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Abstract: Following the arrival of rabbit haemorrhagic disease virus 2 (RHDV2) in Australia, average

rabbit population abundances were reduced by 60% between 2014 and 2018 based on monitoring

data acquired from 18 sites across Australia. During this period, as the seropositivity to RHDV2

increased, concurrent decreases were observed in the seroprevalence of both the previously circulating

RHDV1 and RCVA, a benign endemic rabbit calicivirus. However, the detection of substantial

RHDV1 seropositivity in juvenile rabbits suggested that infections were continuing to occur, ruling

out the rapid extinction of this variant. Here we investigate whether the co-circulation of two

pathogenic RHDV variants was sustained after 2018 and whether the initially observed impact on

rabbit abundance was still maintained. We monitored rabbit abundance and seropositivity to RHDV2,

RHDV1 and RCVA at six of the initial eighteen sites until the summer of 2022. We observed sustained

suppression of rabbit abundance at five of the six sites, with the average population reduction across

all six sites being 64%. Across all sites, average RHDV2 seroprevalence remained high, reaching

60–70% in adult rabbits and 30–40% in juvenile rabbits. In contrast, average RHDV1 seroprevalence

declined to <3% in adult rabbits and 5–6% in juvenile rabbits. Although seropositivity continued to

be detected in a low number of juvenile rabbits, it is unlikely that RHDV1 strains now play a major

role in the regulation of rabbit abundance. In contrast, RCVA seropositivity appears to be reaching an

equilibrium with that of RHDV2, with RCVA seroprevalence in the preceding quarter having a strong

negative effect on RHDV2 seroprevalence and vice versa, suggesting ongoing co-circulation of these

variants. These findings highlight the complex interactions between different calicivirus variants

in free-living rabbit populations and demonstrate the changes in interactions over the course of the

RHDV2 epizootic as it has moved towards endemicity. While it is encouraging from an Australian

perspective to see sustained suppression of rabbit populations in the eight years following the arrival

of RHDV2, it is likely that rabbit populations will eventually recover, as has been observed with

previous rabbit pathogens.
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1. Introduction

Rabbit haemorrhagic disease virus 2 (RHDV2) emerged as a novel rabbit calicivirus
in 2010 in Europe [1,2]. Following its emergence, it rapidly spread across the globe and is
now affecting domestic and wild lagomorph populations worldwide [3–6].

Similar to the previously known RHDV of rabbits (termed RHDV1), recent isolates
of RHDV2 are highly virulent, causing infectious hepatitis with high case fatality rates in
susceptible rabbits (Oryctolagus cuniculus) [7]. However, in contrast to RHDV1, RHDV2 has
a broader host range within the order Lagomorpha and is able to infect various species of
hares (Lepus sp.) and cottontails (Sylvilagus sp.) [8–10], and can fatally infect rabbits that
are resistant to infection with virulent RHDV1 at a very young age [11,12]. Furthermore,
recent work has shown that this ability to infect young rabbits enables RHDV2 to amplify
in susceptible populations earlier [13]. Together with the ability to overcome pre-existing
immunity to RHDV1, these attributes have been proposed as a key factor driving RHDV2′s
epidemiological competitiveness over RHDV1, resulting in its global spread.

The impact of RHDV2 has been substantial. For domestic and farmed rabbits, strict
biosecurity measures were the only effective protection against RHDV2 until specific
vaccines were produced [14]. For lagomorph populations in their native range, RHDV2 is
of conservation concern. For example, rabbits are a key food resource for specialised native
predators in the Iberian Peninsula [15], and in the Americas, many native lagomorph
species are susceptible to RHDV2 [6,10]. In contrast, highly virulent, self-disseminating
and species-specific rabbit viruses have been deliberately introduced several times during
the last seven decades in Australia to mitigate the substantial economic and environmental
impact of introduced European rabbits [16–18].

In Australia, RHDV2 was first reported in May 2015 [19], but retrospective serological
testing and genetic analysis estimated its likely arrival on the Australian continent up to
6 to 18 months earlier [20,21]. The incursion of RHDV2 coincided with preparations for
the nationwide release of an additional strain of RHDV1 (RHDV-K5), a naturally occurring
RHDV variant from Korea. The aim of this release was to ‘boost’ the waning effectiveness
of naturally circulating RHDV1, which had been released in the mid-1990s [22]. As part
of this planned rollout, a national rabbit monitoring network was operating at the time of
RHDV2’s arrival in Australia. This network provided an excellent opportunity to track
RHDV2′s spread and impact, as well as the interaction and competition of several co-
circulating viruses in rabbits. An opportunistic sampling of dead rabbits and molecular
epidemiology studies documented the swift spread of RHDV2 across the continent, where
it became the dominant virus within 18 months [19]. Parallel surveys at the long-term rabbit
monitoring sites, where population abundance was measured and up to 20 apparently
healthy rabbits were shot and sampled several times annually for serological analysis,
facilitated in-depth studies of RHDV2 impacts as it spread across the continent from east to
west [23,24].

Analyses of the data from the national rabbit monitoring network until 2018 revealed
that the arrival and subsequent spread of RHDV2 resulted in an average reduction in
the abundance of wild rabbits by 60% [23], with impacts most pronounced in South
Australia [25] and Western Australia. In addition, these studies revealed that the seropreva-
lence of RHDV2 rapidly increased following its emergence, with concurrent decreases in
the seroprevalence of both RHDV1 and RCVA, a benign endemic rabbit calicivirus. How-
ever, the serological analysis did not support the rapid extinction of the RHDV1 variant;
substantial increases in juvenile RHDV1 seroprevalence indicated that infections were
continuing to occur.

Following the conclusion of the study by Ramsey et al. (2020) [23], rabbit spotlight
monitoring and serological sampling continued post-autumn 2018 at a reduced subset of
the original monitoring sites to determine whether the suppression of rabbit populations
following the arrival of RHDV2 continued once the virus became endemic. In addition,
estimation of the trends in seroprevalence of RHDV2, RHDV1 and RCVA from these sites
should reveal whether the declining trends in seroprevalence of RHDV1 and RCVA have
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continued. In particular, we hypothesised that RHDV1 seroprevalence would continue to
decline or indeed disappear from the landscape as has occurred elsewhere [2,26]. However,
whether RCVA continued to be negatively impacted by competition with RHDV2 remained
an open question. Hence, analysis of the comprehensive monitoring data from these sites
should enable further insights into the interactions between the three endemic viruses, all
of which compete for the same host.

2. Methods

2.1. Spotlight Monitoring

Monitoring of rabbit abundance post-2018 was undertaken at six of the original
18 national monitoring network sites, Mirrabooka (NSW), Gudgenby (ACT), Coorong
and Scobie (SA), and Nelsons and Drummonds (WA) (Figure 1). Monitoring consisted of
spotlight counts conducted quarterly, in approximately February (summer), April (autumn),
July (winter) and October (spring). Spotlight counts occurred along transects using a hand-
held 150 W light from the rear of a utility vehicle driven at slow speed during the early
evening. Transect lengths at each site varied from 1.0 to 20.0 km. The number of rabbits
seen on the transect was recorded each night for up to three consecutive nights. Spotlight
count data were collected up to and including summer 2022 but were incomplete to various
degrees for each of the six sites due to unforeseen events (bushfire, flooding, other adverse
weather). A summary of the post-autumn 2018 monitoring record for the six sites is
given in Table S1 (Supplementary Materials). In addition to the collection of the post-2018
rabbit spotlight data, we also accessed considerable historical spotlight data (between
2006 and 2015) from the Gudgenby site; these data were not originally available in the
analysis of Ramsey et al. (2020) [23]. However, for the current analyses, only data from 2011
were considered so that the time series was consistent with other comparable sites.

 

Figure 1. Locations of the six rabbit monitoring sites where rabbit spotlight counts and serum

sampling were conducted between 2018–2022.

2.2. Serology

Following the completion of spotlight counts at each site, serum samples were col-
lected from up to 20 shot rabbits from areas in the vicinity of each transect. Serum samples
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collected post-2018 were undertaken at five of the same six monitoring sites; no serum sam-
ples were obtained from the Coorong site in SA. Serum samples were screened by a series
of enzyme-linked immunosorbent assays (ELISAs) to determine the presence of RHDV1 or
RHDV2 antibodies as well as antibodies to RCVA, as described previously [20,23]. Due to
various levels of cross-reactivity between the respective competition ELISAs, rabbits were
scored as positive to RHDV1 (including classical RHDV and RHDV-K5) if the ratio of the
RHDV2/RHDV1 cELISA reciprocal titres was <1. Similarly, rabbits were scored positive for
RHDV2 if the ratio was >1. For RHDV1 and RHDV2 cELISAs, titres ≥1:40 were considered
to be positive, while a titre of 1:20 on the blocking ELISA was considered to be positive for
RCVA. The age of each rabbit was also estimated using dried eye lens weight, which is
accurate up to approximately 500 days of age [27]. Rabbits were then classified as juveniles
(≤150 days) or adults (>150 days).

2.3. Analysis of Rabbit Spotlight Data

An equivalent dynamic state-space model to that detailed in Ramsey et al. (2020) [23]
was fitted to the spotlight count data that included the post-2018 data from all six sites
and the additional historical data for the Gudgenby site. Briefly, the rabbit counts at each
site i at occasion t and night k (yitk) were corrected for imperfect detectability to estimate
absolute rabbit abundance at site i and time t (Nit) using a dynamic N-mixture model [28].

yitk ∼ Bin(pit, Nit)

Nit ∼ Poisson(µit · Tit), (1)

where pit is the detection probability of rabbits at site i and occasion t and µit is the expected
population abundance of rabbits. The length of each transect monitored at each site and
occasion (Tit) was included as an offset in the N-mixture model to account for the variable
length of transects (km) monitored at each site. The time series of rabbit abundance
estimates µit were then used to predict the dynamics of the rabbit populations at each
site using a hierarchical, Bayesian state-space modelling approach. The population model
consisted of a discrete-time, stochastic Gompertz model of density-dependent population
regulation [29].

ln(µit) = ln(µit−1) + rit

rit = ai + bi · ln(µit−1) + δSit + γiRit + ηiKit + et
, (2)

where rit is the rate of increase for site i between time t−1 and time t, ai is the intrinsic
(maximum) rate of increase, bi governs the strength of density-dependence and et is the
stochastic process error at time t. In addition to these demographic parameters, we also
investigated the effect of the season (S), the arrival of RHDV2 (R) and the release of
RHDV-K5 (K) on rabbit rate of increase where δ, γi and ηi are parameters to be estimated.

In particular, we wished to estimate equilibrium abundance (i.e., carrying capacity—κ)
both before (κb) and after (κa) the arrival of RHDV2. These were estimated by

κb
i = −(ai + δ)/bi (3)

κa
i = −(ai + δ + γi)/bi, (4)

where κb
i and κa

i are the equilibrium abundances for rabbits during the winter-spring
months for each site i before and following the arrival of RHDV2. More details on the
state-space model are provided by Ramsey et al. (2020) [23]. Estimates of population
suppression (reductions in equilibrium abundance) were then examined for the six sites
and compared to the results of Ramsey et al. (2020) [23].
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2.4. Serological Analysis

Exponential growth state-space models were fitted to the time series of serological
prevalence for the three variants (RCVA, RHDV1 and RHDV2) to examine trends in age-
specific seroprevalence for the period following the arrival of RHDV2 [23].

nakit ∼ Bin(pakit, Nakit) (5)

logit(pakit) = xakit

xakit = xakit−1 + Aak + εak + ηik

εak ∼ N(0, σak); ηik ∼ N(0, σi)

where nakit, Nakit and pakit are the number of rabbits testing positive, the number of rabbits
tested, and the antibody prevalence, respectively, for age class a and variant k at site i and
time t with Aak representing the average trend for age class a and variant k (on the logit
scale). The parameters εak represent the process errors for each age class and variant, while
the ηik represent random effects for each site and variant. We also examined the potential
interactions both within and between each variant by using a multivariate autoregressive
(MAR) version of Equation (5) with a single time lag (i.e., MAR(1)), which examines the
effect of a variant at time t−1 on a variant at time t [30]. Using matrix notation for the logit
transformed vector of prevalence values for each variant at site i and time t (xit), the state
process was given by

xit = Ai + Bxit−1 + uit−1 + wt (6)

where Ai was a 3 × 1 vector of constants for each site i, and B was a 3 × 3 matrix of
parameters whose elements bkk′ relate the effect of variant k on itself between times t−1
and time t (k = k′) as well as the interaction between variant k and variant k′ between
times t and t − 1 (k 6= k′). More details on the models fitted to the seroprevalence data are
provided by Ramsey et al. (2020) [23].

2.5. Model Fitting

The state-space model (Equations (1)–(4)) as well as the serological models
(Equations (5) and (6)) were fitted to the data using the Bayesian Markov chain Monte
Carlo (MCMC) software Stan [31]. Weakly-informative half-t4 priors were specified for
all standard deviation parameters, and weakly informative N(0, 5) priors were specified
for all regression parameters. WIn addition; we used a weakly informative prior for
the logit-transformed detection probability parameters, specified as N(0, 1.6). For the
MAR(1) model, we used a prior for the correlation matrix Ω instead of the covariance
matrix Σ using the LKJ prior for correlation matrices [32], setting the shape parameter to 1,
which is equivalent to a uniform density for all correlations.

The convergence of the MCMC algorithms was assessed using the scale-reduction
diagnostic of Brooks & Gelman [33] and by visual inspection of parameter trace plots. First,
a burn-in of 2000 iterations was undertaken, followed by sampling from five independent
Markov chains with different starting values for 2000 further iterations giving a total
of 10,000 samples for each parameter for inference. Data and R source code used to fit the
state-space and serology models are archived at Zenodo [34].

3. Results

3.1. Spotlight Data

Population trajectories of rabbit abundance for the six sites ranged between one and
495 rabbits per spotlight km (Figure 2). The highest rabbit abundances were recorded at
Gudgenby (ACT) prior to the arrival of RHDV2, and the lowest abundances were recorded
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at Drummonds (WA) post the arrival of RHDV2. Estimates of equilibrium population
abundance indicated that the overall average suppression of rabbits since the arrival of
RHDV2 was 64%, similar to that estimated by Ramsey et al. (2020) [23] (Table 1). Of
the six sites with post-2018 monitoring data, the highest suppression of abundance was
recorded at the Gudgenby site (82%) and the lowest at Scobie (52%). However, there was
high uncertainty around the estimated suppression at the Scobie site, which included the
possibility that no suppression of rabbit abundance occurred (Table 1).

 

𝜅𝜅log10 𝜅�̂� �̂�Δ
𝜿𝒃 (𝜿𝒃) 𝜿𝒂 (𝜿𝒂) 𝚫 𝚫) 𝚫

− − −
− − −
− − −
− − −
− − −
− −

Figure 2. Predicted abundances (solid black lines) and observed counts (grey points) of rabbits

(rabbits/spotlight km) at each of the six sites monitored between 2011 and 2022. Solid black lines are

posterior medians, and shaded grey polygons are the 95% credible intervals of expected abundances.

The dashed red vertical line indicates the arrival time of RHDV2 at the site based on serology

(Ramsey et al., 2020) [23]. The dashed vertical black line shows the start of new data added since

Ramsey et al. (2020) [23]. Horizontal green and orange lines give the estimates of κb (equilibrium

rabbit abundance before RHDV2 arrival) and κa(equilibrium rabbit abundance after RHDV2 arrival),

respectively, for sites with at least one year of monitoring data prior to the arrival of RHDV2. y-axes

are log10 transformed.

Table 1. Estimates of equilibrium rabbit abundances (κ) during winter-spring (rabbits/km) for the

period prior to (κ̂b) and following (κ̂a) the arrival of RHDV2, and the proportional change in the

equilibrium abundance (∆). Estimates are presented for the six sites with post-2018 monitoring

data. The average estimate includes all sites with at least one year of monitoring data prior to the

estimated arrival of RHDV2. Se—standard error; LCL—lower 95% credible interval; UCL—upper

95% credible interval.

Scheme. κ̂
b se(κb) κ̂

a se(κa) ∆ LCL(∆) UCL(∆)

Coorong 20.3 4.7 7.3 2.4 −0.64 −0.85 −0.34
Drummonds 15.4 5.0 5.8 1.9 −0.61 −0.86 −0.32
Gudgenby 137.3 59.2 23.6 11.3 −0.82 −0.96 −0.55

Mirrabooka 66.5 32.9 21.1 8.0 −0.68 −0.92 −0.24
Nelsons 27.5 10.5 8.7 3.6 −0.67 −0.89 −0.33
Scobie 31.2 11.0 15.6 6.0 −0.52 −0.80 0.17

Average 39.9 30.2 15.4 11.3 −0.64 −0.91 −0.01
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3.2. Serological Data

Average trends in seroprevalence from the five sites with post-2018 serum samples
revealed that RHDV1 seroprevalence continued to decline, especially in adult rabbits
(Figure 3). However, there was some evidence of recent RHDV1 seropositivity in juvenile
rabbits (Figure 3), especially at the Scobie site in South Australia (Figure S1—Supplementary
Materials). In contrast, RHDV2 seroprevalence continued to increase, with an average
adult seroprevalence of approximately 60–70% post-2018 and juvenile seroprevalence of
approximately 30–40% over the same time period (Figure 3 and Figure S2—Supplementary
Materials). In contrast to RHDV1, the seroprevalence of RCVA, while declining initially,
has shown recent signs of stabilising in both juveniles and adults (Figure 3). The exception
to this is the Gudgenby site, where RCVA seroprevalence has declined over the last two
years (Figure S3—Supplementary Materials).

− − −

 

≤
Figure 3. Estimated average trends in the seroprevalence of RCVA, RHDV1 and RHDV2 for juvenile

(≤150 days old) and adult (>150 days) rabbits following the arrival of RHDV2 at each site. The black

vertical line indicates the start of new data added since Ramsey et al. (2020) [23].

Estimates of the interactions between variants (Equation (6)) indicate that RCVA sero-
prevalence in the previous quarter had a strong negative effect on RHDV2 seroprevalence,
while the reciprocal effect of RHDV2 on RCVA seroprevalence was also evident (Table 2).
This differs from the findings of Ramsey et al. (2020) [23], where there was a strong negative
effect of RHDV2 on RCVA seroprevalence and a weak reciprocal effect. Hence, this suggests
that competition between RCVA and RHDV2 is becoming more balanced, providing firmer
evidence for the coexistence between these two variants. In contrast, RHDV1 continues to
be at a competitive disadvantage due to the continued strong negative effects of RHDV2
on RHDV1 seroprevalence (Table 2). However, although RHDV1 seroprevalence continues
to decline, the serological data does not indicate its extinction.

Table 2. Table of parameter estimates describing the effect of antibody prevalence for a variant at

time t − 1 (columns) on the change in antibody prevalence for a variant at time t (rows). Values in

bold indicate interactions between variants that have 95% credible intervals that do not include zero.

Diagonal entries describe the self-effects of a variant at time t − 1 on the same variant at time t.

Variant RCVA RHDV1 RHDV2

RCVA 0.285 [0.162, 0.406] 0.021 [−0.156, 0.193] −0.215 [−0.319, −0.119]
RHDV1 0.128 [0.023, 0.235] 0.112 [−0.051, 0.278] −0.164 [−0.251, −0.082]
RHDV2 −0.166 [−0.295, −0.048] 0.271 [ 0.103, 0.45] 0.749 [0.649, 0.844]
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4. Discussion

Analysis of additional spotlight monitoring and serological data from rabbit popula-
tions at 6 of the original 18 long-term monitoring sites has revealed additional insights into
the interactions and effects of RCVA/RHDV1/RHDV2 infections on rabbit populations.
Rabbit populations at all monitored sites, with the exception of Scobie, were suppressed
compared to pre-RHDV2 arrival populations, with the average population reduction across
all six sites being 64%. As predicted, the serological data show that RHDV2 continues to be
the dominant calicivirus variant in rabbit populations with a seroprevalence of 60–70% in
adult rabbits, consistent with findings from recent molecular epidemiology and serology
studies [21,35]. Although the seroprevalence of RCVA was initially depressed by com-
petition with RHDV2 [23], RCVA seroprevalence now appears to be stabilising. A likely
explanation for this is reduced competition for the infection of juvenile rabbits from RHDV2
now that it has become endemic. Recent molecular analysis of the time series of the different
calicivirus variants has indicated that the peak activity of RHDV2 has probably passed [21].
Transmission of RCVA is thought to be sustained by young rabbits that become infected
soon after weaning [36,37]. These new cohorts were severely affected by RHDV2 during
the early phases of its spread and establishment. Now that it is establishing endemicity,
high levels of population immunity to RHDV2 translate to the high prevalence of RHDV2-
specific maternal immunity in young rabbits, which has been shown to prevent lethal
disease (but not infection) in this age cohort [7]. This may result in sufficient numbers of
young rabbits remaining alive for long enough to sustain RCVA circulation at several sites.
Interestingly, the stronger support now evident for a negative effect of RCVA on RHDV2
seroprevalence in the following quarter suggests some level of cross-protection may be
evident, similar to that observed between RCVA and RHDV1, which was found to be partial
and transient [38]. Experimental infection studies have shown cross-protection against fatal
RHDV2 infection following recent RCVA exposure, which suggests that cross-protection
between heterologous rabbit caliciviruses, in general, appears transient and declines with
increasing time between infections [39]. If indeed similar to the cross-protection observed
for RCVA and RHDV1, it is also feasible that previous RCVA infection not just reduces case
fatality rates but also infection rates [40].

The seroprevalence of RHDV1 continued to decline at monitored sites, approaching 0%
seroprevalence in adult rabbits. Hence, it is unlikely that RHDV1 strains now play a major
role in the regulation of rabbit abundance. Nevertheless, some residual infections in juvenile
rabbits suggest that the RHDV1 variants continue to occur in some areas, especially in
South Australia. However, this conclusion should be tempered by the low number of
juvenile rabbits subject to serological testing, which was evidenced by the high uncertainty
in prevalence estimates for RHDV1, especially in the Western Australian sites. It also
needs to be noted that the RHDV-K5 virus continues to be deliberately released across
the continent [13], which may have contributed to some of these observations. Further
analysis is currently underway to determine if RDHV-K5 has become established in some
wild rabbit populations.

While it is encouraging from an Australian perspective to see the initial suppression
of wild rabbit populations by RHDV2 sustained eight years after its initial emergence,
previous experiences with myxoma virus and RHDV1 biological control have shown that
rabbit populations invariably start to recover [41,42]. This may be due to changes in the
epidemiology of RHDV2 influencing levels of population immunity (e.g., [38]), as well as
host-pathogen co-evolution leading to varying levels of heritable genetic resistance [43].
While such increased, heritable genetic resistance will be welcome in regions where RHDV2
impacts native lagomorph populations, in the Australian pest management context this
means that integration of currently available conventional and biological tools as well as
the search for new management tools and strategies for rabbit control must continue [22].

Supplementary Materials: The following supporting information can be downloaded at:

https://www.mdpi.com/article/10.3390/v15051159/s1, Table S1: Serological sampling in the period

https://www.mdpi.com/article/10.3390/v15051159/s1
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following Autumn 2018 at five sites; Figure S1: Estimated average trends in the seroprevalence of

RHDV1 for juvenile and adult rabbits; Figure S2: Estimated average trends in the seroprevalence of

RHDV2 for juvenile and adult rabbits; Figure S3: Estimated average trends in the seroprevalence of

RCVA for juvenile and adult rabbits.

Author Contributions: Conceptualisation, D.S.R. and T.S.; methodology, D.S.R.; software, D.S.R.;

validation, D.S.R.; and formal analysis, D.S.R.; investigation, D.S.R., K.K.P., P.L.T., R.N.H., S.C. and

T.S.; resources, D.S.R., K.K.P., P.L.T., R.N.H., S.C. and T.S.; data curation, D.S.R., P.L.T. and K.K.P.;

writing—original draft preparation, D.S.R., T.S. and R.N.H.; writing—review and editing, D.S.R.,

K.K.P., P.L.T., R.N.H., S.C. and T.S.; visualisation, D.S.R.; supervision, D.S.R., K.K.P., P.L.T., R.N.H.,

S.C. and T.S.; project administration, T.S. and P.L.T.; funding acquisition, T.S. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by the Centre for Invasive Species Solutions, grant number P01-B-002.

Institutional Review Board Statement: The animal study protocol was approved by the Common-

wealth Scientific and Industrial Research Organisation Wildlife and Large Animal Ethics Committee

(CSIRO CWLA AEC #16-02; CSIRO CWLA AEC #18-30; CSIRO CWLA AEC #19-28), the New South

Wales Department of Primary Industries Vertebrate Pest Research Unit Animal Ethics Committee

(ORA AEC #19/22/020), and the Primary industries and Regions South Australia Animal Ethics

Committee (PIRSA AEC #4/19; PIRSA AEC #13/14).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data and code ara available online: https://zenodo.org/record/3546398

(accessed on 17 April 2023).

Acknowledgments: We thank Ridma M.J. Jayasinghe Ellakkala Appuhamilage and John Kovaliski for

conducting the serological analysis. We thank the landholders who provided access to their properties

and staff from the Department of Primary Industries, NSW, the Department of Environment and

Water, SA, the Department of Primary Industries and Regional Development, WA, ACT Parks and

Conservation Services, and the CSIRO rabbit biocontrol Team, who conducted spotlight counts and

collection of serum samples from rabbits at the sites in these respective jurisdictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dalton, K.P.; Nicieza, I.; Balseiro, A.; Muguerza, M.A.; Rosell, J.M.; Casais, R.; Álvarez, Á.L.; Parra, F. Hemorrhagic Disease Virus

in Young Rabbits, Spain. Emerg. Infect. Dis. 2012, 18, 18–21. [CrossRef] [PubMed]

2. Le Gall-Reculé, G.; Lavazza, A.; Marchandeau, S.; Bertagnoli, S.; Zwingelstein, F.; Cavadini, P.; Martinelli, N.; Lombardi, G.;

Guérin, J.L.; Lemaitre, E.; et al. Emergence of a New Lagovirus Related to Rabbit Haemorrhagic Disease Virus. Vet. Res. 2013,

44, 81. [CrossRef] [PubMed]

3. Rouco, C.; Aguayo-Adán, J.A.; Santoro, S.; Abrantes, J.; Delibes-Mateos, M. Worldwide Rapid Spread of the Novel Rabbit

Haemorrhagic Disease Virus (GI.2/RHDV2/b). Transbound. Emerg. Dis. 2019, 66, 1762–1764. [CrossRef] [PubMed]

4. Happi, A.N.; Ogunsanya, O.A.; Oguzie, J.U.; Oluniyi, P.E.; Olono, A.S.; Heeney, J.L.; Happi, C.T. Microbial Metagenomic

Approach Uncovers the First Rabbit Haemorrhagic Disease Virus Genome in Sub-Saharan Africa. Sci. Rep. 2021, 11, 13689.

[CrossRef] [PubMed]

5. Hu, B.; Wei, H.; Fan, Z.; Song, Y.; Chen, M.; Qiu, R.; Zhu, W.; Xu, W.; Xue, J.; Wang, F. Emergence of Rabbit Haemorrhagic Disease

Virus 2 in China in 2020. Vet. Med. Sci. 2021, 7, 236–239. [CrossRef]

6. Asin, J.; Rejmanek, D.; Clifford, D.L.; Mikolon, A.B.; Henderson, E.E.; Nyaoke, A.C.; Macías-Rioseco, M.; Streitenberger, N.;

Beingesser, J.; Woods, L.W.; et al. Early Circulation of Rabbit Haemorrhagic Disease Virus Type 2 in Domestic and Wild

Lagomorphs in Southern California, USA (2020–2021). Transbound. Emerg. Dis. 2022, 69, e394–e405. [CrossRef]

7. Hall, R.N.; King, T.; O’connor, T.W.; Read, A.J.; Vrankovic, S.; Piper, M.; Strive, T. Passive Immunisation against Rhdv2 Induces

Protection against Disease but Not Infection. Vaccines 2021, 9, 1197. [CrossRef]

8. Hall, R.N.; Peacock, D.E.; Kovaliski, J.; Mahar, J.E.; Mourant, R.; Piper, M.; Strive, T. Detection of RHDV2 in European Brown

Hares (Lepus Europaeus) in Australia. Vet. Rec. 2017, 180, 121. [CrossRef]

9. Neimanis, A.S.; Ahola, H.; Larsson Pettersson, U.; Lopes, A.M.; Abrantes, J.; Zohari, S.; Esteves, P.J.; Gavier-Widén, D. Overcoming

Species Barriers: An Outbreak of Lagovirus Europaeus GI. 2/RHDV2 in an Isolated Population of Mountain Hares (Lepus

Timidus). BMC Vet. Res. 2018, 14, 1–12. [CrossRef]

10. Lankton, J.S.; Knowles, S.; Keller, S.; Shearn-Bochsler, V.I.; Ip, H.S. Pathology of Lagovirus Europaeus GI. 2/RHDV2/b (Rabbit

Hemorrhagic Disease Virus 2) in Native North American Lagomorphs. J. Wildl. Dis. 2021, 57, 694–700. [CrossRef]

https://zenodo.org/record/3546398
https://doi.org/10.3201/eid1812.120341
https://www.ncbi.nlm.nih.gov/pubmed/23171812
https://doi.org/10.1186/1297-9716-44-81
https://www.ncbi.nlm.nih.gov/pubmed/24011218
https://doi.org/10.1111/tbed.13189
https://www.ncbi.nlm.nih.gov/pubmed/30924292
https://doi.org/10.1038/s41598-021-91961-2
https://www.ncbi.nlm.nih.gov/pubmed/34210997
https://doi.org/10.1002/vms3.332
https://doi.org/10.1111/tbed.14315
https://doi.org/10.3390/vaccines9101197
https://doi.org/10.1136/vr.104034
https://doi.org/10.1186/s12917-018-1694-7
https://doi.org/10.7589/JWD-D-20-00207


Viruses 2023, 15, 1159 10 of 11

11. Dalton, K.P.; Nicieza, I.; Abrantes, J.; Esteves, P.J.; Parra, F. Spread of New Variant RHDV in Domestic Rabbits on the Iberian

Peninsula. Vet. Microbiol. 2014, 169, 67–73. [CrossRef]

12. Peacock, D.; Kovaliski, J.; Sinclair, R.; Mutze, G.; Iannella, A.; Capucci, L. RHDV2 Overcoming RHDV Immunity in Wild Rabbits

(Oryctolagus Cuniculus) in Australia. Vet. Rec. 2017, 180, 280. [CrossRef]

13. Taggart, P.L.; O’Connor, T.W.; Cooke, B.; Read, A.J.; Kirkland, P.D.; Sawyers, E.; West, P.; Patel, K. Good Intentions with Adverse

Outcomes When Conservation and Pest Management Guidelines Are Ignored: A Case Study in Rabbit Biocontrol. Conserv. Sci.

Pract. 2022, 4, e12639. [CrossRef]

14. Müller, C.; Ulrich, R.; Schinköthe, J.; Müller, M.; Köllner, B. Characterization of Protective Humoral and Cellular Immune

Responses against RHDV2 Induced by a New Vaccine Based on Recombinant Baculovirus. Vaccine 2019, 37, 4195–4203. [CrossRef]

15. Guerrero-Casado, J.; Carpio, A.J.; Tortosa, F.S. Recent Negative Trends of Wild Rabbit Populations in Southern Spain after the

Arrival of the New Variant of the Rabbit Hemorrhagic Disease Virus RHDV2. Mamm. Biol. 2016, 81, 361–364. [CrossRef]

16. Bradshaw, C.J.A.; Hoskins, A.J.; Haubrock, P.J.; Cuthbert, R.N.; Diagne, C.; Leroy, B.; Andrews, L.; Page, B.; Cassey, P.; Sheppard,

A.W. Detailed Assessment of the Reported Economic Costs of Invasive Species in Australia. NeoBiota 2021, 67, 511–550. [CrossRef]

17. Finlayson, G.; Taggart, P.; Cooke, B. Recovering Australia’s Arid-Zone Ecosystems: Learning from Continental-Scale Rabbit

Control Experiments. Restor. Ecol. 2022, 30, e13552. [CrossRef]

18. Cooke, B.; Chudleigh, P.; Simpson, S.; Saunders, G. The Economic Benefits of the Biological Control of Rabbits in Australia,

1950–2011. Aust. Econ. Hist. Rev. 2013, 53, 91–107. [CrossRef]

19. Mahar, J.E.; Hall, R.N.; Peacock, D.; Kovaliski, J.; Piper, M.; Mourant, R.; Huang, N.; Campbell, S.; Gu, X.; Read, A.; et al. Rabbit

Hemorrhagic Disease Virus 2 (RHDV2; GI.2) Is Replacing Endemic Strains of RHDV in the Australian Landscape within 18

Months of Its Arrival. J. Virol. 2018, 92, e01374-17. [CrossRef]

20. Strive, T.; Piper, M.; Huang, N.; Mourant, R.; Kovaliski, J.; Capucci, L.; Cox, T.E.; Smith, I. Retrospective Serological Analysis

Reveals Presence of the Emerging Lagovirus RHDV2 in Australia in Wild Rabbits at Least Five Months Prior to Its First Detection.

Transbound. Emerg. Dis. 2020, 67, 822–833. [CrossRef]

21. Pacioni, C.; Hall, R.N.; Strive, T.; Ramsey, D.S.L.; Gill, M.S.; Vaughan, T.G. Comparative Epidemiology of Rabbit Haemorrhagic

Disease Virus Strains from Viral Sequence Data. Viruses 2023, 15, 21. [CrossRef] [PubMed]

22. Strive, T.; Cox, T.E. Lethal Biological Control of Rabbits—The Most Powerful Tools for Landscape-Scale Mitigation of Rabbit

Impacts in Australia. Aust. Zool. 2019, 40, 118–128. [CrossRef]

23. Ramsey, D.S.L.; Cox, T.; Strive, T.; Forsyth, D.M.; Stuart, I.; Hall, R.; Elsworth, P.; Campbell, S. Emerging RHDV2 Suppresses the

Impact of Endemic and Novel Strains of RHDV on Wild Rabbit Populations. J. Appl. Ecol. 2020, 57, 630–641. [CrossRef]

24. Taggart, P.L.; Hall, R.N.; Cox, T.E.; Kovaliski, J.; McLeod, S.R.; Strive, T. Changes in Virus Transmission Dynamics Following the

Emergence of RHDV2 Shed Light on Its Competitive Advantage over Previously Circulating Variants. Transbound. Emerg. Dis.

2022, 69, 1118–1130. [CrossRef] [PubMed]

25. Mutze, G.; de Preu, N.; Mooney, T.; Koerner, D.; McKenzie, D.; Sinclair, R.; Kovaliskli, J.; Peacock, D. Substantial Numerical

Decline in South Australian Rabbit Populations Following the Detection of Rabbit Haemorrhagic Disease Virus 2. Vet. Rec. 2018,

182, 574. [CrossRef]

26. Lopes, A.M.; Correia, J.; Abrantes, J.; Melo, P.; Ramada, M.; Magalhães, M.J.; Alves, P.C.; Esteves, P.J. Is the New Variant RHDV

Replacing Genogroup 1 in Portuguese Wild Rabbit Populations? Viruses 2014, 7, 27–36. [CrossRef]

27. Augusteyn, R.C. On the Relationship between Rabbit Age and Lens Dry Weight: Improved Determination of the Age of Rabbits

in the Wild. Mol. Vis. 2007, 13, 2030–2034.

28. Dail, D.; Madsen, L. Models for Estimating Abundance from Repeated Counts of an Open Metapopulation. Biometrics 2011,

67, 577–587. [CrossRef]

29. Dennis, B.; Ponciano, J.M.; Lele, S.R.; Taper, M.L.; Staples, D.F. Estimating Density Dependence, Process Noise, and Observation

Error. Ecol. Monogr. 2006, 76, 323–341. [CrossRef]

30. Ives, A.R.; Dennis, B.; Cottingham, K.L.; Carpenter, S.R. Estimating Community Stability and Ecological Interactions from

Time-Series Data. Ecol. Monogr. 2003, 73, 301–330. [CrossRef]

31. Carpenter, B.; Gelman, A.; Hoffman, M.D.; Lee, D.; Goodrich, B.; Betancourt, M.; Brubaker, M.; Guo, J.; Li, P.; Riddell, A. Stan: A

Probabilistic Programming Language. J. Stat. Softw. 2017, 76, 1–32. [CrossRef]

32. Lewandowski, D.; Kurowicka, D.; Joe, H. Generating Random Correlation Matrices Based on Vines and Extended Onion Method.

J. Multivar. Anal. 2009, 100, 1989–2001. [CrossRef]

33. Brooks, S.; Gelman, A. General Methods for Monitoring Convergence of Iterative Simulations. J. Comput. Graph. Stat. 1998,

7, 434–455.

34. Ramsey, D. Dslramsey/RHDV_State_Space: Data and Code 2019. Available online: https://zenodo.org/record/3546398

(accessed on 17 April 2023).

35. Patel, K.K.; Strive, T.; Hall, R.N.; Mutze, G.; Page, B.; Korcz, M.; Booth-Remmers, M.; Smith, I.L.; Huang, N.; Kovaliski, J.; et al.

Cross-Protection, Infection and Case Fatality Rates in Wild European Rabbits Experimentally Challenged with Different Rabbit

Haemorrhagic Disease Viruses. Transbound. Emerg. Dis. 2022, 69, e1959–e1971. [CrossRef]

36. Strive, T.; Wright, J.D.; Robinson, A.J. Identification and Partial Characterisation of a New Lagovirus in Australian Wild Rabbits.

Virology 2009, 384, 97–105. [CrossRef]

https://doi.org/10.1016/j.vetmic.2013.12.015
https://doi.org/10.1136/vr.104135
https://doi.org/10.1111/csp2.12639
https://doi.org/10.1016/j.vaccine.2019.04.061
https://doi.org/10.1016/j.mambio.2016.03.006
https://doi.org/10.3897/neobiota.67.58834
https://doi.org/10.1111/rec.13552
https://doi.org/10.1111/aehr.12000
https://doi.org/10.1128/JVI.01374-17
https://doi.org/10.1111/tbed.13403
https://doi.org/10.3390/v15010021
https://www.ncbi.nlm.nih.gov/pubmed/36680062
https://doi.org/10.7882/AZ.2019.016
https://doi.org/10.1111/1365-2664.13548
https://doi.org/10.1111/tbed.14071
https://www.ncbi.nlm.nih.gov/pubmed/33724677
https://doi.org/10.1136/vr.104734
https://doi.org/10.3390/v7010027
https://doi.org/10.1111/j.1541-0420.2010.01465.x
https://doi.org/10.1890/0012-9615(2006)76[323:EDDPNA]2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073[0301:ECSAEI]2.0.CO;2
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.1016/j.jmva.2009.04.008
https://zenodo.org/record/3546398
https://doi.org/10.1111/tbed.14530
https://doi.org/10.1016/j.virol.2008.11.004


Viruses 2023, 15, 1159 11 of 11

37. Liu, J.; Fordham, D.A.; Cooke, B.D.; Cox, T.; Mutze, G.; Strive, T. Distribution and Prevalence of the Australian Non-Pathogenic

Rabbit Calicivirus Is Correlated with Rainfall and Temperature. PLoS ONE 2014, 9, e113976. [CrossRef]

38. Strive, T.; Elsworth, P.; Liu, J.; Wright, J.D.; Kovaliski, J.; Capucci, L. The non-pathogenic Australian rabbit calicivirus RCV-A1

provides temporal and partial cross protection to lethal Rabbit Haemorrhagic Disease Virus infection which is not dependent on

antibody titres. Vet. Res. 2013, 44, 1–11. [CrossRef]

39. O’Connor, T.W.; Read, A.J.; Hall, R.N.; Strive, T.; Kirkland, P.D. Immunological cross-protection between different rabbit

hemorrhagic disease viruses—implications for rabbit biocontrol and vaccine development. Vaccines 2022, 10, 666. [CrossRef]

40. Cooke, B.D.; Duncan, R.P.; McDonald, I.; Liu, J.; Capucci, L.; Mutze, G.J.; Strive, T. Prior exposure to non-pathogenic calicivirus

RCV-A1 reduces both infection rate and mortality from rabbit haemorrhagic disease in a population of wild rabbits in Australia.

Transbound. Emerg. Dis. 2018, 65, 470–477. [CrossRef]

41. Saunders, G.; Cooke, B.; McColl, K.; Shine, R.; Peacock, T. Modern approaches for the biological control of vertebrate pests: An

Australian perspective. Biol. Control 2010, 52, 288–295. [CrossRef]

42. Mutze, G.J.; Sinclair, R.G.; Peacock, D.E.; Capucci, L.; Kovaliski, J. Is Increased Juvenile Infection the Key to Recovery of Wild

Rabbit Populations from the Impact of Rabbit Haemorrhagic Disease? Eur. J. Wildl. Res. 2014, 60, 489–499. [CrossRef]

43. Di Giallonardo, F.; Holmes, E.C. Viral biocontrol: Grand experiments in disease emergence and evolution. Trends Microbiol. 2015,

23, 83–90. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0113976
https://doi.org/10.1186/1297-9716-44-51
https://doi.org/10.3390/vaccines10050666
https://doi.org/10.1111/tbed.12786
https://doi.org/10.1016/j.biocontrol.2009.06.014
https://doi.org/10.1007/s10344-014-0811-6
https://doi.org/10.1016/j.tim.2014.10.004
https://www.ncbi.nlm.nih.gov/pubmed/25455418

	Introduction 
	Methods 
	Spotlight Monitoring 
	Serology 
	Analysis of Rabbit Spotlight Data 
	Serological Analysis 
	Model Fitting 

	Results 
	Spotlight Data 
	Serological Data 

	Discussion 
	References

