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Abstract: In New Zealand, mice in reserves can complicate the control of mammalian predator invasion by 
masking scent and eating baits. Eradicating mice allows predator invasions to be more readily detected and 
managed, but removal of mice is only feasible if recolonisation is rare. We used genetics and morphology to 
assess whether the mouse population on Waikawa Island was isolated from the mainland population. A sample 
of mitochondrial DNA sequences revealed that at least four female mice must have founded the Waikawa 
population, but that gene þow between island and mainland mice is limited. Although no variation in DNA 
sequences of exon 1 of the nuclear gene vitamin K 2,3-epoxide reductase subcomponent 1 was detected, the 
common allele is not associated with resistance to anticoagulant rodenticides such as warfarin. Body size 
comparisons revealed the island population as distinct, possibly due to age structure differences. We infer low 
levels of successful dispersal between the mainland and Waikawa Island mice populations and suggest eradication 
might be sustainable in the long-term if protection against rodent invasion is maintained.
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Molecular analysis
Mouse DNA was used to amplify and sequence the complete 
mitochondrial D-loop and þanking regions (see Appendix 
S1 in Supplementary Materials for details). In addition, we 
ampliýed a nuclear gene, vitamin K 2,3-epoxide reductase 
subcomponent 1 (vkorc1; Song et al. 2011). Allelic variation 
at this locus is known to confer resistance to anticoagulant 
rodenticides such as warfarin (Rost et al. 2004; Song et al. 
2011). Therefore, we sequenced one mouse from Waikawa 
Island from the beginning of exon 1 to the end of exon 2. To 
identify possible nuclear variation, we ampliýed and sequenced 
just exon 1 of vkorc1 from a further 30 mice (Table 1). Data are 
available from http://evolves.massey.ac.nz/DNA_Toolkit.htm. 

To visualise the relationship between the DNA sequences, 
haplotype networks were inferred using the minimum spanning 
approach (Bandelt et al. 1999) in PopART (Leigh & Bryant 
2015). To test for evidence of population differentiation we 
estimated pairwise ūST between each population using the 
software Arlequin 3.5 (Excofýer et al. 2005). If our mouse 
samples were taken from a single population, ūST would not 
differ from zero (Excofýer et al. 1992), therefore, we tested 
to see if pairwise ūST estimates were signiýcantly >0 using 
1000 permutations and, because of multiple pairwise tests, 
we used 0.0025 signiýcance level.

Morphological analysis
New Zealand mice are the product of mixing at least three 
distinct lineages of Mus (European Mus musculus and  
M. domesticus, and Asian M. castaneus; Searle et al. 2009). 
These Mus lineages differ signiýcantly in tail-length to 
body-length ratio (Kraft 1985) and this results in some local 
population differences in New Zealand (Searle et al. 2009). 
We measured tail and body length using the hanging-tail 
method (Jewell & Fullagar 1966); each individual being 
suspended against a corkboard and pins placed in the board 
to mark the tip of the tail, the tip of the nose, and the base of 
the tail. Distances between pins were measured using a ruler. 
This process was repeated three times with each mouse and 
measurements averaged to reduce experimental error. We used 
a Wilcoxon-Mann-Whitney test to compare tail/body length 
ratios from island mice (n = 10) and Mahia Peninsular mice 
(including Onenui; n = 25), and an ANOVA to compare all 
six population sample means simultaneously. 

In many rodent species, island populations differ 
signiýcantly in size from mainland relatives and populations 
without predators (Goldwater et al. 2012; Durst & Roth 
2015) and this trend has been documented in New Zealand 
mice (Russell 2012). Each mouse in our sample was weighed 
(balance accurate to 0.01 g), and, because each population 
sample contained mice of different ages, we analysed 
morphological variation using an ANOVA-like Generalized 
Linear Model (GLM) ýtted using the linear model (lm) 
function in the R statistical program, version 3.0.1. This 
approach allowed us to detect differences between quantitative 
predictors and qualitative factors as explanatory variables, and 
to construct an appropriate model incorporating variables with 
signiýcant explanatory power. We used mouse weight as the 
response variable to determine whether collection location had 
any explanatory power in phenotype variation. We included as 
factors: tail length, body length, and collection location; and all 
interactions of these factors. When no signiýcant interactions 
were detected we re-ran analyses without interactions.

Results

Genetic structure
We trimmed mtDNA D-loop sequences from 61 mice to align 
a 879 bp segment with 23 M. musculus domesticus haplotypes 
previously reported from New Zealand (King et al. 2016). 
All mouse mtDNA sequences observed in our study belong 
to the M. musculus domesticus haplogroup (see Figure S1 
in Supplementary Material). Five haplotypes in our sample 
have already been reported in New Zealand mice (Genbank 
accessions: KP411761; KP411763; FM211632; FM211634; 
FM211635), but ýve D-loop sequences were new (Table 1). 

The longer mtDNA sequences (1187 bp) from 61 mice 
were used for network inference and tests of population 
differentiation (see details in Appendix S1). Four haplotypes 
were detected in the Waikawa Island sample (n = 14). The 
common haplotype (domNZ.12; King et al. 2016) was also 
present in the Mahia and Gisborne samples, but two haplotypes 
were recorded only on Waikawa Island. Three haplotypes 
(domNZ.12; domNZ.14; domNZ.3) were widespread in 
Hawkes Bay (Fig. 1). In our data, the Gisborne sample had the 
highest nucleotide diversity (ˊ = 0.0091) and Waikawa Island 
the lowest (ˊ = 0.0015; Table 1). Estimates of pairwise ūST 
ranged from 0 to 0.74 (Table 2). Of the 15 population sample 
comparisons, only the ýve pairwise comparisons between 
Waikawa Island and mainland mice were signiýcantly greater 
than zero, indicating signiýcant genetic differentiation among 
these sampling locations (Table 2). Pairwise ūST between the 
Waikawa Island sample and the nearest populations at Mahia 
(ūST = 0.497; P < 0.0001) and Onenui farm (ūST = 0.603; P < 
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Mice from Waikawa Island were signiýcantly heavier even 
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Supplementary Material

Additional supporting information may be found in the online 
version of this article:
Appendix S1. Supplementary methods and molecular analysis.
Figure S1. Network of Mus musculus domesticus mtDNA 
haplotypes sampled in New Zealand.
Figure S2. Variation in the ratio of tail-length to body-length 
in M. musculus from Waikawa Island and adjacent mainland 
New Zealand locations.


