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Abstract Two lineages of brushtail possums (Tri-

chosurus vulpecula) were historically introduced to

Aotearoa New Zealand, and these two subspecies have

different phenotypic forms. Despite over 100 years of

potential interbreeding, they appear to retain morpho-

logical differences, which may indicate reproductive

isolation. We examined this using population samples

from a confined landscape and scored each specimen

for phenotype using a number of fur colour traits. This

resulted in a bimodal trait distribution expected for

segregated grey and black lineages. We also sought

evidence for genetic partitioning based on spatial and

temporal effects. Genetic structure and rates of genetic

mixing were determined using seven neutral, species-

specific nuclear microsatellite markers and mitochon-

drial DNA control region sequence. Genotype analy-

ses indicated high levels of variation and mtDNA

sequences formed two major haplogroups. Pairwise

tests for population differentiation of these markers

found no evidence of subdivision, indicating that these

brushtail possums behave as a single randomly mating

unit. Despite maintenance of two main colour pheno-

types with relatively few intermediates, previous

inference of assortative mating and anecdotes of

distinct races, our data indicate that New Zealand

brushtail possums can freely interbreed, and that in

some locations they have formed completely mixed

populations where neutral genetic markers are unre-

lated to phenotype. This has implications for effective

pest management towards eradication.
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Introduction

In Aotearoa New Zealand, deliberate introduction of

plants and animals, mostly during European colonisa-

tion (Thomson 1922), has resulted in extinctions and

population decline across the native biota (Paulay

1994; Spatz et al. 2017; Wodzicki and Wright 1984;

Woinarski et al. 2015). Today, one of the most

abundant mammal pest species in New Zealand is the

Australian brushtail possum (Trichosurus vulpecula),

which is both a voracious folivore and an efficient

arboreal predator of small vertebrates and
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invertebrates (Cowan 2005; Tompkins 2018). Initially

introduced to establish a fur industry (Pracy 1974), this

species is now recognised as a crucial challenge to

conservation of native biosystems and as a vector of

bovine tuberculosis- a major issue for the agriculture

economy (Caley et al. 1999).

Brushtail possums in Aotearoa came from several

source populations in Australia that are recognised as

having distinct phenotypic traits (How and Kerle

1995). Successful establishment followed by deliber-

ate regional translocation resulted in a high level of

genetic and phenotypic polymorphism across the

country (Taylor et al. 2004; Sarre et al. 2014). This

diversity is the obverse of the situation where natural

range expansion is usually associated with low genetic

diversity, leading to the so-called genetic paradox of

invasion (Estoup et al. 2016). The success of some

biological invasions has been attributed to advantages

conferred by high genetic diversity resulting from

intraspecific hybridisation (Benvenuto et al. 2012;

Rius and Darling 2014), and this might be relevant

given the origin of brushtail possums in New Zealand.

The scale of genetic diversity and the pattern of gene

flow that establishes within an invaded territory can

significantly affect the adaptive potential of popula-

tions just as it does in natural populations (Slatkin

1987). In addition to enhancing the likelihood of

successful invasion of novel habitats by an introduced

species, genetic heterogeneity resulting from lineage

mixing is expected to present challenges to pest

control measures (Adams et al. 2014; Prior et al.

2018).

In Aotearoa, brushtail possums have no natural

predators and reach high density in native habitats as

well as anthropogenic environments (Efford 2000;

Rouco et al. 2013). Naı̈ve native prey and abundant

habitat with vegetation palatable to mammalian foli-

vores have enabled this possum species to occupy

most of the landscape except the highest elevations

(Clout 2000). In response, population management

involves the use of aerial broadcast of 1080 (sodium

fluoroacetate) toxin (Atkinson et al. 1995; Eason et al.

2011), other synthetic poisons (Goldson et al. 2015;

Parkes and Murphy 2003), trapping and hunting. Pest

management and harvesting usually targets high

density populations and so contributes to spatial and

temporal heterogeneity in pest abundance, which is

likely to influence patterns and rates of gene flow. In

particular, relatively large-scale aerial application of

1080 with knockdown rates of* 90%, could increase

the degree of mixing as possums in adjacent habitat

disperse into the control zone. A better understanding

of density dependent dispersal and associated factors

is necessary for efficient control leading to pest

eradication (Sullivan et al. 2017). However, repro-

ductive behaviour of the pest could also be influential,

especially where cryptic lineages exist within a pest

taxon. If discrete reproductive units with different

ecology exist in the same landscape, management

requirements will need to be applicable to each entity

(Bastos et al. 2011; Jarić et al. 2019; Perry et al. 2018).

Reproductive segregation of possum subspecies

introduced to different parts of Aotearoa could yield

differing pest characteristics, and persistence of distinct

lineages could mean different management strategies

are required. The brushtail possum population in New

Zealand is not genetically homogenous, and despite

their short history and rapid population expansion, they

are spatially structured (Sarre et al. 2014; Taylor et al.

2004; Triggs and Green 1989) (Fig. 1). At least part of

this spatial structure correlates with possum fur colour

variation (Sarre et al. 2014; Campbell et al. 2021). In

their native range six subspecies of Trichosurus

vulpecula are recognised with distinct geographic

ranges and coat colour (How and Kerle 1995). Analysis

of size, fur colour, skull morphology, allozymes and

karyotypes have revealed few diagnostic features

among Australian populations but confirmed the status

of regionally distinct subspecies within their native

range (Kerle et al. 1991). Possums introduced to New

Zealand represent two of these subspecies; Trichosurus

vulpecula vulpecula from south-eastern Australia and

Trichosurus vulpecula fuliginosus from Tasmania

(Pracy 1974). In the east of New Zealand’s North

Island, possums in adjacent areas retain founder

characteristics that result from separate introductions

of the subspecies, suggesting pre and/or postzygotic

isolation (Sarre et al. 2014). If this partitioning among

subspecies applies throughout Aotearoa, efforts to

model outcomes of pest management, population

recovery and migration in a metapopulation framework

will need to incorporate dynamics of this tension before

effective control can be achieved (Engler et al. 2019;

Quilodrán et al. 2018; Ranke et al. 2020).

We sought to determine the level of reproductive

isolation between the two Australian brushtail possum

subspecies in Aotearoa within a naturally constrained

habitat space. We looked for spatial and temporal
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effects on genetic structure within our sample, and then

looked for genetic structure concordant with fur colour

phenotype. The presence of possums with distinct fur

colour at the study site and recording colour traits for

each individual sampled, allowed us to examine the

possibility of non-random mating with mate choice

linked to fur colour (Sarre et al. 2014). If brushtail

possums in this region are randomly mating without

strong fitness disadvantage in resulting hybrids, thenwe

would expect to detect no genetic structure within our

sample. However, should there be a mating bias (or

hybrid disadvantage), we predicted significant devia-

tions from Hardy–Weinberg proportions as well as

genetic differentiation concordant with phenotype.

Methods

Location

Kenepuru Peninsula is an area of nearly 400 km2

connected by a narrow isthmus in the Marlborough

Fig. 1 Nationwide population genetic structure of invasive

brushtail possums (Trichosurus vulpecula) in Aotearoa New

Zealand inferred using MCMC Bayesian clustering of variation

at five microsatellite loci among 799 possums sampled between

1989 and 1997 (data from Taylor et al. 2004)
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Sounds of northern South Island, New Zealand. The

region is characterised by drowned valleys resulting

from tectonic subsidence (Trewick and Bland 2012)

and the peninsula is largely separated from the

mainland with low potential for terrestrial dispersal.

Much (* 60%) of the original forest of Kenepuru

Peninsula was removed for pastoral farming by the

early twentieth century, but natural regeneration has

since formed a mosaic of pasture (* 20%), scrub and

forest.

We used a sample of 132 individual possums from

the Kenepuru Peninsula collected during three differ-

ent time periods (Table 1; Fig. 2). Each possum was

photographed and sexed, with date and location

recorded. Tissue samples, such as ear clips or muscle

biopsies, were taken from fresh possum corpses by

landowners and pest controllers and stored in 95%

ethanol. For each sample we sequenced a region of the

mitochondrial D-loop and determined allelic variation

at 7 microsatellite loci.

Phenotype variation

Brushtail possums in Australia display spatially

structured fur colour polymorphism and size variation

that has resulted in their treatment as six subspecies,

two of which were introduced to New Zealand (Kerle

et al. 1991). In southern and eastern Australia

(Trichosurus vulpecula vulpecula) the fur of brushtail

possums is typically silver-grey above and white

cream on the undersides with a black tail and

contrasting pale yellow and black marking on the face

and ears (Kerle et al. 1991). In Tasmania (T. v.

fuliginosus), body size is larger, and the body fur is

often almost black, longer and woollier in texture

(Kerle et al. 1991; Museums Victoria Sciences Staff

2016). In New Zealand, possum fur traders refer to a

range of pelt colours from red-grey to dark brown or

black (Nixon 1989). Although copper coloured (red)

possums are known from Queensland/Northern Ter-

ritory of Australia (T. v. johnstonii) there are no

records of possums from this region being brought to

New Zealand (Hutching 2008).

We used photographs of freshly killed possums to

score their fur colour on seven body sections: ear, tail

base, shoulders, rump, flank, belly, and flank to belly

transition (Fig. 3). For each section we scored pre-

dominantly grey characteristics (typical of Trichosu-

rus v. vulpecula) as 1 (e.g. grey shoulder = 1; pale

belly = 1), and scored the darkest shades (typical of T.

v. fuliginosus) with higher numbers (e.g. black shoul-

der = 4, black ear = 3). We scored intermediate/

mixed colours of brown and red variants (presence

of ginger hairs) with intermediate values (e.g. brown

ear = 2, red-brown flank = 3; Online Resource 1). The

flank to belly colour transition was scored from 1

(sharp) to 3 (continuous). Using the combined scores

for all sections each possum was categorised as Grey

(score: 1–9), Black (score: 18–23) or a Ginger-mix

Table 1 Location, year of sampling, number of samples (n) of

possums (Trichosurus vulpecula) used in this study with

nuclear microsatellite diversity values at 7 loci: Mean gene

diversity (G), Mean number of alleles (Na), Mean Allelic

Richness per locus based on 6 diploid individuals (Ar),

Observed Heterozygosity (Ho) and Expected heterozygosity

(He), and the fur colour frequency of each sample

Location Year Code n G Na Ar Ho He Fur colour frequency (%)

Gr GM Bl

Manaroa 2016 Mn16 36 0.68 5.57 3.9 0.66 0.67 38 13.8 47

Manaroa 2019 Mn19 22 0.71 4.43 3.74 0.73 0.7 50 13.63 36.36

Manaroa Total Mn 58 43.1 13.79 43.1

Kenepuru 2003 Kn 40 0.67 4.86 3.74 0.67 0.66 57.5 0 42.5

Waitaria Bay 2019 WB 12 0.68 4.43 3.86 0.57 0.64 58.33 16.66 25

Koutuwai 2019 Kt 8 0.56 3.57 3.3 0.58 0.53 87.5 0 12.5

Port Gore 2019 PG 8 0.66 3.71 3.44 0.67 0.64 12.5 37.5 50

Hopai 2019 Hp 6 0.69 4 4 0.71 0.64 33.33 16.66 50

Total 132

Fur colour frequency in each sample: Grey (Gr), Ginger-mix (GM), Black (Bl)
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(score: 10–17) for population genetic analysis (Online

Resource 1).

Population genetic markers

DNA extraction was conducted using the GeneAidTM

Tissue DNA Isolation Kit (Genaid Biotech Ltd,

Taiwan) following the manufacturer’s instructions

with a final elution volume of 200 ll. The quality and
quantity of the DNA extraction was assessed using

Invitrogen Qubit 4 Fluorometer (ThermoFisher

Scientific).

Mitochondrial locus- Polymerase Chain Reaction

(PCR) amplification targeted a fragment of the

mtDNA D-loop (* 730 bp) using novel PCR primers

designed for the short-eared possum (Trichosurus

canninus) and brushtail possum (Trichosurus vulpec-

ula) from whole mtDNA genomes assembled from

short read NGS data (Carmelet-Rescan et al. in prep):

Tcan_218f (AAGGCAACAACACCTCACCA),

Tcan_1049r (AATACGACATCGGCGACCTC),

Tvul_228f (CACCTCACCATCAACACCCA) and

Tvul_1023r (TCCCGCCCAGTTGATAAACC). Con-

sistent T. vulpecula amplifications and DNA

sequences were obtained using the primer combina-

tion Tcan_218f and Tvul_1023r. Amplification reac-

tions were in 20 ll volumes with final concentrations

of 1 9 DreamTaq buffer (ThermoFisher Scientific)

and 2.5 mM Magnesium Chloride (additional 0.4 ll
of 25 mM MgCl2), 200 lM each deoxy-nucleotide

Fig. 2 The Kenepuru Peninsula, Marlborough Sounds, Aotearoa New Zealand showing the six locations sampled for invasive brushtail

possums (Trichosurus vulpecula)
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phosphates (dNTP), 0.25 lM each primer, and 0.05U

DreamTaq DNA polymerase. Thermocycling used an

initial denaturation step at 95 �C for 90 s followed by

36 cycles of 94 �C for 20 s, 51 �C for 20 s, and 72 �C
for 1 min; with a final 8-min extension step of 72 �C.
Amplification products were sequenced using Big-

Dye� chemistry (Perkin Elmer) following the man-

ufacturer’s protocols on an ABI3730 DNA analyser

(Macrogen Inc). Sequences were edited and aligned

using the software Geneious 11.5 (Kearse et al. 2012).

DNA polymorphism tests, overall haplotype (h) and

nucleotide (p) diversity, were estimated using the

software DnaSP v 6.12.01. For visualization of these

results, a haplotype median-joining network (Bandelt

et al. 1999) was inferred using Popart (Leigh and

Bryant 2015).

Nuclear loci- Eight microsatellite loci developed

for this species were screened using available PCR

primers (Taylor and Cooper 1998; Taylor et al. 2004).

We used multiplex PCR with four loci in each (M1:

Tv_16, Tv_58, Tv_53 and Tv_19 and M2: Tv_64,

Tv_PnMs, Tv_M1 and Tv_14) using fluorophores

FAMTM, VICTM and TAMRATM (Online Resource 2).

PCR reactions in 10 ll volumes comprised

1 9 DreamTaq buffer (ThermoFisher Scientific),

200 lm dNTPs, 0.05U Dream-Taq DNA polymerase,

and 0.1 lM each primer. These were subject to initial

denaturation at 95 �C for 4 min, followed by 40 cycles

of 94 �C for 30 s, 60 �C for 45 s and 72 �C for 45 s,

and a final extension of 72 �C for 10 min. The

amplified microsatellite PCR products were geno-

typed using a fragment analyser at Macrogen Inc.

Allele length was determined using the microsat

plugin in Geneious 11.5 (Kearse et al. 2012).

The presence of null alleles and long-allele dropout

was examined using the software MicroChecker

v2.2.3 (Van Oosterhout et al. 2004). For locus

Tv_14 some individuals did not amplify, and the

presence of null alleles was suggested by observed

homozygotes exceeding the expected (Mi-

croChecker), therefore we removed this locus from

further analysis. We tested for linkage disequilibrium

using pairwise tests with the software Genepop on the

Web (Rousset 2008). Mean number of alleles (Na) at

seven loci were estimated in Arlequin 3.5.2.2. Mean

gene diversity (G) and mean allelic richness (Ar) were

calculated using FSTAT v2.9.4 (Goudet 2003).

Data analyses

Aotearoa New Zealand-wide population structure

We reanalysed an existing dataset obtained for 799

brushtail possums from 14 population samples across

Aotearoa (Taylor et al. 2004). If the two subspecies

introduced to New Zealand are reproductively parti-

tioned, we expected to see two genotypic clusters

Fig. 3 Examples of naturally occurring fur colour variants among feral brushtail possums in Aotearoa. Seven body sections were

scored for phenotypic analysis
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within these data. However, if possums had mated

randomly with respect to subspecies, we expected to

see a mixing of genotypes towards genetic homo-

geneity. Some spatial differences in genetic compo-

sition might remain that reflect initial timing and

pattern of genotype introduction. We applied a naı̈ve

modelling approach that infers genotypic clusters and

assigns individual genotypes using Structure 2.3.2

(Pritchard et al. 2000). Assigned clusters (K) are based

on the assumptions that the populations (not the

samples) are in Hardy–Weinberg Equilibrium, the loci

under analysis are in complete linkage equilibrium,

and each cluster identifies as a subset of allele

frequencies (Pritchard et al. 2000). The optimal

number of population clusters (optimal K) was

estimated using the Bayesian Information Criterion.

Bayesian Markov-Chain Monte Carlo (MCMC)

clustering of the individual genotypes was run with a

the Burnin period set to 5000 and the MCMC repeats

thereafter set to 50,000 (Porras-Hurtado et al. 2013).

An admixture model was used specifying that the pre-

defined populations based on collecting location were

not used as priors when assigning individuals to

inferred populations. K-values were tested between 1

to 10 for 799 samples with five loci, with 10 iterations

for each K. The K-value best fitting the dataset was

determined using the Evanno method (Online

Resource 3) implemented in Structure Harvester (Earl

2012). To identify cluster modes and visualise popu-

lation structure inferences across K values, the soft-

ware Clumpak (Kopelman et al. 2015) was used where

the output can be visualised as a stacked bar plot

(Fig. 1).

Kenepuru Peninsula population structure

We first looked for evidence that Kenepuru possum

samples formed clusters associated with geographical

sampling location (five groups for mtDNA locus and

six groups for microsatellite loci), and year of

sampling (three groups each). Then we looked for an

effect of fur colour phenotype on genotypic clustering

that would indicate assortative mating. For each

division we examined the distribution of haplotypes

and genotypes to determine whether there was

evidence of a departure from a homogenous popula-

tion. Normal dispersal behaviour of brushtail possums

would be expected to maintain gene flow between

locations \ 5 kms apart, and therefore geographic

structuring of genetic variation within the scale of our

Kenepuru sampling would not be expected (Fig. 2).

However, a physical impediment to dispersal could

limit gene flow across Kenepuru and potentially yield

spatially distinct populations, especially if subspecies

had been originally introduced to different locations.

Temporal genetic structuring could also emerge even

over a small number of generations during the 16-year

sampling span and would most likely reflect stochastic

demographic change if pest control had a significant

effect on population size. Positive assortative mating

with respect to fur colour phenotypes (subspecies)

would maintain ancestral genotypic difference.

To analyse mtDNA haplotype differentiation, 110

individuals were organized into geographical location

sets (Table 2) and then grouped according to time

(2003, 2016 and 2019). Spatial and temporal popula-

tion samples were compared using pairwise aST
looking for significant deviations from zero (Online

Resource 4) assessed using 100 permutations, with a

0.05 level of significance in Arlequin 3.5.2.2 and a

Bonferroni correction for multiple tests (0.005 and

0.01667 respectively). Using microsatellite geno-

types, tests of Hardy–Weinberg expectations were

implemented using GeneAlEx 6.503 (Peakall and

Smouse 2006). Deviations from Hardy–Weinberg

expected proportions were examined for the full

sample of possums from Kenepuru Peninsula

(n = 132) and for subsets (including temporal sam-

pling). We used pairwise FST semi-matrix with

Slatkin’s method computed in Arlequin 3.5.2.2 (Ex-

coffier and Lischer 2010) to assess population subdi-

vision. Statistically significant departures from zero of

pairwise FST values would indicate restricted gene

flow (Online Resource 5). The analysis used 100

permutations with a significance level of 0.05 and a

Bonferroni correction for multiple tests (0.0033 and

0.01667 respectively).

Fur colour

To explicitly test whether fur colour phenotypes that

are associated with distinct subspecies correlate with

neutral population genetic structure, 132 Kenepuru

possums were classified according to fur colour based

on their total score from seven body sections (101

possums were photographed and scored; the remain-

der were assigned a fur colour at the time of collection

without photographs). The mitochondrial diversity of
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these three phenotype groups was compared using

pairwise aST with significance of deviations from zero

assessed using 100 permutations, with a 0.05 level of

significance in Arlequin 3.5.2.2 and a Bonferroni

correction for multiple tests (0.01667). Pairwise FST

was estimated for microsatellite genotypes of 132

individuals combined and grouped according to fur

colour (as above plus 9 individuals characterised in the

field: 66 Grey, 52 Black, 14 Ginger-mix). Statistically

significant departures of FST values from zero would

indicate non-random mating. We used 100 permuta-

tions with a significance level of 0.05 a Bonferroni

correction for multiple tests (0.01667). Assortative

mating with respect to fur colour would lead to

deviations from Hardy–Weinberg proportions so we

examined the full dataset and subdivided by fur colour

phenotype. We also looked for evidence of genotypic

partitioning that would be expected if fur phenotypes

were reproductively segregated using the naı̈ve mod-

elling analysis Structure 2.3.2 (Pritchard et al. 2000)

with K values of 1 to 3.

Results

Aotearoa New Zealand population structure

Modelling of population genetic structure among 799

brushtail possums from 14 populations across New

Zealand with 5 microsatellite loci identified the

optimal model had three population clusters (K = 3).

Despite the rapid spread of possums across New

Zealand, genetic structure within this 2004 sample is

readily apparent with most population samples dom-

inated by a single inferred genotype assignment

(Fig. 1). However, two population samples included

individual possums assigned to all three genotypic

clusters present and many uncertain assignments

(Waipoua and Shannon, North Island; Fig. 1).

Fur colour variation on Kenepuru Peninsula

We found fur colour traits of the seven body sections

to be correlated to varying degrees (Online Resource

6). For example, cream belly and yellow ear always

coincided whereas 68% of possums with a grey rump

also had pure grey flank (Fig. 3). The frequency

distribution of fur colour score in our sample was

bimodal, dominated by grey and black individuals

with fewer intermediates than expected displaying a

mixture of fur colour traits (Fig. 4a). In a sample of

101 Kenepuru possums, we identified 59 pure grey

possums with yellow fur behind the ear and grey fur on

the tail base, rumps, flanks and shoulders (score: 1–9)

and 32 black possums that had black-ears and brown

bellies (score: 18–23) (Online Resource 1). Individu-

als with a mix of grey and black fur were few and

typically had ginger hairs on shoulder and flank (score:

10–17) (Fig. 3; Online Resource 1).

Lack of spatial and temporal genetic structure

on Kenepuru Peninsula

D-loop mtDNA sequences of 684 bp were aligned for

110 possum samples and seven haplotypes were

identified. The two common haplotypes differed from

one another by 2.49% (17 mutations), and five

haplotypes observed in one or two possums varied

from the common haplotypes by between one and five

mutations (maximum divergence 3.2%; Table 2).

Table 2 mtDNA (D-loop) polymorphism among 110 Trichosurs vulpecula possums from five locations in Kenepuru, Marlborough

Sounds, New Zealand. Haplotype (h) and nucleotide (p) diversities of seven haplotypes (KPa–KPg)

Location n h p KPa KPb KPc KPd KPe KPf KPg

Manaroa 53 0.56 0.013 25 1* 1 25 1

Kenepuru 32 0.51 0.012 24 11 1

Waitaria Bay 12 0.41 0.011 3 9

Koutuwai 10 0.71 0.014 3 1 5 1

Port Gore 3 0 0 3

Total 110 0.56 0.013 54 1 1 1 50 2 1

*Sequence from Hopai
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Overall haplotype diversity (h) was 0.56 and nucleo-

tide diversity (p) was 0.013. Our Koutuwai sample had

the highest haplotype diversity (h = 0.71) and nucleo-

tide diversity (p = 0.014). The Manaroa sample

(n = 53) had five of the seven haplotypes observed,

three of these restricted to the Manaroa sample

(Table 2). When grouped geographically into five

location samples, none of the 10 pairwise aST
estimates from the D-loop locus differed significantly

from zero. Similarly, pairwise aST estimates resulting

from grouping by year of collection (2003; 2016;

(a) (b)

(c)

(d)

(e)

Fig. 4 Fur colour and genetic variation within a population of brushtail possum (Trichosurus vulpecula) on Kenepuru Peninsula,

Aotearoa New Zealand. a Density plot showing the fur colour distribution sampled. bMtDNA haplotype network (684 bp of D-Loop)

with fur colour assignment of sampled individuals. Pie size proportional to sample size. c Probability assignment of microsatellite

genotypes for the optimal model (K = 2), arranged by fur colour type. d Haplotype network (as above) showing distribution among

sample locations, and with codes as given in in Table 2. e Genotype assignment arranged by sampling location
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2019) showed no significant deviation from zero

(Online Resource 4).

We genotyped 132 possums from Kenepuru using

seven microsatellite loci. Total number of alleles per

locus ranged from 2 to 13 (Online Resource 2). The

Manaroa sample had the highest diversity (Ho = 0.73,

He = 0.7) and mean gene diversity (0.71; Table 1).

Mean allelic richness per locus ranged between 3.3

(Koutuwai) and 4 (Hopai; Table 1). Significant

deviation from Hardy–Weinberg proportions sug-

gested that there was heterozygous excess in the

Manaroa sample for just one locus (n = 58; Locus_Tv-

58) and heterozygous deficit in the Waitaria Bay

population sample for a different locus (n = 12; locus

Tv_16; Online Resource 7). Pairwise FST differenti-

ation tests of genotype data showed no significant

deviations from zero for any of the pairwise compar-

isons of location samples. The optimum number of

population clusters (K) present in the sample of

possums was inferred using Bayesian clustering and

the Evanno DK comparison approach (Evanno et al.

2005) suggested K = 2. However, K = 2 is effectively

the default response from DK when there is low signal

of structure (Janes et al. 2017) and the distribution of

assignment probabilities was consistent with a single

genetic population (Online Resource 8; Fig. 4e).

When considering sampling time events, only the

2019 sample deviated significantly from Hardy–

Weinberg equilibrium at one locus with excess of

heterozygous individuals at one locus (n = 56; locus

Tv_58; Online Resource 7). Pairwise FST differenti-

ation tests showed no significant deviations from zero

when comparing temporal samples (p-value[ 0.99

? -0.003).

Genetic structure in relation to fur colour

Based on scoring fur colour of five body sections we

classified 132 possums from Kenepuru Peninsula into

three colour groups: Grey, Black and Ginger-mix

(Table 1). Mitochondrial haplotypes for 110 of these

possums found no evidence of genetic differentiation

among fur colour groups; pairwise aST did not deviate
significantly from zero and there was no concordance

of fur and haplotype cluster (Fig. 4b; Online Resource

4). Genotypic data revealed that when samples were

combined there were no deviations from Hardy–

Weinberg proportions as expected of random mating

(chi-squared, p[ 0.05). When samples were grouped

by fur colour, grey possums had fewer heterozygote

individuals than expected at one locus (n = 66; locus

Tv_58) and black possums had an excess of heterozy-

gote individuals at one locus (n = 52; locus Tv_M1),

while the Ginger-mix possums met Hardy–Weinberg

expectations (Online Resource 7). No evidence of

genetic differentiation was observed in the nuclear

markers with pairwise differentiation; pairwise FST

did not deviate significantly from zero. Naive cluster

assignment of genotypes showed no support for more

than one cluster among brushtail possums on Kene-

puru Peninsula. Therefore, our Bayesian clustering

analysis did not provide strong evidence of genotypic

clustering among brushtail possums from Kenepuru

Peninsula (Fig. 4c).

Discussion

Brushtail possums from Australia were released in

Aotearoa New Zealand between 1840 and 1900

(Cowan 2005) to establish a fur industry (Pracy

1974). As a result of dispersal from many release sites,

the species went on to populate the country, reaching a

total population estimated to be approximately 70

million at the end of 1900s (Clout 2000). Brushtail

possum invasions led to the drastic decline of native

flora and fauna (Sadlier 2000), and possums emerged

as prominent reservoirs of bovine tuberculosis in New

Zealand (Livingstone et al. 2015). Control measures

targeting feral possums are spatially and temporally

uneven, potentially contributing to a complex and

poorly understood landscape genetic structure. As

genetic composition of invasive populations can have

a strong influence on their invasion characteristics and

responses to control measures (Lee 2002), developing

a model of gene flow and identifying eradication units

within Aotearoa possums is essential for their future

control and eradication (Adams et al. 2014; Tompkins

2018).

Feral brushtail possums are genetically diverse at

neutral loci (Triggs and Green 1989; Taylor et al.

2004). Reanalysis of microsatellite data from nation-

wide sampling (Taylor et al. 2004) revealed partition-

ing of diversity within the species into at least three

genetic clusters. However, the complex history of

possum introductions and pattern of subsequent

translocation and spread cannot be fully elucidated

with this scale of sampling and five nuclear loci.
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Additional markers will provide resolution for a

national wide study of this species’ invasion.

Notably the brushtail possums in Aotearoa New

Zealand exhibit fur colour variation that distinguishes

the two subspecies of Trichosurus vulpecula intro-

duced to the country (Fig. 1). This raises the possibil-

ity that regionally partitioned lineages might have

distinct traits and that invasive populations of mixed

ancestry may have novel genotypes (e.g. Lu et al.

2011; Smith et al. 2020). However, the fine-scale

patterns of gene flow in this invaded landscape remain

largely concealed. Analysis of neutral genetic loci and

phenotypic information found evidence that distinct

brushtail possum lineages established in the North

Island of New Zealand from separate introductions

from Australia have remained partitioned (Sarre et al.

2014; Campbell et al. 2021). These analyses imply

ongoing assortative mating of genotypes characterised

by different fur colour (and origin), highlighting the

potential for cryptic lineages (Bastos et al. 2011; Jarić

et al. 2019; Perry et al. 2018).

We conducted a fine-scale analysis of genetic

structure of brushtail possums collected from Kene-

puru Peninsula (Fig. 2), which is a near closed system

with a barrier to dispersal from the mainland in the

form of a narrow isthmus. Within this landscape we

sought evidence of genetic partitioning using seven

nuclear microsatellite markers and a mitochondrial

marker to resolve reproductive exchange among

possums of mixed ancestry. Phenotypic variation

based on morphological data suggested a preponder-

ance of grey and black types with a deficiency of

intermediates. However, our genetic analyses using

mitochondrial markers showed no association of

haplotype with fur colour, and pairwise differentiation

tests using nuclear loci showed no correlation with fur

colour (Fig. 3). Our results contrast with previous

evidence for assortative mating (Sarre et al. 2014) and

the presence of a contact zone linked to the genotypic

differences between two populations of possums. The

stepped cline detected in the eastern North Island of

New Zealand could be due to spatial effects such as the

presence of a large river rather than a mating bias.

Priority effects established by separate historic intro-

ductions of two different lineages of possum in

separate parts of Hawke’s Bay may be sufficient to

explain the data. Numerical dominance on either side

of a river could constrain gene flow between lineages.

In contrast, Kenepuru Peninsula lacks major landscape

barriers allowing complete mixing of source popula-

tions that must have included alleles from both

subspecies, thus showing no evidence to support

different fur colours belonging to different genotypic

clusters.

We documented for the first time mtDNA haplo-

type variation among the brushtail possum in New

Zealand (Table 2) and identified a total of seven

haplotypes (Fig. 4d), with a maximum of 3.2%

sequence divergence. Introduction from different

source populations in Australia most probably

explains the presence of two distinct mtDNA lineages

within the Kenepuru Peninsula population (Carmelet-

Rescan et al. in prep). Despite rich diversity at nuclear

loci (Table 1), our samples were all from the same

population, as revealed by the estimates of pairwise

differentiation for both sets of markers (aST and

FST = 0). Possums on the Kenepuru Peninsula are not

spatially structured and there seems to be no spatial

restrictions to gene flow over this area. This agrees

with other estimates of eradication units spanning

about 20 kms (Adams et al. 2014) and estimates that

20–30% of juvenile possums will disperse up to five

kms (Cowan and Clout 2000). Dispersal routes are

important in terms of local management, as local

eradication is likely to increase opportunities for

possum reinvasion, possible in the absence of external

obstacles. Increased dispersal and gene flow could

generate novel genotypes, enhance evolutionary

potential, spread pest control resistance traits and

increase disease transmission (Allendorf and Leary

1986; Byers et al. 2015).

We conclude that possums on the Kenepuru

Peninsula function as a single population despite a

deficit of individuals with an intermediate fur colour.

Our genetic data provide enough evidence to refute the

hypothesis of assortative mating segregating possum

subspecies, which substantially simplifies their man-

agement. Predator Free 2050 aspires to rid Aotearoa

New Zealand of possums and mustelids by the year

2050 (Tompkins 2018). To do this we need to consider

factors that might reduce the effectiveness of man-

agement strategies including identification of eradica-

tion units, reinvasion pathways and the potential of

hybrid advantage.

Acknowledgements This work was supported by funding

from Operational Solutions for Primary Industries New Zealand

Ltd (OSPRI). Sampling of brushtail possums on Kenepuru

123

Unrestricted gene flow between two subspecies



Peninsula was assisted by Steve Podjursky (Bowron, Jackson

and Harvey properties 2016), Emily Osbourne and Mitch

Bartlett (Skiddaw property, Koutuwai 2019), Alistair Jenner

(Millig and Waitaria Bay properties 2019), Kristen and Mike

Gerard (Hopai and Port Gore properties 2019), and Landcare

Research (Kenepuru, 2003). We thank Andrea Taylor and team

for making raw data from the 2004 possum study available for

reanalysis.

Authors’ contributions All authors contributed to the study

conception and design. Tissue samples and photographs were

obtained by Ralph Powlesland. Data generation and analysis

was conducted by Nimeshika Pattabiraman with the assistance

of Mary Morgan-Richards and Steve Trewick. Writing was led

by Nimeshika Pattabiraman and supported by all authors.

Figures were developed by Steve Trewick. All authors read and

approved the final manuscript.

Funding This research was funded by Operational Solutions

for Primary Industries New Zealand Ltd (OSPRI), Predator Free

2050 Limited and Massey University Research Fund (to SAT).

Data availability All authors are aware of the use of materials

and software used support the claims of this study. mtDNA

sequences and microsatellite genotypes are available during the

review stage from: http://evolves.massey.ac.nz/Toolkit.htm.

When accepted for publication all data will be uploaded to

Dryad.

Declarations

Conflict of interest All authors declare that they have no

conflict of interest.

Open Access This article is licensed under a Creative Com-

mons Attribution 4.0 International License, which permits use,

sharing, adaptation, distribution and reproduction in any med-

ium 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://creativecommons.org/licenses/by/4.0/.

References

Adams AL, Van Heezik Y, Dickinson KJM, Robertson BC

(2014) Identifying eradication units in an invasive mam-

malian pest species. Biol Invasions 16:1481–1496

Allendorf FW, Leary RF (1986) Heterozygosity and fitness in

natural populations of animals. Conserv Biol Sci Scarcity

Divers 57:58–72

Atkinson I, Campbell D, Fitzgerald B et al. (1995) Possums and

possum control; effects on lowland forest ecosystems. A

literature review with specific reference to the use of 1080.

p 32
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