status, longevity,
metabolic factors, anatomy and timing of exposure (Palamara et al. 1984; Kierdorf et al. 1993; Vikaren
and Stuve 1996; Vikaren et al. 1996; Crompton et al. 2010; Kierdorf et al. 2012; Carlson et al. 2013).
Of these, diet is likely a major determinant of fluoride exposure and associated disease, because
deposition and absorption of airborne fluoride compounds varies with plant species and factors such as
vertical position (Doley 1986; Weinstein and Davison 2004). The vegetation canopy is the first surface
available to atmospheric pollutants when they are deposited on terrestrial ecosystems (Murray 1982).
The canopy reduces wind speed, which lowers the rate of deposition on leaves and other surfaces,
while lower light intensity inside the canopy may reduce stomatal conductance and uptake into leaves
(Doley 1986). Foliar fluoride accumulation decreases progressively according to vertical and lateral
position in the canopy, from the tree stratum, to the more sheltered shrub and ground strata (Doley
1986; Bowen 1988; Narayan et al. 1994; Weinstein and Davison 2004). Further, foliar fluoride uptake
and accumulation vary between plant species (Murray 1981; O'Connor and Horsman 1982; Divan Jr et
al. 2008), related to plant properties such as the ratio of leaf surface area to dry weight and leaf
arrangement, which influence fluoride conductance (Doley 1986), and the presence of features that
increase leaf boundary layer resistance (Murray 1981). In addition, fluoride concentrations are lower in
stems, roots and reproductive structures than in leaves (Doley 1986) due to shorter exposure times
and/or lack of photosynthetic plant parts into which fluorides are assimilated (Salatas et al. 2009).
Therefore, herbivores may be exposed to different levels of risk from fluoride contamination depending
on their relative intake of different vegetation strata (Salatas et al. 2009), species and plant parts, and
the site-specific degree of canopy cover. However, our understanding of the links between foliar

fluoride levels, herbivore feeding strategy and rates of fluoride accumulation in the body, is limited.



Previous work in the buffer zones of aluminium smelters has assessed the impact of fluoride emissions
on eutherian mammals (Walton 1984; Suttie et al. 1987; Boulton et al. 1994; Vikaren et al. 1996).
Three macropodid marsupial species (swamp wallaby Wallabia bicolor; red-necked wallaby
Notamacropus rufogriseus; and eastern grey kangaroo Macropus giganteus) occur at the Portland
Aluminium site in Victoria, Australia; a pre-bake facility equipped with emission-scavenging dry
scrubbers (Kinhill 1980; Weinstein and Davison 2004). The swamp wallaby is classified as a browser,
the red-necked wallaby an intermediate grazer/browser and the eastern grey kangaroo a grazer (Sanson
1989). Consistent with findings from previous studies of free-ranging herbivore populations in
fluoride-contaminated areas (e.g., Boulton et al. 1994; Kierdorf and Kierdorf 1999; Hufschmid et al.
2011), Death et al. (2015) found that the three macropodid species at this site had significantly higher
bone fluoride levels compared to nearby low-fluoride, non-industrial areas. However, the bone fluoride
levels varied between species: swamp wallabies had lower mean bone fluoride levels (1252 + 258 SEM
pgF/g dry bone) compared to red-necked wallabies (2551 + 314 pgF/g) and eastern grey kangaroos
(2796 £ 214 ugF/g) (Death et al 2015).

To determine whether dietary fluoride exposure explains interspecific variation in bone fluoride levels,
we aimed to classify and compare the diets of the three macropodid species in this study, and measure
foliar fluoride accumulation, in the industrial buffer zone of an aluminium smelter. We predicted that at
the study site, where grassland occurs with little canopy cover, filtering of atmospheric fluoride by the
canopy would be minimal and accumulation on grasses and forbs would be high relative to that on
other plant groups. Therefore, we predicted that the grazing eastern grey kangaroo would have higher
exposure to foliar fluoride than the browsing swamp wallaby, and exposure of the red-necked wallaby,

a mixed feeder, would be intermediate.

Methods

Study site

The Portland Aluminium smelter is located on a coastal headland in south-western Victoria, Australia
(38°23’S, 141°37°E). The smelter and the fluoride emissions produced by the facility are described in
detail elsewhere (Coulson et al. 2000; Death et al. 2015). Briefly, the site incorporates a 200-ha buffer
zone that consists of a mixture of farmland pasture, blue gum (Eucalyptus globulus) plantations, and
intact and re-vegetated patches of native vegetation (Kinhill 1980), including coastal heathland and

wetland, as well as exotic shrubs and trees planted as shelterbelts (Coulson et al. 2000).
Foliar fluoride sampling

Fluoride levels in grasses and forbs at the Portland Aluminium smelter were measured throughout each
year between 2008 and 2013. Grass samples were collected two or three times per month at 19 fixed
sites around the smelter 0.2-6.0 km from the central emission point (Fig 1). These sampling points

were retained from a more intensive, systematic grid of sampling points because they represented the



modelled exposure surface most accurately (Portland Aluminium, unpublished data). Ground layer
forage species were sampled in approximate proportion to their abundance; hence samples consisted
primarily of grasses and the forbs Medicago sativa and Trifolium species. Shears were used to cut a
sub-sample of c. 10 g of grasses and forbs to a height of 25 mm above the ground, representing the
forage height normally grazed by herbivores, within a 2 — 5 m” area at each site. Green foliage was

sampled where possible.

Fluoride levels on fern and tree/shrub material were measured at the same locations from which
grass/forb material was sampled during summer (two to three times per month in January and
February) and winter (two to three times per month in July and August) 2013. A total of c. 10 g of leaf
material, was collected in approximate proportion to the relative abundance of all tree and shrub
species present at each site (not all tree and shrub species were present at all sites): Eucalyptus baxteri,
Acacia longifolia, A. sophorae, A. myrtifolia, A. paradoxa, Chrysanthemoides monilifera, Melaleuca
armillaris, Leptospermum lanigerum, Leucopogon parviflorus and Rhagodia condoliana. Trees and
shrubs were sampled from 0 — 1.5 m high, in a 1-m wide band. Leaves were collected from the outside
of the canopy, that is, no deeper than 10 cm from the outside surface of the canopy. Ferns (Pteridium

esculentum) were sampled by collecting 100 g of material from a 1-m*area.

The foliage was not washed, so that both absorbed fluoride and surface contamination could be
measured. Samples were oven-dried immediately after collection, for 48 h at 80° C. Approximately 2 g
from each weekly sample per site per month was then combined and this composite monthly sample
was finely ground using a grinding mill. Four c. 1-g samples were analysed to determine fluoride per g
dry matter using the ion-selective electrode method (Hufschmid et al. 2011). The limit of detection of
the laboratory method is 10 pugF/g, which is comparable to background levels of fluoride in vegetation

from this coastal area (O'Connor and Horsman 1982).
Stomach sample collection

Twenty stomach samples were obtained for each of the three macropodid species over five years,
between 2008 and 2013 (Table 1). Samples were collected during all seasons and from both males and
females, although our sample for the red-necked wallaby was biased towards males (Table 1). Most
samples were collected from culled or road-kill carcasses, and a small number were from euthanised
animals or deaths of unknown cause (Table 1). The distribution of vegetation types is heterogenous
over the site (Coulson et al. 2000). Stomach samples collection locations for the three macropodid
species and the vegetation samples were spread relatively evenly across the site (Fig 1), although the
opportunistic sampling of the individuals from each species is likely to reflect their habitat preferences
within the study area. For example, kangaroos were collected mainly from farmland/pasture areas and

wallabies mainly from heathland/grassland/scrubland habitats (Table 1).

Contents were removed from the pyloric region of the stomach, which contains fewer parasitic

nematodes, at post mortem. Samples were frozen at -20° C, then later defrosted and stored in 70%



ethanol. This work was conducted with the University of Melbourne Animal Ethics approval
#1011738.3 and Department of Sustainability and Environment research (#10005596) and management
(#10005418) permits.

Microhistological diet analysis

Stomach samples were prepared using standard microhistological techniques (Norbury 1988), whereby
10-mL portions of each sample were digested in 4% sodium hypochlorite (White KingTM, NSW,
Australia) for 3 h. To determine the relative area of categories of plant epidermal fragments, point
quadrat analysis (Norbury 1988) was used. For each sample, 400 fragments were identified at two
levels: 1) broad taxonomic (monocotyledons [monocots], eudicotyledons [dicots], pteridophyta, or
bryophyta); 2) functional group (forbs/climbers, shrubs/trees, ferns, grasses, non-graminoid monocots
[rushes/sedges/other], mosses, or succulents). The presence of plant reproductive material

(fruit/flower/seed/seed pod) in samples was recorded.

Identification of plant epidermal fragments using microhistological diet analysis typically involves
preparation of a site-specific microhistological reference herbarium, which provides the basis for
identifying plant fragments in herbivore diets (e.g., Davis et al. 2008). However, identification of plant
epidermal fragments to plant functional group level was considered adequate to meet the aims of this
study. ldentification of fragments to this level was possible based on published descriptions of plant
epidermal diagnostic features (e.g. differences in cell shape, size, orientation and walls, trichomes,
stomata and staining) (Metcalfe and Chalk 1950; Storr 1961; Ellis et al. 1977; Mallett and Cooke
1986), coupled with microhistological reference material prepared for diet analysis studies at other sites
(Davis et al. 2008; Forsyth and Davis 2011; Green et al. 2013; Green et al. 2014b; Green et al. 2014a),
which included all plant functional groups present at the study site. Plant epidermal fragments could
confidently be distinguished at the level of broad taxonomic group. The majority of plant epidermal
fragment identifications to the level of plant functional group were also made with certainty based on
distinctive epidermal features diagnostic of particular groups. However, some overlap in epidermal
diagnostic features occurs between particular functional groups, introducing some uncertainty for a

small proportion (<5%) of fragments.

Statistical analysis

To examine variation in foliar fluoride accumulation between plant groups fluoride levels measured
during summer and winter 2013 for grasses/forbs, shrubs/trees and ferns were compared using a linear
model (LM) in the statistical software environment R (R Core Team 2013, http://www.r-project.org/).

The relationship between foliar fluoride level and distance from the smelter between plant groups was
also compared using a LM. To examine variation in distance from the smelter between species
sampling locations, the location of collection of each stomach sample was compared to the central
emission point, using a LM. Residuals for linear models were plotted against the corresponding fitted

values to check for distributional problems, and applied square root or logarithm transformations to
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improve residual distributions when necessary. For all analyses, variables were log2-transformed to

satisfy model assumptions and enhance interpretation, and a level of significance of o = 0.05 was used.

To examine macropodid diets two levels of classification were constructed, each of which contained >2
categories into which we assigned identified plants: 1) broad taxonomic (monocots, dicots,
pteridophyta, or bryophyta); 2) functional group (forbs/climbers, shrubs/trees, ferns, grasses, non-
graminoid monocots [rushes/sedges/other], mosses, or succulents). These categories were constructed
to allow classification of the diet of each species according to Hansen (1985) and Hofmann and Stewart
(1972), and to match as closely as possible the vegetation groups used to sample fluoride
deposition/absorption, although exact matching was not possible due to difficulties in differentiating
some plant groups microhistologically, for example, climbers. Data from each subsample used in
microhistological analysis were pooled to give a total of 400 fragments identified per sample (Norbury
1988), and based analyses on the proportion of plant epidermal fragments identified within categories

of interest per stomach sample.

Based on the results of microhistological diet analysis, each macropodid species was classified
according to feeding type following Hansen et al. (1985) as: 1) grazers (>50% monocots) or 2)
browsers (>50% dicots). Because this simple division of ‘grazer’ versus ‘browser’ may be inadequate
to classify herbivore feeding types (Hofmann and Stewart 1972), feeding type (sensu Hofmann and
Stewart 1972) of each macropodid species was also classified as 1) bulk and roughage feeders (grazers)
that select diets containing <25% browse; 2) concentrate selectors (browsers) that select diets
containing at least 75% fruits, dicot foliage, and tree and shrub stems and foliage; or 3) intermediate or
mixed feeders that select both grasses and browses (herbaceous and woody dicots such as forbs, shrub

leaves and stems; Hofmann and Stewart 1972).

To examine interspecific variation in diet the proportion of fragments identified in each category of
level 2 between species was compared using one-factor ANOVA with post hoc Tukey’s tests. The
functional groups succulent, moss or fern were not compared due to their infrequent occurrence in
samples. To further examine the extent of interspecific variation in diet, and to determine which pairs
of species had diets that were most similar, overlap in resource use was measured between herbivore

species we used Horn’s index of niche overlap (Horn 1966):

_ 2Py + pi)log(p; + pi) = > by log py =, Py log py,

I:20
2log2

where R, =Horn’s index of overlap for species j and k
Pij = Proportion resource i is of the total resources utilised by species j

Pi« = Proportion resource i is of the total resources utilised by species k

Calculations of diet overlap were based on the proportion of fragments identified in samples of each
species from each plant functional group. A value of zero for Horn’s index of niche overlap indicates

no overlap and a value of one indicates complete overlap (Horn 1966).



Non-metric multidimensional scaling (NMDS) was used to graphically represent interspecific
differences in microhistological estimates of diet. These three-dimensional ordination spaces were
based on Bray—Curtis dissimilarity matrices (Clarke 1993) for the proportional composition of
fragments of each functional group identified per stomach. Non-metric multidimensional scaling scales
objects on the basis of a reduced set of variables derived from the original variables, and these new
variables are used as the axes; the actual values of the object scores are arbitrary, so only the relative
distances (dissimilarities) between objects are important (Quinn and Keough 2003). The following

standardization was applied within species to reduce the influence of abundant groups on the NMDS:

X — X .
Xt = __“tmin__ for the i" variable,
X — X

i,max i,min

where X is the proportion of each plant functional group identified per stomach sample.

Results

Vegetation fluoride levels

There were no significant differences in foliar fluoride levels between plant groups (Table 2).
However, foliar fluoride levels were significantly higher during summer than winter (Fig 2). Fluoride
concentration in all plant groups decreased with distance from the central emission point of the smelter
(Table 2).

Macropodid diets

The diet of the swamp wallaby at the Portland Aluminium smelter site was comprised predominantly
of dicot material (mean 69%; 95% Confidence Interval (Cl), 61-78), primarily shrubs/trees (40%; 95%
Cl, 33-48), followed by forbs/climbers (29%; 95% CI, 20-38; Fig 3). Monocot material comprised a
smaller proportion of the diet (27%; 95% CI, 19-36) and consisted almost entirely of grasses (Fig 4).
Ferns were a minor component (3%; 95% CI, 0-6) of the diet, and other plant functional groups (i.e.,

succulents, non-graminoid monocots and mosses) each occurred in trace amounts (< 1%; Fig 4).

The diet of the red-necked wallaby consisted predominantly of dicots (62%; 95% CI, 51-73) followed
by a moderate proportion (38%; 95% CI, 27-49) of monocots (Fig 3). However, forbs/climbers
constituted the largest proportion (47%; 95% CI, 36-58) of the dicots recorded and the monocot
component consisted mainly of grasses (29%; 95% CI, 19-39), but also included non-graminoid
monocots (9%; 95% ClI, 4-14; Fig 4). Shrubs/trees were recorded in the diet of red-necked wallabies in
intermediate proportions (14%; 95% CI, 7-21) and ferns, mosses and succulents were again recorded

only in trace amounts (< 1%; Fig 4).

The diet of the eastern grey kangaroo consisted almost entirely (88%; 95% CI, 80-95) of monocots
(Fig 3), predominantly grasses (85%; 95% ClI, 77-92; Fig 3). Dicots thus comprised a relatively small
proportion (13%; 95% CI, 5-20) of the diet (Fig 3), represented almost entirely by forbs/climbers



(12%; 95% CI, 4-19; Fig 4). Other functional groups comprised very small proportions of the diet:
shrub/tree 1% (95% CI, 1-2), non-graminoid monocots 2% (95% CI, 1-4), and moss <1% (Fig 3).

Succulents and ferns were not recorded in the diet of the kangaroo (Fig 4).

Stomach samples of all three macropodid species contained plant reproductive material. Seeds,
Poaceae seed head material, and unidentified reproductive material (fruit/flower/seed/seed pod)
occurred in 30%, 30% and 15% of swamp wallaby stomach samples, 10%, 45% and 15% of red-
necked wallaby stomach samples, and 5%, 40%, and 10% of eastern grey kangaroo stomach samples,

respectively.

There were a number of significant interspecific differences in the diets of macropodids (Table 3; Fig
4). The proportion of forb/climber material in the diet varied significantly between the three species,
being lowest for the eastern grey kangaroo and greatest for the red-necked wallaby. Similarly, the
proportion of shrub/tree material identified varied significantly between species, again being lowest for
the kangaroo, but in this case being greatest for the swamp wallaby. Eastern grey kangaroo samples
contained significantly more grass material than samples from the two wallaby species, which did not
differ significantly in proportion of grass (Table 3; Fig 4). However, non-graminoid monocot material
did vary between the two wallaby species, comprising a greater proportion of red-necked wallaby diet
than swamp wallaby samples, whereas the proportion of non-graminoid material in eastern grey
kangaroo samples was intermediate to, and did not differ significantly from, the two wallaby species
(Table 3; Fig 4).

Overlap in diet resource use between macropodid species was considerable at the level of plant
functional group, particularly between the two wallaby species (Horn’s index of diet niche overlap (R,)
=0.90). Lowest overlap in food resource use occurred between the swamp wallaby and the eastern grey
kangaroo (R, = 0.70). Overlap between the red-necked wallaby the eastern grey kangaroos was R, =
0.74. Non-metric multidimensional scaling also suggests overlap in the use of plant functional groups
by the three species, and particularly by the two wallaby species (Fig 5). Despite this overlap, there was
some differentiation in the diets of the three species with respect to the proportion of different plant
functional groups consumed (Fig 5). In particular, eastern grey kangaroo samples clustered together
and were separated to some degree from those of the two wallaby species, and although samples of the

two wallaby species overlapped extensively, some divergence was evident (Fig 5).

Discussion

Dietary fluoride exposure

Dietary niche separation was evident between the three macropodid species with respect to the use of
plant functional groups that typically vary in fluoride levels (Doley 1986; Bowen 1988; Weinstein and
Davison 2004). However, there were no significant differences in foliar fluoride levels between plant
groups. Our results indicate that, at the scale measured in this study, interspecific variation in diet is

unlikely to explain variation in fluoride accumulation at aluminium smelter sites.



In general, diets exhibited by the three macropodid species at the aluminium smelter were similar to
those recorded at less anthropogenically modified sites (e.g., Jarman and Phillips 1989; Davis et al.
2008), although some minor shifts along the browser-grazer continuum were evident relative to
previous classifications (Sanson 1989). These shifts may reflect altered resource availability at novel
industrial sites. In line with classification of the swamp wallaby as a browser (Sanson 1989), this
species was a browser at the aluminium smelter site according to the classification of Hansen et al.
(1985), but was classified as a mixed feeder following Hofmann and Stewart (1972). The swamp
wallaby consumed a large proportion of shrubs/trees and correspondingly lower proportions of forbs
and grasses, consistent with estimates of the food consumed by this species at several other sites
(Hollis et al. 1986; Wood 2002; Davis et al. 2008; Green et al. 2014b). However, some individuals
displayed diets more typical of grazers, consuming up to 60% grasses. While selection for shrubs and
avoidance of grasses has been demonstrated (Wood 2002) in this species, swamp wallabies may
increase intake of grasses and forbs seasonally and consume considerable quantities of these food
groups at some sites (Harrington 1976; Osawa 1990; Di Stefano and Newell 2008). Spatial and
temporal variation in food resource use suggests that the swamp wallaby is a generalist feeder (Hollis
et al. 1986). The apparent shift in feeding strategy of the swamp wallaby towards that of a mixed feeder
at the aluminium smelter site is likely to reflect alteration of its foraging strategy in response to food

quality and availability (Osawa 1990).

The red-necked wallaby has been classified as an intermediate grazer/browser (Sanson 1989).
Typically, monocots, primarily grasses, make up a large proportion of its diet, while forbs and shrubs
are consumed in smaller proportions (Jarman and Phillips 1989; Sprent and McArthur 2002; Wood
2002). While the red-necked wallaby at the aluminium smelter site was classified as a mixed feeder
following Hofmann and Stewart (1972), it was classified as a browser following Hansen et al. (1985).
The red-necked wallaby is capable of using browse, for example in woodland (Weir et al. 1995) and
alpine habitat (Green et al. 2014b), likely reflecting diet shifts in response to limited availability of
grass resources. At the aluminium smelter site, the largest component of the diet was forbs/climbers,

though several individuals had diets typical of grazers.

Consistent with previous classification of the eastern grey kangaroo (Sanson 1989), this species was a
grazer (sensu Hofmann and Stewart 1972; Hansen et al. 1985) at the aluminium smelter site,
consuming primarily grasses in line with studies at numerous other sites (e.g., Taylor 1983; Jarman and
Phillips 1989; Davis et al. 2008). On average, forbs/climbers comprised small proportion of the
kangaroo diet, although one individual consumed enough forb material to be classified as a browser

according to Hansen et al. (1985).
These three diets, ranging from a browser, to an intermediate grazer/browser, to a grazer, suggest that if

foliar fluoride levels vary between graze and browse, each species will be exposed to different levels of

dietary fluoride, and differences will be most pronounced between the kangaroo and the swamp

10



wallaby, whose diets overlapped least. In line with this prediction, the swamp wallaby exhibited lower
bone fluoride levels than did the eastern grey kangaroo, which exhibited similar levels to the red-
necked wallaby (Death et al. 2015). However, mean foliar fluoride levels on grasses/forbs, the main
component of the eastern grey kangaroo and red-necked wallaby were similar to levels on shrubs/trees,
the main component of the swamp wallaby diet, indicating that dietary fluoride exposure is similar for
the three species. This is supported by observations by Death et al. (2015, unpublished data) in a
sample of macropods at this site, which showed that the concentration of fluoride in the stomach
contents from these three species did not differ. However, aspects of interspecific variation in diet may
contribute to differential exposure to fluoride. For example the two wallaby species, and in particular
the swamp wallaby, consumed fern material whereas the kangaroo did not. Given that fluoride
concentrations are lower in stems, roots and reproductive structures than in leaves (Doley 1986; Salatas
et al. 2009), greater consumption of seeds and unidentified reproductive material by the two wallaby
species compared to the kangaroo may result in lower dietary fluoride exposure in wallabies (Salatas et
al. 2009). Interspecific differences in fluoride accumulation factors are likely to also be influenced by
factors such as home range, feeding behaviour, health status, rate of absorption, and timing of exposure
are likely to influence (Kierdorf et al. 1993; Vikgren and Stuve 1996; Vikaren et al. 1996; Kierdorf et
al. 2012).

Further, foliar fluoride uptake and accumulation vary between plant species (Murray 1981; O'Connor
and Horsman 1982; Divan Jr et al. 2008), related to plant properties such as the ratio of leaf surface
area to dry weight, leaf arrangement and fluoride conductance (Murray 1981; Doley 1986). For
example, Acacia species with bipinnate, compound leaves and small, thin leaflets have higher surface
area to dry weight than species with thicker phyllodes, influencing foliar fluoride concentrations.
Despite the lack of significant differences in foliar fluoride levels between plant groups at a broad
scale, variation between plant species, genera or families may explain inconsistencies between relative
foliar fluoride concentrations measured at the aluminium smelter site, and generalisations regarding
expected relative levels (Doley 1986). For example, we recorded high levels of fluoride in Melaleuca
armillaris across seasons at one sampling site, which was relatively far from the smelter, where forage
fluoride levels were consistently low. Bowen (1988) recorded greater fluoride accumulation for some
understorey shrubs than for some overstorey tree species, and high variability occurs in pasture fluoride
levels (Doley 1986), reflecting variation in species composition (Davison et al. 1979). While we do not
have plant species-specific data on fluoride accumulation, nor diet information at this resolution, the
suites of plant families consumed by the three macropodid species vary, providing evidence that
fluoride exposure levels are likely to differ between macropodid species. Dietary fluoride exposure
may need to be assessed at a finer taxonomic scale than plant functional group, or extended to all

functional groups consumed by herbivores at smelter sites.
Furthermore, diet and/or vegetation fluoride levels may not have been measured at the appropriate

spatial scale to link these to dietary fluoride exposure. While individuals of each macropodid species

were sampled from across the site, as were foliar fluoride levels, the vegetation was heterogenous and
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some clumping of sampling in particular habitat types occurred (Table 1), likely representing
interspecific differences in habitat preference. Differences in habitat use may result in different species
having different levels of exposure to dietary fluoride even when using the same food types.
Specifically, animals foraging primarily beneath the canopy may have lower exposure than animals
that forage in the open. The swamp wallaby prefers habitat with dense cover (Merchant 2008; Di
Stefano et al. 2009), while the eastern grey kangaroo favours open habitat (Hill 1978) and the red-
necked wallaby uses grassland and open forest mosaics (Southwell 1987). The foliar fluoride sampling
strategy used may have resulted in sampling of grasses/forbs, shrubs/trees and ferns from areas where
they were subject to similar levels of shelter. To assess dietary fluoride exposure of herbivores, it may
be necessary to estimate fluoride accumulation on vegetation within the foraging range of each species,
or even each individual. Further, fluoride levels vary within individual plants according to leaf position
and age, and even within particular parts of the leaf (Doley 1986). Sampling biases may also occurr in
the way in which individual plants are sampled. In particular, closely-packed shrub leaves can reduce
fluoride accumulation (Doley 1986) and if the swamp wallaby browses shrub foliage deeper than the
outer 10-cm layer in which foliar fluoride levels were sampled during this study, dietary fluoride

exposure for this species may have been overestimated.

There was significant seasonal variation in foliar fluoride concentrations, as has been reported
previously (e.g., Murray 1981; O'Connor and Horsman 1982; Bowen 1988), likely related to effects of
weather on plume dispersal, precipitation, leaf age and rate of turnover, morphology and stage of
development or senescence (MacLean et al. 1969; Davison et al. 1973), environmental conditions, and
plant responses to these conditions (Mitchell et al. 1981). For example, older, dry grass is higher in
fluoride than young grass, as new growth has some physical protection at the base of the plant and
young leaves do not have functional stomata through which gaseous fluoride can diffuse (Doley 1986).
In particular, fluoride levels were relatively high during summer, indicating that herbivores
experienced relatively high levels of exposure at this time. Wind direction changes markedly with
season and at this site, predominantly on-shore summer winds deposit emissions over the buffer zone
vegetation, whereas off-shore winds in winter disperse most of the emissions over the ocean (Kinhill
1980). As herbivore diets can change seasonally (e.g., Osawa 1990) studies that examine average diets
across seasons, may not accurately assess dietary fluoride exposure.

Implications for management

Vegetation buffer zones at industrial sites function as sinks for pollutants (Murray 1982). Hence
industrial zones often have degraded landscapes with low biodiversity. At aluminium smelters, these
zones experience higher concentrations of fluoride so may be impacted by its phytotoxic effects
(Weinstein and Davison 2004). Interspecific variation in plant tolerance to fluorides may result in
changes in plant community composition and structure as sensitive tree and shrub species are replaced
by tolerant species (Murray 1981; Weinstein and Davison 2003). However, with appropriate
management, these zones can provide novel habitat for biodiversity conservation as seen at Portland

Aluminium (Coulson et al. 2000). The challenge is to manage these zones to encourage biodiversity
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while minimising the risk of fluorosis. Our study demonstrates the potential for unexpected shifts in the
diets of resident herbivorous wildlife to occur in such a novel environment. Site-specific information
on herbivore diets, coupled with local data on foliar fluoride accumulation, has the potential to enable
managers to mitigate harmful impacts of fluoride on wildlife populations.

Fluoride accumulation on vegetation generally decreases exponentially with the distance from a point
emission source (Divan Jr et al. 2008). Quantification of dietary fluoride levels with respect to distance
from the emission source and recommended limits for dietary fluoride exposure (Suttie 1980; Arnesen
1997) may enable managers to determine an appropriate distance within which to reduce foraging. Our
sampling coverage and intensity for estimation of diet and foliar fluoride levels was not adequate to
examine spatial variation in dietary fluoride exposure, and our results were limited by uncertainty
regarding the foraging range of the animals sampled. This is likely to be important because annual
mean fluoride levels on both grasses/forbs and shrubs/trees exceeded recommended limits for fluoride
content in pasture for livestock (< 30-40 pgF/g, Suttie 1969; USEPA 1979; USEPA 1993; Arnesen
1997), yet the vegetation sampling points in close proximity (< 500 m) to the smelter, where there is
limited wildlife activity due to fencing and roads, heavily influenced the mean, and the median annual

fluoride content was below recommended limits (< 25 pgF/g).

To accurately predict the risks posed by dietary exposure to industrial pollution, monitoring of foliar
fluoride levels at aluminium smelter sites should include all major plant functional groups consumed
by herbivores. Herbivore diets and foliar fluoride accumulation should be estimated at the same spatial
and temporal scale, and this scale should reflect interspecific differences in habitat use. These variables
could also be monitored at finer resolution such as at the level of plant species, because broader
grouping of plants may be inappropriate if herbivores are selecting for particular plant species that
differ markedly in fluoride accumulation. Moreover, given seasonal variation in foliar fluoride levels,
year round analysis of vegetation fluoride levels at this resolution may be required. More
comprehensive information regarding foliar fluoride levels, coupled with information about herbivore
diets may allow managers to predict species-specific fluoride exposure risks and manage wildlife
within buffer zones accordingly to mitigate the impacts of fluoride.
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Table 1: Number of male and females of each macropodid species sampled from each habitat, season,
sampling source and distance from central emission point of the Portland Aluminium Smelter, south-
west Victoria, between 2008-13.

Samole cateqor Eastern grey  Red-necked Swamp
P gory kangaroo wallaby wallaby
Sex Female 11 6 7
Male 9 14 13
Habitat Farm/pasture 16 8 7
Heathland/grassland/scrubland 4 12 13
Season Summer 10 7 7
Autumn 3 2 5
Winter 4 8 2
Spring 3 3 6
Distance* (m) Mean 1229 1280 1308
Median 1233 1123 1154
min, max 782, 1731 657, 2021 510, 2218

*Sampling distance from smelter was not significantly different among species, (ANOVA): F(2, 37) =
0.151, p = 0.86.

Table 2: Linear model predicting (log2 transformed) upgF/g dry matter in three plant groups
(grasses/forbs, shrub/trees and ferns, with grasses/forbs as baseline) by season (summer or winter, with
summer as baseline) and distance from smelter (m) at 19 sites in 2013 at the Portland Aluminium
Smelter, south-west Victoria, SE = standard error, Cl = confidence interval, values in bold are

significant effects.

Coefficients SE of p-value 95% ClI
(B) coefficient
(B)
Intercept 7.017 0.543 5.94; 8.11
Season (winter) -1.381 0.305 <0.001 -1.99, -0.78
Distance -0.002 0.001 <0.001 -0.003, -0.001
Plant group:
Grasses/forbs ? 0 -
Ferns ® -0.699 0.486 0.154 -1.67, 0.267
Shrubs/trees ? 0.048 0.326 0.882 -0.59; 0.69

Identical superscript letters indicate no significant difference (p < 0.001) in post-hoc pairwise
comparisons.
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Table 3: Results of one-factor ANOVAs comparing the mean proportion (square-root transformed

when necessary) of each of the Broad Taxonomic and Functional Group category recorded in stomach

samples collected from swamp wallaby (Wallabia bicolor; SW: n = 20), red-necked wallaby

(Notamacropus rufogriseus; RN: n = 20) and eastern grey kangaroo (Macropus giganteus; EGK: n =

20) between 2008-13 from Portland Aluminium Smelter, south-west Victoria. p values in bold are

significant effects. Where applicable, results for pair-wise comparisons using Tukey’s post-hoc

analysis are included.

Significant p (significant
Comparison m.s d.f. F p pair-wise pair-wise
comparisons  comparisons)
Forb/Climber
Species 0.625 2 14.326 <0.001 EGK vs RN <0.001
Error 0.044 57 EGK vs SW 0.030
RN vs SW 0.023
Shrub/Tree
Species 1.516 2 71.634 <0.001 EGK vs RN <0.001
Error 0.021 57 EGK vs SW <0.001
RN vs SW <0.001
Grass
Species 2.169 2 56.648 <0.001 EGK vs RN <0.001
Error 0.038 57 EGKvs SW  <0.001
Non-grass monocot
Species 0.156 2 7.479 0.001 RN vs SW 0.001
Error 0.021 57
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Fig. 1 Locations of stomach content sample collection from eastern grey kangaroos (Macropus

giganteus; male X] n = 9; female [} n = 11), red-necked wallabies (Notamacropus rufogriseus; male

® n = 14; femal€® , n = 6) and swamp wallabies (Wallabia bicolor; maleV, n = 13; female4, n = 7),

and vegetation sample (M) collection, at the Portland Aluminium Smelter (shaded rectangle) in

Victoria, Australia, between 2008 and 2013

20



Ospring Osummer Bautumn ®winter DOall seasons

140 -
S 120 -
T 100 H~
2
g 80 A
g 60 -
S 40 -
=
sl : i " ]
0 =
grass/forb grass/forb tree/shrub fern
2008-2013 2013 2013 2013

Plant group and sampling period
Fig. 2 Mean (with 95% confidence intervals) fluoride levels measured monthly on grass/forb during
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during summer and winter 2013 on grass/forb (n = 22 per season), tree/shrub (n = 20 per season) and

fern (n = 6 per season)
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Fig. 3 Mean % of fragments (with 95% confidence limits) identified using microhistological
techniques from each of the broad taxonomic groups, dicots, monocots and ferns, in swamp wallaby
(Wallabia bicolor; n = 20), red-necked wallaby (Notamacropus rufogriseus; n = 20) and eastern grey
kangaroo (Macropus giganteus; n = 20) stomach samples collected between 2008-13 from Portland

Aluminium Smelter, south-west Victoria
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Fig. 4 Mean % of fragments (with 95% confidence limits) identified using microhistological

techniques from each plant functional group (forb/climber, shrub/tree, succulent, grass, non-grass

monocot, moss, fern) recorded in swamp wallaby (Wallabia bicolor; n = 20), red-necked wallaby

(Notamacropus rufogriseus; n = 20) and eastern grey kangaroo (Macropus giganteus; n = 20) stomach

samples collected between 2008-13 from Portland Aluminium Smelter, south-west Victoria
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Fig. 5 Non-metric multi-dimensional scaling three-dimensional configuration (each axis displayed in

two dimensions) of the diets of swamp wallaby (Wallabia bicolor; n = 20), red-necked wallaby

(Notamacropus rufogriseus; n = 20) and eastern grey kangaroo (Macropus giganteus; n = 20) based on

a Bray-Curtis matrix of dissimilarities between the percentage of each plant functional group identified

using microhistological techniques in stomach samples collected from Portland Aluminium Smelter,

south-west Victoria between 2008-13 (stress = 0.05). Standardisation (1) was applied within functional

groups
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