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Abstract 

Background: Sarcoptic mange causes significant animal welfare and occasional conservation concerns for bare‑
nosed wombats (Vombatus ursinus) throughout their range. To date, in situ chemotherapeutic interventions have 
involved macrocytic lactones, but their short duration of action and need for frequent re‑administration has limited 
treatment success. Fluralaner (Bravecto®; MSD Animal Health), a novel isoxazoline class ectoparasiticide, has several 
advantageous properties that may overcome such limitations.

Methods: Fluralaner was administered topically at 25 mg/kg (n = 5) and 85 mg/kg (n = 2) to healthy captive 
bare‑nosed wombats. Safety was assessed over 12 weeks by clinical observation and monitoring of haematological 
and biochemical parameters. Fluralaner plasma pharmacokinetics were quantified using ultra‑performance liquid 
chromatography and tandem mass spectrometry. Efficacy was evaluated through clinical assessment of response 
to treatment, including mange and body condition scoring, for 15 weeks after topical administration of 25 mg/kg 
fluralaner to sarcoptic mange‑affected wild bare‑nosed wombats (n = 3). Duration of action was determined through 
analysis of pharmacokinetic parameters and visual inspection of study subjects for ticks during the monitoring period. 
Methods for diluting fluralaner to enable ‘pour‑on’ application were compared, and an economic and treatment effort 
analysis of fluralaner relative to moxidectin was undertaken.

Results: No deleterious health impacts were detected following fluralaner administration. Fluralaner was absorbed 
and remained quantifiable in plasma throughout the monitoring period. For the 25 mg/kg and 85 mg/kg treatment 
groups, the respective means for maximum recorded plasma concentrations  (Cmax) were 6.2 and 16.4 ng/ml; for 
maximum recorded times to  Cmax, 3.0 and 37.5 days; and for plasma elimination half‑lives, 40.1 and 166.5 days. Clinical 
resolution of sarcoptic mange was observed in all study animals within 3–4 weeks of treatment, and all wombats 
remained tick‑free for 15 weeks. A suitable product for diluting fluralaner into a ‘pour‑on’ was found. Treatment costs 
were competitive, and predicted treatment effort was substantially lower relative to moxidectin.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Parasites & Vectors

*Correspondence:  victoria.wilkinson@utas.edu.au
1 School of Natural Sciences, University of Tasmania, Private Bag 55, 
Hobart, Tasmania, Australia
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-5620-2646
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-020-04500-9&domain=pdf


Page 2 of 21Wilkinson et al. Parasites Vectors           (2021) 14:18 

Background
Establishing the safety, pharmacokinetic profile and effi-
cacy of chemotherapeutic agents is a crucial step in the 
fight against infectious diseases that threaten wild ani-
mal health, conservation and welfare [1–5]. Despite 
this, veterinary drugs are often employed in the control 
of diseases in wildlife populations based on knowledge 
extrapolated from domestic animals, rather than through 
prior experimentation with target species [6–8]. Such 
pharmacological inference may result in treatment failure 
due to inefficacy or in undesirable adverse effects due to 
inter-species pharmacokinetic differences [8–10]. Sar-
coptic mange (SM) is one such disease, for which numer-
ous treatment strategies adapted from domestic animals 
have been attempted in wildlife, but where consensus on 
an evidenced-based, safe, efficacious and feasible solution 
for in situ disease control remains elusive [10, 11].

Caused by infection with Sarcoptes scabiei, an astigma-
tid mite that burrows into the host epidermis [12], SM 
has been recorded in over 100 species of wild mammals 
on multiple continents and is currently expanding in host 
and geographic range [9, 11, 13–17]. The first epizootic in 
free-living Australian wildlife was recorded in 1937 and 
involved bare-nosed wombats (Vombatus ursinus, hereaf-
ter BNWs) and introduced red foxes (Vulpes vulpes) from 
New South Wales [18]. Following initial emergence and 
spread, potentially facilitated by other mammals, such as 
foxes [19, 20], SM has become the most important infec-
tious disease of the BNW, thought to be enzootic across 
the species’ range [20–23]. Intraspecies transmission is 
considered to occur predominantly by indirect contact 
through asynchronous usage of contaminated burrows 
[24–26], which represent an abiotic reservoir. This envi-
ronmental source of infection, constituting all life stages 
of S. scabiei [27], forms a significant barrier to successful 
disease management [9, 12, 15, 28–32].

Bare-nosed wombats typically suffer from the most 
severe form of SM, termed parakeratotic mange (also 
known as crusted mange) [9, 17, 21], typified by highly 
visible clinical signs that include the progressive and 
sequential development of erythema, parakeratosis, 
alopecia, excoriation and weight loss [9, 11, 17, 33–36]. 
Due to its debilitating nature and protracted course, 
which can include survival of affected animals for several 

months post-infection [37], SM is primarily of animal 
welfare importance for BNWs [17, 38]. However, disease 
may also limit BNW population growth [39], and isolated 
epizootics have caused complete or near extirpation at 
the local level [15, 18].

The conspicuous disease presentation [36, 40] and well-
documented impacts of localised SM epizootics [15, 18] 
have engendered widespread public concern for the wel-
fare and conservation of BNWs [41] and increased the 
appetite for interventions in recent years [10, 41]. Thus, 
the scientific, government, wildlife rehabilitation and ani-
mal welfare communities have all participated in various 
chemotherapeutic disease control attempts, either at the 
individual level or population level [8, 9, 39, 41]. To date, 
this has most often involved administration of the macro-
cytic lactones (MLs), topical moxidectin [8, 38] or subcu-
taneous ivermectin [36, 42], to diseased BNWs. However, 
treatment success has proved highly variable and is lim-
ited by: (i) an absence of conclusive dose-determination 
studies and therefore an incomplete understanding of 
dose rates required to effectively treat varying degrees 
of SM in BNWs [10, 38, 41, 43]; (ii) pharmacokinetic and 
pharmacodynamic limitations, such as short durations 
of action and inefficacy against mite ova, that necessitate 
frequently repeated administration over several months 
[8, 10, 38, 41, 42]; and (iii), challenges associated with the 
direct delivery of drugs to wild animals, which are ampli-
fied by the need to re-treat the same individual on multi-
ple occasions [8, 10, 38, 41, 43].

In light of these limitations, an important feature of fea-
sible and successful SM management in free-living BNWs 
lies in the establishment of a safe therapeutic alternative 
that ensures clinical resolution following a single or small 
number of doses, and which also confers protection for 
long enough to eliminate environmental sources of infec-
tion [8, 10]. Furthermore, given the involvement of mul-
tiple stakeholders, an ideal therapeutic agent should be 
economical and easy to use in various situations [43]. 
Fluralaner  (Bravecto®; MSD Animal Health, Merck & 
Co., Kenilworth, NJ, USA), a structurally unique isoxa-
zoline class of ectoparasiticide [44], has recently been 
described as just such a treatment for SM in the dog [45, 
46], cat (Felis catus) [47] and American black bear (Ursus 
americanus) [1]. With an apparent half-life of 12–15 days 

Conclusions: Fluralaner appears to be a safe and efficacious treatment for sarcoptic mange in the bare‑nosed 
wombat, with a single dose lasting over 1–3 months. It has economic and treatment‑effort‑related advantages over 
moxidectin, the most commonly used alternative. We recommend a dose of 25 mg/kg fluralaner and, based on the 
conservative assumption that at least 50% of a dose makes dermal contact, Bravecto Spot‑On for Large Dogs as the 
most appropriate formulation for adult bare‑nosed wombats.
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and detectable plasma levels for up to 112 days in dogs 
[48], a single fluralaner treatment has the potential to 
protect individual BNWs for long enough to break the 
life-cycle of S. scabiei in the environment, alleviate the 
need to regularly identify and re-treat individuals, be fea-
sibly applied to BNWs in situ via the topical formulation 
[10] and reduce environmental exposure to pharmaceuti-
cal compounds. Thus, fluralaner represents a promising 
step towards achievable SM management in free-living 
BNWs [10, 49].

In this study, we aimed to: (i) test the safety and 
describe the pharmacokinetic profile of topical fluralaner 
in captive BNWs; (ii) evaluate the efficacy of topical flu-
ralaner against naturally acquired S. scabiei infections 
in BNWs; (iii) establish a protocol for diluting fluralaner 
in its ‘spot-on’ formulation into a larger volume of suit-
able liquid for ‘pour-on’ application (enabling comparable 
application methods to MLs); and (iv) conduct an eco-
nomic and treatment-effort analysis of fluralaner com-
pared to moxidectin (the most-widely used alternative) 
for the treatment of SM in BNWs.

Methods
Safety and pharmacokinetics
One male and five female clinically healthy captive BNWs 
(3 juveniles and 3 adults), housed at Bonorong Wildlife 
Sanctuary (n = 4; denoted B1–4) and Zoodoo Wildlife 
Park (n = 2; denoted Z1–2), Tasmania, were enrolled in 
this study, as approved by the University of Tasmania’s 
Animal Ethics Committee (Approval Number: A16999). 
Two trials using ‘standard’ (25 mg/kg) and ‘high’ (85 mg/
kg) fluralaner doses were conducted under veterinary 
supervision between August and October 2018, and 
December 2018 and February 2019, respectively. Routine 
monitoring of animals was conducted by researchers, 
facility staff, and the supervising veterinarian through-
out the study periods, alongside supplementary behav-
ioural monitoring undertaken by researchers (Appendix; 
Table 5).

During the 25  mg/kg trial (n = 5; B1–3, Z1–2), each 
BNW was anaesthetised for sampling followed by topical 
application of fluralaner to the interscapular epidermis 
on day 0, then anaesthesia and sampling were repeated 
on days 2, 4, 7, 9, 11, 14, 21, 28, 35, 49, 63, 77 and 91. 
The same protocol was followed for the 85 mg/kg trial (n 
= 2), excluding days 9, 11 and 28 to reduce anaesthetic 
burden on study animals. While one new BNW (B4) was 
included in the 85 mg/kg trial, additional animals could 
not be obtained. As such, animal availability and eth-
ics permitted the re-use of one animal from the 25 mg/
kg trial (B1). Anaesthesia was achieved by exposing ani-
mals to 5% isoflurane (Henry Schein Inc., Melville, NY, 
USA) at 3  l/min oxygen inside an induction chamber 

until recumbent, then 2–5% isoflurane at 2 l/min oxygen 
via facemask for maintenance. While anaesthetised, body 
weight was measured and 3  ml of blood was collected 
from the jugular vein with a 21-gauge needle. Cardiac 
and respiratory rates were measured and recorded every 
5 min throughout anaesthesia until recovery.

From each blood sample, 1  ml was aliquoted into an 
ethylenediaminetetraacetic (EDTA) tube for haematolog-
ical analysis, an EDTA tube for pharmacokinetic analy-
sis and a lithium heparin tube for biochemical analysis. 
Samples intended for pharmacokinetic and biochemical 
analysis were centrifuged to separate plasma. Plasma 
for pharmacokinetic analysis was stored at − 80  °C in 
microcentrifuge tubes. All haematological and biochemi-
cal analyses were undertaken at IDEXX Laboratories 
(IDEXX Laboratories Pty. Ltd., Rydalmere, New South 
Wales, Australia) using a LaserCyte Dx Haematology 
Analyser and Catalyst Dx Chemistry Analyser, respec-
tively (IDEXX Laboratories Pty, Ltd.). Samples were pro-
cessed and submitted to the laboratory within 12  h of 
collection. Blood glucose measurements were excluded 
from analysis due to haemolysis-induced inaccuracies, 
and the results from days 35 and 63 of the 85 mg/kg trial 
were omitted due to delays in sample processing and 
analysis that resulted in significant haemolysis [50].

Changes in the haematological and biochemical values 
of BNWs in this study were assessed for clinical relevance 
and evidence of drug effects [51, 52]. Clinical relevance 
was defined as any haematological or biochemical change 
associated with clinical signs of ill health or as any value 
that deviated markedly from 95% reference intervals, and 
drug effect was defined as a parameter displaying a clear 
dose-response [51, 52]. Study-specific 95% reference 
intervals were calculated from values obtained on day 
zero (prior to fluralaner treatment) [51, 52], supported 
by results presented by Hartley et  al. [40], Booth [53], 
Skerratt [36] and Ruykys et  al. [42] for BNWs and the 
closely related southern hairy-nosed wombat (Lasiorhi-
nus latifrons). Upper and lower interval limits were cal-
culated as μ ± (1.96 × σ), where μ was the mean and σ 
the standard deviation of the mean. The mean, minimum 
and maximum values of each parameter obtained during 
the 25  mg/kg and 85  mg/kg trials were then compared 
against the intervals [51, 52].

Fluralaner plasma pharmacokinetics were assessed 
using ultra-performance liquid chromatography–tandem 
mass spectrometry (see Appendix 1 for details).

Data analysis
Relationships between response variables (all meas-
ured haematological and biochemical parameters, 
body weight, plasma fluralaner concentration) and 
the predictor variable (number of days post-fluralaner 
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administration) were analysed using generalised additive 
mixed models (GAMMs) [54]. In each model, a smooth-
ing function was applied to the ‘Day’ variable and BNW 
‘ID’ was used as a random effect to account for repeated 
measurements of the same individual. Separate GAMMs 
were run for each response variable, with animals 
grouped by dose rate, using the ‘mgcv’ package [54] in 
R [55]. For each dose rate, pharmacokinetic curves were 
plotted and standard pharmacokinetic parameters, com-
prising the maximum recorded plasma concentrations 
 (Cmax) and times to  Cmax  (Tmax), area under the curves 
(AUC), plasma elimination half-lives  (t1/2) and mean resi-
dence times (MRT), were calculated using non-compart-
mental methods [56–58] with the ‘PK’ [59] package in R 
[55].

Efficacy
Three free-living BNWs—one male juvenile (W1), one 
female juvenile (W2) and one male adult (W3)—exhibit-
ing clinical signs of SM were captured in the Hunter Val-
ley, New South Wales, and transported to Cedar Creek 
Wildlife Rescue and Hospital Inc., New South Wales, 
between July and November 2019. The animals were 
individually housed in purpose-built indoor enclosures 
containing straw bedding and an artificial dark shelter, 
simulating the burrow environment. Enclosure tempera-
tures were monitored and maintained at < 20  °C. Food 
and water were provided ad libitum and straw bedding 
was replaced weekly.

Upon admission, a diagnosis of SM was made based 
on clinical observation, as described by Fraser et al. [60]. 
SM scores were then assigned to each BNW as per the 
methods of Simpson et  al. [61]: briefly, a score of 0–10, 
based on the extent of SM clinical signs, was allocated to 
14 body segments and the average of these represented 
the overall SM score. Body weight measurements and 
body condition scores were recorded [62], and SM was 
classified as mild, moderate or severe based on clinical 
evaluation of the above factors. BNWs were then visu-
ally inspected for the presence/absence of ticks to aid 
evaluation of fluralaner’s duration of action. Following 
assessment, 25 mg/kg fluralaner was applied to the inter-
scapular epidermis.

Following fluralaner application on day zero, animals 
were monitored daily by an experienced wildlife rehabili-
tator or veterinarian throughout their time in captivity, 
with body weight measurements, body condition and SM 
scoring, and inspection for ticks repeated opportunisti-
cally as permitted by individual condition and behaviour, 
particularly aggression. Animals were transitioned to 
outdoor enclosures between weeks 8–12 post-treatment, 
where they would be exposed to naturally occurring ticks. 
Upon transfer to outdoor enclosures, monitoring was 

restricted to opportunistic scoring and monitoring for 
ticks until the end of the trial at 15 weeks post-treatment.

Dilution
While it was possible to apply a topical ‘spot-on’ flu-
ralaner preparation to the anaesthetised/restrained ani-
mals in the above safety, pharmacokinetic and efficacy 
trials, a larger volume of fluid that can be delivered as a 
‘pour-on’ formulation (such as a spot-on pipette diluted 
into approximately 5 ml of additional fluid) is required for 
field administration. In preliminary trials, we evaluated 
several dilutant options, comprising canola oil mixed 
with acetone or d-Limonene or Orange Power Sticky 
Spot & Goo Dissolver (Aware Environmental Products, 
Dandenong South, VIC, Australia; hereafter Orange 
Power), and assessed the suitability of each formulation 
for field use by multiple stakeholders against the fol-
lowing criteria: relevant safety considerations listed in 
publicly available material safety data sheets; potential 
pharmacokinetic interaction(s) with fluralaner, based on 
known chemical properties and scientific literature; other 
relevant properties, such as acaricidal activity; time to 
chemical dissolution, determined by suspending 5 ml of 
each product in the contents of one Bravecto® Spot-On 
for Large Dogs pipette and observing time to dissolution 
(measured every hour for 12 h, then at 24, 36 and 48 h); 
odour; commercial availability; and cost per application. 
Although anecdotal reports suggest members of the pub-
lic may be using unknown quantities of moxidectin as 
a dilutant, this was excluded from analyses because its 
safety for concurrent use in BNWs is unknown.

Economic and treatment‑effort analysis
The relative cost and effort associated with four SM 
treatment protocols for an adult BNW were compared. 
The protocols comprised: (i) a single application of 
Bravecto® Spot-On for Large Dogs (25 mg/kg fluralaner) 
with ≥ 6 ml dilutant, based on the expected duration of 
action derived from pharmacokinetic data [45, 46, 56] 
and efficacy trials (see Results); (ii) monthly applica-
tions of Bravecto® Spot-On for Large Dogs (25  mg/kg 
fluralaner) with ≥  6 ml dilutant for 12 weeks, based on 
conservative interpretation of pharmacokinetic data (see 
Results); (iii) weekly application of 5 mL Cydectin® Pour-
On for Cattle and Red Deer (Virbac Animal Health S.A., 
Carros, France; hereafter referred to as Cydectin) for 12 
weeks (60 ml total, 0.2 ml/kg moxidectin), as per Martin 
et  al. [8]; and (iv) weekly application of 20  ml Cydectin 
for 15 weeks (300 ml total, 0.8 ml/kg moxidectin), which 
was recently approved as a regime by the Australian Pes-
ticides and Veterinary Management Authority (APVMA) 
[63]. Cost comparisons were made using the lowest com-
mercial price found for each product online. Units of 
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effort required to treat SM and prevent reinfection from 
environmental reservoirs [8] were also reported.

Results
Safety
Seven BNWs were treated with topical fluralaner, five 
with 25 mg/kg and two with 85 mg/kg, and no treatment-
related effects on biochemistry (Table  1), haematology 
(Table  2), clinical condition or behaviour (Appendix; 
Table  5) were detected over the following 12 weeks. 
There was no substantive evidence of differences between 
the results obtained from the individual included in both 
trials and other study subjects. While significant tem-
poral changes were observed in some clinical pathol-
ogy parameters (Appendix; Figures  3, 4, 5, 6 and 7), all 
mean, minimum and maximum values remained within 
or close to reference intervals (Tables 1, 2) and there was 
no evidence of clinical relevance or association with a 
drug effect. Body weight increased significantly (F1.5,1.5 = 
29.93, P < 0.001) over time but, similarly, this appeared to 
be independent of fluralaner administration. 

At dose rates of 25 mg/kg and 85 mg/kg, mean corpus-
cular volume (25 mg/kg, F2.5,2.5 = 7.00, P = 0.001; 85 mg/

kg, F2.5,2.5 = 7.00, P = 0.001) and mean corpuscular hae-
moglobin (25  mg/kg, F2.1,2.1 = 9.30, P < 0.001; 85  mg/
kg, F1.0,1.0 = 21.57, P < 0.001) increased significantly 
over time (Appendix; Fig.  3), and alkaline phosphatase 
(ALP) decreased significantly (25 mg/kg,  F1.0,1.0 = 26.42, 
P < 0.001; 85  mg/kg,  F1.9,1.9 = 12.72, P < 0.001) (Appen-
dix; Fig.  4). Bicarbonate also changed significantly over 
time at both dose rates, decreasing at 25  mg/kg (F1.0,1.9 
= 8.21, P = 0.006) and increasing at 85  mg/kg (F1.0,1.0 
= 6.52, P = 0.021) (Appendix; Fig. 4). Other significant 
changes observed at 25  mg/kg included increases in 
sodium (F1.0,1.0 = 14.08, P < 0.001), the sodium:potassium 
ratio (F2.0,2.0 = 5.16, P = 0.014), the anion gap (F1.0,1.0 = 
12.02, P < 0.001), albumin (F1.0,1.0 = 14.9, P < 0.001), the 
albumin:globulin ratio (F1.0,1.0 = 11.03, P = 0.001), and 
alanine aminotransferase (F1.0,1.0 = 20.81, P < 0.001), and 
a decrease in globulin  (F1.0,1.0 = 6.47, P = 0.013) (Appen-
dix; Figs.  5, 6). At 85  mg/kg, significant increases were 
observed in potassium (F1.0,1.0 = 5.38, P = 0.034), creati-
nine (F1.0,1.0 = 48.59, P < 0.001) and phosphorous  (F3.5,3.5 
= 20.63, P ≤ 0.001), alongside a significant decrease in 
cholesterol  (F1.0,1.0 = 4.90, P = 0.041) (Appendix; Fig. 7). 
No significant changes were observed across other 

Table 1 Biochemical reference intervals for healthy bare‑nosed wombats (Vombatus ursinus and southern hairy‑nosed 
wombats(Lasiorhinus latifrons) obtained from the literature together with the mean, minimum and maximum values obtained from 
healthy bare‑nosed wombats at all time points during the 25 mg/kg and 85 mg/kg trials

Parameters that deviated from reference intervals for bare-nosed or southern-hairy nosed wombats are highlighted in italics

BNW, Bare-nosed wombat; min–max, minimum–maximum values; SHNW, southern hairy-nosed wombat
a Significant change observed over time-post fluralaner administration

Biochemical parameter Reference intervals 25 mg/kg trial (n = 5) 85 mg/kg trial (n = 2)

BNW SHNW Mean (Min–max) Mean (Min–max)

Sodium (mmol/l) 128.8–154.8 132.0–143.0 136.0a 129.0–146.0 136.9 135.0–140.0

Potassium (mmol/l) 1.4–17.1 4.1–10.8 5.4 4.0–8.4 5.4a 4.6–7.1

Chloride (mmol/l) 81.0–106.2 87.7–101.9 93.4 82.0–102.0 93.4 88.0–97.0

Bi‑carbonate (mmol/l) 24.9–43.4 31.0–54.6 34.5a 27.0–47.0 32.2a 29.0–37.0

Sodium:potassium ratio 18.6–32.1 9.4–29.4 25.4a 16.4–35.3 25.7 19.0–29.8

Anion gap (mmol/l) 9.5–20.9 – 13.6a 2.0–23.2 16.7 12.5–19.6

Urea (mmol/l) 0.6–19.3 3.4–16.8 10.4 5.7–17.9 7.5 5.4–10.5

Creatinine (μmol/l) 34.0 – 278.8 72.4–307.6 80.0 40.0–130.0 91.0a 50.0–140.0

Phosphorous (mmol/l) 0.5–3.0 0.5–3.3 1.8 0.9–4.5 2.5a 1.8–5.1

Calcium (mmol/l) 1.9–3.4 2.3–2.7 2.6 2.3–3.5 2.5 2.3–2.7

Total protein (g/l) 46.1–86.5 54.5–72.5 62.2 57.0–70.0 58.8 54.0–64.0

Albumin (g/l) 20.2–38.2 22.0–43.0 34a 24.0–39.0 35.1 31.0–40.0

Globulin (g/lL) 16.9–53.6 17.0–37.8 28.2a 20.0–37.0 23.7 22.0–27.0

Albumin: globulin ratio 0.0–8.7 0.8–2.0 1.2a 0.7–1.9 1.5 1.2–1.7

Alkaline phosphatase (U/l) 0.0–1364.0 0.0–497.4 507.3a 242.0–884.0 920.7a 518.0–1339.0

Aspartate animotransferase (U/l) 0.0–186.8 4.0–73.8 60 42.0–111.0 59.8 41.0–100.0

Alanine aminotransferase (U/l) 0.0–162.6 0.4–93.0 35.2a 22.0–63.0 26.0 19.0–35.0

Creatine kinase (U/l) 0.0–5032.4 – 200.5 14.0–1593.0 463.3 26.0–2791.0

Cholesterol (mmol/l) 0.75–4.2 1.8–4.2 1.3 0.8–2.1 2.2a 1.4–2.9
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parameters, and all values were within or comparable to 
reference intervals (Tables 1, 2).

At both 25  mg/kg and 85  mg/kg, fluralaner was 
absorbed from the site of administration into the blood, 
where it remained quantifiable in plasma for over 12 
weeks. However, there were marked differences between 
each dose rate’s pharmacokinetic profile (Fig. 1, Table 3). 
The mean  Cmax and mean AUC were 10.2  ng/ml and 
363.9 day × ng/ml higher at 85  mg/kg than 25  mg/kg, 
and longer mean plasma persistence  (T1/2 and MRT) was 
exhibited at 85  mg/kg (Table  4). Further, much greater 
fluctuations in plasma fluralaner concentration were 
observed at 85  mg/kg compared to 25  mg/kg (Fig.  1; 
Table 3).

Efficacy
All three BNWs were diagnosed with SM, based on 
observable clinical signs of erythema, alopecia, epidermal 
crusting and pruritic dermatitis, and they were assigned 
initial mean SM scores of 1 (W1), 1.57 (W2) and 2.09 
(W3). Body condition scores upon admission were 3 (W1 
and W2, moderate) and 2 (W2, poor), and ticks were 
observed on all animals. Based on clinical appraisal of 
these findings, SM was deemed to be mild in W1 and W2 
and moderate in W3.

Following diagnosis and treatment with 25  mg/
kg fluralaner, SM scores decreased by 50% (W1), 
18% (W2) and 10% (W3) over the first 7 days, and 
by 100% (W1 and W2) and 72% (W3) over the first 3 
weeks (Fig. 2). The SM score of W3 had decreased by 
100% at 4 weeks post-treatment (Fig.  2). In concert 

with decreasing SM scores, all BNW body condition 
scores increased to 4 (optimum) within 2 weeks fol-
lowing fluralaner application and remained at that 
level for the duration of the study period (Fig. 2). All 
observable ticks had dropped off BNWs within the 
first week post-treatment and, despite having been in 
outdoor enclosures where ticks naturally occurred for 
the last 3 to 7 weeks of the trial, subjects remained 
tick free until 15 weeks post-treatment when moni-
toring ceased.

Dilution
Orange Power was found to be the most favourable 
dilutant due its non-reactivity, similarity to the solvent 
present within Bravecto Spot-on products (Appendix; 
Table  6) lack of separation over 24 h, ready availability 
at major supermarkets, and comparatively low cost per 
application (Appendix; Table 6). Although other dilutant 
options tested did have some desirable qualities, several 
disadvantages of each rendered them less suitable overall 
(Appendix; Table 7).

Economic and treatment‑effort analysis
Upon comparing the cost and effort associated with two 
fluralaner and two moxidectin treatment regimes, our 
analysis indicated that 25    mg/kg fluralaner protocols 
were approximately 2.1-fold to 6.3-fold more expensive 
than the 0.2 ml/kg moxidectin protocol [8], but between 
2.3-fold less expensive and 1.3-fold more expensive than 
the 0.8  ml/kg moxidectin protocol (Table  4). Owing to 
the expected long duration of efficacy determined by this 

Table 2 Haematological reference intervals for healthy bare‑nosed and southern hairy‑nosed wombats obtained from the literature 
together with the mean, minimum and maximum values obtained from healthy bare‑nosed wombats at all time points during the 
25 mg/kg and 85 mg/kg trials

Parameters that deviated from reference intervals for bare-nosed or southern-hairy nosed wombats are highlighted in italics
a Significant change observed over time-post fluralaner administration

Haematological parameter Reference interval 25 mg/kg trial (n = 5) 85 mg/kg trial (n = 2)

BNW SHNW Mean Min–max Mean Min–max

Red blood cells (×1012/l) 3.9–7.0 4.2–6.2 4.9 3.3–6.1 5.2 4.5–5.9

Haemoglobin (g/l) 77.6–168.6 108.8–163.6 123.2 80.0–153.0 124.2 113.0–136.0

Haematocrit (l/l) 0.3–0.5 – 0.4 0.2–0.5 0.4 0.3–0.4

Mean corpuscular volume (fl) 65.0–83.8 76.5–87.5 76a 70.0–86.0 70.4a 66.0–74.0

Mean corpuscular haemoglobin (pg) 12.7–32.3 24.1–28.9 25.4a 24.0–28.0 24.0a 22.0–26.0

Mean cell haemoglobin concentration (g/l) 288.7–377.1 299.3–343.9 333.8 303.0–357.0 340.9 321.0–358.0

White blood cells (×  109/l) 0.9–19.7 0–18.7 9.1 4.7–15.3 8.6 6.3–11.2

Neutrophils (×  109/l) 0.8–10.5 0–15.9 4.4 1.0–9.4 3.6 2.2–6.5

Lymphocytes (×  109/l) 0.0–14.7 0–3.4 3.9 1.5–8.7 4.3 1.8–7.7

Monocytes (×  109/l) 0.0–1.3 0–1.3 0.5 0.0–2.1 0.5 0.0–1.6

Eosinophils (×  109/l) 0.0–1.7 0–1.5 0.3 0.0–1.1 0.2 0.0–0.4
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study, we also estimated that using 25  mg/kg fluralaner 
to treat SM in a BNW requires 80–93% less effort than 
moxidectin (Table 4).

Discussion
Sarcoptic mange negatively impacts the health and wel-
fare of affected BNWs and other mammals worldwide 
[17, 39], causing local-level conservation issues on occa-
sion [11]. Previous in situ chemotherapeutic attempts in 
BNWs have involved the use of MLs, but these efforts 
have suffered from numerous limitations [8, 41, 64]. 
Therefore, in order to manage the burden of disease, pre-
vent and alleviate suffering and ensure better outcomes 

for BNWs with SM, there is need to establish a safe and 
efficacious long-acting chemotherapeutic agent for dis-
ease control [8].

We conducted rigorous safety, pharmacokinetic and 
efficacy trials on the isoxazoline class ectoparasiticide flu-
ralaner (Bravecto®) [44] with a view to establishing a new 
gold standard for SM management in free-living BNWs. 
Our research showed that: (i) standard (25  mg/kg) and 
high (85 mg/kg) dose rates of fluralaner were safely tol-
erated by both juvenile and adult BNWs; (ii) fluralaner 
remained present at detectable quantities in BNW 
plasma for in excess of 90 days following administration 

Fig. 1 Mean and standard error fluralaner plasma concentrations in bare‑nosed wombats following 25 mg/kg (n = 5) and 85 mg/kg (n = 2) 
administration

Table 3 Mean and standard error of pharmacokinetic parameters following administration of 25 mg/kg (n = 5) and 85 mg/kg (n = 2) 
fluralaner to bare‑nosed wombats (Vombatus ursinus)

Pharmacokinetic parameter 25 mg/kg 85 mg/kg

Mean SE Mean SE

Cmax (ng/ml) 6.2 1.7 16.4 3.6

Tmax (day) 3 1 37.5 13.5

AUC (day*ng/ml) 152.9 18.4 516.8 119.9

T1/2 (day) 40.1 8.4 166.5 8.2

MRT (day) 32.0 3.4 46.8 8.3
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at 25  mg/kg and 85    mg/kg; (iii) single 25  mg/kg doses 
were sufficient to ensure clinical resolution of mild and 
moderate SM in juvenile and adult BNWs, and provide 
tick prophylaxis for at least 1 month (based on  T1/2) 
and likely up to 15 weeks (based on efficacy trials); (iv) 

Orange Power Sticky Spot & Goo Dissolver (Orange 
Power) could be safely, easily and economically used to 
dilute fluralaner into large enough volumes of liquid 
to be applied topically as a ‘pour-on’; and (v) both flu-
ralaner protocols tested represented cost-competitive 

Table 4 Economic and treatment‑effort analysis of four sarcoptic mange treatment protocols for an adult bare‑nosed wombat 
(Vombatus ursinus)

Units of effort are relative to the total number of treatment applications required
a Bravecto Spot-on for Large Dogs
b Orange Power Sticky Spot & Goo Dissolver
c As per Martin et al. [8]
d As per regime recently approved by Australian Pesticides and Veterinary Management Authority
e At time of writing

Product Active ingredient Dose Volume (ml) Administration 
frequency

Treatment 
duration 
(weeks)

Cost per 
application 
(AUD)e

Cost per 
animal (AUD)e

Treatment 
effort

Bravecto  Aa Fluralaner 25 mg/kg 3.57 Once 12 27.55 27.79 1

 +  OPb N/A N/A ≥ 6 0.24

Bravecto  Ba Fluralaner 25 mg/kg 3.57 Monthly 12 27.55 83.37 3

 +  OPb N/A N/A ≥ 6 0.24

Cydectin  Ac Moxidectin 0.2 mL/kg 5 Weekly 12 1.09 13.19 12

Cydectin  Bd Moxidectin 0.8 mL/kg 20 Weekly 15 4.40 65.99 15

Fig. 2 Sarcoptic mange and body condition scores for bare‑nosed wombats over time post‑25 mg/kg fluralaner administration
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and effort-efficient treatment options relative to the most 
commonly used alternatives.

Fluralaner has been shown to have a wide safety margin 
across a broad taxonomic range of domestic and wild ani-
mal species [1, 51, 52, 65, 66], including at up to fivefold 
and 15-fold the recommended dose in dogs and chick-
ens (Gallus gallus domesticus), respectively [51, 52]. The 
results presented here demonstrate that fluralaner can be 
safely administered to BNWs at up to 3.4-fold the mini-
mum effective dose for dogs, such as at 25  mg/kg [46], 
and tolerance to the drug is expected to be similarly high 
in this species. While statistically significant changes in 
body weight and several clinical pathology parameters 
were observed in both the 25  mg/kg and 85  mg/kg tri-
als, they were not associated with significant divergence 
from reference intervals [50, 52] nor was there evidence 
of clinical relevance or drug effects [51]. Although the 
precise cause(s) of these changes remain undetermined, 
fluctuations in haematological and biochemical val-
ues are commonly observed in nature, as well as under 
experimental conditions. For example, temporal varia-
tions in a range of parameters have been documented at 
the individual and group level in numerous free-living 
wild animal species, including marsupials, in response 
to climactic conditions, time of day, diet, stress, age and 
sampling procedure [50, 67–71]. Statistically significant 
but clinically irrelevant differences in clinical pathol-
ogy parameters have also been documented between 
treatment and control groups of chickens and dogs dur-
ing previous fluralaner safety trials [51, 52]. As such, 
the alterations observed in this study were considered 
to be physiological and most-likely related to intrinsic 
or extrinsic factors exclusive of fluralaner. Similarly, the 
observed increase in mean body weight was related to 
the growth of juvenile study subjects, rather than to any 
likely effect of drug administration.

Elucidating the pharmacokinetic profiles of 25  mg/kg 
and 85  mg/kg doses of fluralaner in BNWs confirmed 
that both dose rates, with  T1/2 of > 40 days, may be suffi-
cient to prevent reinfection while S. scabiei dies out in the 
local environment and to alleviate the need to re-identify 
and re-treat individual animals as regularly as for MLs 
[8, 38]. Relative to the persistence of moxidectin, which 
has a  T1/2 of 5.03 days in SHNW [38], this represents a 
marked improvement in duration of action, dramatically 
reducing treatment effort and potential for treatment 
failure, while simultaneously increasing the feasibility of 
in situ SM control attempts.

Although the pharmacokinetic profile of topical flu-
ralaner in BNWs differed notably from that of domestic 

dogs and cats [56], the differences were largely in favour 
of the former. For example, while the mean  Cmax docu-
mented in dogs administered 25  mg/kg fluralaner was 
> 700 ng/ml higher than we observed at the same dose, 
the  T1/2 was approximately twofold longer in BNWs [56]. 
Similarly, at 20 mg/kg in cats, the mean  Cmax was > 700 
ng/ml, but the mean  T1/2 was just 13 days [56]. Despite 
the relatively short plasma persistence observed in com-
panion animals, single administrations at these dose rates 
have consistently resulted in ectoparasitic prophylaxis 
for at least 3 months [72, 73]. As such, the comparatively 
long persistence of fluralaner in BNWs, which may arise 
from their metabolic rate being approximately only 40% 
of that of other mammals [74] or their relatively high lev-
els of body fat [38], was expected to confer an equivalent 
or greater period of protection. Indeed, in combination 
with pharmacokinetic observations, the success of single 
25 mg/kg fluralaner doses in preventing reinfection with 
S. scabiei and infection with ticks for the entire observa-
tion period suggested that the duration of action is likely 
in excess of 15 weeks in BNWs. Although challenge 
experiments, which remain a future direction of study, 
would have been required to definitively confirm dura-
tion of prophylaxis in this study, the pharmacokinetic and 
efficacy data reported here conservatively suggest that 
fluralaner is efficacious against S. scabiei in BNWs for at 
least 1 to 3 months, likely longer. Investigation into the 
absorption, concentration and persistence of fluralaner in 
BNW tissues, in particular skin and adipose, would con-
tribute to a more complete understanding of efficacy and 
duration of action in this species, as well as interspecies 
pharmacokinetic differences [19, 56].

Reasons for the marked differences in  Cmax values 
between companion animals and BNWs are unknown, 
but likely relate to interspecies variation in drug absorp-
tion, distribution, metabolism and elimination [75]. 
While the mean  Cmax recorded at 25 mg/kg in this study 
was low in comparison to that of dogs and cats [56], this 
did not appear to impair the efficacy of this dose rate in 
BNWs. A single 25 mg/kg dose resulted in the rapid and 
complete clinical resolution of mild or moderate dis-
ease in all study subjects, indicating that fluralaner is a 
highly effective treatment for SM in this species. Smilar 
to the speed of clinical improvement seen in SM-affected 
canines treated with a minimum dose of 25  mg/kg flu-
ralaner [45, 46], the SM scores of all three BNWs had 
reduced to zero by 19 (mild disease) to 30 (moderate dis-
ease) days post-treatment. In contrast, although experi-
mental moxidectin efficacy data are lacking for free-living 
wildlife in general [76], efficacy trials involving repeated 
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subcutaneous injections of 300  μg/kg ivermectin in 
BNWs did not result in resolution of clinical signs until 
63 days post-treatment [36], representing an additional 
33-44 days of animal welfare compromise and ongo-
ing opportunity for mite deposition into environmental 
reservoirs.

At present, remote drug delivery techniques involv-
ing topical administration of ‘pour-on’ ectoparasiticides 
via ‘burrow flaps’ or a ‘pole and scoop’ are the most fre-
quently employed and, often, best available means for SM 
treatment in free-living BNWs [8, 41]. Such non-invasive 
methods are considered advantageous over capture and 
the direct drug administration because: (i) SM treat-
ment is predominantly carried out by members of the 
public with varying degrees of experience [41]; (ii) safe 
capture and restraint of wild animals requires high lev-
els of expertise and equipment; and (iii) it is preferable to 
minimise treatment-associated stress that could further 
compromise the health of already debilitated animals 
[76–79]. However, there are currently no recommen-
dations for fluralaner dilution, and concern exists over 
anecdotal reports of widespread inappropriate drug use 
involving the simultaneous application of fluralaner and 
moxidectin to SM-affected BNWs at varying dose rates. 
This unregulated practice violates APVMA permits and 
represents a risk to BNW health and welfare through the 
potential for harmful drug interactions [36, 76].

A priority of this study, therefore, was to establish a 
protocol for diluting fluralaner into a volume of liquid 
that was safe, chemically appropriate and commercially 
available at a low cost. We were satisfied that Orange 
Power met the stated requirements and surmised that 
its potential to cause mild skin irritation, although sub-
optimal due to the pre-existence of dermal pathology 
in SM-affected animals, was comparable to that of topi-
cal medications used in SM treatment, fluralaner and 
moxidectin included, and acceptable given the degree of 
animal suffering caused by SM [17]. Further, its terpe-
noid ingredients likely confer fast-acting but short-lived 
acaricidal activity that may contribute to multi-modal 
ectoparasitic therapy without confounding the results of 
future in situ fluralaner efficacy trials. As such, although 
other options may come to light through forthcoming 
experimentation, Orange Power Sticky Spot and Goo 
Dissolver is our current recommendation for fluralaner 
dilution.

Due to the informal and frequently voluntary nature of 
current SM management efforts [41], treatment cost is an 
important consideration for the individuals and groups 

involved. On this basis, we report that fluralaner is com-
petitive in its cost relative to moxidectin, particularly 
under the current APVMA permit [63]. Albeit beyond 
the scope of this study, inclusion of the additional labour 
costs involved with weekly applications of moxidectin for 
12–15 weeks would further skew the results in favour of 
fluralaner use [80]. Similarly, in a resource-limited setting 
such as this, treatment effort is often of equal importance 
to price, and the low dosing requirement of fluralaner 
renders it by far the most effort-efficient option overall.

In common with research of this type, the use of both 
captive and free-living wild animals in this study imposed 
several methodological limitations. Firstly, sample sizes 
were small because they were subject to the low availabil-
ity of healthy captive and SM affected wild BNWs. Also, 
although the potential impact(s) of fluralaner on repro-
ductive success could not be evaluated in the absence of 
reproductively active adults and maternally dependent 
juveniles, several lines of evidence suggest that the stand-
ard and high dose rates of fluralaner used in this study 
are unlikely to pose a health risk to developing embryos 
or nursing young: (i) through experimental studies in rab-
bits, the European Medicines Agency set a no-observable 
adverse effect embryo toxicity limit of 10 mg/kg/day [81]; 
(ii) administration of fluralaner at threefold the maxi-
mum dose rate for dogs at 8-week intervals over 24 weeks 
until whelping (males) or weaning (females) did not 
impact reproductive function, puppy survival or number 
of puppies raised to weaning in comparison to control 
animals [81]; (iii) no adverse events were documented 
in puppies as young as 8 weeks old receiving doses up to 
fivefold the maximum (280  mg/kg) administered every 
8 weeks for 16–24 weeks [52]; and (iv) a 25 mg/kg topi-
cal dose was well-tolerated in BNWs of pre-weaning age 
in this study. As such, while interspecies differences can-
not be ruled out, the safety of repeated doses that grossly 
exceed the single standard dose of fluralaner for a BNW 
established by this study (25 mg/kg), alongside the simi-
larity of fluralaner’s safety profiles for dogs and BNWs, 
suggest that the drug may also be used in the latter dur-
ing all stages of reproduction, without ill effect.

Secondly, control groups were omitted on ethical 
grounds and considered unnecessary because fluralaner 
does not occur in nature. Similarly, animals involved 
in the safety trials were not subjected to post-mortem 
examination because, although this is common practice 
in laboratory-based studies [51], the euthanasia of healthy 
animals from zoological collections was unjustifiable and 
the clinical monitoring conducted was deemed sufficient. 
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Thirdly, in relation to the pharmacokinetic trials, as cap-
tive animals would not submit to conscious blood draws, 
sampling time-points were spaced at intervals of at least 
24 h to reduce anaesthetic burden. However, this may 
have lowered the likelihood of capturing the true  Cmax 
and  Tmax values. Additionally, although the reference 
intervals presented here were based on the best available 
data, this was sub-optimal in that they were derived from 
several small sample populations of predominantly adult 
animals from distinct geographic locations, for which dif-
fering sampling and analytical protocols were used [50].

Lastly, in lieu of laboratory testing, a diagnosis of SM 
for animals in the efficacy trial was based on clinical 
examination and SM scoring by an experienced veteri-
nary nurse, under the supervision of a veterinary surgeon 
and appropriately skilled researchers [60]. An obser-
vational SM diagnosis has been frequently employed 
in  situations involving free-living BNWs and other wild 
mammalian species [15, 82–84], and was considered 
preferable in the present study to minimise the imposi-
tion of additional stress and anaesthetic requirements 
on already debilitated and stressed wild animals for the 
purposes of sample collection [60, 77–79]. While this 
method has been found to under-diagnose early or sub-
clinical cases, recent research involving BNWs has shown 
that the results of observational diagnoses correlate 
positively with microscopic examination of diagnostic 
skin scrapes [60], showing 57.14% sensitivity and 88.46% 
specificity. Further, sensitivity was found to be higher as 
the number of mites increased, suggesting that false neg-
atives are of much greater concern than false positives 
[60]. As such, and taking into consideration the limited 
number of likely differential diagnoses and the positive 
response to targeted acaricidal treatment, particularly in 
the absence of adjunctive therapies such as antibiotic or 
antifungal agents, the diagnoses determined by clinical 
observation in this study are reported with sufficient con-
fidence regarding their accuracy. However, future work 
in which fluralaner’s speed of kill [43] and mite reduction 
are quantified [85, 86], through microscopy or quantita-
tive PCR [60], is planned and would undoubtedly com-
plement the clinical observations described here.

Dose determination for the efficacy trial conducted as 
part of this study was based on extrapolation from other 
domestic and wild animal species [1, 45] and the wide 
safety margin demonstrated by our safety and pharma-
cokinetic trials. The 25 mg/kg dose rate was considered 
to be the most appropriate to account for the possibility 

that, when treatment is conducted in situ through rela-
tively indiscriminate installation of burrow flaps [8, 41], 
individual animals may inadvertently be exposed to mul-
tiple doses when burrow sharing occurs [87]. Due to its 
success in treating the study subjects suffering from mild 
to moderate disease, we have established 25 mg/kg as a 
new standard dose for treating SM in BNWs. Although 
the small sample size available precluded greater exami-
nation of this dose rate’s efficacy across the entire spec-
trum of SM severity [19], the rapid clinical resolution 
achieved here, alongside promising anecdotal reports 
in BNWs and other species [1], suggest that this dose is 
also likely to be effective against more advanced disease. 
While this may be the case, it is important to note that 
decisions regarding treatment attempts in BNWs with 
severe SM should be made in consultation with a veteri-
nary surgeon, and with consideration for: (i) the potential 
of morbidity factors such as secondary infections or sys-
temic disease to result in treatment failure and/or death 
[46]; (ii) unacceptable animal welfare compromise; and 
(iii) the high transmission risk associated with heavy mite 
burdens [19]. As such, further clinical trials to improve 
knowledge of fluralaner’s efficacy and dosing require-
ments against all stages of SM would greatly benefit clini-
cal decision-making [19].

Conclusions
Fluralaner was found to be a safe and efficacious drug for 
the treatment of SM in BMW, holding significant advan-
tages over macrocytic lactones in relation to speed and 
duration of efficacy, alongside ease and cost of treatment 
[43]. We add BNWs and a new taxonomic group to the 
growing list of those in which fluralaner has been suc-
cessfully used to combat this debilitating disease, with 
implications for SM management in SHNW [42], the 
endangered northern hairy-nosed wombat (Lasiorhinus 
krefftii) and other Australian mammals, such as the koala 
(Phascolarctos cinereus) [88]. As such, the findings pre-
sented here signify an important advance in effective SM 
management, and we propose fluralaner as the agent of 
choice for future individual and population-scale control 
attempts in free-living BNWs.

Appendix
See Figs. 3, 4, 5, 6 and 7 and Tables 5, 6 and 7.
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Fluralaner plasma pharmacokinetics were assessed 
using ultra-performance liquid chromatography-tandem 
mass spectrometry (UPLC-MS/MS) and a 9.1 mg/ml flu-
ralaner solution (MSD Animal Health) as an intermedi-
ate standard. Calibration standards were then prepared 
in blank horse plasma, at concentrations of 182.4, 91.2, 
45.6, 22.8, 11.4, 5.7, and 2.85  ng/ml. This was deemed 
suitable because comparison of external calibration 
curves prepared using BNW plasma and horse plasma 
demonstrated no difference in matrix effect and blank 
BNW plasma could not be obtained in sufficient quan-
tities to prepare the required set of external calibration 
standards for each batch of samples. A 10-μl aliquot of 
a 400  ng/mL Fipronil Surrogate Standard was added to 
each calibration standard and plasma sample. Then 100 
μl of plasma was spiked with 10 µl of Fipronil Surrogate 
Standard into an Eppendorf tube, which was sealed and 
vortexed to mix. The samples and calibration stand-
ards were then extracted with 400 µl of − 20 °C 1:1 (v/v) 
MeOH:acetone and stored at − 20 °C for 1 h before being 

transferred into a refrigerated centrifuge (4 °C) and spun 
at a relative centrifugal force of 21,130g for 10 min. The 
resulting supernatant was transferred to vials and blown 
to dryness under nitrogen. The extract was made up to a 
volume of 150 µl with 50% methanol. All solvents used 
were liquid chromatography grade.

Following preparation, samples were analysed using 
a Waters Acquity H-Class UPLC instrument coupled 
to a Waters Xevo triple quadrupole tandem mass spec-
trometry (Waters Corp., Milford, MA, USA). A Waters 
Acquity UPLC BEH C18 column (2.1  mm × 100  mm 
× 1.7 µm) was used. The mobile phase consisted of two 
solvents: 0.1% (v/v) formic acid in water (solvent A) and 
acetonitrile (solvent B). The ultra performance liquid 
chromatography program was 80% to 5% A at 4  min, 
which was held for 2 min, followed by re-equilibration to 
starting conditions for 3 min. The flow rate was 0.35 ml 
 min−1, the column was held at 35  °C, and the sample 

Fig. 3 Observed (points and straight lines) and smoothed mean (curve) and standard error (shading) calculated by generalised additive mixed 
models (GAMM) for mean corpuscular volume (MCH, fl) and mean corpuscular haemoglobin (MCH, pg) in bare‑nosed wombats (Vombatus ursinus) 
over time post 25 mg/kg and 85 mg/kg fluralaner administration
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compartment at 6 °C. Sample injection volume was 10 µl. 
Approximate retention time for fluralaner was 4.6  min 
and fipronil was 4.3 min.

The mass spectrometer was operated in negative elec-
trospray ionisation mode with a needle voltage of 3.0 kV, 
and multiple reaction monitoring (MRM) was used to 
detect the analytes. Quantitation of fluralaner was con-
ducted using the MRM transition [M−H]− (m/z) 554.0 

to (m/z) 534.0 with an optimised cone voltage of 44  V 
and collision energy of 23  V. Fipronil quantitation was 
achieved with the MRM transition (m/z) 434.9 to (m/z) 
329.9 optimised with cone voltage of 43 V and collision 
energy of 23 V. Dwell time for each MRM transition was 
120 ms. The ion source temperature was 130 °C, the des-
olvation gas was nitrogen at 950  l/h, the cone gas flow 
was 100 l/h, and the desolvation temperature was 450 °C.

Fig. 4 Observed (points and straight lines) and smoothed mean (curve) and standard error (shading) calculated by GAMM for alkaline phosphatase 
(ALP, U/l) and bicarbonate (mmol/l) in bare‑nosed wombats over time post 25 mg/kg and 85 mg/kg fluralaner administration
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Fig. 5 Observed (points and straight lines) and smoothed mean (curve) and standard error (shading) calculated by GAMM for the sodium (mmol/l), 
sodium:potassium ratio and anion gap (mmol/l) in bare‑nosed wombats over time post 25 mg/kg fluralaner administration
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Fig. 6 Observed (points and straight lines) and smoothed mean (curve) and standard error (shading) calculated by GAMM for albumin (g/l), 
albumin:globulin ratio, globulin (g/l) and alanine transaminase (ALT, U/l) in bare‑nosed wombats over time post 25 mg/kg fluralaner administration

Fig. 7 Observed (points and straight lines) and smoothed mean (curve) and standard error (shading) calculated by GAMM for potassium (mmol/
L),creatinine (μmol/Ll, phosphorous (mmol/l) and cholesterol (mmol/l) in bare‑nosed wombats over time post 85 mg/kg fluralaner administration
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Table 5 Behavioural monitoring data for bare‑nosed wombats in the 25 mg/kg trial (B1, B2, B3, Z1 and Z2) and 85 mg/kg (B4 and B1a) 
fluralaner safety trials

ID Age Sex Time Day Sleeping Basking Exploring Feeding Handling

B1 Adult Female 1430–1630 − 1 12 0 0 0 0

B1 1040–1640 0 17 0 5 2 0

B1 1430–1630 1 10 2 0 0 0

B1 1430–1630 2 12 0 0 0 0

B1 1430–1630 3 12 0 0 0 0

B1 1430–1630 4 10 2 0 0 0

B1 1430–1630 7 12 0 0 0 0

B1 1430–1630 8 12 0 0 0 0

B1 1430–1630 9 12 0 0 0 0

B1 1430–1630 10 12 0 0 0 0

B1 1430–1630 11 12 0 0 0 0

B1 1430–1630 14 12 0 0 0 0

B1 1430–1630 17 12 0 0 0 0

B1 1430–1630 21 12 0 0 0 0

B1 1430–1630 24 12 0 0 0 0

B1 1430–1630 28 10 2 0 0 0

B1 1430–1630 31 12 0 0 0 0

B1 1430–1630 35 12 0 0 0 0

B1 1430–1630 38 12 0 0 0 0

B1 1430–1630 41 12 0 0 0 0

B1 1430–1630 48 12 0 0 0 0

B1 1430–1630 53 12 0 0 0 0

B1 1430–1630 60 12 0 0 0 0

B1 1430–1630 67 12 0 0 0 0

B1 1430–1630 81 12 0 0 0 0

B1 1430–1630 89 12 0 0 0 0

B2 Juvenile Female 1430–1630 − 1 9 0 2 0 1

B2 1040–1640 0 10 0 6 7 1

B2 1430–1630 1 3 0 4 5 0

B2 1430–1630 2 1 0 4 6 1

B2 1430–1630 3 10 0 1 1 0

B2 1430–1630 4 8 0 0 4 0

B2 1430–1630 7 6 1 0 5 0

B2 1430–1630 8 0 0 4 5 3

B2 1430–1630 9 6 0 5 0 1

B2 1430–1630 10 4 0 0 7 1

B2 1430–1630 11 0 0 8 2 2

B2 1430–1630 14 6 3 0 3 0

B2 1430–1630 17 1 0 5 4 2

B2 1430–1630 21 6 0 3 1 2

B2 1430–1630 24 4 0 2 6 0

B2 1430–1630 28 10 0 0 2 0

B2 1430–1630 31 7 0 0 4 1

B2 1430–1630 35 4 0 3 3 2

B2 1430–1630 38 2 0 3 5 2

B2 1430–1630 41 4 0 0 7 1

B2 1430–1630 48 0 1 4 6 1

B2 1430–1630 53 3 1 5 1 2
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Table 5 (continued)

ID Age Sex Time Day Sleeping Basking Exploring Feeding Handling

B2 1430–1630 60 12 2 3 5 2

B2 1430–1630 67 0 0 8 3 1

B2 1430–1630 81 0 0 4 6 2

B2 1430–1630 89 3 3 1 3 2

B3 Juvenile Female 1430–1630 − 1 10 0 0 0 2

B3 1430–1630 0 10 0 0 0 2

B3 1430–1630 1 9 0 0 1 2

B3 1430–1630 2 6 0 1 3 2

B3 1430–1630 3 10 0 0 1 1

B3 1430–1630 4 4 0 0 4 4

B3 1430–1630 7 10 0 0 0 2

B3 1430–1630 8 10 0 0 0 2

B3 1430–1630 9 3 0 2 2 5

B3 1430–1630 10 12 0 0 0 0

B3 1430–1630 11 12 0 0 0 0

B3 1430–1630 14 12 0 0 0 0

B3 1430–1630 17 6 0 1 0 5

B3 1430–1630 21 10 0 0 0 2

B3 1430–1630 24 7 0 0 2 3

B3 1430–1630 28 12 0 0 0 0

B3 1430–1630 31 10 0 0 0 2

B3 1430–1630 35 10 0 0 0 2

B3 1430–1630 38 7 0 1 2 2

B3 1430–1630 41 10 0 0 0 2

B3 1430–1630 48 12 0 0 0 0

B3 1430–1630 53 8 0 0 0 4

B3 1430–1630 60 12 0 0 0 0

B3 1430–1630 67 12 0 0 0 0

B3 1430–1630 81 6 1 2 1 2

B3 1430–1630 95 12 0 0 0 0

Z1 Adult Female 1430–1630 − 1 7 2 3 0 0

Z1 1040–1640 0 4 0 2 6 0

Z1 1430–1630 1 10 0 0 2 0

Z1 1430–1630 2 7 0 0 5 0

Z1 1430–1630 3 10 0 0 2 0

Z1 1430–1630 4 8 0 0 4 0

Z1 1430–1630 7 10 0 0 2 0

Z1 1430–1630 8 12 0 0 0 0

Z1 1430–1630 9 10 0 0 2 0

Z1 1430–1630 10 11 0 0 1 0

Z1 1430–1630 11 12 0 0 0 0

Z1 1430–1630 14 9 0 2 1 0

Z1 1430–1630 17 12 0 0 0 0

Z1 1430–1630 21 11 0 0 1 0

Z1 1430–1630 24 12 0 0 0 0

Z1 1430–1630 28 12 0 0 0 0

Z1 1430–1630 31 11 0 0 1 0

Z1 1430–1630 35 12 0 0 0 0

Z1 1430–1630 38 11 0 0 1 0
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Table 5 (continued)

ID Age Sex Time Day Sleeping Basking Exploring Feeding Handling

Z1 1430–1630 52 10 0 1 1 0

Z1 1430–1630 66 12 0 0 0 0

Z1 1430–1630 80 12 0 0 0 0

Z2 Adult Male 1430–1630 − 1 12 0 0 0 0

Z2 1040–1640 0 7 0 2 3 0

Z2 1430–1630 1 8 0 3 1 0

Z2 1430–1630 2 7 0 3 2 0

Z2 1430–1630 3 4 0 6 2 0

Z2 1430–1630 4 9 0 0 3 0

Z2 1430–1630 7 10 0 0 2 0

Z2 1430–1630 8 10 0 0 2 0

Z2 1430–1630 9 10 0 0 2 0

Z2 1430–1630 10 12 0 0 0 0

Z2 1430–1630 11 12 0 0 0 0

Z2 1430–1630 14 12 0 0 0 0

Z2 1430–1630 17 10 0 0 2 0

Z2 1430–1630 21 10 0 1 1 0

Z2 1430–1630 24 12 0 0 0 0

Z2 1430–1630 28 12 0 0 0 0

Z2 1430–1630 31 12 0 0 0 0

Z2 1430–1630 35 10 0 2 0 0

Z2 1430–1630 38 7 0 4 1 0

Z2 1430–1630 52 7 0 4 1 0

Z2 1430–1630 66 8 1 3 0 0

Z2 1430–1630 80 10 0 2 0 0

B4 Juvenile Female 1300–1500 0 10 0 0 0 2

B4 1300–1500 2 11 0 0 0 1

B4 1300–1500 4 10 0 0 1 1

B4 1300–1500 7 11 0 0 0 1

B4 1300–1500 14 6 0 0 2 2

B4 1300–1500 21 8 2 0 1 1

B4 1300–1500 35 9 0 0 0 3

B4 1300–1500 49 11 0 0 0 1

B4 1300–1500 63 9 0 3 0 0

B4 1300–1500 77 10 0 0 0 2

B1a Juvenile Female 1300–1500 0 8 0 1 2 1

B1a 1300–1500 2 8 1 0 1 2

B1a 1300–1500 4 9 2 0 0 1

B1a 1300–1500 7 10 0 0 0 2

B1a 1300–1500 14 12 0 0 0 0

B1a 1300–1500 21 11 0 1 0 0

B1a 1300–1500 35 12 0 0 0 0

B1a 1300–1500 49 12 0 0 0 0

B1a 1300–1500 63 12 0 0 0 0

B1a 1300–1500 77 12 0 0 0 0
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