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ABSTRACT

Marsupial research, conservation, and management can benefit greatly from knowledge about glucocor-
ticoid (GC) secretion patterns because GCs influence numerous aspects of physiology and play a crucial
role in regulating an animal’s response to stressors. Faecal glucocorticoid metabolites (FGM) offer a non-
invasive tool for tracking changes in GCs over time. To date, there are relatively few validated assays for
marsupials compared with other taxa, and those that have been published generally test only one assay.
However, different assays can yield very different signals of adrenal activity. The goal of this study was to
compare the performance of five different enzyme immunoassays (EIAs) for monitoring adrenocortical
activity via FGM in 13 marsupial species. We monitored FGM response to two types of events: biological
stressors (e.g., transport, novel environment) and pharmacological stimulation (ACTH injection). For each
individual animal and assay, FGM peaks were identified using the iterative baseline approach.
Performance of the EIAs for each species was evaluated by determining (1) the percent of individuals with
a detectable peak 0.125-4.5 days post-event, and (2) the biological sensitivity of the assay as measured
by strength of the post-event response relative to baseline variability (Z-score). Assays were defined as
successful if they detected a peak in at least 50% of the individuals and the mean species response had
a Z > 2. By this criterion, at least one assay was successful in 10 of the 13 species, but the best-
performing assay varied among species, even those species that were closely related. Furthermore, the
ability to confidently assess assay performance was influenced by the experimental protocols used. We
discuss the implications of our findings for biological validation studies.
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1. Introduction

Marsupials exhibit several unique physiological, reproductive,
and ecological traits compared with other mammals, making them
important for understanding basic endocrine function. Indeed, the
potential influence of hormones on individual fitness is well illus-
trated in dasyurids, which provide a particularly unique example
of endocrine-mediated life history strategy — the complete male
die-off at the end of the breeding season. This die-off is a result
of a failure in the negative feedback system of the hypothalamic-
pituitary-adrenal axis resulting in extended, elevated GC produc-
tion which becomes deleterious to the health of the animal
(Bradley, 2003; Naylor et al., 2008). However, aside from a few
well-studied examples, there is still relatively little known about
basic endocrinology and particularly adrenal function for many
marsupial species (Hing et al., 2014; McDonald, 1977). Further-
more, more than 30% of Australian mammals are classified as
threatened (Woinarski et al., 2014), and nearly 50% of recent mam-
malian extinctions have occurred in Australia (Short and Smith,
1994). Conservation efforts are key to species survival, and reloca-
tion to predator-free sanctuaries and captive breeding programs
have become important management practices to help sustain
dwindling marsupial populations (Selwood and Cui, 2006;
Sheean et al., 2012).

Glucocorticoids (GCs) are secreted by the adrenal glands and
regulate several aspects of physiology, including stress physiology.
Because GCs play a broad role in energy regulation and homeosta-
sis (Sapolsky et al., 2000), their characterisation as only a “stress”
hormone is a misnomer. At baseline levels, GCs help regulate circa-
dian and circannual rhythms (Dallmann et al., 2006), promote
healthy reproductive function (Whirledge and Cidlowski, 2013),
and facilitate immune function (Padgett and Glaser, 2003). These
diverse roles are illustrated by the dramatic physiological effects
of chronic GC elevation, including reproductive suppression,
impaired immune function, muscle wasting, and decreased cogni-
tive function (McEwen, 1998; Sapolsky, 2002). Individual differ-
ences in GC have also been associated with variation in
behaviour (Carere et al., 2010; Koolhaas et al., 2010), and may
underlie individual differences in fitness or life history strategies.
Therefore, monitoring patterns of adrenocortical activity in marsu-
pials could facilitate the evaluation of conservation efforts on
health, welfare, and reproductive success.

Until recently, blood samples were needed to monitor GC pat-
terns, but advances in methods for monitoring faecal glucocorti-
coid metabolites (FGM) have made it possible to measure GC
repeatedly in the same free-living individuals without the need
for capture or restraint (Sheriff et al., 2011). Since changes in hor-
mone concentrations (not just absolute values) are a key determi-
nant of endocrine function, FGM monitoring allows us to develop
an understanding of critical elements of endocrinology that are dif-
ficult to monitor using traditional techniques. In addition, FGM
provide a pooled estimate of circulating hormone concentrations
(Mostl and Palme, 2002; Sheriff et al., 2011; Wielebnowski and
Watters, 2007), thereby reducing the pulsatile patterns present in
serum and offering a more integrated measure of adrenal function.
These features arguably make FGM more useful for answering
large-scale questions about conservation biology, individual varia-
tion, and animal welfare (Palme, 2012; Sheriff et al., 2011).

While FGM monitoring has great potential, it also presents sev-
eral methodological challenges deriving from the fact that circulat-
ing GCs are metabolized into a diverse array of molecules by liver
and gut bacteria prior to excretion (Palme et al., 2005; Touma and
Palme, 2005; Wielebnowski and Watters, 2007). Steroid metabo-
lism can differ as a function of species, sex, diet, age, and season
(Goymann, 2012), so one must first ensure that the FGM detected

by a specific assay reflect biologically relevant changes in adreno-
cortical activity (Touma and Palme, 2005). Typically, this biological
validation is achieved by stimulating adrenocortical GC production
pharmacologically (ACTH injection) or biologically (environmental
stressor), and monitoring changes in FGM following this event.
Assay selection is an important but often undervalued aspect of
biological validation (Palme, 2005). Assay performance varies
based on the ligand against which the antibody was raised, the part
of the ligand recognised by the antibody, the range of FGM to
which the antibody binds, cross-reactivity with metabolites of
other (particularly gonadal) hormones, and the match between
the antibody binding and a species’ FGM profile (Mostl et al.,
2005; Palme et al., 2005). In recent years, an increasing number
of studies have sought to biologically validate an assay for moni-
toring FGM in a specific marsupial species (Davies et al., 2013;
Hogan et al, 2011, 2012; Johnston et al., 2013; Keeley et al,,
2012; McKenzie and Deane, 2005; Narayan et al., 2014, 2013;
Oates et al., 2007), but none have directly compared the perfor-
mance of multiple assays across species.

In this study, we aimed to compare the performance of five
enzyme immunoassays (EIAs) for monitoring adrenocortical activ-
ity in 13 species representing three orders of Australian marsupi-
als. We first identified overall similarities and differences in the
performance of the five assays, controlling for species and individ-
ual differences. We then assessed EIA performance within each
species by (1) identifying the percent of individuals who had a
detectable post-event peak in each assay, (2) quantifying the
strength of the post-event response (signal) relative to the amount
of variation (noise) in the baseline, and (3) evaluating timing of
peaks relative to the event. Finally, we discuss which assays were
most effective for each species and consider the pattern of assay
performance across taxonomic categories. Our data facilitate dis-
cussion of key aspects of study design that influence the probabil-
ity of detecting a peak and we outline strategies to follow when
biologically validating FGM assays.

2. Materials and methods
2.1. Study species and stressors

This study included a total of 44 individuals from 13 marsupial
species representing three Marsupialia Orders (see Table 1 for
details, including the number of males and females of each spe-
cies). All animals were permanently housed in captivity except
for western grey kangaroos (wild-caught and temporarily held in
holding pens) and the northern hairy-nosed wombat (undergoing
rehabilitation). All animals were adults except the northern
hairy-nosed wombat, which was a juvenile. All procedures were
approved by the appropriate ethics committees and review boards.

For seven species, an ACTH challenge was used to pharmacolog-
ically stimulate the adrenal cortex (see Table 1 for manufacturer
and dose). ACTH was administered as a single intramuscular injec-
tion of Synacthen (25IU/ml) or Synacthen Depot (100 IU/ml;
Novartis, Basel, Switzerland) or Corticotropin (80 IU/ml; Wedge-
wood Pharmacy, New Jersey, USA). This injection was administered
under anaesthesia to two species (Tasmanian devils and koalas)
and without anaesthesia to five species (numbats, bilbies, woylies,
eastern grey kangaroo, and western grey kangaroo).

For the remaining six species, pre-scheduled biological stressors
were used (Table 1). Three species were transferred from one insti-
tution to another within Australia and sample collection was initi-
ated as soon as they arrived at the new institution. For yellow-
bellied gliders, and southern bettongs, transit time was 5-6 h via
plane and automobile. For the long-nosed potoroo, transit time
was approximately 1 h via automobile. In these cases, peak values



Table 1

Information for species used in this study. “Abb.” indicates the species abbreviation used in subsequent tables and figures (first letter of the Genus plus first two letters of the species). Reference provided if samples were previously used

in another study (Note: one female Bpe was tested twice under different conditions and appears in both Bpe rows).

Order Species Abb.  # Animals (Male. Location Stressor (manufacturer) ACTH dose (IU/  Extraction (faeces/ References
Fem) kg) MeOH)
Dasyuromorphia ~ Numbat Mfa 2.2 Perth Zoo ACTH (Synacthen) 3 0.2 £0.01 g dry/ Hogan et al.
Myrmecobius fasciatus 4.5 mL (2012)
Tasmanian devil Sha 2.2 Taronga Western Plains Zoo ACTH (Synacthen) 4 0.2+0.01gdry/4mL Keeley et al.
Sarcophilus harrisii (2012)
Peramelemorphia Bilby Mla 22 Dreamworld & Currumbin Sanctuaries ACTH (Synacthen) 3 0.2+0.01 gdry/5mL Narayan et al.
Macrotis lagotis (2014)
Diprotodontia Koala Pci 2.2 Taronga Zoo ACTH (Synacthen) 7 0.5+0.01 g wet/5mL Narayan et al.
Phascolarctos cinereus (2013)
Northern hairy-nosed Lkr 0.1 Department of Environment and Heritage Moved enclosures 0.5+0.01 g wet/5 mL
wombat Protection
Lasiorhinus krefftii
Southern hairy-nosed Lla 0.3 Rockhampton Botanical Gardens and Zoo Vet check/capture 0.5+0.01 g wet/5mL Hogan et al.
wombat (2011)
Lasiorhinus latifrons
Mountain pygmy- Bpa 44 Healesville Sanctuary Mating introductions 0.05 +0.001 g wet/
possum 1mL
Burramys parvus
Yellow-bellied glider Pau 2.0 Moonlit Sanctuary Transfer 0.5+0.01 g wet/5 mL
Petaurus australis
Long-nosed potoroo Ptr 1.0 Moonlit Sanctuary Transfer 0.05 £ 0.001 g wet/
Potorous tridactylus 1mL
Woylie Bpe 2.1 Perth Zoo ACTH (Synacthen) 6 0.2 £0.01 g dry/
Bettongia penicillata 4.5 mL
Bpe2 0.1 Perth Zoo Moved enclosures + ACTH 9 0.2+£0.01 g dry/
(Synacthen) 4.5 mL
Southern bettong Bga 2.0 Moonlit Sanctuary Transfer 0.5 +0.01 g wet/5 mL
Bettongia gaimardi
Eastern grey kangaroo Mgi 13 Currumbin Wildlife Sanctuary ACTH (Corticotropin) 10 0.5+0.01 g wet/5 mL
Macropus giganteus
Western grey kangaroo Mfu 3.1 Fowlers Gap, Broken Hill, NSW ACTH (Synact. depot) 10 0.5+0.01 g wet/5 mL

Macropus fuliginosus
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were expected immediately, so sample collection continued at least
10 days following transport to ensure baseline FGM values could be
adequately measured. The northern hairy-nosed wombat was a
juvenile female that was being hand-reared; once weaned, she
was transferred to an outdoor enclosure, which served as the stres-
sor for this study. For the mountain pygmy-possums, males were
moved into females’ enclosures for mating. Samples were collected
before, during, and after the introduction when individuals were
being weighed, so all samples are from known individuals. For the
southern hairy-nosed wombats, animals were caught and anaes-
thetized for a routine vet check or to re-fit a radio-telemetry collar.

2.2. Collection and extraction of faecal samples

An average of 14.5 samples (range: 6-34 samples) were col-
lected from each individual. Faecal samples were stored at a min-
imum of —20 °C for no more than four years. Samples were shipped
overnight on ice to the Wildlife Reproductive Centre (Dubbo, NSW,
Australia), where they were extracted just prior to the start of this

study (but see below for two exceptions). Therefore, in most cases
the extracts used in this study were not the same extracts that
were used in the papers referenced in Table 1. FGM were extracted
by suspension in 80% methanol, typically using 0.5 g faeces in 5 mL
methanol (Palme et al., 2013). This protocol was adjusted (as stated
in Table 1) when a species’ samples were exceptionally small or
had been previously dried (overnight at ~65 °C, pulverized, and
sifted to remove debris). For individual samples that did not have
sufficient material to reach the specified faecal volume, the volume
of methanol was reduced accordingly (e.g., 0.25 g faeces in 2.5 mL
methanol); this adjustment was made for no more than 5% of sam-
ples per individual. Faeces were weighed into a glass vial, 80%
methanol was added, and samples were vortexed and placed on
a rotator at ambient temperature overnight. The next morning,
vials were centrifuged for 15 min at 1000 g. The supernatant was
decanted into a clean glass scintillation vial and stored at —20 °C
until analysis. In two cases, faecal material was not available for
re-extraction, so we used existing extracts. For numbats, methanol
extracts were stored for two years at —80°C and then —20°C

Table 2
Information for enzyme immunoassays used in this study. The reference is provided for the first description of the assay (commercial kit excepted).
Source Assay ID Immunogen Sensitivity  Intra- References
(ng/ml) assay CV
(high, low)

Coralie Munro (University ~ Cortisol ~ Cortisol 0.08 34,63 Munro and
of California Davis, (R4866) 3-CMO: BSA Stabenfeldt
California, USA) (1985)

3-CMO : BSA —
Cs6 Corticosterone 0.098 4.2,12.0 Watson et al.
(CJM06)  3-CMO: BSA (2013)
3-CMO : BSA —

Arbor Assays (Ann Arbor, AAcort Corticosterone 0.08 3.8

Michigan, USA) 3-CMO: BSA
3-CMO :BSA —

Rupert Palme (University 72a 11-Oxoaetiocholanolone 0.04 9.2, 145 Palme and
of Vet Medicine Vienna, 3-HS: BSA Mostl (1997)
Austria)

3-HS : BSA —
37e 3B,50- 0.02 9.7, 134 Touma et al.
Tetrahydrocorticosterone « 20-CMO : BSA (2003)
20-CMO: BSA

“ All samples for an individual were run on the same plate. %CV calculated from concentration data.

“ Only one control in the middle of the curve was used for this assay.
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before being shipped to the lab for analysis. For the northern hairy-
nosed wombat, samples were extracted in our lab as described
above, but the methanol extract was dried down and reconstituted
in assay buffer prior to storage for one year prior to analysis.

2.3. Steroid assays

Samples were analysed using five previously described EIAs
expected to target different metabolites (Table 2). Assays were bio-
chemically validated for each species by demonstrating parallelism
between a serially-diluted extract pool and the standard curve
(Electronic supplementary material Fig. 3). FGM concentrations
are expressed as ng/g faeces.

The antibodies provided by Coralie Munro (University of Cali-
fornia Davis, Davis, CA, USA) were raised in white New Zealand
rabbits to measure circulating GCs (either cortisol (hereafter Cor-
tisol) or corticosterone (hereafter Cs6)). The corresponding hor-
mone conjugate was labelled with horseradish peroxidase
(HRP). Although these antibodies are fairly specific (i.e., have
low cross-reactivity with other steroids tested), previous research
has shown that they react with several FGM and can be used to
monitor adrenocortical activity in a range of species (Watson
et al,, 2013; Young et al., 2004). Assay methods followed previ-
ously published protocols (Fanson et al., 2013). Briefly, 96-well
plates (Nunc maxisorp) were coated with 0.05ml antibody
(working dilution: Cortisol = 1:9000; Cs6 =1:12,500) and incu-
bated at 4 °C overnight. After washing 3 times, 0.05 ml of steroid
standard, diluted faecal extract, or control were added to each
well followed by 0.05ml of HRP-conjugate (working dilution:
Cortisol = 1:20,000; Cs6 =1:20,000). Plates were incubated for
1 h (Cortisol) or 2 h (Cs6), then washed 3 more times to remove
unbound hormone and 0.10 ml ABTS substrate was added. Opti-
cal density was measured at 405 nm using a Dynex MRX Revela-
tion plate reader (Dynex Technologies, Chantilly, VA, USA).

The assay provided by Arbor Assays (hereafter AAcort), used
the same antigen and enzyme label as Cs6, but the antibody
was raised in sheep. Assay methods followed manufacturer
instructions.

The assays produced in Vienna (University of Veterinary Medicine,
Vienna, Austria), specifically target FGM, and therefore are tailored to
broad-spectrum FGM analysis (Mostl et al., 2005). The antibodies
were raised in rabbits against 11-oxoaetiocholanolone (hereafter
72a; Palme and Mostl, 1997) and 3B,50-tetrahydrocorticosterone
(37e; Touma et al., 2003). Assays were run as described in the source
papers. Briefly, 96-well plates were incubated with 0.25 ml of coating
buffer containing Protein A for 24 h, emptied, then incubated over-
night with 0.30 ml Trizma buffer solution rich in bovine serum albu-
min and containing sodium azide. Plates were emptied, blotted, and
immediately frozen. Just before use, plates were thawed and washed
3 times. For the assay, 0.05 ml of steroid standard, diluted faecal
extract, or control were added to each well, followed by 0.1 ml
biotinylated  steroid (working dilution:  72a=1:500,000;
37e=1:15,000) and 0.1 ml of primary antibody (working dilution:
72a =1:40,000; 37e = 1:15,000). Equilibrium binding was achieved
during overnight incubation at 4 °C. Plates were washed 3 times
before adding 0.25 ml streptavidin-peroxidase to each well. Follow-
ing a 45-min incubation at 4 °C, plates were washed 6 times and
0.25 ml TMB substrate was added. The reaction was stopped with
0.05 ml H,SO4 and optical density was measured at 450 nm using a
Dynex MRX Revelation plate reader.

2.4. Statistical analysis

2.4.1. Overall comparison of assay performance
We first examined broad correlations among the different
assays with the aim of identifying which assays yielded similar

profiles. The value of this information is that it may offer predictive
power for choosing alternative assays for a species. Overall, we
expect strong intercorrelations among the EIAs because although
they are all designed to pick up different FGM, these FGM are all
derived from GCs (or at least from steroids produced by the adre-
nals) that increase after stimulation. A smaller intercorrelation
might indicate that steroids from other sources (e.g., gonads) are
being co-measured. In particular, 72a is known to co-measure
some androgen metabolites (Ganswindt et al., 2003). Using princi-
pal component analysis with factor rotation can highlight which
assays are more correlated and which differ from others by looking
at each assay’s loading score. This can provide a clue as to the most
important characteristics affecting similarity of assay performance.
One possibility is that assays will yield similar profiles (and conse-
quently load strongly on the same factor) if antibodies are raised
against similar antigens. If this is true, we would expect AAcort
and Cs6 to be highly correlated since they are raised against the
same antigen (see Table 2). Conversely, 37e and 72a should be
the least correlated with other assays and each other, since the
antigens used in these two assays are quite distinct. A second pos-
sibility is that assay performance may be strongly influenced by
the manufacturing and purification process. In this case, we would
expect assays produced by the same manufacturer to be more cor-
related (i.e., Cortisol and Cs6 should be correlated; 37e and 72a
should be correlated; AAcort should be the least correlated with
other assays). Third, assay performance may be most dependent
on the enzyme label used. This would suggest that the three EIAs
using horseradish peroxidase (HRP) as a label, Cortisol, Cs6, and
AAcort, should be similar, while the two EIAs using biotinylated
labels, 37e and 72a, might be similar. A final possibility is that
the performance of any given assay is determined by the combina-
tion of a complex array of factors, making it difficult or impossible
to predict which assays may be suitable alternatives.

In order to examine associations among assays, FGM concentra-
tions (log-transformed) were first centred for each individual and
EIA. This allowed us to focus on trends within an individual so that
observed relationships were not confounded by among-individual
variation. Values were then standardised across species by calcu-
lating the Z-score for each species and EIA. This both centred the
data so that observed relationships were not driven by species
variation and standardised the variance so that no species or assay
was particularly influential in driving the results. Scatterplots of
pairwise comparisons (both overall and within each species) were
used to get a sense of how assays were related (see Electronic sup-
plementary material Fig. 1).

Principal component analysis was conducted in SAS 9.4 (Cary,
NC; PROC FACTOR) to examine overall associations among the
assays. The analysis only included species for which there was data
for all five assays (i.e., the three species that did not demonstrate
parallelism on the cortisol assay were excluded). Varimax rotation

Table 3

Results of principal components analysis illustrating the correlation among assays.
The fact that all assays loaded heavily of PC1 in the unrotated factor loading pattern
shows that all assays were positively correlated. However, the varimax rotation,
which maximises loading of each variable on one PC, highlights differences among the
assays. Bold indicates loading scores greater than 0.6.

Assay Unrotated Rotated
PC1 PC2 PC1 PC2 PC3

37e 0.74 0.62 0.26 0.23 0.90
72a 0.75 -0.13 0.24 0.89 0.28
AAcort 0.88 0.01 0.73 0.29 043
Cortisol 0.78 -0.42 0.73 0.49 0.01
Cs6 0.79 —-0.06 0.83 0.09 0.32
Eigenvalue 3.12 0.58 1.86 1.19 1.18




K.V. Fanson et al./General and Comparative Endocrinology 244 (2017) 146-156

was used to maximise an assay’s loading on one factor and thereby
simplify interpretation (O'Rourke et al., 2005).

2.4.2. Assay performance within each animal

We then assessed the performance of each of the five assays at
the level of the individual animal. To determine whether any of the
post-stressor values qualified as ‘peaks’, we used the iterative base-
line approach was used to identify baseline and peak values
(Brown et al., 1994). In this approach, the baseline is calculated
through an iterative process excluding points greater than mean
+2 SD until no points fall above this threshold. The remaining
points are considered to provide the baseline value, which is
described using M and SD. Samples that fall above the threshold
(i.e., are excluded from the final baseline calculation) are classified
as peaks. This calculation was performed separately for each assay
for each individual using the R package hormLong (Fanson and
Fanson, 2015).

Biological sensitivity of the assay was tested by looking at the
signal-to-noise ratio. To determine the magnitude of the post-
event increase (signal) relative to the within-baseline variation
(noise) detected by that assay, we calculated a Z-score for each
individual: Z=(Maximum — Meanpaseline)/SDbaseline. FOr the pur-
poses of this paper, we identified the maximum value that
occurred between 0.125 days (3 h) and 4.5 days after the event,
even if the point was not classified as a ‘peak’ (above). While most
studies of FGM responses to acute events in eutherian mammals
use a window of 2 days following the event (e.g., Young et al.,
2004), previous marsupial studies have found the FGM peak can

151

occur 3 days after ACTH injection (e.g., bilbies (Narayan et al.,
2014); southern hairy-nosed wombats (Hogan et al., 2011)). This
may be due to the relatively long gut passage times seen in some
marsupial species (50-100 h; Barboza, 1993; Davies et al., 2013;
Munn and Dawson, 2006). Therefore, we chose a 4-day window
to ensure no peaks were missed. In addition, we used the maxi-
mum FGM value during this window rather than the initial
increase in FGM because it was more objective to quantify.

To calculate the time-to-peak interval for each assay for each
individual, we identified the maximum FGM value between
0.125 and 4.5 days post-stressor, as described above. The maxi-
mum FGM concentration in the post-event timeframe was used
for this calculation even if that sample was not sufficiently differ-
ent from baseline variation to be classified as a ‘peak’ by the itera-
tive method. We then calculated the time between the stressor and
the occurrence of the maximum value. This should not be confused
with excretion lag time, which is calculated as the time from onset
of stressor to the initial increase in FGM. Due to the number of dif-
ferent methods included in this study and variation in sampling
frequency, we felt it would be misleading to estimate excretion
lag time. Nonetheless, we feel time-to-peak gives useful informa-
tion about when to increase sampling intensity.

2.4.3. Assay performance for each species

Using the results of the individual assessment, we used two cri-
teria to assess assay performance for each species: (1) the percent
of individuals with a peak identified using the iterative method,
and (2) the average Z-score for each species. The first measure pro-
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Fig. 1. Best performing assay for each species (see Table 1 for full species names). Assays were determined to be the “best” if they (1) detected peaks in the most individuals,
and (2) had the greatest biological sensitivity (i.e., highest Z-score; see Table 4). Species plots are ordered in columns based on the best performing assay (assay name at top of
each column). Assay 72a was identified as the best assay in the most species (n = 5), whereas Assay Cs6 was not identified as the best for any species. Within each species’
plot, the grey lines represent individual profiles (FGM values averaged by day), the black line represents species mean, and the vertical dashed line indicates time of stressor.
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Table 4

Comparison of assay performance for each species. The top number indicates the
percentage of individuals for which a peak was detected between 0.125 days (3 h) and
4.5 days post-stressor using the iterative baseline approach. The bottom number
represents the average species Z-score calculated for the maximum post-stressor
value and provides a measure of the strength of the peak relative to the noise in the
baseline. Colour-coding was determined using the following approach. Initial colour
was based on the percentage of individuals with peaks (<50% (unsuccessful) = white;
50-75% = blue 1 (lightest); 100% = blue 2). If the peak Z-score was >5 (good signal-to-
noise ratio), shading was increased one level. Thus darker blue represents better
performing assays.

Family spp. abb 37e 72a AAcort Cortisol Cs6

(Table 1)

Dasyuromorphia
Mfa % with peaks 50% 0% 50% 50% 25%
Z-score 3 4 4.5 2.8
Sha 50% 25% 50% 50% 50%
3.5 2.9 4 3.5 3.2

Peramelemorphia
Mla 0% 25% 0% 0% 0%

Diprotodontia
Pci

Lkr
Lla
Bpa
Pau
Ptr

Bpe
Bpe2

Bga

Mgi

Mfu 25% 75% 75% NA 25%

vides an index of how robust the assay is at detecting peaks across
individuals, while the second provides an index of how sensitive
the assay is. Given the strict criteria used in the iterative method,
our minimum standard for a successful assay was when a post-
event peak was detected in 50% or more of the individuals tested.
We further rated the quality of these successful assays by factoring
in the average signal/noise ratio (i.e., Z-score). Thus, if two assays
both detected peaks in 100% of the individuals in a species, the
assay with the higher Z-score (i.e., more sensitive assay) was iden-
tified as the best performing assay for a species.

3. Results
3.1. Overall comparison of assay performance

In general, assays were positively correlated with each other,
indicating that they capture similar broad-scale patterns of FGM.
This was reflected in the unrotated factor loading scores (Table 3).
All factors loaded heavily on Component 1, which accounts for 60%
of the variance. However, the varimax rotation highlighted some
differences in assay alignment, which were also generally apparent
in the pairwise comparisons (Electronic supplementary material
Fig. 1). Assays AAcort, Cortisol and Cs6 all loaded heavily on rotated
PC1. AAcort and Cs6 were raised against the same antigen, and the
within-species pairwise comparisons indicated that this was the
strongest correlation for most species. Assays 37e and 72a, which
have very different antigens, loaded heavily on separate PCs.

3.2. Assay performance within each animal

Of the 212 total combinations of assay type and individual ani-
mal, the iterative method identified post-event peaks in 74 (35%).
Of the peaks identified, 55% were observed in only a single sample,
which highlights how transient peaks can be and thus the impor-
tance of rigorous sample collection. Z-scores from these peaks
had a mean of 7.6 + 9.7. The post-event time at which the maxi-
mum value (not the initial increase) for each animal was observed
varied from 0.3 to 4days (Electronic supplementary material
Table 1). For each species, mean and individual profiles for the best
performing assay are presented in Fig. 1. Data for all species and
assays are available on an interactive webpage (https://bfanson.
shinyapps.io/ausFaunaApp/). See Electronic supplementary mate-
rial for species-specific discussion of results and assay recommen-
dations. In this paper, we focus on summary data and evaluation of
assay performance.

3.3. Assay performance for each species

For most species, one or more successful EIAs were identified
(i.e., at least one EIA detected a post-event peak in 50% or more
of the individuals tested). The best performing assay for each spe-
cies was identified as the assay that detected peaks in the most
individuals (based on the iterative approach) and had the greatest
biological sensitivity (i.e., highest Z-score). Fig. 1 shows profiles
and average FGM concentrations for each species as measured by
that species’ most successful assay. Only for yellow-bellied gliders
did all five assays identify a peak in both animals. No successful
assay was identified using our iterative baseline approach for bil-
bies or mountain pygmy-possums. For woylies, no EIAs were suc-
cessful in the first test (Bpe: 6 IU/kg ACTH, 1 sample/day), but
three EIAs were successful in the second test (Bpe2: 9 IU/kg ACTH
plus enclosure change, 3 samples/day; Electronic supplementary
material Fig. 2). There was considerable variation in assay perfor-
mance among species, even closely related species (Table 4, inter-
active data from individual species/assay combinations available at
https://bfanson.shinyapps.io/ausFaunaApp/). For example, differ-
ent assays were successful for the two Lasiorhinus spp. (northern
and southern hairy-nosed wombats), as well as the two Bettongia
spp. (southern bettong and woylie). From the perspective of the
assays, the 72a and AAcort assays were successful in the greatest
number of species (8 species), followed by Cortisol (7 species), then
by 37e and Cs6 (6 species each).

4. Discussion
4.1. Overall comparison of assay performance

Monitoring faecal glucocorticoid metabolites (FGM) provides a
valuable, non-invasive tool for assessing an animal’s condition
and well-being. However, quantification of FGM is very dependent
on the assay that is used. This study offers a large comparative
examination of the performance of five assays for monitoring
changes in adrenocortical activity via FGM in 13 marsupial species.
We identified assays that reflected biologically relevant changes in
adrenocortical activity for 10 species of marsupials. However, there
were no apparent phylogenetic trends with regards to which
assays were successful (Table 4). This reiterates that biological val-
idation must be conducted for each species; identification of an
appropriate assay cannot be assumed based on what works for clo-
sely related species (Touma and Palme, 2005).

When subjected to a principal component analysis, these five
assays covaried highly, but following rotation they were divisible
into three distinct families (Cortisol/Cs6/AAcort, 37e, and 72a). This
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indicates that all five assays measure similar gross changes in
adrenocortical activity, but their separation after rotation suggests
that they measure different FGM. The three assays in which anti-
bodies were raised to measure a circulating GC (Cs6, Cortisol,
and AAcort) continued to load highly on a single factor after rota-
tion, while each of the group-specific antibodies (72a, 37e) shifted
to its own factor. This suggests that the antigen used to develop an
assay, and perhaps the type and attachment of the enzyme label,
has a greater influence on assay performance than other aspects
of the EIA set-up (Mostl et al., 2005). While the Cortisol, Cs6, and
AAcort antibodies all target FGM with similar side-chains on ring
D of FGM, the 72a antibody targets FGM in which the side-chain
has been cleaved from ring D, and the 37e antibody targets ring
A. Thus it is likely these assays are binding different subsets of
FGM with different structures.

Although assays that load on the same factor may yield similar
profiles, they are still likely to differ in key aspects such as the
amount of noise in the baseline and the magnitude of the peaks.
The three assays that load together can best be thought of as mem-
bers of a family; they are related but not always interchangeable.
As an illustration, note that the number of marsupial species for
which all three of these assays were successful (3 species) is
greatly outnumbered by the number of species where only one
or two of these EIAs were successful (8 species). However, this
information about assay performance may highlight useful next
steps in the biological validation process. If a particular assay
shows the right trend but the biological sensitivity to stressors is
not optimal, it may be beneficial to test an assay designed to detect
a similar metabolite structure but which may yield a slightly stron-
ger signal.

4.2. Considerations for experimental design

The results of this study highlighted several elements of exper-
imental design that contribute to successful peak detection. Two
critical determinants of whether peaks were detected were (1)
stimulus used to stimulate adrenocortical activity (type, magni-
tude, and duration), and (2) sampling intensity. Because method-
ological factors can be so influential, it is particularly important
during biological validation to adopt a robust experimental design
that maximises the likelihood of detecting changes in adrenocorti-
cal activity.

The animals in this study that were transferred between institu-
tions (yellow-bellied gliders, long-nosed potoroo, and southern
bettong) tended to have a higher percentage of individuals in
which a peak was detected and a greater number of assays that
detected the peak (Table 4). Transport is intensely stressful and
lasts for some time (Grandin, 1997), so it is likely to provoke a
more dramatic and sustained increase in GC than an acute stressor
or an ACTH injection. Since transport between facilities is often
required for maintaining populations of captive animals, collecting
faeces before and after transport should be a reliable and mini-
mally invasive way to validate FGM assays in captive populations
(e.g., Palme et al., 2000). However, animals may still show individ-
ual differences in GC response to transport based on their previous
experience and temperament (Grandin, 1997). Unlike transported
animals, those that experienced husbandry changes within an
institution (southern hairy-nosed wombat and mountain pygmy-
possum) were less likely to have peaks detected by any of the
assays. This is consistent with findings by Hogan et al. (2012) that
for numbats, interactions among animals and health issues
resulted in significantly higher FGM concentrations than environ-
mental events or husbandry changes, which included moving ani-
mals to a new enclosure within the facility. We suggest that most
within-institution husbandry procedures are unlikely to be consis-
tently stressful enough to be used in validation experiments (but

see Hogan et al, 2011 and McKenzie and Deane, 2005 for
counter-examples).

Among species that received an ACTH injection, we found that
the dose of the injection influenced the likelihood of detecting a
signal. FGM peaks were more likely to be detected when species
received a higher dose of ACTH (e.g., eastern and western grey kan-
garoos — 101U/kg) than when they received a lower dose (e.g.,
numbat, bilby - 3 IU/kg). GC release in response to ACTH is dose-
dependent up to a plateau of maximum GC release (Patel and
Clayton, 1999). Identifying an appropriate ACTH dose for validation
studies is challenging, particularly because there is often little
information available for exotic (non-domesticated) species
(Hunter, 2010). The dosage depends on (1) species or individual
responsiveness to synthetic ACTH, (2) the biological sensitivity
required in a particular study, and (3) defecation frequency, or
the length of time over which circulating GCs are pooled, which
will dilute signals in circulating GCs. Dose-response experiments
or comparisons with response to actual stressors could help iden-
tify an ideal ACTH dose to use (Martin and McDonald, 1986;
Narayan et al., 2014), but are often difficult to conduct in exotic
species. It is also important to remember that dose rates generally
scale allometrically, such that larger animals tend to require a
smaller dose rate, but this scaling factor is complicated by physio-
logical differences among species (Hunter, 2010). In order to elicit
a change in circulating GCs that is sufficient enough to be detected
in faecal samples, it may be necessary to administer a larger dose,
use a slow-release gel, or give multiple injections. This is particu-
larly true in species that defecate less frequently, in which case
the long window of pooling will minimise acute changes in
adrenocortical activity. To ensure that an assay is biologically sen-
sitive enough to measure the stressor of interest, we recommend
testing actual events rather than using an ACTH challenge, unless
there is sufficient information for a species to determine an appro-
priate dose.

Sampling intensity is even more important in validation stud-
ies. Species with poor sampling coverage (e.g., southern hairy-
nosed wombats and mountain pygmy-possums - every few days)
were less likely to have peaks detected than species with really
good coverage (e.g., eastern and western grey kangaroos - several
times per day). This may be a bigger issue for most marsupial
species, which are herbivorous and defecate frequently, than for
other taxa (e.g., Young et al., 2004). Even with relatively intense
stressors, such as transfer between institutions, the peak was
sometimes present in only a single sample. This highlights the
need for frequent sampling when biologically validating assays
or monitoring responses to acute stressors (Palme, 2012;
Touma and Palme, 2005). Sampling intensity is important not
only for post-stressor samples, but also for baseline estimates
of adrenocortical activity. In order to identify peaks, it is impor-
tant to have a good assessment of undisturbed baseline. This
can be somewhat challenging since stressors are unpredictable
and often unnoticed by researchers or keepers. Therefore, the
baseline sampling period must be sufficient to accommodate
these unpredictable increases in adrenocortical activity and still
obtain a robust baseline estimate.

Woylies provide a good illustration of the importance of both
stressor magnitude and sampling frequency (Electronic supple-
mentary material Fig. 2). In the first validation attempt, all three
individuals received a dose of 6 IU/kg and samples were collected
once per day (Bpe). None of the assays detected post-ACTH peaks
in any individual. One of the individuals was subsequently retested
using a dose of 91U/kg given at the same time as an enclosure
change and samples were collected three times per day (Bpe2).
This revealed a very distinct peak in a single sample, particularly
on assays 72a and AAcort. The contrast between these two sets
of results suggests that either the small magnitude of the event
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or the low sampling frequency caused validation failure in the first
study, rather than an inability of the EIAs to detect woylie FGM.

4.3. Considerations for data analysis

There are a number of peak detection methods that can be used
in biological validation studies. Most validation studies use one of
two peak detection approaches: (1) assessing the average popula-
tion response, or (2) examining individual animal responses.
Assessing average response focuses on the magnitude of the
increase in FGM for the whole population following a challenge,
typically with parametric statistics like related-samples t-tests
(Hogan et al., 2011, 2012) or mixed linear models including the
individual as a random factor (Keeley et al., 2012). Parametric tech-
niques are excellent for detecting overall changes in FGM in a
group of animals and include an explicit assessment of the proba-
bility that the observed difference was due to chance. However, an
individual with a large response can have an undue influence on
the mean, obscuring individuals with small or no responses. Con-
versely, if the timing of the peak varies among individuals, then
such analyses may fail to detect a significant response at the pop-
ulation level, even if there are pronounced peaks at the individual
level. Therefore, null results may reflect limited power of the test
rather than failure of the validation attempt.

Individual-centred techniques such as the iterative approach
excel at identifying whether an assay detects a change for each
individual, and can be combined (as we have here) to determine
how consistently effects are detected across individuals. These
techniques are most appropriate when sex or individual differ-
ences in response patterns preclude combining individuals, as
done in parametric tests. For example, Narayan et al., (2013,
2014) used visual inspection of plots to validate the cortisol assay
used in this study for measuring ACTH-induced increases in FGM in
koalas, where males had longer latencies to peak than females
(Narayan et al., 2013), and in bilbies, where large individual differ-
ences in latency were observed (Narayan et al., 2014). The disad-
vantage of visual inspection is that it can be subjective, whereas
the iterative approach provides a more objective assessment. Ide-
ally, some quantitative confirmation that a peak value is unlikely
to occur by chance should be sought either using an indicator that
the peak magnitude is unusual in the population of baseline values
(Z-scores, this study), or using a control condition [e.g., comparing
ACTH to a saline injection (Narayan et al., 2014); comparing trans-
port to a stationary vehicle (Palme et al., 2000)].

These different calculations have consequences for the compa-
rability of results. This study included a subset of samples that
had been previously analysed using one of the assays for biological
validation: numbat (Cortisol: Hogan et al., 2012), Tasmanian devil
(Cs6: Keeley et al., 2012), bilby (Cortisol: Narayan et al., 2014), and
koala (Cortisol: Narayan et al., 2013). The numbat and Tasmanian
devil studies used parametric statistics. Using our iterative base-
line approach, we confirmed that Cortisol was the most successful
assay for numbat and Cs6 was one of the most successful assays for
Tasmanian devils. However, in each species we found that the
assay identified peaks in only half of the individuals. This is consis-
tent with the suggestion that parametric statistics may allow large
responses in some individuals to mask a lack of response in others.
For numbats, it is also possible that the FGM had degraded in stor-
age since faecal extracts had been stored (first at —80 °C, then at
—20 °C) for a total of 2 years, the oldest of any extracts used in this
study. In bilby and koala, which had previously been analysed
using visual inspection and percent increase in FGM, our iterative
baseline approach did not successfully identify peaks in the Corti-
sol assay even though our Cortisol graphs looked similar to the
published figures. Although increased FGM were observed follow-
ing injection for these species/assay combinations, variation

throughout the sampling period was too large for any peaks to
be identified. We recommend using the iterative baseline approach
because it combines the advantages of parametric and individual-
centred approaches, accommodating individual differences in
responsiveness while taking into account the signal-to-noise ratio
and defining peaks relative to the amount of variance present in
the baseline.

4.4, Concluding remarks

This study highlights the importance of biologically validating
assays used for non-invasive FGM monitoring for each species,
and illustrates the value of comparing multiple assays. The lack
of a consistent relationship between assay success and taxonomic
relatedness reiterates earlier suggestions that a positive validation
must be obtained for each species (Touma and Palme, 2005). In
addition, because there are several methodological factors that
can affect the outcome of a validation study (highlighted above),
we suggest caution be used in interpreting negative results in a
validation attempt. If a validation attempt is unsuccessful, that
could indicate the assay is not appropriate for that species, but it
could also indicate insufficient stressor magnitude/ACTH dose,
low sampling frequency, or overly conservative peak-detection
techniques. If validation of one assay is unsuccessful, measuring
FGM in the same samples using different assays may produce dif-
ferent results. Our study provides a good starting point for deter-
mining which assays are appropriate for several marsupial
species, even though we encountered some limitations. Small sam-
ple sizes within each species prevented us from assessing the
effects of sex, reproductive state, or unique individual circum-
stances, all of which have been documented to affect FGM profiles
in some species (Touma and Palme, 2005).

Furthermore, it is important to recognise individual variation in
biological validation studies and adopt an analysis approach that
accommodates this variability. Individuals often differ in their
response to a stressor (peak magnitude and timing). This may
reflect differences in perception of the stressor, time of day, meta-
bolic rate, and/or patterns of steroid metabolism based on sex, age,
or diet (Goymann, 2012). While in some species a single assay may
work well for many questions (e.g., 37e in mice; Touma et al.,
2004), other species may not have a single “perfect” assay; rather,
there may be several assays that perform well in different regards.
Researchers need to identify which assay characteristics are most
relevant to their questions of interest and select an assay accord-
ingly. For example, if a researcher is only studying females, then
they can choose the assay that detected the biggest peak in females
even if it was not particularly effective at detecting peaks in males.
Conversely, if trying to monitor both sexes, then it might be neces-
sary to settle for an assay that detects peaks more consistently,
even if the signal-to-noise ratio is not as good.

Faecal steroid analysis provides a valuable tool for assessing the
physiological status of an animal non-invasively. Marsupial studies
examining basic physiology, conservation, or management
approaches can all benefit from such a technique, but it is crucial
that assays be properly biologically validated. Here, we provide
the most extensive assessment of FGM assays in marsupials to
date. Researchers can help ensure robust outcomes of validation
studies by: (1) testing multiple assays in order to optimise
signal-to-noise ratio and match biological sensitivity to the scale
of the event studied (i.e., relative increase following a stressor),
(2) ensuring that the stressor or ACTH dose is of sufficient magni-
tude to produce a measureable increase in FGM, and (3) adopting a
fairly intensive sampling regime during the validation process to
improve the estimate of baseline, ensure that peaks are not missed,
and that lag time is accurately identified. In addition, we suggest
researchers adopt the iterative baseline approach (Brown et al,,
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1994), which provides a quantitative peak detection method while
simultaneously accommodating individual variation. In addition to
peaks, researchers should also evaluate the amount of variance
present in the baseline, attempt to minimise variance from sources
that are not of interest, and use a metric such as Z-score to assess
signal-to-noise ratio.
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Electronic Supplementary Material

Results and assay recommendations for individual species
Note: Species ordered according to Table 1

Numbat (Mfa)

Four numbats (2 females, 2 males) underwent an ACTH challenge (3 IU/kg, Synacthen).
Samples were collected twice daily from the time the ACTH injection was given to three days
later, and once per day the remainder of the time (i.e., up to 7 days post-injection). Three
assays (37e, AAcort, and Cortisol) detected peaks in half the individuals, but the signal-to-
noise ratio was fairly low for all assays. This may be in part due to a relatively low ACTH
dose. However, it is also possible that the numbat extracts had degraded in storage. For
this species, only faecal extracts were available and these had been stored (first at -80 °C,
then at -20 °C) for a total of 2 years, the oldest of any extracts used in this study.

Tasmanian devil (Sha)

Four devils (2 females, 2 males) underwent an ACTH challenge (4 1U/kg, Synacthen).
Samples were collected daily prior to the ACTH challenge. After the injection, all observed
faecal samples were collected for two individuals, and daily samples were collected for the
other two. Devils generally defecate only 1-2 times per day. Assay performance was fairly
similar across assays, but 72a was the least successful at detecting peaks.

Bilby (Mla)

Four bilbies (2 females, 2 males) were given an ACTH injection (3 IU/kg, Synacthen) and
samples were collected once daily. Only one assay (72a) detected a peak for one individual
(Mla-3), but most assays failed to detect a peak following ACTH injection. This may be in
part due to the relatively low ACTH dose and/or insufficient sampling frequency.
Consequently, it was not possible to assess assay performance, but that is not to say that
these assays are not suitable for monitoring adrenal activity in bilbies. More frequent
sampling and/or larger stressors may reveal the suitability of one or more of these assays.
Narayan et al. (2014) used the Cortisol EIA (R4866) and reported that FGMs increased
between 24-72 h post-ACTH challenge in 3 bilbies (1 male and 2 female). The male bilby
did not exhibit a strong response to the ACTH challenge. Narayan et al. (2014) also echoed
the points that dose response experiments may be needed to determine the appropriate
dose of ACTH for stimulation of the adrenocortical stress axis in this species.

Koala (Pci)

Four koalas (2 females, 2 males) were given an ACTH injection (7 1U/kg, Synacthen) and
samples were collected once daily. Both 72a and AAcort detected peaks in half the
individuals, but AAcort had much higher sensitivity. The other three assays only detected a
peak in one individual. Therefore, we would recommend AAcort as the preferred assay for
this species. Narayan et al. (2013) used the Cortisol EIA (R4866) to assay the same
samples (but different extracts) and discovered that the FGM EIA detected a rise in FCM in
koala faecal extracts within 24h (for females) and 48 h (for males) since the ACTH
challenge. Narayan et al. (2013) further discussed that complexity of faecal cortisol
metabolite detection in the koala is with the prolonged excretory lag-time of FCM (delayed
second peak for some koalas up to 9 days) due to its excessively long gut system.



Northern hairy-nosed wombat (Lkr)

One juvenile female was hand-reared before being moved to an outdoor exhibit. Sampling
started just prior to her move to the outdoor exhibit. Following the move, peaks were
detected on 3 assays and peak magnitudes were similar (Table 4). However, Assay 72a
showed the most expected pattern, with FGM concentrations low prior to the move,
increasing just after the move, and then decreasing after ~5 days. For the other two assays
(AAcort and Cs6), FGM concentrations were quite high prior to the move, peaked just after
the move, and then fell fairly quickly to levels much lower than the initial samples.
Therefore, we would recommend using assay 72a, with the caveat that this validation only
included a single juvenile female.

Southern hairy-nosed wombat (Lla)

Three females were exposed to various husbandry events that may have been potentially
stressful (e.g., veterinary exam with anaesthesia or re-fitting a radio-telemetry collar).
Samples were collected approximately twice per week before and after the event. The
Cortisol assay was the most successful, detecting post-event peaks in two of the three
individuals. However, the low sampling frequency made it difficult to assess assay
performance since some peaks may have been missed.

Mountain pygmy-possums (Bpa)

Eight mountain pygmy-possums (4 females, 4 males) were monitored surrounding breeding
introductions. Once estrous was detected in females (based on behaviour, pouch condition
and vaginal cytology) males were introduced to the female’s home enclosure for several
days. There were very few peaks detected for this species (Table 4). However, only six
samples were collected from each individual, and sample collection was infrequent (every
few days, with 2 samples each prior to, during, and post introduction). Therefore, it is
possible that acute peaks were missed. Additionally, since they were exposed to handling
and transfer between enclosures fairly regularly, this may not have been a significant
stressor.

Interestingly, we saw a significant peak in 3 of the 4 females just prior to the
introduction. Based on vaginal cytology, this peak would have occurred just prior to
ovulation, and glucocorticoids are known to peak just prior to ovulation in many vertebrates
(Fanson and Parrott, 2015). Based on these peaks, the Cortisol assay seemed to be the
most sensitive and have the least variability in baseline, but female profiles for all assays
were quite similar and further validation is necessary.

Yellow-bellied glider (Pau)

Two male gliders were transferred between institutions, and sample collection started
immediately when they arrived at the new institution. All 5 assays detected a peak within the
first two days after arriving, and the peak was much stronger in Glider2. These results
indicate that for large stressors, any of these assays would be capable of detecting a
response, but their sensitivity to smaller stressors is unknown. The Cortisol assay showed
the strongest increase (Table 4), but this was largely driven by Glider2. When considering
the profiles for both individuals, we would recommend Assay 37e, which captured a much
stronger initial response to transfer for Gliderl than the rest of the samples.

Long-nosed potoroo (Ptr)

One male potoroo was transferred between institutions, and sample collection started
immediately when he arrived at the new institution. Assay 72a detected the greatest
increase in FGM in the first three days post-arrival. Although the Cortisol assay also



detected a peak in the first few days, the peak was much smaller and there was
considerably more noise in the baseline. Therefore, we would recommend Assay 72a for
long-nosed potoroos.

Woylie (Bpe & Bpe2)

Three woylies (1 female, 2 males) were exposed to an ACTH challenge. All three individuals
were initially given a dose of 6 IU/kg (Synacthen) and samples were collected once daily.

No clear peaks were detected in any of the individuals, so the ACTH challenge was repeated
for the female (Bpe2) using a dose of 9 IU/kg and collecting samples three-times daily. The
female was also moved to a new enclosure when the ACTH was administered. Using this
validation design, clear peaks were detected on 3 of the 4 assays (Table 4; also see ESM
Fig 2). Based on the results from this final ACTH challenge, we recommend Assay AAcort
because it had the strongest signal-to-noise ratio, but Assay 72a would be a suitable
alternative. The results from this species highlight the importance of using a sufficient ACTH
dose and sampling adequately, especially post-stressor.

Southern bettong (Bga)

Two male bettongs were transferred between institutions, and sample collection started
immediately when they arrived at the new institution. All 5 assays showed the expected
trend, with FGM concentrations being elevated shortly after the transfer and then decreasing
between days 3-5 post-transfer. The difference in time-to-peak between the two individuals
(Bettongl = day 4, Bettong2 = day 1; ESM Table 1) may reflect differences in perception of
the transfer or differences in body condition. Bettong?2 died of lumpy jaw (Oral
necrobacillosis) towards the end of the quarantine period, which may be related to the large
FGM peak ~day 9-11 (especially in Cortisol). Assay 72a yielded the greatest fold-increase
as well as z-score (Table 4). We would recommend using Assay 72a, but Assays Cs6 and
AAcort would offer suitable (though less sensitive) alternatives.

Eastern grey kangaroo (Maqi)

Four eastern grey kangaroos (3 males, 1 female) underwent an ACTH challenge (10 1U/Kkg,
Corticotropin). Samples were collected daily prior to the ACTH challenge, after which all
faecal samples were collected. Four days after the ACTH challenge, sampling was reduced
to once daily. Assay 37e was the most consistent at detecting post-ACTH peaks, and
demonstrated moderate signal-to-noise ratio. Therefore, we recommend 37e as the
preferred assay for eastern grey kangaroos, with 72a and Cortisol as suitable alternatives.

Western grey kangaroo (Mfu)

Four wild-caught western grey kangaroos (1 female, 3 males) were given an ACTH injection
(10 IU/kg, Synacthen Depot) after acclimating to holding pens. Samples were collected
every four hours for five days and then twice daily for a further five days. Both 72a and
AAcort detected a peak in 3 of the 4 animals, but 72a had a stronger signal-to-noise ratio.
The other two assays (37e and Cs6) only detected a peak on one individual. Therefore, we
recommend 72a as the preferred assay.
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Supplementary Table 1. Delay in time (days) to maximum post-stressor value (within 4.5
days). Top = species mean; bottom = range (note that if there is only 1 individual, no range
is indicated).

spp 37e 72a AAcort Cortisol Cs6
Dasyuromorphia
Mfa 1.4 2.7 1.9 1.7 2.7

09-19) (1.9-29) (0.9-2.9) (0.9-29)  (0.9-3.9)

Sha 1.7 1.2 0.9 1.7 0.9
(0.9-3.9) (09-19) (0.9-09) (09-39)  (0.9-0.9)

Peramelemorphia

Mla 1.2 2 15 1.8 2.2
@a-2) (2-2) @a-2) a-4) (2-3)
Diprotodontia
Pci 2 2 2.2 1.8 2.2
a-3) a-3) a-4 @a-4 a-4)
Lkr 3 3 2 - 1
Lla 2 2 3 4 2
a-4) a-4) a-4) 4-4) a-4)
Bpa 1.7 1.7 1.3 1.6 1.7
(0.7 -3.7) (0.7 -3.7) (0.7 -3.7) (0.7 -3.7) (0.7 -3.7)
Pau 1 15 15 15 15
a-121) 1-2) 1-2) 1-2) 1-2)
Ptr 2 3 2 2 1
Bpe 1.3 1 1.9 - 2.6
(0.9-1.9 (0.9-1.3) (1.9-1.9) (0.9-3.9
Bpe2 1.3 1.3 1.9 - 3
Bga 3.5 25 25 1 25
(3-4) a-4 a-4 1-1) 1-4)
Mgi 0.8 1.4 0.6 14 0.9

(0.4-14) (0.7-22) (0.4-09) (0.6-21)  (0.3-2.2)

Mfu 0.8 0.8 0.8 - 0.9
(0.6 - 1) (0.6 - 1) (0.6 - 1) (0.6 - 1.6)




Supplementary Figure 1. Pairwise comparisons among assays. Data were centered for
each individual, assay, and species (see text for details). Therefore, axes represent
standardized z-scores. The graphs below the diagonal are scatterplots showing the
relationship between 2 assays. The numbers above the diagonal represent the correlation
coefficient, and the size of the number reflects the p-value (lower p-values are shown in
larger font).
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Supplementary Figure 2. Profiles for a female woylie that received two different ACTH
doses. Both profiles represent results obtained using the AAcort assay. A) The female
received 6 IU/kg ACTH and samples were collected once daily. B) The female (Bpe2)
received 9 IU/kg ACTH and samples were collected three times per day. Vertical grey bar
indicates when the ACTH was administered.
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