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Chapter 1

A multiproxy approach to tracking aridity across Australian landscapes using brushtail

possums (Marsupialia: Phalangeridae: Trichosurus)

1.1 Introduction

Anthropogenic climate and habitat change is affecting vertebrates, including mammals,

across the world (Maclean & Wilson, 2011). Australia, which is dominated by a highly en-

demic fauna and prone to extreme climatic events (Black, Archer, Hand, & Godthelp, 2012;

Black, Price, Archer, & Hand, 2014), has been unduly affected— with one recent estimate

suggesting that more than one–third of the worlds modern mammal extinctions are occur-

ring there (Woinarski, Burbridge, & Harrison, 2015). Additionally, patterns of modern

Australian mammal extinctions are opposite to that of other ecoregions and disproportion-

ately affecting small mammals, even in regions where non–endemic predators are absent

(Murphy & Davies, 2014). Arboreal marsupials in particular may be especially sensitive

to increases in temperature in already warm tropical rainforests in Australia (Williams,

Bolitho, & Fox, 2003). Climate projections indicate a 2.8 ◦C increase in temperature

across Australia by 2050 (a similar temperature increase is projected globally by 2100),

while continent–wide aridification will become more pronounced (Cleugh, Battaglia, Gra-

ham, Smith, 2011). In light of these predictions, it is critical to understand how Australia’s

endemic marsupial fauna may respond to current climate change.

While mammalian responses to climate change can be studied on short timescales, a

deep–time perspective provided by paleontological studies can allow scientists to assess

longer–term responses to climate change, such as during periods of pronounced global

warming or cooling (Cerling, Harris, MacFadden, Leakey, Quade, Eisenmann, Ehleringer,

1997; DeSantis, Feranec, & MacFadden, 2009; Janis, Damuth, & Theodor, 2000; Secord

et al., 2012; Travoullion, Legendre, Archer, & Hand, 2009). Australia has a geological
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past characterized by aridification, resulting in the decline of forests throughout the interior

of the continent (e.g. Black et al., 2014; Hocknull, Zhao, Feng, & Webb, 2007; Kershaw,

Moss, & van der Kaars, 2003; Travoullion et al., Legendre, Archer, & Hand, 2009). Dur-

ing the middle to late Miocene, Australian rainforest habitats were increasingly replaced

by sclerophyll vegetation, while faunal diversity declined and surviving species became

better adapted to more arid and open environments (Travoullion et al., 2009). This pattern

continued through the Pliocene and into the Pleistocene, where continent–wide warming

and habitat change are hypothesized to have caused extinctions in both small and large

marsupial mammals (Hocknull et al., 2007; Kershaw et al., 2003). The Australian Ceno-

zoic paleontological record represents a natural experiment that may improve deep–time

understanding of marsupial responses to habitat and climatic change.

Ice core records can aid in understanding global climate change over the past approx.

800 ka (e.g. Jouzel et al., 2007; Kershaw et al., 2003); other methods are able to assess

climate archives with older and more local signals. Fossil teeth contain a treasure trove of

ecological proxy information. Stable carbon and oxygen isotope analysis of tooth enamel

can indicate the consumption of C3 and/or C4 plants by herbivores, as well as potential

evaporative conditions of their local environment, respectively (Cerling et al., 1997; Mur-

phy, Bowman, & Gagan, 2007a, b; Levin, Cerling, Passey, Harris, & Ehleringer, 2006, Van

der Merwe & Medina, 1991). However, in ecosystems that contain both C3 and C4 grasses

and shrubs (like Australia), dental microwear analysis is able to distinguish the physical

properties and thus, type of vegetation consumed when combined with stable isotope evi-

dence (Prideaux, Ayliffe, DeSantis, Schubert, & Murray 2009; DeSantis, Field, Rowe, &

Dodson, 2017). Proxy methods like these can unlock valuable environmental information

from even small or fragmentary teeth, allowing for widespread application.

Oxygen isotopes reflect water consumed by local animals (Levin, Cerling, Passey, Har-

ris, Ehleringer, 2006), allowing for potential reconstructions of relative aridity. Animals

that predominantly drink free–standing water are termed ’evaporation insensitive’ because
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there are no large changes to their enamel δ 18O values with increased water deficits, while

’evaporation sensitive’ taxa (which obtain dietary water primarily through the consumption

of evaporative plant water) do demonstrate increased δ 18O values with increased aridity

(Levin et al., 2006). δ 18O enamel values in macropodids (i.e. kangaroos and their rela-

tives) are inversely correlated with relative humidity (Murphy et al., 2007a) and are also

higher in warmer and/or dryer environments as compared to cooler and/or wetter environ-

ments in South Australia (Prideaux et al., 2007). Additionally, vegetation and seasonal

changes may be tracked using molar enamel of the genus Macropus (Brookman & Am-

brose, 2012). Vombatid (i.e. wombat) oxygen isotopes can also differentiate whether the

organism occupied arid to semi–arid or temperate to coastal environments in Australia

(Fraser, Günn, Privat, & Gagan, 2008). Relative humidity and mean annual precipitation

significantly predict δ 18O values in koala (Phascolarctos cinerus) enamel, suggesting that

relative aridity can be inferred from arboreal marsupials in addition to ground dwelling

kangaroos (DeSantis & Hedberg, 2017).

Carbon isotopes from tooth enamel can reveal the photosynthetic pathway of the plants

consumed by herbivores, in addition to the relative density of forests occupied and/or the

height at which arboreal taxa consume vegetation (Cerling et al.1997; Murphyet al., 2007b;

Prideaux et al., 2009; van der Merwe & Medina, 1989; van der Merwe & Medina, 1991).

For example, animals occupying more open forests and/or feeding higher in the canopy

where sunlight is the greatest have higher δ 13C values than in more densely canopied

forests and/or when feeding lower in the canopy (van der Merwe & Medina, 1989; van

der Merwe & Medina, 1991; Cerling, Hart, & Hart, 2004). As C3 plants have a mean δ 13C

value of approx. –27‰ and C4 plants have an mean δ 13C value of approx. –12‰ (Cerling

et al., 1997), medium– to large– size marsupial enamel values of –9 to –3‰ are reflec-

tive of a mixed C3 and C4 plant diet (when also considering enrichment rates of approxi-

mately 13.3‰ between the diet and enamel in kangaroos and wombats; Fraser et al., 2008;

Prideaux et al.2009). Subsequently, δ 13C values less than –9‰ suggest the consumption
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of vegetation from dense shrubs and/or forests (based on Cerling et al.1997; Cerling et

al.2004; Prideaux et al.2009; van der Merwe & Medina, 1989; van der Merwe & Medina,

1991).

Analysis of dental microwear can aid in differentiating between disparate diets consist-

ing of tough or hard food items. Unlike stable carbon isotopes, dental microwear captures

the textural properties of food items consumed days to weeks before an animal’s death

(the last supper effect; Grine, 1986). Scale-sensitive fractal analysis of high-resolution 3D

elevation models of dental surfaces allow for dental microwear to be quantified and com-

pared across populations and between different taxa (Ungar, Brown, Bergstrom, & Walkers,

2003; Scott et al., 2005; Scott et al., 2006; DeSantis, 2016). DMTA has been applied to

several macropodids, revealing disparate dental microwear attributes between extant graz-

ers and browsers (DeSantis et al., 2017; Prideaux et al., 2009). DMTA demonstrates that

koalas consume tough foods (as observed) and that higher complexity values in some indi-

viduals may reflect the increased consumption of woody browse in more temperate regions

(Hedberg & DeSantis, 2017). However, more work is needed to better understand if and

how dental microwear textures of enamel wear facets are correlated with different diets

and/or an animal’s local environment including grit loads.

Before proxy methods like stable isotope analysis and DMTA can be used to investi-

gate the environments inhabited by ancient Australian marsupials, they must be calibrated

through the examination of modern relatives. Apart from work performed on koalas (De-

Santis & Hedberg, 2017; Hedberg & DeSantis, 2017), little is known about how arboreal

marsupials track their local climate and environment using either of these proxy meth-

ods. Considering Australia was once dominated by arboreal taxa (prior to the Pliocene;

Travoullion et al., 2009), clarifying if and how arboreal taxa track their local environment

is critical to improving our understanding of ancient environments in Australia. The com-

mon brushtail possum (Trichosurus vulpecula Kerr, 1972) is widely distributed throughout

Australia, present in all states and territories and throughout much of Australia’s interior
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Figure 1.1: Trichosurus vulpecula was sampled from across Australia, while Trichosurus
caninus was sampled throughout its range in the state of Queensland.

(Cruz, Sutherland, Martin, & Leung, 2012; Figure 1.1). Other brushtail possum species are

less widespread, e.g. the short–eared brushtail possum, Trichosurus caninus Ogilby, 1836,

which is found only in eastern Queensland and north-east New South Wales (Lindenmayer,

Dubach, & Viggers, 2002; Figure 1.1). Here, we characterize the stable isotope and den-

tal microwear signatures of both T. vulpecula and T. caninus and examine relationships

between these proxy measurements and direct and/or proxy measurements of climate and

environment.

We hypothesize that Trichosurus Lesson (1828) δ 18O values are negatively correlated

with relative humidity and/or mean annual precipitation and δ 13C values are negatively cor-

related with enhanced vegetation index (EVI; a measure of canopy reflectance, or ’green-

ness’ that is correlated with gross primary productivity (GPP; Glenn, Huete, Nagler, & Nel-

son, 2008; Sims et al., 2006); GPP may correlate more habitable environments and more

nutritious dietary items). Additionally, there is much debate regarding if dental microwear

reflects diet or grit from food items (e.g. Ungar, Grine, & Teaford, 2008; DeSantis, 2016;

Merceron et al., 2016; Xia et al., 2015); thus, we test if grit is responsible for microwear

formation. Specifically, we test the hypothesis that brushtail possums will have higher com-

5



plexity values in more arid environments (i.e. lower relative humidity and/or lower mean

annual precipitation), if grit is largely responsible for dental microwear formation. Lastly,

we also test if increased body size (as inferred from jaw length measurements) is positively

correlated with increased anisotropy and decreased complexity values (as larger subspecies

of T. vulpecula are typically more folivorous than smaller subspecies (Cruz et al., 2012)).

By understanding how extant marsupials track diverse environments and climates, we can

improve our understandings of the ecology and paleobiology of their fossil relatives. In

turn, this can aid in reconstructing long-term responses of marsupials to changing climates,

including the aridification and subsequent opening up of the Australian landscape since the

mid–Cenozoic.

1.2 Methods

1.2.1 Specimens

Stable isotope samples and dental microwear molds were collected from extant speci-

mens of T. caninus (n = 16) and T. vulpecula (n = 169) with associated locality and collec-

tion information. The geographic range of T. caninus is limited to the state of Queensland

and northern New South Wales; however, the geographic range of T. vulpecula spans all

Australian states and territories. Specimens were collected from across the range of each

species with the exception of T. caninus from New South Wales (Figure 1.1). Specimens are

housed at the American Museum of Natural History, New York City, NY, USA (AMNH),

the Australian Museum, Sydney, NSW, AU (AM), the Australian National Wildlife Collec-

tion, Canberra, ACT, AU (ANWC), the Museum Victoria, Melbourne, VIC, AU (NMV),

the Queensland Museum, Brisbane, QLD, AU (QM), the Tasmanian Museum and Art

Gallery, Hobart, TAS, AU (TMAG), and the Western Australian Museum, Perth, WA, AU

(WAM).
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1.2.2 Dental microwear texture analysis

The wear facets of the left or right lower toothrow (p3 – m4) of each specimen were

cleaned with 100% acetone and molded with a polyvinylsiloxane dental impression mate-

rial (President’s Jet, Coltene-Whaledent Corp., Alstatten, CHE). Dental casts were prepared

at Vanderbilt University (Nashville, TN, USA) using Epotek 301 epoxy (Epoxy Technolo-

gies Corp., Billerica, MA, USA). After curing for at least 72 hours, the casts were scanned

under 100x magnification on the Sensofar PLµ NEOX optical 3D surface profiler at Van-

derbilt University, using previously established methods developed by Unga et al., (2003),

Scott et al.(2005), Scott et al.(2006), and slightly modified following Jones & DeSantis

(2017) to maintain comparability between confocal microscopes (see Arman et al., 2016).

Four adjacent scans with a total area of 204 × 276 µm2 were imaged and analyzed using

scale-sensitive fractal analysis (ToothFrax and SFrax, Surfract Corp., www.surfract.com)

to calculate the median values of the DMTA attribute variables anisotropy and complexity.

Anisotropy, or exact proportion Length-scale anisotropy of relief (epLsar), is a measure

of the directionality of features on a surface and is correlated with greater consumption of

tough foods (e.g. leaves or grasses; Scott et al., 2005, Scott et al., 2006; DeSantis, 2016;

Hedberg & DeSantis, 2017; DeSantis, Field, Rowe, & Dodson, 2017; Prideaux et al.2009).

Complexity, or area-scale fractal complexity (Asfc), is a measure of changes in surface

roughness at difference scales; higher values indicate consumption of harder or more brit-

tle foods like fruits and/or seeds (Scott et al., 2005, Scott et al., 2006; DeSantis, 2016;

Prideaux et al., 2009).

1.2.3 Stable isotope analysis

A Dremel-style drill and carbide drill bits were used to sample enamel from the buc-

cal surface of the left or right lower incisor. The dentition of Trichosurus specimens is

small (with the m1 of included specimens ranging in length from 0.44 to 0.64 cm), mak-
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ing molar enamel collection highly destructive in contrast to incisors which are larger and

contain less diagnostic morphological information. Although incisors may have formed

while consuming the mother’s milk and/or during weaning (i.e. reflecting, in part, the

mother’s dietary signal), the effect of the mother’s milk is likely to be a consistent issue

for all of the specimens sampled. As we are only comparing possums to one another,

this should not be an issue and is consistent with prior work (DeSantis & Hedberg, 2017;

Fraser, 2005). The enamel samples were subsequently prepared for analysis at Vanderbilt

University where they were reacted with 30% hydrogen peroxide for at least 24 hours to

remove organic material and 0.1 N acetic acid for 18 hours to remove secondary carbonates

(similar to DeSantis & Hedberg, 2017). Approximately 1mg of each sample was analyzed

on the VG Prism stable isotope ratio mass spectrometer in the Department of Geological

Sciences at the University of Florida, internally calibrated against NBS-19, and reported

in conventional delta notation where δ 18O, δ 13C = (Rsample / Rstandard 1) x 1000, where

R = 18O/16O or 13C/12C ratio. Stable carbon is reported following the Vienna Convention

(Coplen, 1994) in reference to the Pee Dee Belemnite (V-PDB) and stable oxygen values

were converted to standard mean ocean water (V-SMOW) using the equation δ 18OV−SMOW

= 1.03086 * δ 18OV PDB + 30.86 (Friedman & O’Neil, 1977).

1.2.4 Specimen, geographic, and environmental data

All specimens analyzed have locality data, either GPS coordinates (latitude and lon-

gitude data) or written descriptions of locations (e.g. ’Atherton Tableland, 6 mi. S.W.

Ravenshoe, Queensland’ which were converted to GPS coordinates using the WGS 84 da-

tum). The elevation of all coordinate locations were identified using Google Earth Pro

(© 2017 Google). Other information, such as collection date are available on a specimen-

by-specimen basis and were collected from individual specimen labels and/or databases, in-

cluding the Atlas of Living Australia (http://www.ala.org.au) and Vertnet (http://vertnet.org).

The length of each mandible and m1 examined were measured from digital photographs
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containing scale bars using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of

Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.).

Environmental variables, including modeled δ 18O values of local rainfall, climate in-

formation, and vegetation greenness were collected using publicly available resources. The

Online Isotopes in Precipitation Calculator at waterisotopes.org was used to determine the

stable oxygen isotope signature of precipitation (δ 18Ometeoric) at each location (Bowen,

2018; Bowen & Revenaugh, 2003; Bowen, Wassenaar, & Hobson, 2005; IAEA/WMO,

2015). Mean annual precipitation (MAP, mm) and maximum and minimum mean an-

nual temperature (max. MAT and min. MAT, respectively; ◦C) data were collected from

the Australian Government Bureau of Meteorology weather station closest to each location

that possessed at least a decade of records between 1955 and 1995 (Australian Government,

2018; http://www. bom.gov.au/climate/data/). When possible (and as was typically the case

in 86% of all specimens for which temperature data were collected), thirty–year averages

from 1961–1990 were used. Average relative humidity data from the period of 1983 to 2007

were obtained from the NASA Langley Research Center Atmospheric Science Data Center

Surface meteorological and Solar Energy (SSE) web portal supported by the NASA LaRC

POWER Project (https://asdc-arcgis.larc.nasa.gov/portal/home/item.html?id=1c1671fb53-

c94dfdae57d4fd55c0e708). Enhanced Vegetation Index (EVI) or ’greenness’ data was used

as a proxy for primary productivity of a locality (Glenn et al., 2008; Sims et al., 2006) and

was calculated over the period from January 2001 to December 2015 using the MODIS-

/Terra Vegetation Indices Monthly L3 Global 0.05 Deg CMG V006 dataset (Didan, 2015).

1.2.5 Statistical analysis and model development

All analyses were performed in R version 3.2.1 (R core development team) initialized

in R STUDIO version 1.1.442 using the following packages: ’dplyr’ (Wickham, Francois,

Henry, Mller, 2017), ’Hmisc’ (Harrell, 2018), and ’psych’ (Revelle, 2018). The pack-

ages ’raster’ (Hijmans, 2017), ’rgdal’ (Bivand, Keitt, & Rowlingson, 2018), and ’map-

9



Table 1.1: Descriptive statistics for T. vulpecula, T. caninus, and all Trichosurus in each
Australian state or territory.

tools’ (Bivand & Lewin-Koh, 2017) were used for relative humidity and EVI data ex-

traction from spatial files, while the packages ’ggplot2’ (Wickham, 2009) and ’gridEx-

tra’ (Auguie, 2017) were used to visualize data. Descriptive statistics and Shapiro-Wilke

tests of normality were calculated at the species and state levels for δ 18O, δ 13C, com-

plexity (Asfc), and anisotropy (epLsar). Normally-distributed data were compared using

a two-sample Student’s T-test, while non-normally-distributed data were compared using
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a Mann-Whitney U-test. When T. caninus specimens were compared to a subset of T.

vulpecula specimens from the same region (latitudes between 24 and 28 ◦S, and longitudes

between 150 and 153 ◦E), T. caninus has significantly lower δ 18O values than T. vulpecula

(δ 18OT.vul pecula,subregion x̄ = 33.6 ‰, t = 2.7059, p = 0.022; Table ??). Due to this difference,

oxygen isotopes were modeled at both the species and genus level. All other variables (i.e.

carbon isotopes and DMTA attribute values) were not significantly different between the

two species and were modeled only at the genus level. Correlation coefficients between

stable isotope and DMTA variables and specimen collection year, toothrow length, and m1

length were calculated. Single and mixed variable linear regression models between car-

bon and oxygen isotope or microwear attribute values (Asfc and epLsar) and environmental

variables (MAP, max. MAT, min. MAT, RH, EVI) were developed in R. Only max. MAT

is used in constructing multiple linear regressions models, as it was more tightly correlated

with isotopic and microwear values compared to min. MAT. Aikike’s information criteria

(AIC) is used to determine the best performing models; R2, and p values are reported. All

models and associated statistics are noted in Tables 1-3 and Supplementary Table S4-S6.

1.3 Results

All results are noted in Figs. 1.2–1.4, Tables 1.1–1.3, and Supplemental Tables 1.4–1.6.

An α of 0.05 is applied when determining the significance of all p–values.

1.3.1 Modeling stable isotopes

When all Trichosurus taxa are combined, δ 18O values are best modeled by a combina-

tion of max. MAT, MAP, and MARH (Table 1.2). EVI, MAP, and MARH are positively

correlated with δ 18O enamel values, while max. MAT is negatively correlated with δ 18O

values (Table 1.2). When analyzing the two species separately, T. vulpecula δ 18O is best

predicted by a model of max. MAT and MARH, while AIC values indicate T. caninus δ 18O

is best predicted by max MAT, MAP, MARH, EVI and δ 18Ometeoric (Table 1.5). Stable car-
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Figure 1.2: Stable oxygen and stable carbon compared to environmental variables.
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Table 1.2: Models predicting stable isotope values for all Trichosurus. Here, MAT refers
to max. MAT. Asterisks indicate significance at α = 0.05, while grey highlighted rows are
the models with the lowest AIC score.

bon isotopes for all Trichosurus are best predicted by a combined model of max. MAT,

MARH, and EVI, while the only single variable models to predict δ 13C are latitude and

max. MAT (in order of increasing predictive power; Table 1.2). We also examined the rela-

tionship between stable isotope values and monthly environmental parameters (Table 1.4),
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which vary in significance and predictability between months and variables. While there

was no significiant correlation between possum size and stable oxygen values from tooth

enamel (p = 0.117), toothrow length (p3 –m4) is negatively correlated with stable carbon

isotope values (p = 0.005, R2 = 0.081) and latitude (p <0.001, R2 = 0.287). It should also

be noted that latitude and max. MAT are also strongly correlated in this dataset (p <0.001,

R2 = 0.85).

NSW            QLD             TAS           QLD
NT                SA                VIC
WA

μm
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0

A.                                B.
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Figure 1.3: A. A high anisotropy dental microwear texture. T. vulpecula, right m1, AMNH
M160348. B. A high complexity dental microwear texture. T. vulpecula, left m2, NMV
C18837. C. Complexity (Asfc) compared to anisotropy (epLsar) of all Trichosurus speci-
mens, including the two specimens shown in fig. 3a-b.
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Figure 1.4: Anisotropy (epLsar) and complexity (Asfc) compared to environmental vari-
ables.
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Table 1.3: Models predicting DMTA values for all Trichosurus. Here, MAT refers to max.
MAT. Asterisks indicate significance at α = 0.05, while grey highlighted rows are the mod-
els with the lowest AIC score.

1.3.2 Modeling dental microwear textures

There are no differences in anisotropy and complexity between Trichosurus caninus

and Trichosurus vulpecula specimens from the same latitudinal and longitudinal ranges,

therefore all taxa were grouped together for model analysis. All possums have complexity

(Asfc) values between 0.59 and 9.47 and anisotropy (epLsar) values between 0.0009 and

0.0088 (Table 1.1 and Figure 1.3). Complexity and anisotropy are best modeled by max.

MAT (note that latitude has a stronger negative relationship with complexity than max.

MAT; Table 1.3). When DMTA attribute values were matched to climate data from the

month of specimen collection, mean maximum temperature is best predicted by complexity.

No variables significantly modeled anisotropy (Table 1.6). There are also no significant

correlations between possum size and anisotropy and complexity values (p = 0.906 and p

= 0.794, respectively).
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1.4 Discussion

1.4.1 Tracking climate and environment via stable isotopes

Stable oxygen values of Trichosurus enamel are comparable to those of other mar-

supials, including macropods, wombats, and koalas (Prideaux et al., 2007, DeSantis &

Hedberg, 2017); however, the range of Trichosurus δ 18O values reported here (Table ??) is

greater than that of koalas (which range between 31.2-34.4‰; DeSantis & Hedberg, 2017).

Trichosurus are recording almost as wide of a range of oxygen isotopes as macropodids

and vombatids (which is reported to be 23.4-39.7‰ byPrideaux et al.(2007)), but show no

correlation with latitude (Table 1.1) unlike other marsupials. Max. MAT, which strongly

co-varies with latitude in these specimens, is significantly related to Trichosurus δ 18O but

only weakly so. Trichosurus δ 18O values from tooth enamel are significantly correlated

with relative humidity, where MARH explains almost twice as much variation as MAP, yet

both are negatively correlated with δ 18O enamel values (Figure 1.2, Table 1.2).

However, these negative relationships are consistently weaker than in other marsupials

(Prideaux et al., 2007; Murphy, 2007a; DeSantis & Hedberg, 2017). Prideaux et al.(2007)

found that kangaroo δ 18O was higher in low rainfall climates than in moderate or high

rainfall climates. Murphy et al. (2007a) demonstrated temperature is only effective at pre-

dicting kangaroo δ 18O when relative humidity is included in the model, and that this inter-

action explained over half the variation in δ 18O values. In koalas (Phascolarctos cinereus)

from sites in Queensland and New South Wales, stable oxygen isotopes are best predicted

by MAP and the δ 18O values of local meteoric water (DeSantis & Hedberg, 2017). This

is expected for taxa who do not consume free-standing water (evaporation sensitive taxa

using terms from (Levin et al., 2006)), whose oxygen isotope signal is influenced by leaf

evapotranspiration and thus reliant on relative humidity (Murphy et al., 2007a; Farquhar

& Lloyd; 1993). Both MAP and relative humidity were negatively correlated with pos-

sum δ 18O enamel values. However, Trichosurus stable oxygen isotopes are best predicted
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by integrating all climatic variables (not EVI or δ 18Ometeoric), demonstrating increased

δ 18O enamel values with increased mean annual maximum temperatures and decreased

mean annual precipitation and mean annual relative humidity (i.e. hotter and drier con-

ditions). While this relationship only accounts for a fifth of the total variation present in

this system, it does indicate that enamel stable oxygen isotopes in Trichosurus are capable

of tracking relative aridity across the landscape. Thus, our first hypothesis is correct, de-

spite the relationship between δ 18O and aridity being less strong than would be expected

based on results in macropodids and phascolarctids. All arboreal marsupials so far exam-

ined show significant positive relationships with increasingly arid environments (i.e. lower

MAP and/or relative humidity).

Small amounts of variation within Trichosurus stable oxygen values could be due to

dietary variability between individuals. In other arboreal taxa, e.g. primates, consumption

of leaves (versus fruits) and/or understory (versus canopy or sub-canopy) plant material can

results in lower δ 18O values (Cerling et al., 2004; Roberts, Blumenthal, Dittus, Wedage,

& Lee-Thorp, 2017). Foraging height data for brushtail possums is sparse; T. vulpecula in

QLD are reported to forage at canopy heights of 7–10m, while T. caninus is noted to include

more understory plants in its diet (How, 1978; Laurance, Laurance, & Hilbert, 2008). This

may contribute to the difference in average δ 18O value between T. caninus and Trichosu-

rus sampled from the same subregion. However, variation within Trichosurus δ 18O values

may also be due to the differences in the proportion of fruits and leaves in individuals diets.

Roberts et al. (2017) reported that within the same forest consuming 100% fruits versus

100% leaves can result in 2‰ enrichment in δ 18O. Additionally, flowers have a δ 18O sig-

nature intermediate to fruits and leaves (Roberts et al., 2017). In the Northern Territory and

Western Australia Trichosurus populations, flowers may contribute between 10 to 98% of

a possums diet, with the rest being fruits and invertebrates, not leaves (Cruz et al., 2012;

Kerle, 1998; Molloy & Davis, 2017). However, in Queensland, Trichosurus consumes

primarily leaves, with some individuals consuming between 30-45% of their diet in fruits
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and flowers (Cruz et al., 2012; DeGabriel, Moore, Foley, Johnson, 2009). In south east-

ern Australia, possums primarily consume foliage (Cruz et al., 2012). These widespread

differences in diet across the range of Trichosurus may contribute relatively small (<2‰)

variation in brushtail possum stable oxygen values. Despite the minor influence of diet, it

is apparent that possums appear to be ’evaporation sensitive’ taxa (per Levin et al., 2006),

as they do track relative water deficits as inferred from MAP and relative humidity and are

not significantly correlated with modeled δ 18Ometeoric values.

Brushtail possum stable carbon isotopes are poorly predicted by the environmental pa-

rameters tested here. Of the single variable models that significantly predicted δ 13C, max.

MAT was the strongest, followed by latitude (Table 1.2). Latitude and max. MAT positively

co-vary as a regions temperature is strongly correlated with latitude (p <<0.001, R = 0.85).

The multi-attribute model that best predicts δ 13C incorporates max MAT, MARH, and EVI

(Table 1.2), which could cause (in the case of MAT and MARH) and reflect (in the case of

EVI) differences in the floral communities between sites. Ecological niche modeling of T.

vulpecula from southwest Australia shows a combined precipitation and temperature vari-

able (specifically precipitation of the coldest month) strongly contributes towards model

fit, but that annual precipitation has a greater effect (Molloy, Davis, & van Etten, 2016).

Temperature and rainfall seasonality (mean temperature of the wettest quarter) has been

identified as a key difference in the ecology of T. caninus and the more southern Trichosu-

rus cunninghami (Fischer, Lindenmayer, Nix, Stein, & Stein, 2001). Interactions between

precipitation and temperature appear to interactively affect brushtail possum ecology.

Other factors may also be contributing to the wide range of δ 13C values seen here

(which range from -19.2 to -9.1‰). The lack of correlation between δ 13C and EVI suggests

that possums are not tracking changes in local landscape greenness as per our second hy-

pothesis. This instead indicates that even in more arid regions, Trichosurus is preferentially

consuming C3 vegetation from denser trees/shrubs than may be ’typical’ of that environ-

ment. This is consistent with reports that brushtail possums in arid, naturally un–forested
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central and semi–arid northern Australian areas will congregate around tree–lined creeks

and canals (Burbridge, Johnson, Fuller, & Southgrate, 1988; Munks, Corkrey, & Foley,

1996). Possum δ 13C may reflect diet or the height at which vegetation is consumed in

the forest canopy. Neither MARH, MAP, max. MAT, or a combination of these variables

predict koala stable carbon isotopes; thus, koala δ 13C was interpreted as tracking canopy

density and/or feeding height (DeSantis & Hedberg, 2017).

The range of δ 13C values presented here (Table 1.1) is within the range expected for

diets composed of predominantly C3 vegetation, but Trichosurus δ 13C values may be more

difficult to interpret as brushtail possums have a greater dietary range than koalas, incorpo-

rating foliage as well as fruits, flowers, seeds, fungi, and animal material (e.g. Cruz et al.,

2012; DeGabriel et al., 2009; Fulton, 2017; Gloury & Handasyde, 2015; How, 1978; How

& Hillcox, 2000, Johnson, McQuillian, Kirkpatrick, 2011; Kerle, 1998). δ 13C enamel val-

ues are reflective of latitudinal temperature gradients and similarly track vegetation much

like has been documented in horses and rodents (Cerling et al., 1997; Morgan, Kingston,

& Marino, 1994; MacFadden, Cerling, Harris, & Prado, 1999; Smiley, Cotton, Badgely, &

Cerling, 2016). Non-foliage items such as fruit often have higher δ 13C values (approxi-

mately 1.1‰ or greater) than foliage from the same plants (Cernusak et al., 2009; Roberts

et al., 2017), so possum diets with higher proportions of non-foliage items are expected to

have more positive δ 13C values than possums eating a high foliage diet. Tasmanian and

South Australian brushtail possums have lower δ 13C mean values than possums in other

states and territories. Brushtail possums in these states are more folivorous than possums

found elsewhere (Cruz et al., 2012); a primarily folivorous diet may explain this variation.

Additionally, possum body size (indicated by toothrow length) is significantly and nega-

tively related to both δ 13C and latitude. Trichosurus has been found to follow Bergmann’s

Rule, which theorizes that endotherm body size decreases as latitude (and temperature)

does (Bergmann, 1847; Kerle, McKay, & Sharman, 1991; Yom-Tov, Green, & Coleman,

2009). Decreases in possum body size associated with latitude and underlying temperature
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gradients may make a more frugivorous and/or omnivorous diet more feasible in terms of

locating higher quality food items and consuming enough to provide for the individuals en-

ergy requirements (Cruz et al., 2012; Kerle et al., 1991) which are higher per unit biomass

than larger animals (Demment & Van Soest, 1985).

1.4.2 Dental microwear textures, climate, and diet

There is still much debate about whether microwear in herbivores is formed through

interactions between dental enamel and exogenous grit, which is expected to vary with en-

vironmental conditions, or endogenous phytoliths, the amount of which consumed would

vary with different diets (Ungar et al., 2008 2008; DeSantis, 2016; Merceron et al., 2016;

Xia et al., 2015). An analysis of Paranthropous boisei, a fossil hominin dubbed the

Nutcracker Man for its large, apparently crushing dentition, reignited this debate when

microwear across the species was found to indicate a tough, rather than hard (as expected)

diet (Ungar et al., 2008). However, experimental studies have shown that materials softer

than enamel (e.g. aluminum, brass, and amorphous silica) can create wear patterns through

enamel removal (Xia et al., 2015), while experimental feeding studies showed grazing and

browsing microwear signatures are preserved, even when diets have been supplemented

with exogenous grit in sheep (Merceron et al., 2016). In rabbits, seed consumption is not

needed to form pitted textures, but can occur through phytolith contact with teeth instead;

additionally, low-silica diets have more textural variation than high-silica diets (Schulz et

al., 2013). When examining wild-caught rodents in environments with different grit loads,

Burgman, Leichliter, Avenant, & Ungar (2016) found a lack of consistent environmen-

tal effect on microwear variables, suggesting that differences in African rodent microwear

textures were due to dietary flexibility and differences in available vegetation across the

habitats examined. Microwear textures consistently correlate with diet across a range of

mammalian taxa (e.g. ungulates, primates, rodents, and marsupials; DeSantis, 2016; Mer-

ceron et al., 2016; Scott et al., 2012; Xia et al., 2015), even across large spatial scales.
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However, the debate regarding dental microwear formation continues.

It was hypothesized that if abrasion via grit consumption is a primary mechanism of mi-

crowear formation, anisotropy would be positively related to increasingly arid conditions.

However, there was no relationship between anisotropy and RH or MAP and only a very

weak positive relationship with maximum MAT (Table 1.3, Figure 1.4), indicating that the

possums microwear signal was not affected by warmer or drier conditions as per our third

hypothesis. The relationship between anisotropy and temperature understandably mirrors

the relationship between anisotropy and latitude in direction and magnitude; as discussed

above, temperature and latitude co-vary strongly. This covariance is also seen in the rela-

tionship between complexity and temperature and latitude, though increasing complexity

is negatively related to these attributes. Interestingly, there is no relationship between EVI

and complexity or anisotropy, with possums consuming foods with similarly wide varia-

tion in toughness or hardness regardless of the type of environment they are occupying.

This lack of correlation between climate/environment and microwear suggests that possum

microwear is tracking the diets of the possums. Brushtail possum microwear is highly vari-

able (Figure 1.3), with some individuals eating tough foods and others eating hard foods

(as inferred from high epLsar or high Asfc values, respectively).

This variation in dietary strategies is expected, given the variety of food items (e.g.

leaves, fruits, flowers, invertebrates, etc.; Cruz et al., 2012; DeGabrie et al., 2009, Fulton,

2017; Gloury & Handasyde, 2015; How, 1978; How & Hillcox, 2000, Johnson et al.,

2011; Kerle, 1998; Kerle, 2001) that are consumed by brushtail possums. Foliage is a

major component of most Trichosurus individuals diets (DeGabriel et al., 2009; Gloury &

Handasyde, 2015; Kerle, 2001), yet few possums show high epLsar values of greater than

0.006 (8.6%) and low complexity signal (Asfc <2) that would indicate a predominantly

folivorous diet (based on Hedberg & DeSantis, 2017 and Scott et al., 2006). In comparison

to koalas eating a primarily folivorous diet (Martin & Handasyde, 1999), possums have

microwear signatures that are on average more complex and less anisotropic than koalas
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(see Hedberg & DeSantis, 2017). However, at least some of the possums analyzed here

have diets that are as anisotropic, and thus as tough as the toughest koala diets (Hedberg &

DeSantis, 2017).

While possums are traditionally classified as folivores, Trichosurus microwear values

are similar to those of Cercocebus atys, the frugivorous sooty mangabey (Scott, Teaford, &

Ungar, 2012), and Trichosurus diets vary in the amount of foliage consumed across their

range (Cruz et al., 2012). At least 35% of T. vulpecula’s diet in southern Western Aus-

tralian diet is foliage, followed by at least 20% flowers, and approximately 10% each of

fruits and seeds (Cruz et al., 2012). In Australias arid central region, acacia flowers and

leaves, Amyema maidenii (mistletoe) leaves, and Solanum centrale fruits composed the ma-

jority of T. vulpecula diets, with <1% being eucalyptus foliage (Evans, 1992). T. vulpecula

in northern Australia have also been reported to consume a diet high in mangrove fruits

and flowers (Kerle, 1984; Kerle, 1985; Kerle & Burgman, 1984). In Queensland, T. vulpec-

ula consumes higher degrees of foliage, with Cape York possum scat containing 80% leaf

matter, while populations on Queenslands central coast spent 55-70% of their feeding time

on foliage and the remainder on flowers and fruits (Freeland & Winter, 1975; Kerle, 1984;

Proctor-Grey, 1984). Victorian population of T. vulpecula consumed up to 90% of its diet in

eucalyptus leaves (Kerle, 1984). Similarly, populations across eastern Australia consumed

large amounts of eucalyptus leaves (Owen & Thompson, 1965). The diets of Tasmanian

T. vulpecula are predominantly folivorous, supplemented with fungi and minor amounts of

flowers, fruits, and pollen (Fitzgerald, 1984; Statham, 1984). T. caninus consumes Acacia

foliage and some understory plants (How, 1978). As possums are known to consume both

hard and tough foods (e.g. fruits and leaves, respectively), the predominantly hard-food

DMTA signature presented here suggests that hard-food consumption may overwrite the

microwear textures produced when consuming tough-food items in possums. (It has also

been suggested that abrasive foods may overwrite the microwear left by less abrasive foods,

however this may apply more to ground-dwelling organism such as rodents and ungulates
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(Schulz et al., 2013).) This may be more expected in smaller possums, as there is evidence

that smaller subspecies of Trichosurus have more varied diets (Cruz et al., 2012). How-

ever, per our fourth hypothesis, neither anisotropy or complexity is significantly correlated

to toothrow or m1 length. Experimental work with primates may help to resolve the de-

tails of dental microwear formation, although much can be learned from examining dental

microwear relationships with climatic variables.

1.5 Conclusion

The brushtail possums analyzed here appear to track climatic conditions via stable iso-

topes in tooth enamel, including relative aridity via oxygen isotopes and temperature via

carbon isotopes. In assemblages dominated by possums and/or other arboreal taxa, general

climate conditions and local vegetative resources may be inferred. Conversely, the lack of

relationships between dental microwear textures and climatic variables suggests that higher

grit loads (as inferred to occur in drier and dustier environments) are not primary driver of

dental microwear. Instead, brushtail possums have highly variable DMTA attribute values

that suggest the consumption of tough and/or hard food items, consistent with observed di-

ets including both foliage and fruits, flowers, and seeds. Proxies like stable isotope analysis

and DTMA can provide an added layer of insight into the lives of organisms that could not

otherwise be gained. Examining the paleoecology of fossil organisms and thier responses

to climate and habitat alteration can help us understand not only the evolutionary trajecto-

ries of these organisms through deep time, but the driving forces behind these patterns.
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SUPPLEMENTAL TABLES

Table 1.4: Relationships between stable isotope and microwear variables and all individual
annual and monthly variables. Asterisks indicate significance with an α = 0.05. Dashes
indicate the relationship was not tested.
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Table 1.4: Cont’d. Relationships between stable isotope and microwear variables and all
individual annual and monthly variables. Asterisks indicate significance with an α = 0.05.

26



Table 1.4: Cont’d. Relationships between stable isotope and microwear variables and all
individual annual and monthly variables. Asterisks indicate significance with an α = 0.05.
Dashes indicate the relationship was not tested.
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Table 1.5: Models predicting stable oxygen isotope values for Trichosurus vulpecula and
Trichosurus caninus. Here, MAT refers to max. MAT. Asterisks indicate significance at α

= 0.05. The model with the lowest AIC score is highlighted grey, unless p >0.05. If so, the
model is outlined in black and the model with the second lowest AIC score highlighted.
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Table 1.6: Models predicting DMTA values for all Trichosurus. All environmental vari-
ables have been matched to the month of specimen collection. Here, MAT refers to max.
MAT. Asterisks indicate significance at α = 0.05. The model with the lowest AIC score is
highlighted grey, unless p >0.05. If so, the model is outlined in black and the model with
the second lowest AIC score highlighted.
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