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Abstract: The advent of mammal-resistant fences has allowed multi-species eradications of mammals from 
ecosanctuaries on the New Zealand mainland. However, maintaining eradication of house mice (Mus musculus) 
has proven difficult, and at some fenced reserves they are the only exotic mammal present and reach a high 
population density. Over 5 years we examined the impacts of mice alone on biodiversity at Sanctuary Mountain 
Maungatautari by comparing forest blocks with relatively high and low numbers of mice. We managed two 
independently fenced sites within the sanctuary to achieve high mouse numbers (up to 46 per hectare) at one 
site and undetectable mouse numbers at the second site. We then reversed these treatments by eradicating mice 
from the first site and allowing their numbers to increase at the second. We found strong evidence that mice 
reduced the abundance of ground-dwelling invertebrates, in particular caterpillars, spiders, wētā, and beetles, 
and reduced the mean body size of some taxa. In addition, earthworm abundance, biomass and species richness 
increased with a decreasing mouse population in one study block. No significant impact of mice on land snails, 
seedlings or fungi was detected at Maungatautari. Overall, there is substantial biodiversity gain from eradicating 
the full suite of pest mammals other than mice. However, mice may be catastrophic in ecosanctuaries that focus 
on the recovery of invertebrates or lizards. We expect that mouse control tools will steadily improve so that in 
the future mice can be eradicated and excluded from forest reserves such as Maungatautari.
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Introduction

Worldwide, the impacts of invasive species on native 
ecosystems have become a significant conservation issue. 
Extinctions, species declines, and ecosystem changes have 
been well documented on southern hemisphere islands, with 
introduced mammals, particularly rodents (Rattus spp. and 
house mice Mus musculus), causing the majority of these 
impacts (Towns & Broome 2003; Howald et al. 2007; Angel 
et al. 2009). House mice are one of the most widespread 
invasive mammals on the planet due to their rapid population 
growth rate, varied flexible diet, and close association with 
humans (Murphy & Nathan 2021). Mice are the smallest (mean 
weight range 17–26 g) of the four rodent species introduced to 
New Zealand, arriving after Norway rats (R. norvegicus) and 
before ship rats (R. rattus) as stowaways on ships in the early 
1820s. House mice quickly spread, and by the early 1900s 
occupied most suitable environments throughout the North and 
South Islands (Murphy & Nathan 2021). New Zealand has no 
extant native terrestrial mammals except for bats.

New Zealand studies have shown that mice eat a range 

of small invertebrates (3–12 mm long) and plant material. 
Caterpillars are often the most common invertebrate group 
eaten by mice in forests, followed by spiders, beetles, and wētā 
(Jones & Toft 2006; Murphy & Nathan 2021). For example, 
invertebrates accounted for 94% of the stomach contents of 
mice from a podocarp–broadleaved forest in the Ōrongorongo 
River valley, southern North Island (Fitzgerald et al. 1996); 
these included caterpillars (found in 51% of stomachs), 
spiders (45%), beetles (27%), and wētā (17%). On Rangitoto 
Island, Miller and Miller (1995) also found that invertebrates 
were the major component of mouse diet, with Auckland tree 
wētā (Hemideina thoracica) being a dominant prey item. In 
alpine habitat in Fiordland, South Island, the diet of mice 
was dominated by wētā, spiders, and grasshoppers (Wilson 
& Lee 2010).

A few studies have shown that earthworms play a major 
role in the diet of mice, particularly during the winter (Le Roux 
et al. 2002; Jones et al. 2003). In contrast, two studies on sub-
Aantarctic islands, such as Marion and Macquarie, concluded 
that earthworms are of negligible importance as a food item 
for mice (Gleeson & Van Rensburg 1982; Copson 1986). It is 
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important to note that of the above studies, only Le Roux et al. 
(2002) and Jones et al. (2003) included earthworm chaetae in 
their analysis. Until recently, without chaetae, the importance 
of earthworms in animal diets could not be accurately 
determined, and the importance of soft-bodied prey, such as 
larvae and earthworms, is likely to have been underestimated 
in many studies (Jones & Toft 2006). However, novel eDNA 
techniques have the potential to identify invertebrate prey, 
including soft-bodied organisms, from mammalian stomach 
contents or faecal material (Clare et al. 2009). For example, 
Watts et al. (2020a) used DNA barcoding to identify a prey 
fragment extracted from a rat stomach as cave wētā (Talitropsis 
sedilloti; 99% sequence identity).

Worldwide, as well as in New Zealand, mice in unmanaged 
urban, rural, and wild ecosystems are typically uncommon and 
inconspicuous when food is scarce and other competing and 
predatory mammal species are present. In New Zealand, larger 
introduced predatory mammals such as ship rats and Norway 
rats, mustelids (stoat Mustela erminea, feral ferret M. putorius, 
and weasel M. nivalis) and feral cats (Felis catus) limit mouse 
abundance or activity and obscure their impacts (Innes et al. 
1995; King et al. 1996; Harper & Cabrera 2010; Bridgman 
et al. 2013; Murphy & Nathan 2021). In contrast, overseas 
examples show that mice alone on islands or in agricultural 
crops with abundant food and few or no predators can become 
abundant and cause substantial damage to biodiversity and 
crop yields (Pech et al. 1999; Jones et al. 2003; Angel & 
Cooper 2006). The discovery that mice on Gough Island ate 
the undefended chicks of large seabirds, including albatrosses 
(Cuthbert & Hilton 2004), greatly extended understanding 
of their potential impacts. This led, for example, to Angel 
et al. (2009) questioning whether the impacts of mice alone 
on islands should be regarded as equivalent to those of rats.

Mouse populations also increase when they are the only 
remaining terrestrial mammals on New Zealand islands 
(Newman 1994; Russell 2012), or when food supplies become 
plentiful, such as during mast seeding of beech trees (King 
1983; Fitzgerald et al. 1996), podocarp trees (Ruscoe et al. 
2004), and tussock grasses (Wilson & Lee 2010). Recently, 
mice have frequently been the only mammal species surviving 
in fenced wildlife sanctuaries on the mainland (Burns et al. 
2012), either because they survive eradication attempts or 
because they subsequently reinvade through fences that exclude 
larger mammals. In this situation, as on oceanic islands, mice 
can become abundant and may prevent the achievement of 
predator-removal objectives and biodiversity restoration goals 
(Goldwater et al. 2012).

Conservation managers, ecosanctuaries, and community 
groups in New Zealand that are engaging in mammal eradication 
or control where mice are now the only exotic mammal 
present have raised concerns regarding the impacts of mice 
alone on native biodiversity. In response to this concern, we 
conducted a 5-year study examining the impacts of mice on 
native biodiversity in a mammal-resistant fenced sanctuary, 
Sanctuary Mountain Maungatautari (referred to hereafter as 
Maungatautari), Waikato, New Zealand. We managed two 
independently fenced sites within the sanctuary to achieve 
high mouse numbers (up to 46 per hectare) at one site and 
undetectable mouse numbers at the second site (Wilson et al. 
2018). We then reversed these treatments by eradicating mice 
from the first site and allowing their numbers to increase at 
the second (Wilson et al. 2018). Here we focus on the impact 
of mice alone on invertebrates, particularly their common 
dietary taxa, including caterpillars, spiders, wētā, and beetles 

(referred to hereafter as the preferred diet taxa). In addition, 
we investigated the earthworm and land snail communities to 
detect any responses by these little-studied groups. As seeds 
are often an important component of mouse diets (Murphy & 
Nathan 2021), we also studied seedling responses to mice alone.

We expected that the presence of numerous mice as 
predators would reduce the abundance, species richness, and 
mean body size of invertebrates, and the density and species 
richness of seedlings. Previous studies have established that 
various fungi (e.g. Rhizopogon; Elaphomyces) are components 
of mouse diets (Maser & Maser 1987; Frank et al. 2009); 
however, these studies were primarily focused on hypogeous 
fungi (fungi with underground fruiting bodies e.g. truffles) 
not known to be present at Maungatautari. We anticipated that 
mice would eat the mushroom species found at Maungatautari.

Methods

Study area
Maungatautari (3239 ha) is a highly eroded andesitic cone 
(797 m asl) surrounded by farmland, but with a diverse range 
of native forest types remaining above 240 m asl. Rimu 
(Dacrydium cupressinum)–tawa (Beilschmiedia tawa) is the 
dominant forest type of the sites used in this study (Clarkson 
et al. 2002).

A mammal-resistant fence (Day & MacGibbon 2007) 
enclosing Maungatautari was completed in 2006, and a 
sustained operation to eradicate mammals from inside the 
fence followed (Speedy et al. 2007). Mice became scarce, but 
it is likely that they were never eradicated completely (Wilson 
et al. 2018). Further mouse control ceased in February 2012 
and mice have since become abundant (for a detailed timeline, 
see Table 1 in Wilson et al. 2018).

Starting in April 2011 we used two independently 
mammal-fenced sites with contrasting mouse densities at 
Maungatautari (see Fig. 1 in Wilson et al. 2018). Our ‘M block’ 
is a small (24 ha) part of the fenced 3400 ha Maungatautari 
reserve that received ongoing mouse control, and mice 
were undetectable there when this study started. After aerial 
poison drops in 2004, 2006, and 2008, c. 3200 inked cards 
in footprint tracking tunnels baited with peanut butter were 
placed across Maungatautari (c. 1 hectare−1). Tunnels were 
initially checked monthly, then cards were replaced monthly 
but checked after one week. Each time a mouse was detected, 
alternating mouse traps in tracking tunnels and brodifacoum 
bait in bait stations were placed in a 25 × 50 m grid covering 
a 200 × 200 m area around the location of the detection. In 
September 2011, eradication efforts across Maungatautari were 
suspended until cost-effective mouse control methods might 
become available, because monitoring and removal were too 
expensive to sustain. However, mouse control continued in 
M block due to our study design requirements.

Our ‘Q block’, approximately 100 m south of M block, is a 
mammal-fenced 17 ha, private forest block covenanted by the 
Queen Elizabeth II National Trust (i.e. an agreement between 
QEII Trust and a landowner protects land in perpetuity) and 
separated from the main reserve only by a vehicle track. All 
mammals were removed from Q block by 2008, but mice were 
detected in August 2009 and then became abundant.

In August 2013, half-way through our study, we switched 
mouse management treatments (referred to hereafter as the 
treatment switch) between the two blocks, to experimentally 
test mouse impacts on indigenous biodiversity. Maungatautari 
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Ecological Island Trust (a private, non-profit-making registered 
charitable Trust established in 2001 to restore and sustain 
Maungatautari) eradicated mice from Q block while mouse 
control ceased in M block to allow the population to increase. 
As a result, mouse population density in Q block was high 
from April 2011 to August 2013, and low from November 
2013 to February 2016. We refer to these block–treatment 
combinations as QH and QL, respectively (as in Wilson et al. 
2018). In contrast, mouse density in M block was low and then 
higher (ML and MH) on average during the same periods.

Mouse population density and abundance indices (traps 
and tracking tunnels)
The population density of mice (mice hectare−1) in each study 
block was estimated every 3 months using spatially explicit 
capture–recapture (Wilson et al. 2018). Relative indices of 
mouse abundance in each block were also estimated every 
3 months (autumn: April/May; winter: August; spring: 
November; summer: February), between April 2011 and 
February 2016, using footprint tracking based on established 
protocols (Gillies & Williams 2013). We placed inked cards in 
tracking tunnels (24 in Q block and 36 in M block) set in lines 
150 m apart, each with 5–12 tunnels 50 m apart (a different 
layout from the standard method because of our small block 
sizes; Wilson et al. 2018). Tunnels were baited with peanut 
butter and checked the next morning. Tracking rate (percentage 

Table 1. Summary of methods used to sample invertebrates, seedlings and fungi in the study blocks M and Q at Sanctuary 
Mountain Maungatuatari between April 2011–February 2016.
__________________________________________________________________________________________________________________________________________________________________

Target Group Sampling method Number of traps/samples Duration of sampling Frequency of collection
__________________________________________________________________________________________________________________________________________________________________

Ground-dwelling  Pitfall trap 20 traps in each block April 2011–2015 Annually 
invertebrate   (10 traps located 5 m apart Summer 2011/12–2015/16 (1 month in April; late 
community  along a 45 m transect × 2)  Nov–late Feb, collected
    monthly)
__________________________________________________________________________________________________________________________________________________________________

Leaf-litter invertebrate  Leaf-litter sample 32 sampling points in each April 2011–2015 Annually 
community (33 cm diameter circular block 
 frame (0.086 m2))
__________________________________________________________________________________________________________________________________________________________________

Land snails Extracted via Tullgren  32 sampling points in each April 2011 and 2012 Twice 
 funnel from leaf-litter block 
 samples   
__________________________________________________________________________________________________________________________________________________________________

Wētā Tracking tunnels 24 tracking tunnels in Q April 2011–February 2016  Every 3 months in Autumn 
  block; 36 tracking tunnels  (April/May), Winter 
  in M block  (August), Spring   
    (November) and Summer  
    (February)
__________________________________________________________________________________________________________________________________________________________________

Earthworms Searching leaf-litter 20 sampling points in each November 2013 and 2015 Twice 
 and soil (depth of 10cm) block 
 from 50 × 50 cm quadrats 
 (0.25 m2)  
__________________________________________________________________________________________________________________________________________________________________

Seedlings  Counted seedlings in 36 sampling points in each April 2011, April 2013 and Three times 
(cotyledonary,  circular 0.75 m2 plots block June 2016 
mixed-leaf and true- 
leaf seedlings)    
__________________________________________________________________________________________________________________________________________________________________

Fungi Offered mice six known One 48 hours in July 2011 Once 
 edible and other  
 mushrooms at cafeteria  
 and filmed with cameras  
 Fungal DNA from  
 mouse faecal pellets 54 faecal pellets examined August 2011 and February Once 
   2012
__________________________________________________________________________________________________________________________________________________________________

of tunnels tracked by mice) was calculated for each occasion 
on each block.

Invertebrates
Invertebrate sampling protocols and timing are summarised 
in Table 1.

Sampling the invertebrate community using pitfall traps
The ground-dwelling invertebrate fauna was sampled using 
pitfall traps, each a 100 mm-deep plastic cup (105 mm diameter) 
containing 100 mL of 50% monopropylene glycol. Pitfall traps 
were placed at 5 m intervals along a 45 m transect located 
between two tracking tunnels. Two transects were located 
randomly within each study block, giving a total of 20 pitfall 
traps in each block. Traps were set for 1 month in April in 
2011–2015, and for 3 months over summer (late November 
to late February, set and collected each month) from 2011/12 
to 2015/16. Specimens were preserved in 70% ethanol.

Captured invertebrates (≥ 3 mm in length) were sorted 
and counted to order level using a binocular microscope. We 
focused on caterpillars, spiders, beetles, and wētā as these have 
been identified previously as dominant prey items in diets of 
mice (preferred diet taxa) in the presence of other mammals 
(see references in Murphy & Nathan 2021). Beetles were sorted 
on the basis of external morphology into recognised taxonomic 
units (RTUs; hereafter referred to as species, see Appendix 
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S1 in Supplementary Materials) and, where possible, given 
generic and species-level identifications by Stephen Thorpe 
(independent researcher, Auckland). Each beetle captured 
was measured, and then mean beetle body length (mm) per 
trap was calculated. Wētā size was calculated by measuring 
the width of the pronotum (mm), and then a mean per trap 
was calculated.

Sampling the leaf-litter invertebrate community
Litter-dwelling invertebrates were collected from leaf-litter 
samples, each within a 33 cm diameter circular frame (0.086 
m2) at 32 sampling points in each block. Sampling points were 
chosen using a random compass bearing and distance (< 5 
m) from each tracking tunnel. Eight extra litter samples (two 
from each line of tunnels) were collected from the Q block to 
achieve 32 samples from each block. Each April, from 2011 
to 2015, eight litter samples were taken weekly from each 
block (32 samples per block). At collection, all leaf litter and 
friable humus were scraped rapidly from the frame, placed 
in individual bags and transported back to the laboratory. 
Invertebrates were extracted from the leaf litter over a 72 hr 
period using Tullgren funnels (Moeed & Meads 1986).

Preservation, sorting, counting and identification of 
invertebrates from the leaf litter followed the same protocols 
as used for the pitfall-trapped invertebrates. Litter weight was 
recorded per sample.

Sampling land snails
After the 72 hr Tullgren funnel extraction described above, 
land snails were extracted manually from the litter samples in 
April 2011 (QH; ML) and 2012 (QH; ML) from both blocks.

Sampling wētā with tracking tunnels
Tracking tunnels used to monitor mice (described above) were 
also used to record the footprints of invertebrates. Each tracking 
card was examined for the presence of wētā footprints, which 
are readily recognisable. Protarsal, mesotarsal, and metatarsal 
prints longer than 2.5, 3.5, and 4.4 mm, respectively, indicate 
the presence of adult Auckland tree wētā (H. thoracica; Watts 
et al. 2011). Smaller wētā, including subadult and juvenile 
Auckland tree wētā, all age classes of ground wētā (Hemiandrus 
species), and all age classes of cave wētā (Rhaphidophoridae 
species) were recorded as ‘other wētā’.

Sampling earthworms
In November 2013 (QL; MH; 3 months after treatment switch) 
and 2015 (QL; MH) a headlamp was used to search leaf litter 
and then soil to a depth of 10 cm from within twenty 50 × 
50 cm quadrats (0.25 m2) in each of the Q and M blocks. To 
avoid potential trampling effects, each sampling point was 
located 10 m west of a randomly selected tracking tunnel in 
2013, and 10 m east of a tunnel in 2015. Earthworms were 
immediately placed into labelled vials containing 70% ethanol; 
later they were dabbed dry and individuals weighed to the 
nearest milligram. Identification to RTU was completed using 
a binocular microscope and the keys of Lee (1959) and Sims 
& Gerard (1985).

Sampling seedlings
Seedling sampling protocols and timings are summarised in 
Table 1. We counted cotyledonary seedlings (i.e. with their first 
leaf), true-leaf seedlings (< 15 cm tall) and mixed-leaf (both 
cotyledons and true leaves combined) seedlings in 36 circular 

plots, each 0.75 m2, placed systematically along transects in 
each of Q and M blocks in April 2011 (QH; ML), April 2013 
(QH; ML), and June 2016 (QL; MH). Plots were placed 5 m 
from tracking tunnels, on alternating sides perpendicular to 
each line of tunnels. In Q block, 12 additional plots were placed 
opposite other plots to achieve 36 plots in each block. Total 
density of all seedlings (number  metre−2), total seedling species 
richness, and densities of cotyledonary, true-leaf and mixed-
leaf seedlings were then calculated by species and size class.

Sampling fungi
Fungi sampling protocols are summarised in Table 1. Fruiting 
bodies of six known human-edible and other mushrooms 
were translocated from ML to QH and placed at a cafeteria 
site at ground level. Video cameras were set up for a period 
of approximately 48 hr in July 2011 to observe if mice, when 
presented with a choice of mushrooms, would consume certain 
species preferentially.

In a second approach, mouse faecal pellets were collected 
during trapping operations in August 2011 and in February 
2012. The pellets from August were analysed using molecular 
methods, and the pellets from February were analysed using 
both microscopy and molecular methods. DNA was extracted 
from pellets surface-cleansed with 70% ethanol. The internal 
transcribed spacer region (ITS) was amplified using the 
fungal and Basidiomycota-specific primers ITS, 1F, and ITS 
4B (Gardes & Bruns 1993), since the fungi most likely to be 
consumed by mice are larger Basidiomycota.

Seventeen faecal pellets were examined microscopically. 
Fungal tissues are mostly digested, leaving only spores in the 
faecal matter (Castellano et al. 1989).

Data analysis
Pitfall trap invertebrate community data
A linear mixed model (LMM) with smoothing splines over 
time, fitted using Residual Maximum Likelihood, was used 
to model the temporal trends in the pitfall trap invertebrate 
data for each study block (Q and M) and the covariance 
structure of the repeated measurements. The random and 
fixed effects of the LMM are described in Table 2. Mouse 
density was not used as a predictor in our statistical models 
because dates of mouse and invertebrate sampling sessions 
differed, mouse density could be estimated only for capture 
sessions when >1 mice were caught (Wilson et al. 2018), and 
lags were expected between mouse density and its effects on 
invertebrate populations.

Differences in the temporal trends between the two study 
blocks were examined by plotting 83% confidence intervals 
around the predicted mean values. Non-overlapping 83% 
confidence intervals indicate differences between the study 
blocks at the 5% significance level (Krzywinski & Altman 
2013). The total number of invertebrates caught (per trap), 
the number of preferred diet taxa invertebrates caught, the 
number of beetle species caught, the mean beetle length, and 
the mean wētā size were analysed as response variables. The 
number of spiders, beetles, wētā caught were also separately 
analysed, but the caterpillar count data were too sparse to 
analyse separately. Residual diagnostic plots were inspected 
for evidence of departures from the assumptions of normality 
and homogeneity of variance. All count data were square-root 
transformed prior to analysis to stabilise the variance.

To assess the variation in beetle species composition 
and abundance between samples collected from the M and 
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Table 2. The random and fixed effects of the linear mixed models with smoothing splines over time used to model the 
temporal trends and the covariance structure of the repeated measurements, for a) pitfall trap invertebrate community data, 
b) leaf-litter invertebrate community data, and c) wētā tunnel tracking data.
__________________________________________________________________________________________________________________________________________________________________

Data Random effects Fixed effects
__________________________________________________________________________________________________________________________________________________________________

Pitfall trap invertebrate  Temporal splines: overall, study block, transect and pitfall trap Covariates: time, number of trap 
community Correlated random coefficients: pitfall trap plus pitfall trap  nights 
 by time Fixed factor: study block
 Random factors: transect, month Interaction: study block by time

Leaf-litter invertebrate Temporal splines: overall, study block, transect and plot Covariates: time, weight of litter 
community Correlated random coefficients: plots plus plots by time sampled
 Random factor: transect Fixed factor: study block
  Interaction: study block by time

Wētā tunnel tracking Temporal splines: overall, study block and transect Covariates: time
 Correlated random coefficients: transect plus transect by time Fixed factor: study block
 Random factor: season Interaction: study block by time
__________________________________________________________________________________________________________________________________________________________________

Q blocks over the study, classification cluster analysis and 
ordination techniques were performed within the PATN 
multivariate analysis package (Belbin 1995). Species with only 
one specimen in the dataset were omitted from the analysis. 
The procedures FUSE (agglomerative hierarchical fusion) 
and SSH (semi-strong hybrid multidimensional scaling) were 
implemented. Furthermore, a flexible unweighted pair-group 
method using UPGMA clustering (with β = −0.1), where equal 
weight is given to objects, not groups, and the Bray-Curtis 
association measure, which consistently performed well in data 
testing (Faith et al. 1987), were selected. A two-dimensional 
ordination with a stress value of 0.1867 was considered to 
summarise the data suitably (see Belbin 1995).

Leaf-litter invertebrate community data
Similar to the analysis of the pitfall data, an LMM with 
smoothing splines was used to model the litter invertebrate 
data over time (Table 2). The total number of litter-dwelling 
invertebrates found per transect plot, the number of litter-
dwelling spiders, beetles, caterpillars, and beetle species found 
per transect plot, and the mean beetle length of litter-dwelling 
invertebrates found per transect plot were analysed. The wētā 
count data were too sparse to analyse separately. Residual 
diagnostic plots were inspected for evidence of departures from 
the assumptions of normality and homogeneity of variance. 
Transformations were not needed.

Wētā tunnel tracking data
At each sampling time, the proportion of tunnels on a transect 
tracked by (1) adult Auckland tree wētā and (2) other wētā 
was calculated. Similar to the analysis of the pitfall data, an 
LMM with smoothing splines was used to model the tracking 
tunnel data over time (Table 2). Residual diagnostic plots were 
inspected for evidence of departures from the assumptions 
of normality and homogeneity of variance. Transformations 
were not needed.

Land snails
LMMs were used to assess the effects of study block, year 
(2011 and 2012), and their interaction, on the number of snails 
collected and the number of unique snail species found (i.e. 
species richness) in the litter samples. Random terms for 
transect nested within block and plot nested within transect 

were included to take account of the sampling structure. In 
addition, a random intercept for sampling date and a sampling 
date by plot spline were included to account for additional 
temporal variability. Residual diagnostic plots were inspected 
for evidence of departures from the assumptions of normality 
and homogeneity of variance. The number of snails collected 
per plot was natural log + 1 transformed prior to analysis to 
stabilise the variance, and back-transformed means and exact 
back-transformed 95% confidence intervals were calculated. 
The significance of the study block by year interaction was 
assessed using an F-test, and Fisher’s unprotected least significant 
differences at the 5% level were used to compare means.

Earthworms
LMMs were used to assess the effects of study block, year 
(2013 and 2015), and their interaction on the mean abundance, 
biomass (g), and species richness of earthworms collected within 
the transect plots. Random terms for transect within block 
and plot within transect were included to take account of the 
sampling structure. Residual diagnostic plots were inspected for 
evidence of departures from the assumptions of normality and 
homogeneity of variance. To normalise the data, the variables 
(abundance, biomass, and species richness) were natural log 
transformed prior to analysis. Due to the presence of zeroes, 
half the minimum non-zero value were added prior to logging. 
Back-transformed means and exact back-transformed 95% 
confidence intervals were obtained. The significance of the 
study block by year interaction was assessed using an F-test, 
and Fisher’s unprotected least significant differences at the 5% 
level were used to compare means.

Seedlings
LMMs were used to assess the effects of study block, year (2011, 
2013 and 2016) and their interaction on the mean litter depth 
(cm), total density of all seedlings (number m−2), total seedling 
species richness, and densities of cotyledonary, mixed-leaf, 
and true-leaf seedlings. The analysis was the same as for the 
earthworm data except that we also included a power model of 
order one in the seedling LMMs to accommodate correlations 
between measurements taken on the same transect plot over 
the 3 years.

All statistical analyses were performed using Genstat version 
19 (VSN International 2017).
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Results

Mouse population density and footprint tracking indices
Mouse density fluctuated seasonally in both blocks, with 
relatively high summer or autumn densities following mouse 
reproduction in spring and summer (Fig. 1). In QH, density was 
9–46 mice per hectare until mice were eradicated in August 
2013. In ML, density was apparently zero until summer 2012, 
when the first mouse was caught there; in MH, density then 
increased to 6–23 per hectare.

The percentage of tunnels with mouse tracks was positively 
related to mouse density in the corresponding block and capture 
session. Density could be estimated only for capture sessions 
where > 1 mice were caught; at these times tracking rates 
ranged from 8–92% in M block and 67–100% in Q block. In 
other sessions, where 0 or 1 mice were caught and density 
was not estimated, tracking rates were 0–11%.

Further details of mouse population density estimates (mice 
per hectare) and abundance indices based on the percentage of 
tunnels with footprints for each block throughout the 5-year 
study are given in Wilson et al. (2018).

Invertebrates

Invertebrate community assessed with pitfall traps
A total of 42 639 invertebrates were caught in pitfall traps 
during the study. There was strong statistical evidence that, on 
mean, the number of preferred diet taxa caught in pitfall traps 
was lower in QH than in ML (Fig. 2a). In contrast, following 
the treatment switch, there was strong statistical evidence that 
the mean number of preferred diet taxa caught in pitfall traps 
was higher in QL than in MH (Fig. 2a). A similar pattern was 

Figure 1. Estimated house mouse population density in Q and M 
blocks within Sanctuary Mountain Maungatautari. Vertical lines 
show 95% confidence intervals. Open symbols show trapping 
sessions when density could not be estimated; i.e. when ≤ 1 mice 
were captured in M block (triangles) early in the study, and when 
0 mice were captured in Q block (circles) after eradication. Timing 
of the treatment switch in August 2013 is shown with a dashed 
vertical line. Density is plotted on a logarithmic scale. QH, QL, 
MH, and ML indicate block–phase combinations; i.e. mouse 
density treatments (High, Low) that switched between blocks 
(Q, M) at or around August 2013. Reproduced with permission 
from Wilson et al. (2018).

observed for the total number of invertebrates caught, the 
number of spiders, beetles, and wētā caught, and the number 
of beetle species caught in pitfall traps (Appendices S2–S7).

On average, beetles with significantly shorter body length 
were caught in pitfall traps at QH compared with ML, and 
there was some evidence that the mean length of beetles caught 
was longer in QL than in MH (Fig. 2b). A similar pattern was 
observed for mean wētā pronotum width (Appendix S7).

The FUSE classification analysis and SSH ordination 
indicated a clear separation of four beetle coummunity groups 
associated with different mouse density treatments in Q and M 
blocks (Fig. 3). Beetles collected from all pitfall trap transects in 
low mouse density treatments (ML and QL) had similar species 
assemblages (Group I; Fig. 3). The transects in the summer 
immediately after the treatment switch (December 2013–April 
2014) were distinct (Group II; Fig. 3), and transects in high 
mouse density treatments (QH and MH) formed another group 
(Group III; Fig. 3). Finally, one transect (February 2016) in Q 
block at low mouse density formed Group IV (Fig. 3), which 
was characterised by very high beetle abundance.

Leaf-litter invertebrate community
In total, 10 719 invertebrates were sampled from the leaf 
litter during the study. The mean number of preferred diet 
taxa leaf-litter invertebrates was lower in QH than in ML 
(Fig. 4a). Following the treatment switch there was strong 
statistical evidence that the mean number of preferred diet 
taxa leaf-litter invertebrates was higher in QL than in MH 
(Fig. 4a). A similar pattern was observed for the total number 
of invertebrates caught, the number of beetles, caterpillars and 
spiders caught, and the number of beetle species sampled from 
the leaf litter (Appendix S8–S12).

On average, beetles with significantly shorter body length 
were found in the leaf litter in QH compared with ML. In QL 
and MH there was no evidence of a difference in beetle lengths 
between the two study blocks approximately 4 months after 
the treatment switch (Fig. 4b).

Tracking rates of wētā in tunnels
During the first 2 years of the study (April 2011–July 2013), 
mean tracking rates of adult Auckland tree wētā were 
significantly higher in ML (range of predicted means: 36–51%) 
compared with QH (9–23%; Fig. 5a). In the year after the 
treatment switch, mean tracking rates of adult Auckland 
tree wētā were similar in the two blocks. After August 2014, 
mean tracking rates of adult Auckland tree wētā significantly 
increased to more than 47% in QL, while in MH the predicted 
the mean tracking rates was always < 30% (Fig. 5a).

Before the treatment switch, mean tracking rates of other 
wētā were significantly higher in ML compared with tracking 
rates in QH (Fig. 5b). Between August 2013 and February 
2015 the mean tracking rates of other wētā in the two blocks 
were similar. After February 2015, mean tracking rates of other 
wētā were significantly higher in QL than in MH (Fig. 5b).

Land snails
At both blocks, the number of snail species caught per leaf-
litter sample decreased from 2011 to 2012 (Table 3), but there 
is no statistical evidence that this decline differed between ML 
and QH (F1,63.3 = 2.88; P = 0.095). Furthermore, there is no 
statistical evidence of any differences in the mean abundance 
of snails collected from leaf litter samples between years or 
between study blocks (Table 3).
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Figure 2. Predicted mean number of a) preferred diet taxa 
invertebrates and b) mean body length (mm) of beetles 
caught per pitfall trap at study blocks M (grey solid line) and 
Q (black solid line) at Sanctuary Mountain Maungatautari. 
The dashed lines represent 83% confidence intervals around 
the predicted values. Non-overlapping 83% confidence 
intervals indicate differences between the study blocks 
at the 5% significance level. Observed data for block M 
are plotted with grey crosses and for block Q with black 
circles. The vertical dashed line denotes the ‘treatment 
switch’, where mice were eradicated from Q block and 
mouse control ceased in M block. The observed data have 
been jittered, by adding a small amount of random noise, 
to prevent overplotting.

Figure 3. Distribution of beetle taxa caught in pitfall 
traps in Q and M blocks at Sanctuary Mountain 
Maungatautari, defined by two-dimensional SSH 
ordination analyses. See Appendix S1 for beetle 
species (RTUs). Four groupings with similar 
beetle species composition identified by the FUSE 
clustering analysis have been superimposed as hand-
drawn polygons around plots: Group I = transects in 
low mouse density treatments (QL and ML); Group 
II = transects in the summer (December 2013–April 
2014) immediately after the treatment switch; Group 
III = transects in high mouse density treatments (QH 
and MH); Group IV = one transect (Feb 2016) in 
Q block at low mouse density. Circles = Q block, 
squares = M block. Open symbols = transects in 
low mouse density treatments, grey symbols = 
transects in the summer (December 2013–April 
2014) immediately following the treatment switch, 
black symbols = transects in high mouse density 
treatments. 
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Figure 4. Predicted mean number of a) preferred diet 
taxa leaf-litter invertebrates and b) mean body length 
(mm) of litter-dwelling beetles collected per plot at 
study block M (grey solid line) and Q (black solid line) 
at Sanctuary Mountain Maungatautari. The dashed 
lines represent 83% confidence intervals around the 
predicted values. Non-overlapping 83% confidence 
intervals indicate differences between the study blocks 
at the 5% significance level. Observed data for block 
M are plotted with grey crosses and for block Q with 
black circles. The vertical dashed line denotes the 
‘treatment switch’ where mice were eradicated from 
Q block and mouse control ceased in M block. The 
observed data have been jittered, by adding a small 
amount of random noise, to prevent overplotting.

Earthworms
There was strong statistical evidence of an interaction between 
study block and year on the mean log-transformed abundance 
(F1,70.8 = 9.82; P = 0.003), biomass (F1,70.9 = 7.92; P = 0.006) 
and species richness (F1,71.3 = 7.53; P = 0.008) of earthworms 
collected, indicating that earthworm populations at the two 
study blocks responded differently over time. The mean number 
of earthworms, biomass, and species richness per plot increased 

Table 3. Means and 95% confidence intervals for the number of snails collected and the number of unique snail species 
found in litter samples at study blocks M and Q in 2011 and 2012. For each variable, means without a letter in common are 
statistically different at the 5% level.
__________________________________________________________________________________________________________________________________________________________________

Year Block–treatment combination Number of species Abundance*
  Mean 95% CI Mean 95% CI
__________________________________________________________________________________________________________________________________________________________________

2011 ML 15.6 c (12.60, 18.66) 35.3 a (17.23, 71.47)
 QH 11.1 b (8.07, 14.22) 24.6 a (11.79, 50.30)
__________________________________________________________________________________________________________________________________________________________________

2012 ML 7.2 ab (4.13, 10.20) 15.4 a (7.20, 31.63)
 QH 5.5  a (2.40, 8.52) 10.3 a (4.66, 21.59)
__________________________________________________________________________________________________________________________________________________________________

* The means and 95% confidence intervals are back-transformed from the ln+1 scale.

in Q block from 2013 to 2015 (QL) with a decreasing mouse 
population, but there was no evidence of a change over time 
at M block (Table 4).

Seedlings
There was weak statistical evidence of an interaction between 
study block and year on the mean log-transformed density of 
seedlings (number m−2; F2,92.5 = 2.82; P = 0.065). In Q block, 
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Figure 5. Predicted proportion of tunnels on each 
transect tracked by a) adult Auckland tree wētā and 
b) other wētā at study block M (grey solid line) and Q 
(black solid line) at Sanctuary Mountain Maungatautari. 
The dashed lines represent 83% confidence intervals 
around the predicted values. Non-overlapping 83% 
confidence intervals indicate differences between the 
study blocks at the 5% significance level. Observed 
data for block M are plotted with grey crosses and 
for block Q with black circles. The vertical dashed 
line denotes the ‘treatment switch’, where mice were 
eradicated from Q block and mouse control ceased 
in M block. The observed data have been jittered, by 
adding a small amount of random noise, to prevent 
overplotting.

Table 4. Back-transformed means and exact back-transformed 95% confidence intervals for the number, total weight (g) 
and number of unique recognised taxonomic units of earthworms collected per plot at study blocks M and Q in 2013 (3 
months after treatment switch) and 2015. For each variable, means without a letter in common are statistically different at 
the 5% level.
__________________________________________________________________________________________________________________________________________________________________

Year Block–treatment Abundance Biomass (g) Species richness
 combination Mean 95% CI Mean 95% CI Mean 95% CI
__________________________________________________________________________________________________________________________________________________________________

2013 MH 1.1  b (0.51, 2.09) 0.13  b (0.041, 0.380) 0.68  b (0.363, 1.117)
 QL 0.3  a (−0.02, 0.75) 0.01  a (−0.001, 0.044) 0.19  a (0.005, 0.445)
__________________________________________________________________________________________________________________________________________________________________

2015 MH 1.4  bc (0.66, 2.50) 0.17  b (0.054, 0.487) 0.99  bc (0.586, 1.536)
 QL 2.9  c (1.64, 5.01) 0.31  b (0.103, 0.883) 1.40  c (0.885, 2.098)
__________________________________________________________________________________________________________________________________________________________________

the density of seedlings was higher in 2016 (QL) than in 2011 
(QH) and 2013 (Table 5). Conversely, there was no evidence 
of any differences in M block. For both mean litter depth and 
log-transformed species richness, there was no statistical 
evidence of an interaction between study block and year (F2,116.5 
= 1.26; P = 0.288, F2,95.8 = 0.54; P = 0.584, respectively), nor 
was there any statistical evidence that these means differed 
over time at either study block (Table 5).

There was strong statistical evidence of an interaction 
between study block and year on the mean log-transformed 
density of cotyledonary seedlings per plot (F2,96.0 = 4.10;  
P = 0.020), indicating that cotyledonary seedling densities 
on Q and M blocks responded differently over time. In both 

study blocks cotyledonary seedling density decreased from 
2011 to 2013 and then increased from 2013 to 2016 (Table 
6). However, these changes were greater for Q block, where 
the mouse population increased between 2011 and 2013 and 
decreased between 2013 and 2016.

The mean log-transformed density of mixed-leaf seedlings 
per plot exhibited a similar pattern over time to cotyledonary 
seedlings (Table 6). However, there was no evidence that the 
density of mixed-leaf seedlings in Q and M blocks responded 
differently over time (the interaction between study block and 
year was not statistically significant; F2,136.9 = 1.83; P = 0.164).

At both Q and M blocks the mean log-transformed density 
of true-leaf seedlings was lower in 2016 than in 2011 and 
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Table 5. Means and 95% confidence intervals for the total density of all seedlings (number per m2), mean litter depth (cm), 
and total seedling species richness per transect plot at study blocks M and Q in 2011, 2013 and 2016. For each variable, 
means without a letter in common are statistically different at the 5% level.
__________________________________________________________________________________________________________________________________________________________________

Year Block–treatment Total density* Mean leaf litter Species richness*
 combination Mean 95% CI Mean 95% CI Mean 95% CI
__________________________________________________________________________________________________________________________________________________________________

2011 ML 7.6  ab (4.98, 11.32) 3.5  ab (2.65, 4.30) 3.1  ab (2.38, 3.88)
 QH 13.4  b (9.00, 19.91) 3.2  ab (2.39, 4.03) 3.9  ab (3.09, 4.94)
__________________________________________________________________________________________________________________________________________________________________

2013 ML 5.7  a (3.72, 8.61) 3.1  ab (2.32, 3.94) 2.8  a (2.17, 3.56)
 QH 8.1  ab (5.36, 12.17) 2.9  ab (2.08, 3.71) 3.7  ab (2.90, 4.68)
__________________________________________________________________________________________________________________________________________________________________

2016 MH 7.5  ab (4.96, 11.29) 3.6  b (2.90, 4.27) 3.0  a (2.30, 3.76)
 QL 20.9  c (13.87, 31.40) 2.4  a (1.73, 3.16) 4.5  b (3.54, 5.75)
__________________________________________________________________________________________________________________________________________________________________

*The means and 95% confidence intervals are back-transformed from the ln + 0.5 scale.

Table 6. Back-transformed means and exact back-transformed 95% confidence intervals for the densities of cotyledonary, 
mixed-leaf and true-leaf seedlings per transect plot at study blocks M and Q in 2011, 2013 and 2016. For each variable, 
means without a letter in common are statistically different at the 5% level.
__________________________________________________________________________________________________________________________________________________________________

Year Block–treatment Cotyledonary Mixed-leaf True-leaf
 combination Mean 95% CI Mean 95% CI Mean 95% CI
__________________________________________________________________________________________________________________________________________________________________

2011 ML 1.03  b (0.653, 1.528) 0.97  bc (0.469, 1.739) 4.48  b (2.873, 6.843)
 QH 3.15  c (2.257, 4.340) 2.68  cd (1.592, 4.323) 4.70  b (3.031, 7.154)
__________________________________________________________________________________________________________________________________________________________________

2013 ML 0.50  a (0.255, 0.827) 0.12  a (0.000, 0.442) 5.11  b (3.300, 7.772)
 QH 0.62  ab (0.343, 0.998) 0.27  ab (0.005, 0.675) 6.67  b (4.357, 10.096)
__________________________________________________________________________________________________________________________________________________________________

2016 MH 2.54  c (1.791, 3.530) 3.50  de (2.128, 5.573) 0.93  a (0.468, 1.606)
 QL 6.44  d (4.602, 8.945) 8.04  e (5.016, 12.717) 1.70  a (0.979, 2.783)
__________________________________________________________________________________________________________________________________________________________________

2013. However, there was no evidence that the density of 
true-leaf seedlings at two study blocks responded differently 
over time (the interaction between study block and year was 
not statistically significant; F2,134.3 = 1.31; P = 0.272).

Fungi
No mice were filmed visiting fruiting bodies of known edible 
and other mushrooms in the 48 hr during which they were 
presented.

Fungal DNA was amplified successfully from 14 of 54 
examined faecal pellets, but good-quality DNA sequence 
data were obtained from only three of these. When the DNA 
sequence data were compared with the data from GenBank 
(a repository of DNA sequences) via BLAST searches, 
the sequences were found to correspond to species from 
Polyporaceae (bracket fungi) or corticioid fungi (crust fungi). 
None of the sequences corresponded to fleshy mushrooms.

Several kinds of fungal spores were observed in 12 of 
17 pellets examined microscopically, but most were in small 
numbers. These were typical of fleshy fungi, bracket fungi, 
and arbuscular mycorrhizal fungi. Several spores from plant 
pathogens, including rusts and hyphomycetes, were also 
observed.

Discussion

Impacts of mice on biodiversity
As expected, our data provide strong evidence that mice may 
reduce ground-dwelling invertebrate abundance, particularly 
preferred diet taxa such as wētā. The treatment switch between 
the two study blocks confirmed this inference. In addition, the 
number, biomass, and species richness of earthworms increased 
in Q block from 2013 to 2015 (QL) with a decreasing mouse 
population, but did not change over time at M block.

There are three important contextual perspectives when 
considering mouse impacts measured in this project. First, the 
indigenous biota we examined at Maungatautari have already 
survived c. 750 years of rodent predation and at least 150 
years of impacts of other introduced mammals. Kiore (Rattus 
exulans) would have done the most damage to New Zealand 
invertebrates, being the first and smallest (mean weights 
70–130 g at different locations; King & Forsyth 2021) rat to be 
introduced (c. 1280 ad; Wilmshurst et al. 2008). Therefore, in 
this comparatively brief research project we looked for rapid 
responses from the relatively resilient fauna that has already 
survived for centuries in the presence of mammalian predators 
(Gibbs 2010). Second, the impacts of mice on invertebrates and 
birds at Maungatautari are likely to be small compared with 
the combined impacts of the larger mammalian predators and 
browsers/tramplers, such as stoats, ship rats and Norway rats, 
brushtail possums, hedgehogs (Erinaceus europaeus), feral 
cats, feral goats (Capra hircus), red deer (Cervus elaphus), 
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and pigs (Sus scrofa; King 2005) that have been removed 
successfully. Abundant mice may be more damaging to lizards 
that routinely use small crevices as refuges, because the smaller 
mice can access spaces unavailable to larger rodents, mustelids 
and cats (Tingley et al. 2013; Norbury et al. 2014). Third, if 
mice can also be eradicated, and extirpated bird and lizard 
fauna can be at least partially restored by translocation, then 
there may be even greater predation pressure on invertebrates 
from these native predators (Sinclair et al. 2005; Watts et al. 
2014). The primary objective of restoration in New Zealand 
sanctuaries is to restore pre-human ecological interactions 
and processes (Lee et al. 2005) as much as possible, and not 
to increase the abundances of all taxa.

In New Zealand, invertebrates, particularly litter-dwelling 
caterpillars, beetles, spiders, and ground wētā, are often present 
in the diet of mice in a wide range of habitats, implying that 
these are significant food items (see Murphy & Nathan 2021). 
Studies have estimated that the proportion of the total biomass 
of invertebrates (excluding earthworms, which potentially have 
not been effectively surveyed) harvested daily by mice ranges 
from 0.7% to 2.9% (Rowe-Rowe et al. 1989; Crafford 1990; 
van Aarde et al. 1996). A more recent estimate by Innes et al. 
(2010) suggests that in the presence of other mammals, mice at 
typical low density (i.e. < 6 ha−1, Wilson et al. 2018) consume 
c. 9 g of invertebrates per hectare per night in North Island 
podocarp–broadleaved forest. The amount consumed by mice 
alone at high densities is likely to be higher. Therefore, it is not 
surprising that studies in New Zealand have implicated mice 
in the decline of invertebrate populations (Bull 1967; Ramsay 
1978; Brignall-Theyer 1998). For example, mouse predation 
has been cited as the most likely cause of the extinction of 
two insect species, a predatory carabid beetle (Loxomerus 
sp.) and an unidentified wētā species, on Antipodes Island 
(Marris 2000).

There have been few studies examining the impact of mice 
on invertebrate communities in New Zealand, particularly 
in forest ecosystems. One exception is a survey on Allports 
Island, which found that of the invertebrate species commonly 
found in pitfall traps, eight were caught in significantly larger 
numbers on the island after mice were eradicated in 1989 (M. 
Fitzgerald, pers. comm.; data also mentioned in Murphy & 
Nathan 2021). In addition, a staphylinid beetle not caught on 
the island in 1986 was abundant by 1997/1998.

More studies have been carried out in coastal lowland 
vegetation of the sub-Antarctic islands. For example, a 
comparison of invertebrates on islands with and without mice in 
the South Indian Ocean suggested that predation by mice caused 
a reduction in the mean body size of medium- to large-sized 
invertebrate taxa, significant negative effects on populations 
of some invertebrate species, and disruption of the mating 
strategies of weevils (Crafford & Scholtz 1987; Crafford 1990; 
Chown & Smith 1993). In New Zealand, evidence suggests that 
mice on the Antipodes Islands had a markedly harmful effect 
on the diversity and abundance of the invertebrate fauna, with 
two species apparently exterminated by mouse predation and 
at least two others on the brink of extinction (Marris 2000). 
In contrast, mouse-free exclosures on Marion Island did not 
reveal effects of mice on any of eight invertebrate prey groups’ 
abundance or biomass, nor on community structure (diversity 
and composition; van Aarde et al. 2004). Despite these studies 
being in differing ecosystem types, collectively they show that 
at some locations mice may limit invertebrates, either directly 
by predation, or indirectly by competition for food such as 
seeds, fruits, and other invertebrates.

Our ordination analyses showed that pitfall-trapped beetle 
community composition could be separated into three groups, 
associated with high and low mouse density treatments and 
the period immediately following the treatment switch. In 
another fenced New Zealand sanctuary, Zealandia, Watts 
et al. (2014) found that there were winners and losers in the 
beetle community after mammal eradication, with larger 
taxa benefiting from mammal eradication. More recently at 
Maungatautari, Watts et al. (2020b) found that beetle taxa with 
a roaming predatory lifestyle may be particularly vulnerable 
to mammal predation. In the present study, a fourth group on 
the ordination consisted of one outlying plot (February 2016) 
collected from Q block at low mouse density. This plot had 
very high beetle abundance (more than twice as many as any 
other plot), mainly Saphobius inflatipes (Scarabaeidae) and 
Sepedophilus spp. (Staphylinidae). The reason for this increase 
in numbers is unknown.

Our finding of higher tracking rates of adult Auckland 
tree wētā and other wētā in low mouse density treatments 
may indicate that wētā populations responded to reduced 
predation (e.g. Krebs et al. 1995; Banks et al. 1998; Banks 
2000) and/or competition (Caut et al. 2007; Trewby et al. 
2008; Ruscoe et al. 2011) by mice. Wētā are not only within 
the preferred prey size range of mice but are also mobile and 
may be particularly attractive to mice because their movements 
are readily detectable. The increase in wētā tracking rates 
occurred relatively rapidly (i.e. adult Auckland tree wētā within 
12 months and other wētā within 14 months) after mouse 
eradication from the Q block. Watts et al. (2011) also observed 
dramatic increases in wētā pitfall captures, wētā tracking rates, 
and the density of wētā footprints per tracking card within 2 
years after mammals were initially eradicated from a 61 ha 
fenced exclosure on Maungatautari. This increase may reflect 
changes in wētā abundance following mammal eradication, but 
could also be a result of behaviour changes. For example, four 
years after kiore were eradicated from Nukuwaiata (Chetwode 
Islands), Wellington tree wētā (Hemideina crassidens) spent 
more time on the ground (Rufaut & Gibbs 2003). Watts et al. 
(2020b) analysed another four summers of wētā response data 
from Maungatautari and found that when most mammals were 
eradicated and mice were controlled to low numbers, wētā 
abundance was similar within the 61 ha fenced exclosure and 
outside the exclosure but inside the main sanctuary fence. 
However, wētā numbers declined in the following 2 years 
outside that exclosure as mouse abundance increased (Watts 
et al. 2020b).

We observed no significant changes in earthworm biomass, 
abundance, and diversity in M block. In contrast, in Q block, 
which started with high numbers of mice, earthworm biomass, 
abundance, and diversity increased once mouse density was 
reduced after the treatment switch, suggesting that earthworm 
populations were in the early stages of recovery after years 
of sustained mouse predation. A further unexpected and 
unwelcome observation in Q block was the apparently faster 
recovery of invasive earthworm species (e.g. Octolasium 
cyaneum and Eisenia japonica) populations in both abundance 
and biomass, when compared to native species (e.g. Deinodrilus 
agilis and Megascolides raglani) populations. However, 
this result was not statistically tested and requires further 
investigation.

We did not detect a significant impact of mice on land 
snails, seedlings or fungi at Maungatautari, although all are 
likely to be minor diet items, and the faecal pellets examined 
for fungi were not collected at the time of key autumn fruiting. 
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It is possible that there were mouse effects on land snails that 
went undetected because the sampled communities were in 
a poor condition as a legacy of prior long-term mammalian 
predation (before the present study) or some other earlier 
disturbance. There was low snail species richness (6–16 
species vs expected 40–70), low abundance (26–49 vs expected 
100–1000 per litter sample), and low mean size (1.5–1.7 mm 
vs expected 2–5 mm).

Limitations of the study design
Although we believe the trends we observed to be meaningful, 
we wish to draw attention to one unavoidable shortcoming in 
our study design. As there was no replication of the treatment 
switch the analysis is descriptive. That is, we cannot conclude 
that the differences in the mouse control regimes caused 
differences between study block M and Q; although they were 
likely to be a major contributor, we have no objective way 
of assessing this. Therefore, this limitation restricts inference 
about the cause of differences between the blocks and the 
significance of this research to other geographical locations. 
Our design was improved by (1) the high number of replicates 
in invertebrate samples, chosen to overcome considerable 
spatial and temporal variation, (2) no significant differences in 
vegetation composition between the two blocks (Wilson et al. 
2018), and (3) the treatment switch mid-way through the study. 
Hence, our results are robust and illustrate clear differences 
between the block-treatment combinations, although we are 
not able to show that the differences were caused by our 
experimental manipulations of mouse population density.

Implications of mice alone in fenced sanctuaries
In addition to their predation impacts, mice may interfere 
with monitoring and pest control devices targeting other 
species, create burrows that jeopardise pest fence integrity, 
and annoy visitors and volunteers (Wilson et al. 2018). Mice 
may attract predators into ecosanctuaries, or alternatively 
they may beneficially divert predators such as weasels away 
from valued endemic prey until they can be captured or killed. 
These non-exclusive hypotheses deserve study.

Our research suggests that mice limit populations, 
diversity, and body size of some indigenous invertebrate 
groups, particularly those in the preferred diet taxa and some 
larger native invertebrates (e.g. tree wētā), which remain 
on the New Zealand mainland despite the long history of 
predation by introduced mammals. An increasing number of 
studies show that introduced rodents have a negative effect on 
wētā populations in New Zealand (Watts et al. 2017). From 
a conservation perspective it is encouraging that in our study 
wētā tracking rates responded rapidly to the experimental 
reduction in mouse abundance at Maungatautari, and that these 
large invertebrates remain on the New Zealand mainland after 
more than a century of predation by pest mammals.

Our results add to the complex and growing body of 
knowledge that regional and district councils, ecosanctuary 
trusts, and the Department of Conservation use to manage 
sanctuaries similar to Maungatautari. Overall, there is 
substantial biodiversity gain from eradicating the full suite of 
pest mammals despite mice remaining afterwards. Mice may 
be catastrophic, however, in ecosanctuaries that focus on the 
recovery of lizards (e.g. Otago skinks, Oligosoma otagense, 
Norbury et al. 2014) or invertebrates (e.g. wētā, Watts et al. 
2020b). Nevertheless, we look forward to improvements in 
mouse control tools to enable the future eradication of mice 
from large, rugged forest reserves such as Maungatautari.

Acknowledgements

This project was funded by the Strategic Science Investment 
Fund for Crown Research Institutes from the Ministry 
of Business, Innovation and Employment’s Science and 
Innovation group, and by Waikato Regional Council. We thank 
Bill and Sue Garland for access to their property, Maungatautari 
iwi for permission to undertake this work on the maunga, 
and Maungatautari Ecological Island Trust staff, led by Lucy 
Bridgman, and volunteers for access to the sanctuary. In 2013 
Maungatautari staff undertook and maintained the eradication 
of mice in the Q block. We are indebted to Stephen Thorpe, 
who identified the beetles. Mike Fitzgerald provided valuable 
discussions on mice and invertebrates. Thanks to Kevin 
Collins, Alan Saunders, and Dave Byers (all Waikato Regional 
Council) and Jack Craw (Auckland Council) for funding and 
other assistance, and to Al Glen, Ray Prebble, Chris Jones, 
Joanne Monks, James Reardon and an anonymous reviewer 
for improving the draft of this manuscript.

Author contributions

All authors except VC designed components of the study and 
conducted field research. VC undertook the data analysis, and 
all authors contributed to data interpretation and the writing 
of the manuscript.

References

Angel A, Cooper J 2006. A review of the impacts of introduced 
rodents on the islands of Tristan da Cunha and Gough. 
RSPB Research Report 17. Bedfordshire, UK, Royal 
Society for the Protection of Birds. 60 p.

Angel A, Wanless RM, Cooper J 2009. Review of impacts of 
the introduced house mouse on islands in the Southern 
Ocean: are mice equivalent to rats? Biological Invasions 
11: 1743–1754.

Banks PB 2000. Can foxes regulate rabbit populations? Journal 
of Wildlife Management 64: 401–406.

Banks PB, Dickman CR, Newsome AE 1998. Ecological 
costs of feral predator control: foxes and rabbits. Journal 
of Wildlife Management 62: 766–772.

Belbin L 1995. PATN: pattern analysis package. Technical 
reference. Canberra, CSIRO Division of Wildlife and 
Ecology. 79 p.

Bridgman LJ, Innes J, Gillies C, Fitzgerald NB, Miller S, 
King CM 2013. Do ship rats display predatory behaviour 
towards house mice? Animal Behaviour 86: 257–268.

Brignall-Theyer ME 1998. Potential vertebrate predators of the 
Cromwell chafer beetle. Prodontria lewisi. Unpublished 
MSc thesis, University of Otago, Dunedin, NZ.

Bull RM 1967. A study of the large New Zealand 
weevil Lyperobius huttoni Pascoe, 1896 (Coleoptera: 
Curculionidae, Molytinae). Unpublished MSc thesis, 
Victoria University, Wellington, New Zealand. 125 p.

Burns B, Innes J, Day T 2012. The use and potential of 
pest-proof fencing for ecosystem restoration and fauna 
conservation in New Zealand. In: Hayward MW, Somers 
MJ eds. Fencing for conservation. New York, Springer. 
Pp. 65–90.

Castellano MA, Trappe JM, Maser Z, Maser C 1989. Key to 



13Watts et al.: Impacts of mice alone on biodiversity

spores of the genera of hypogeous fungi of north temperate 
forests with special reference to animal mycophagy. 
Eureka, California, Mad River Press Inc. 186 p.

Caut S, Casanovas JG, Virgos E, Lozano J, Witmer GW, 
Courchamp F 2007. Rats dying for mice: modelling the 
competitor release effect. Austral Ecology 32: 858–868.

Chown SL, Smith VR 1993. Climate change and the short-term 
impact of feral house mice at the sub-Antarctic Prince 
Edward Islands. Oecologia 96: 508–516.

Clare E, Fraser E, Braid H, Fenton M. Hebert P. 2009. Species 
on the menu of a generalist predator, the eastern red bat 
(Lasiurus borealis): using a molecular approach to detect 
arthropod prey. Molecular Ecology 18: 2532–2542.

Clarkson B, Merrett M, Downs T (eds) 2002. Botany of the 
Waikato. Hamilton, Waikato Botanical Society Inc., 
University of Waikato. 136 p.

Copson GR 1986. The diet of the introduced rodents Mus 
Musculus L and Rattus rattus L on sub-Antarctic Macquarie 
Island. Australian Wildlife Research 13: 441–445. 

Crafford JE 1990. The role of feral house mice in ecosystem 
functioning on Marion Island. In: Kerry KR, Hempel G eds. 
Antarctic ecosystems: ecological change and conservation. 
Proceedings 5th SCAR Biology Symposium. Hobart, 
Tasmania, Australia. Pp. 359–364.

Crafford JE, Scholtz CH 1987. Quantitative differences 
between the insect faunas of sub-Antarctic Marion and 
Prince Edward Islands: a result of human intervention? 
Biological Conservation 40: 255–262.

Cuthbert R, Hilton G 2004. Introduced house mice Mus 
musculus: a significant predator of threatened and endemic 
birds on Gough Island, South Atlantic Ocean? Biological 
Conservation 117: 483–489.

Day T, MacGibbon R 2007. Multiple-species exclusion fencing 
and technology for mainland sites. In: Witmer GW, Pitt 
WC, Fagerstone KA, eds. Managing vertebrate invasive 
species. Proceedings of an International Symposium. 
USDA/APHIS/WS, National Wildlife Research Center, 
Fort Collins. Pp. 418–433.

Faith DP, Minchin PR, Belbin L 1987. Compositional 
dissimilarity as a robust measure of ecological 
distance. Vegetatio 69: 57–68.

Fitzgerald BM, Daniel MJ, Fitzgerald AE, Karl BJ, Meads MJ, 
Notman PR 1996. Factors affecting the numbers of house 
mice (Mus musculus) in hard beech (Nothofagus truncata) 
forest. Journal of the Royal Society of New Zealand 26: 
237–249.

Frank JL, Anglin S, Carrington EM, Taylor DS, Virator B, 
Southworth D 2009. Rodent dispersal of fungal spores 
promotes seedling establishment away from mycorrhizal 
networks on Quercus garryana. Botany 87: 821–829.

Gardes M, Bruns T 1993. ITS primers with enhanced specificity 
for basidiomycetes: application to the identification of 
mycorrhizae and rusts. Molecular Ecology 2: 113–118.

Gibbs G 2010. Do New Zealand invertebrates reflect the 
dominance of birds in their evolutionary history? 
New Zealand Journal of Ecology 34: 152–157.

Gillies CA, Williams D 2013. DOC tracking tunnel guide 
v2.5.2: using tracking tunnels to monitor rodents and 
mustelids. Hamilton, Department of Conservation, Science 
& Capability Group. http://www.doc.govt.nz (accessed 
15 May 2017).

Gleeson JP, Van Rensburg PJJ 1982. Feeding ecology of the 
house mouse Mus musculus on Marion Island. South 
African Journal of Antarctic Research 12: 34–39.

Goldwater N, Perry GLW, Clout MN 2012. Responses of 
house mice to the removal of mammalian predators and 
competitors. Austral Ecology 37: 971–979.

Harper GA, Cabrera LF 2010. Response of mice (Mus 
musculus) to the removal of black rats (Rattus rattus) in 
arid forest on Santa Cruz Island, Galapagos. Biological 
Invasions 12: 1449–1452.

Howald G, Donlan CJ, Galván JP, Russell JC, Parkes J, 
Samaniego A, Wang Y, Veitch D, Genovesi P, Pascal M, 
Saunders A, Tershy B 2007. Invasive rodent eradication 
on islands. Conservation Biology 21: 1258–1268. 

Innes J, Warburton B, Williams D, Speed H, Bradfield P 
1995. Large-scale poisoning of ship rats (Rattus rattus) 
in indigenous forests of the North Island, New Zealand. 
New Zealand Journal of Ecology 19: 5–17.

Innes J, Kelly D, Overton JMcC, Gillies C 2010. Predation 
and other factors currently limiting New Zealand forest 
birds. New Zealand Journal of Ecology 34: 86–114.

Jones C, Toft R 2006. Impacts of mice and hedgehogs on 
native forest invertebrates: a pilot study. DOC Research 
and Development Series 245. Wellington, Department of 
Conservation. 32 p.

Jones AG, Chown SL, Gaston KJ 2003. Introduced house mice 
as a conservation concern on Gough Island. Biodiversity 
and Conservation 12: 2107–2119.

King CM 1983. The relationships between beech (Nothofagus 
sp) seedfall and populations of mice (Mus musculus), and 
the demographic and dietary responses of stoats (Mustela 
erminea), in three New Zealand forests. Journal of Animal 
Ecology 52: 141–166.

King CM, Forsyth DM eds 2021. The handbook of New Zealand 
mammals. 3rd edn. Melbourne, Victoria, Australia, CSIRO 
Publishing. 576 p.

King CM, Innes JG, Flux M, Kimberley MO 1996. Population 
biology of small mammals in Pureora Forest Park: 2. The 
feral house mouse (Mus musculus). New Zealand Journal 
of Ecology 20: 253–269.

Krebs CJ, Boutin S, Boonstra R, Sinclair ARE, Smith JNM, 
Dale MRT, Martin K, Turkington R 1995. Impact of food 
and predation on the snowshoe hare cycle. Science 269: 
1112-1115.

Krzywinski M, Altman N 2013. Error bars. Nature Methods 
10: 921–922.

Le Roux V, Chapuis JL, Frenot Y, Vernon P 2002. Diet of the 
house mouse (Mus musculus) at Guillou Island, Kerguelen 
archipelago, Subantarctic. Polar Biology 25: 49–57.

Lee KE 1959. The earthworm fauna of New Zealand. 
Department of Scientific and Industrial Research Bulletin 
130, New Zealand. 486 p.

Lee W, McGlone M, Wright E 2005. Biodiversity inventory 
and monitoring: a review of national and international 
systems and a proposed framework for future biodiversity 
monitoring by the Department of Conservation. Landcare 
Research Contract Report LC0405/122. 213 p.

Marris JWM 2000. The beetle (Coleoptera) fauna of the 
Antipodes Islands, with comments on the impact of mice: 
and an annotated checklist of the insect and arachnid fauna. 
Journal of the Royal Society of New Zealand 30: 169–195.

Maser C, Maser Z 1987. Notes on mycophagy in four species 
of mice in the genus Peromyscus. Great Basin Nature 
47: 308–313.

Miller CJ, Miller TK 1995. Population dynamics and diet of 
rodents on Rangitoto Island, New Zealand, including the 
effect of a 1080 poison operation. New Zealand Journal 



14 New Zealand Journal of Ecology, Vol. 46, No. 1, 2022

of Ecology 19: 19–27.
Moeed M, Meads M 1986. Seasonality of litter-inhabiting 

invertebrates in two native-forest communities of 
Orongorongo Valley, New Zealand, New Zealand Journal 
of Zoology 13: 45–63.

Murphy EC, Nathan HW 2021. Mus musculus. In: King 
CM & Forsyth DM eds. The handbook of New Zealand 
mammals, 3rd edn. Melbourne, Victoria, Australia, CSIRO 
Publishing. Family Muridae. Pp. 161–240.

Newman DG 1994. Effects of a mouse, Mus musculus, 
eradication programme and habitat change on lizard 
populations of Mana Island, New Zealand, with special 
reference to McGregor’s skink, Cyclodina macgregori. 
New Zealand Journal of Zoology 21: 443–456.

Norbury G, van den Munckhof M, Neitzel S, Hutcheon A, 
Reardon J, Ludwig K 2014. Impacts of invasive house 
mice on post-release survival of translocated lizards. 
New Zealand Journal of Zoology 38: 322–327.

Pech RP, Hood GM, Singleton GR, Salmon E, Forrester 
RI, Brown PR 1999. Models for predicting plagues of 
house mice (Mus domesticus) in Australia. In: Singleton 
GR, Hinds LA, Leirs H, Zhang Z eds. Ecologically-
based management of rodent pests. Canberra, Australia, 
Australian Centre for International Agricultural Research. 
Pp. 81–112.

Ramsay GW 1978. A review of the effect of rodents on 
the New Zealand invertebrate fauna. In: Dingwall PR, 
Atkinson IAE, Hay C eds. The ecology and control of 
rodents in New Zealand nature reserves. Wellington, NZ, 
Department of Lands and Survey. Pp. 89–98.

Rowe-Rowe DT, Green B, Crafford JE 1989. Estimated impact 
of feral house mice on sub-Antarctic invertebrates at 
Marion Island. Polar Biology 9: 457–460.

Rufaut CG, Gibbs GW 2003. Response of a tree weta population 
(Hemideina crassidens) after eradication of the Polynesian 
rat from a New Zealand island. Restoration Ecology 11: 
13–19.

Ruscoe W, Wilson D, McElrea L, McElrea G, Richardson SJ 
2004. A house mouse (Mus musculus) population eruption 
in response to rimu (Dacrydium cupressinum) seedfall in 
southern New Zealand. New Zealand Journal of Ecology 
28: 259–265.

Ruscoe WA, Ramsey DSL, Pech RP, Sweetapple PJ, Yockney 
I, Barron MC, Perry M, Nugent G, Carran R, Warne R, 
Brausch C, Duncan RP 2011. Unexpected consequences of 
control: competitive vs. predator release in a four-species 
assemblage of invasive mammals. Ecology Letters 14: 
1035–1042.

Russell JC 2012. Spatio-temporal patterns of introduced mice 
and invertebrates on Antipodes Island. Polar Biology 35: 
1187–1195.

Sims RW, Gerard BM 1985. Earthworms: keys and notes for 
the identification and study of the species. Brill Archive. 
171 p.

Sinclair L, McCartney J, Godfrey J, Pledger S, Wakelin 
M, Sherley G 2005. How did invertebrates respond to 
eradication of rats from Kapiti Island, New Zealand? 
New Zealand Journal of Zoology 32: 293–315.

Speedy C, Day T, Innes J 2007. Pest eradication technology 
– the critical partner to pest exclusion technology: the 
Maungatautari experience. In: Witmer GW, Pitt WC, 
Fagerstone KA eds. Managing vertebrate invasive species: 
proceedings of an International Symposium. Pp. 115–126. 

Tingley R, Hitchmough RA, Chapple DG 2013. Life-history 

traits and extrinsic threats determine extinction risk in 
New Zealand lizards. Biological Conservation 165: 62–88.

Towns DR, Broome KG 2003. From small Maria to 
massive Campbell: forty years of rat eradications from 
New Zealand. New Zealand Journal of Zoology 30: 
377–398.

Trewby ID, Wilson GJ, Delahay RJ, Walker N, Young 
R, Davison J, Cheeseman C, Robertson PA, Gorman 
ML, McDonald RA 2008. Experimental evidence of 
competitive release in sympatric carnivores. Biology 
Letters 4: 170–172.

van Aarde RJ, Ferreira SM, Wassenaar TD, Erasmus DG 1996. 
With cats away the mice may play. South African Journal 
of Science 92: 357–358.

van Aarde RJ, Ferreira SM, Wassenaar TD 2004. Do feral house 
mice have an impact on invertebrate communities on sub-
Antarctic Marion Island? Animal Ecology 29: 215–224.

VSN International 2017. Genstat for Windows 19th edn. VSN 
International, Hemel Hempstead, UK. https://vsni.co.uk/.

Watts C, Armstrong DP, Innes J, Thornburrow D 2011. 
Dramatic increases in wētā (Orthoptera) following 
mammal eradication on Maungatautari – evidence from 
pitfalls and tracking tunnels. New Zealand Journal of 
Ecology 35: 261–272.

Watts C, Thornburrow D, Cave V, Innes J 2014. Beetle 
community changes following pest mammal control at 
two biodiversity sanctuaries in Wellington, New Zealand. 
Journal of the Royal Society of New Zealand 44: 61–87.

Watts C, Innes J, Wilson D, Fitzgerald N, Bartlam S, 
Thornburrow D, Smale M, Barker G 2017. Impacts of mice 
alone on biodiversity: final report of a Waikato field trial. 
Manaaki Whenua – Landcare Research Contract Report 
LC 2747. Lincoln, New Zealand. 33 p.

Watts C, Dopheide A, Stilborn H. 2020a. Analysis of stomach 
contents of possums (Trichosurus vulpecula), ship 
rats (Rattus rattus), and house mice (Mus musculus) 
collected from the Mahoenui giant wētā Scientific 
Reserve and exploring the use of eDNA to detect MGW 
in the stomach contents of ship rats. Manaaki Whenua – 
Landcare Research Contract Report LC 3792. Lincoln, 
New Zealand. 15 p.

Watts C, Innes J, Cave V, Thornburrow D, Thorpe S 2020b. 
Beetle and wētā community responses to mammal 
eradication on Maungatautari. New Zealand Journal of 
Zoology 47: 272–290.

Wilmshurst JM, Anderson AJ, Higham TFG, Worthy TH 2008. 
Dating the late prehistoric dispersal of Polynesians to 
New Zealand using the commensal Pacific rat. Proceedings 
of the National Academy of Sciences of the United States 
of America 105: 7676–7680.

Wilson DJ, Lee WG 2010. Primary and secondary resource 
pulses in an alpine ecosystem: snow tussock grass 
(Chionochloa spp.) flowering and house mouse (Mus 
musculus) populations in New Zealand. Wildlife Research 
37: 89–10.

Wilson DJ, Innes JG, Fitzgerald NB, Bartlam S, Watts C, Smale 
MC 2018. Population dynamics of house mice without 
mammalian predators and competitors. New Zealand 
Journal of Ecology 42: 192–203.

Received: 12 May 2021; accepted: 11 October 2021
Editorial board member: Jo Monks



15Watts et al.: Impacts of mice alone on biodiversity

Supplementary material

Additional supporting information may be found in the 
supplementary material file for this article:

Appendix S1. Beetle species (RTUs) caught in pitfall traps in 
Q and M blocks within Sanctuary Mountain Maungatautari.

Appendix S2. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean total number of 
invertebrates caught.

Appendix S3. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean total number of 
beetles caught.

Appendix S4. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean total number of 
wētā caught.

Appendix S5. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean total number of 
spiders caught.

Appendix S6. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean total number of 
beetle species caught.

Appendix S7. Comparison of the pitfall-trapped invertebrates 
between Q and M blocks: Predicted mean pronotum length 
of wētā caught

Appendix S8. Comparison of the leaf litter dwelling 
invertebrates between Q and M blocks: Predicted mean total 
number of litter-dwelling invertebrates found.

Appendix S9. Comparison of the leaf litter dwelling 
invertebrates between Q and M blocks: Predicted mean number 
of litter-dwelling beetles found.

Appendix S10. Comparison of the leaf litter dwelling 
invertebrates between Q and M blocks: Predicted mean number 
of litter-dwelling caterpillars caught.

Appendix S11. Comparison of the leaf litter dwelling 
invertebrates between Q and M blocks: Predicted mean number 
of litter-dwelling spiders found.

Appendix S12. Comparison of the leaf litter dwelling 
invertebrates between Q and M blocks: Predicted mean number 
of litter-dwelling beetle species found.

The New Zealand Journal of Ecology provides supporting 
information supplied by the authors where this may assist 
readers. Such materials are peer-reviewed and copy-edited 
but any issues relating to this information (other than missing 
files) should be addressed to the authors.


