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top-down meso-predator release) due to the nature 
of the data available. Rats were more common at low 
altitudes near streams, and stoats were more common 
at higher-altitudes on forest edges. Average winter 
temperature, but not seedfall, increased significantly 
at Craigieburn mid-elevations since 1972. The best 
predictor of annual rat catch was higher average win-
ter temperatures interacting with high seedfall. This 
shows a key interaction between two global change 
drivers: warming temperatures have allowed exotic 
ship rats to expand into areas where they were pre-
viously absent, increasing the resultant "thermal 
squeeze" of predation on sensitive endemic birds at 
higher-altitude sites.

Keywords  Invasion · Rattus rattus · Mustela 
erminea · Thermal squeeze · Climate change

Introduction

Globally, invasive species distribution patterns are 
changing and shifting along with the environments 
they inhabit (McGlone and Walker 2011; Bellard 
et al. 2013). At the same time, global weather patterns 
are shifting and temperatures are predicted to increase 
(McGlone and Walker 2011; Bellard et  al. 2013). 
This raises an important question about the synergis-
tic effect of these two drivers of global change, with 
warming temperatures predicted to favour invasive 
species (McGlone and Walker 2011; Bellard et  al. 
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2013). Introduced predators are considered as a key 
threat to the survival of Aotearoa New Zealand bird-
life and biodiversity (Kelly et  al. 2005; Innes et  al. 
2010). Ship rats (Rattus rattus) and stoats (Mustela 
erminea) are among the most widespread of these 
mammalian predators and have substantial impacts 
on native bird numbers (Kelly et al. 2005; Innes et al. 
2010; Innes and Russell 2021; King and Veale 2021). 
For example, in Nelson Lakes National Park south-
ern beech (Nothofagaceae) forest, bird decline and 
changes in community composition are attributed to 
exotic species such as ship rats, stoats, possums (Tri-
chosurus vulpecula) and wasps (Vespula vulgaris; 
Elliott et al. 2010, Walker et al. 2019b).

Ship rats are present throughout Aotearoa New 
Zealand native forests, although historically they have 
only been common at altitudes lower than 1000 m and 
are largely absent from alpine tussock (Efford et  al. 
2006; Christie et  al. 2017; Innes and Russell 2021). 
Southern beech forests make up much of Aotearoa 
New Zealand’s remaining native forest, particularly 
in the cooler, drier areas of the South Island (Wardle 
1984; Kelly et  al. 2008; Wiser et  al. 2011; Walker 
et al. 2019a). In higher-altitude beech forest ship rats 
are usually absent or rare except in some years (King 
1997; Christie et al. 2017; Walker et al. 2019a), and 
their densities in mid- to  high-altitude beech forests 
seem to be determined by several factors such as 
pulsed food sources, cold temperatures, and presence 
of predators (King 1997; Innes et  al. 2001; Walker 
et  al. 2019a; Innes and Russell 2021). However, it 
is unclear how these drivers interact to determine 
their distribution, range, and abundance in southern 
beech forests (Walker et al. 2019a; Innes and Russell 
2021). Irregular large spatially-synchronous seeding 
events known as mast seeding lead to mice and stoat 
irruptions that then decrease within the following 
12 months (Wilson et al. 1998; Schauber et al. 2002; 
Kelly et al. 2008). Mice are particularly responsive to 
these resource pulses and start increasing in numbers 
in early summer by feeding on caterpillars which eat 
beech flowers and then on ripe seeds (Fitzgerald et al. 
1996; Ruscoe et al. 2006; Murphy and Nathan 2021). 
Stoats in turn increase in response to the mice (Kelly 
et al. 2008; Jones et al. 2011; Veale et al. 2015). The 
relationships between mast seeding, ship rat densities, 
and stoat responses are less well known; however, 
there is some evidence of bottom-up effects of ship 

rat abundance on stoat abundance (Jones et al. 2011; 
Norbury 2017).

To combat the effects of invasive mammalian 
predators on native wildlife, Aotearoa New Zealand 
has a history of predator removal and control through 
widespread trapping and poisoning and the creation 
of island sanctuaries where native species are free 
from predation pressure (Butler et  al. 2014; Innes 
et al. 2019). Most trapping networks primarily target 
stoats, as trapping is not effective in controlling ship 
rat populations (Langham and Kelly 2011; Innes et al. 
2019) except in small or predator-fenced patches. 
Careful placement of traps contributes to more effi-
cient predator control in community trapping efforts, 
to maximise the control possible with limited vol-
unteer hours and trap resources (Ruffell et al. 2015). 
Features of trap location and the surrounding area can 
affect trap catch rates (King et al. 1996; Christie et al. 
2009; Ruffell et  al. 2015). These trapping networks 
play an important role in protecting native biodiver-
sity (Butler et al. 2014; Innes et al. 2019) and allow 
insights into how populations change in space and 
time by analysis of catch rates and by necropsy of 
trapped animals.

While there is considerable effort placed in protect-
ing native species in Aotearoa New Zealand (Innes 
et  al. 2019), warming temperatures are predicted to 
increase risks to native species due to the extension 
of predator range into cooler areas (Elliott et al. 2010; 
Walker et al. 2019b). For example, currently ship rat 
range is thought to be limited by cold temperatures, 
and they are at low densities in mountain beech for-
est except in mast years (Walker 2019a; Innes and 
Russell 2021). If so, ship rats may be able to increase 
their range if environmental conditions become more 
favourable with climate change. However, there is lit-
tle evidence of climate-change driven range increases 
for mammalian predators in Aotearoa New Zealand.

This paper aims to use community trapping data 
from a mid-altitude beech forest in two ways. First, 
to measure individual trap catch rates as a function of 
local site features and measure the spatial distribution 
of rats and stoats through trap-catches, to increase 
efficiency of trapping efforts. Second, it aims to docu-
ment the expansion of the ship rat population in Crai-
gieburn Forest since sustained trapping began in 2007 
and to consider potential environmental drivers of the 
expansion.
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For the first aim, we investigated the distribution of 
stoat and ship rat catches in Craigieburn Forest Park. 
We tested factors such as trap altitude, slope, proxim-
ity to water, and proximity to forest margins as ship 
rat and stoat distributions may be affected by these 
(King et  al. 1996; Harper et  al. 2005; Christie et  al. 
2006, 2009, 2017).

For the second aim, we tested two non-exclusive 
hypotheses for why there may be an increase in ship 
rat abundance: (1) more frequent beech high-seed 
years providing more food for rats; and (2) warm-
ing winter temperatures allowing rats to invade areas 
that were previously too cold. We were unable to 
test a third possible factor (stoat trapping releasing 
rats at Craigieburn from predation pressure) because 
our mammal data were from kill-traps, so we had 
no non-treatment data. However, we tested for any 
decrease in stoat catches over time to check for one 
possible mechanism of meso-predator release. Based 
on previous research, we also hypothesised that stoat 
catch would increase after a large seedfall, but one 
year later due to the time lag between when the mast 
causes an increase in mice abundance, and when 
stoats next breed after feeding on the more abundant 
mice.

Methods

Study site

Craigieburn Forest Park (43° 09′ S, 171° 43′ E) is 
situated in inland Canterbury, Aotearoa New Zea-
land, near the main divide of the Southern Alps. The 
altitude of our study area in Craigieburn Forest Park 
ranges from 800 to 1300  m; below the treeline at 
1300 m the park is almost entirely old-growth forest 
of mountain beech (Fuscospora cliffortioides, previ-
ously Nothofagus solandri var. cliffortioides). Moun-
tain beech is a mast-seeding tree that creates a pulse 
of resources in the form of intermittent heavy seed 
crops (Schauber et al. 2002; Allen et al. 2012; Kelly 
et al. 2013). The park has had control of some mam-
malian pests undertaken since 2007 by the commu-
nity group Canterbury Environmental Trust (CET), 
with prior mammal monitoring for scientific stud-
ies 1973–79 and 1999–2004 (King 1983; Kelly et al 
2005). Land use surrounding the study site is primar-
ily unmanaged grassland, with some exotic conifers 

on the eastern edge of the study area facing the high-
way from Helicopter Hill to Bridge Hill (Fig. 1; Led-
gard and Paul 2008). Since 2016 these conifers have 
been gradually removed to reduce conifer invasion to 
the east of our study site.

Trapping records

The trap lines set up by the Canterbury Environ-
mental Trust (CET) used in this study run along six 
walking tracks and narrow gravel roads on the east-
ern side of the Craigieburn range (Fig. 1). Since 2007 
volunteers from CET and latterly on two lines the 
New Zealand Conservation Trust (NZCT) have been 
checking the lines. Each time a trap was found with 
a catch, volunteers recorded the date, trap ID, and the 
species caught. The NZCT also provided GPS points 
for many of the traps on the lines for which they 
became responsible.

All the 263 traps analysed here were DOC 200 kill 
traps, which were designed to target mustelids (stoats, 
weasels Mustela nivalis and ferrets M. furo) but catch 
other species as bycatch (Warburton et al. 2008). The 
traps are "double sets", i.e. a trap is a single box with 
two trap mechanisms inside. Hence the traps have 
the capacity to catch two animals in them at a time, 
however this did not occur frequently. Weasels were 
recorded separately in the trapping data. Weasels 
are typically less common than stoats in beech for-
est (King and Murphy 2021). Correct identification 
of weasels vs stoats is sometimes problematic, which 
we consider further in results. Rats were caught fre-
quently and were recorded. While the trap counts list 
them only as rats, all rat records are very likely to be 
ship rats, as kiore (Rattus exulans) are not present 
in Canterbury and Norway rats (R. norvegicus) are 
thought to be absent from South Island beech forest 
(Russell and Innes 2021). Mice (Mus musculus) are 
usually too light to set the mechanism off, so although 
some were caught, they were not tallied. Hedge-
hogs (Erinaceus europaeus) were caught but were 
not recorded after 2010. Feral cats (Felis catus) and 
brushtail possums are too big to be effectively tar-
geted by these traps as the box is designed to prevent 
access by larger animals, however smaller individuals 
are sometimes caught and have been recorded.

There were 215 individual dates where traps 
were recorded with a catch, though not all traps 
were checked on every date. There was inconsistent 
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frequency of trap-checking across years; however, 
this was not adjusted for in the analysis as catches 
were grouped into annual totals for the analysis. 
Furthermore, there was very low catch frequency. 
Check frequency would become an issue where 
traps were consistently filled with animals, as was 
the case for the Rotoiti Nature Recovery Project 
(RNRP) during a mast year. There, 34 checks were 

completed from June 2004-December 2004 (more 
than one check per week, with 30  weeks in the 
period) with up to 200 rats caught in a month and 
93% of traps filled with rats between checks (Paton 
et  al. 2005). Hence, at RNRP the rate of clearing 
and resetting traps strongly affected the total num-
ber of rats caught. In Craigieburn, there was always 
a large proportion of traps available at a given time 

Fig. 1   Map of Craigieburn Forest Park network of 263 
traps with total stoat catch per trap 2007–2020 (blue, maxi-
mum = 15) and rat catch per trap (pink, maximum = 8). Open 
circles indicate traps with no recorded catches (n = 10). Seed-

fall trap location marked with red star (1050 m, 8 traps). Stoats 
were slightly (but significantly) more common at higher alti-
tudes, while rats were much more common at lower altitudes
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due to the much lower abundance of animals. The 
maximum number of traps filled on one date was 
52, or 20%, of the total traps. On average 9% of 
traps had a catch on a given date.

The CET and the NZCT provided trapping records. 
CET records started on 14 May 2007 and records 
up to 11 January 2020 were used in this study, and 
NZCT records started on 18 February 2014 and 
ended on 23 June 2019. The data did not have the 
information necessary to calculate the usual standard 
index of abundance of catches per 100 trap-nights, 
so total catches over each period were used instead. 
All the lines analysed were present for the whole 
study period, so trapping effort remained constant. 
Because winter temperature and seedfall (which is 
available to rodents from March to September) were 
used as predictor variables, and rats can breed in win-
ter following a mast seeding event (Innes and Russell 
2021), annual rat catches were tallied over 12-month 
periods from winter to the following autumn (June 
to May) rather than calendar years. Since stoats only 
breed once a year with young emerging in December, 
annual stoat catches were tallied by calendar years. 
Kill-trapping has been widely used to monitor ship rat 
abundance (e.g. King et  al. 1996), and trapping and 
footprint tracking data have been shown to be closely 
correlated (Blackwell et al. 2003), as are tracking data 
and absolute density (Brown et al. 1996). Therefore, 
total catch was considered as a reasonable proxy for 
species abundance in this study.

Environmental data

For spatial analysis, GPS waypoints were used to 
determine trap elevation. Additional information 
about trap features was recorded on-site as the way-
points were marked. Water presence was recorded as 
‘yes’ if a trap was within 80 m of a water body (using 
ArcGIS software and trap waypoints). Vegetation 
within 10 m of traps was classified as ‘Shrub or tus-
sock’ (no forest canopy cover), ‘Forest edge’ (trees 
bordering tussock clearings), or ‘Forest’ (mature for-
est away from an edge). Finally, slope was recorded 
using an inclinometer and classified as ‘steep’ 
(> 25°), ‘moderate’ (10°–25°) and ‘flat’ (< 10°).

Seedfall was recorded from 1965 as average annual 
viable mountain beech seedfall in Craigieburn col-
lected in eight seedfall traps, each 0.28  m2 catch 
area at 1050 m (for sampling details see Allen et al. 

2014). Seedfall rates have been shown to vary with 
elevation (Allen et al. 2014) and although there were 
also seedfall traps at 1340  m and 1150  m, only the 
seedfall traps at 1050 m were used as this was con-
sidered the closest elevation to most of the trapping 
operation. Viable rather than total seed counts were 
used because because viable seeds have a nutritious 
endosperm eaten by rodents which drives their pop-
ulation dynamics (Beggs 1999; Ruscoe et  al. 2005). 
As seedfall was strongly right-skewed it was log(10) 
transformed before analysis to improve normality. We 
analysed seedfall for the period with any rat data at 
Craigieburn (1972–2020). We also checked trends in 
seedfall over time using untransformed viable seed-
fall, to ensure that the log transformation was not 
obscuring any trends, but this did not change the con-
clusions so is not presented here.

We sought weather information to relate to rat 
catch patterns. Air temperatures were measured on-
site at Craigieburn (43° 9.1′ S, 171° 42.8′ E, 914 m) 
from 1964 until 2013. For data to 2020 we checked 
three other weather stations for correlation with 
the Craigieburn data: physical weather stations at 
Arthur’s Pass (National Institute of Water and Atmos-
pheric Research, 42° 56.5′ S, 171° 33.8′ E, 745  m) 
and Cass (University of Canterbury, 43° 2.1′ S, 171° 
45.6′ E, 580 m), and the nearest grid point in NIWA’s 
Virtual Climate Station Network (VCSN; 43° 7.3′ S, 
171° 43.3′ E, 940 m), which uses nearby physical sta-
tions to estimate weather at grid points for each day. 
The highest correlation with Craigieburn winter tem-
peratures was for Arthur’s Pass, so this site was used 
for 2007–2020 analyses. Since Arthur’s Pass tem-
peratures were only available from 2006, for analysis 
of temperature trends 1972–2020 we combined data 
from Craigieburn (up till 2005) and Arthur’s Pass 
(2006 onwards). The mean difference in monthly 
temperatures at the two sites in winter over the period 
of overlap (n = 23  months) was less than 0.05  °C. 
Average winter temperature (mean of the daily mean 
air temperatures during June–August) was used as 
the predictor, as there is evidence that the low tem-
peratures may limit rat abundance (Ruffell et al. 2015; 
Walker et al. 2019a, b).

Analysis

All analyses were conducted using R version 4.1.0 (R 
Core Team 2018). The relationship between elevation 
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and catch per mammal kill-trap (total over the study 
period) was investigated using a generalised linear 
mixed model (GLMM) with a Poisson distribution. 
The elevation factor had to be log transformed to 
fit on the same scale as the other model parameters. 
Catch per mammal kill-trap (over total study period) 
was also tested by proximity to water, slope, and 
other environmental features as potential predictors, 
using GLMMs with Poisson distribution. Trends in 
temperature and seedfall over time were investigated 
using generalised linear models (GLMs). Stoat and 
rat abundance over time (catch per trap per year) 
used a GLMM with a Poisson distribution. The influ-
ence of seedfall on stoat abundance was tested using 
GLMM with a Poisson distribution, as was the influ-
ence of temperature and seedfall on rats. Random fac-
tors of the trap line and individual trap ID were used 
to account for the spatial non-independence and over-
dispersion (Zuur 2009).

Results

Factors affecting rat and stoat catches per trap

From the 263 individual traps recorded in the 
2007–2020 period, there were nine mammal species 
caught. Stoats (901 catches) made up 64% of the total 
recorded catches in the traps over the trapping period, 
and ship rats (317) were 24% of the catches. Mice and 
hedgehogs were caught but not counted; other species 

caught were 91 weasels, 11 cats, 8 possums, 2 ferrets 
and one rabbit. There were no records of any birds 
caught in the traps as bycatch over the 13 years. Ten 
traps had no recorded animal catches over the whole 
study period (Fig. 1).

Stoat catches per trap (total 2007–2020) varied sig-
nificantly with altitude (ANOVA on Poisson GLMM, 
Chisq = 8.424, p = 0.004, df = 1) with fitted values of 
3.0 per trap at 800 m rising to 4.4 per trap at 1250 m. 
The effect of trap placement on stoat catches was 
significant (Chisq = 24.40, df = 2, p < 0.001) with 
1.75 ± 0.59 stoats caught per trap in the open, com-
pared to 5.8 ± 1.17 on the forest edge (Fig. 2). Stoats 
were also caught significantly more often on moder-
ate and steep ground than flat ground when adjusted 
for altitude (Chisq = 9.48, df = 2, p < 0.05). Proximity 
to water had no effect on stoat catches (Chisq = 1.61, 
df = 1, p = 0.20).

There was a significant negative relationship 
between total rat catch per trap and altitude (ANOVA 
on Poisson GLMM, Chisq = 81.67, df = 1, p < 0.001, 
Fig.  3). Rats were caught more on flat ground than 
moderate terrain, however this became non-signifi-
cant when corrected for altitude, presumably because 
steeper sites tended to be at higher altitudes. Rats 
were also caught significantly more frequently at traps 
near water, even when this was adjusted for altitude 
(ANOVA on Poisson GLMM, Chisq = 6.45, df = 1, 
p < 0.05). The average number of rats caught per trap 
was 1.98 ± 0.26 (± S.E.) in proximity to water, but 
0.89 ± 0.12 away from water (Fig. 2). This shows that 

Fig. 2   Factors affecting total rat catch and stoat catch per trap 2007–2020 (means ± SE). Left: Rat catches predicted by Proximity to 
water (Yes or No). Right: stoat catches predicted by surrounding forest type (F—Forest, FE—Forest Edge, and O—Open tussock)
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rat catches per trap varied with altitude and proximity 
to water.

Factors affecting annual stoat and rat catches

There was a significant positive linear trend in aver-
age winter (June–August) daily mean temperature, 
both from 2007 to 2019 (spanning our trapping data; 
F = 15.07, DF = 1, 11, p = 0.003), and from 1972 
(the earliest years with rat information at Craigie-
burn) to 2020, (Fig. 4). However, there were no sig-
nificant trends in log(10) transformed viable seedfall 
(F = 0.66, df = 1, 47, p = 0.42) nor total viable seedfall 
values (F = 1.43, df = 1, 47, p = 0.24) at mid-eleva-
tions 1972–2019.

Stoat abundance had a significant positive relation-
ship with seedfall from the previous year (z = 6.49, 
df = 1, p < 0.001). There was no trend in stoat abun-
dance over time 2007–2020, either when consider-
ing time alone (z = −  1.51, df = 1, p = 0.13) or in a 
model controlling for seedfall (time effect: z = 0.001, 
df = 1, p = 0.88). Temperature was non-significant 
as a predictor of stoat numbers (z = −  1.325, df = 1, 
p = 0.185). The best model only had one fixed effect, 
previous seedfall, confirming previous research on 
drivers of stoat abundance in southern beech forests.

There were 91 weasels trapped along with 901 
stoats. Although identification of weasels vs stoats 
is sometimes inaccurate, two analyses suggest that 
weasel records were plausible. Firstly, weasel and 
stoat numbers across calendar years were not sig-
nificantly correlated (r = 0.45, df = 12, p = 0.10). Sec-
ondly, unlike stoats, annual weasel totals were not 
significantly related to the previous year’s seedfall 
(z = −  0.081, df = 1, p = 0.24) but were significantly 
related to the current year’s seedfall (z = 4.60, df = 1, 
p < 0.001). These results are consistent with weasels 
having a faster reproductive cycle than stoats (King 
and Murphy 2021).

Rats, unlike stoats, had a significant positive trend 
over time, from when the trapping began in 2007 to 
2020 (Fig.  5; slope ± SE = 0.13 ± 0.017, z = 7.67, 
p < 0.001). This increase over time was not explained 
by the clearance of conifers on the eastern edge of 
the study area from 2016, as that land use change 
adjoined only a small part of the study area and 
came after the major increase in rats. For predicting 
annual rat catch (June–May years), average winter 

Fig. 3   Rat catch per trap (total 2007–2020) against altitude 
(m), with the regression line (with confidence interval) from 
the poisson GLM. Jitter has been added vertically to better dis-
play overlapping points

Fig. 4   Environmental trends over time. A Trend in mean 
winter (June–August) daily mean air temperatures (°C) in the 
Craigieburn area 1972–2020 (linear regression: F = 9.654, 
df = 1,47, p < 0.01). The blue line indicates the fitted regres-

sion (with confidence interval). B Log (10) Viable seedfall (per 
calendar year) over the same period. There was no significant 
trend in log seedfall over time
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temperature, and viable seedfall as single predictors 
were both significant (p < 0.001). The best model 
(lowest AIC) was a biologically relevant one includ-
ing both viable seedfall and temperature and their 
interaction (Table 1, Fig. 6). There was a clear peak 
of predicted rat abundance only when both seed and 
temperature were high (Fig. 6). Since temperature is 
the only environmental driver that changed signifi-
cantly from 2007 to 2020 (Fig. 4), this suggests that 
increasing temperature is the main reason for the 
observed increase in rats at Craigieburn (Fig. 5).

Discussion

We found both local and large-scale effects on mam-
mal catch rates at Craigieburn. At a local scale, the 
significant effects of trap placement on trapping rate 
presumably indicate where each species was more 
common. Conservation action is often costly in time 

Fig. 5   Craigieburn area rat 
catches per trap per June-
May year since trapping 
started, with fitted regres-
sion line (with confidence 
interval) from Poisson 
GLMM. “2007” is data for 
June 2007-May 2008

Table 1   Poisson GLMM with random effects for Line and 
Trap.ID within Line, showing rat catch per trap per June-May 
year at Craigieburn 2007–2020 predicted by (1) mean winter 

air temperature at Arthurs Pass and Log(10) Viable seedfall 
(m2) plus an interaction term

Rat ~ APTemperature*Seed + (1/Line/
Trap.ID)

Estimate Std. Error Z value p-value

Intercept  − 10.10 0.76  − 13.36  < 0.001
Viable seed  − 0.62 0.39  − 1.59 0.11
Temperature 1.13 0.19 5.82  < 0.001
Viable seed*temparature 0.26 0.11 2.42 0.015

Fig. 6   Craigieburn fitted rat catch per trap per June-May year 
2007–2020 predicted by mean winter air temperature (June–
August) at Arthurs Pass and Log(10) Seedfall (m2) and their 
interaction, from the Poisson GLMM shown in Table 1
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and money, and therefore maximising efficiency of 
kills through trap placement is of interest to conserva-
tion groups (Ruffell et  al. 2015). Traps that were in 
open habitat caught fewer stoats than those in forest, 
and stoats were caught most frequently on the forest 
edge. Stoats in prior studies have been found more 
frequently at forest or trapping margins, although in 
the past this has been ascribed to the effect of the 
trap margin (Christie et al. 2006, 2009). King (1996) 
observed that mice and weasels were found more fre-
quently on forest edges and considered the weasels 
were responding to the increased presence of food 
(mice). Rob Allen (RBA unpubl. data) has found 
higher mountain beech seedfall in seed traps at the 
forest edge than in the adjacent forest at Craigieburn, 
suggesting an increased food source at the forest mar-
gin. Thus, in Craigieburn Forest there may be a simi-
lar effect of increased prey leading to increased preda-
tors on the forest margin. Ship rats were caught much 
more frequently in traps near water, a phenomenon 
not observed for ship rats before. However, Christie 
et al. 2009 found an increase in rats in poor drainage 
areas, and other rat species such as Norway rats (Rat-
tus norvegicus) are well known to be more abundant 
near bodies of water (King et  al. 1996). Finally, we 
found much higher rat catch rates at lower altitudes, 
which supports conclusions that ship rats are limited 
by cold temperatures. In contrast, stoats were signifi-
cantly more common at higher altitudes.

Climate‑driven range expansion

Rats have effectively colonised mid-altitudes in Crai-
gieburn Forest Park during this study. Rats were never 
found in the study area over five years in the 1970s 
(King 1983), and only a single rat was recorded dur-
ing a second five-year study in 1999–2003 (Kelly et al 
2005). In our trapping data no rats were seen in 2007, 
only three were caught in 2008–09, but 314 have 
been caught in the 10 years since. This documents an 
upslope expansion of rats from lower altitudes where 
they are ubiquitous in New Zealand.

At a large scale, rats apparently responded to tem-
perature, while stoats responded to prey abundance. 
The pattern of stoat abundance increasing one year 
after high seedfall is consistent with previous stud-
ies at Craigieburn (King and Powell 2011) show-
ing stoats respond to increased prey availability 
(mice and rats). But our evidence for climate-driven 

range expansion in ship rats in mountain beech for-
est is novel. We showed that there has been a large 
increase in mean winter temperature over the period 
when the observed expansion in ship rat abundance 
occurred. We also showed that the temperatures had 
increased significantly since the 1970s, the period 
with the first data on rat abundance (King 1983). 
It is interesting to note that our results suggest that 
even in low seedfall years, when there are high tem-
peratures ship rats will still be present in low densi-
ties. Furthermore, we found no significant increase 
in seedfall over our study period at 1050 m, match-
ing the finding of Allen et al (2014) over the period 
1965–2009 in Craigieburn Forest Park. At higher 
altitudes seedfall did increase; Allen et  al (2014) 
found rising seedfall over time above 1150 m. How-
ever, ship rats were caught primarily below 1050 m, 
with only 12% of all rats caught above this altitude 
and only 3% caught above 1150 m. So, we consider 
it unlikely the rats in our study were affected by the 
increase in seedfall over time at the highest alti-
tudes. Our results indicated that ship rats need both 
high seedfall and warm temperatures to be present 
in large numbers. Land-use change can be a driver 
of changes in invasive species abundance. However, 
most of our study site had no change in land use, 
and we found no evidence that the clearing of exotic 
conifers on the eastern edge of the study site from 
2016 increased rat abundance. Thus, the increase in 
ship rat abundance in Craigieburn is likely to have 
been driven largely by the observed temperature 
increase over the past 13 years.

As our study was observational it cannot prove 
causation, but these data are useful to generate 
hypotheses for experimental tests. We hypothesise 
that warm temperatures increase rat abundance, either 
directly through lower winter mortality from hypo-
thermia, and/or indirectly through increased food 
supply such as invertebrates over the winter months. 
Studholme (2000) considered rats to be limited to 
areas with a winter monthly average temperature 
above 2 °C. The extent to which various environmen-
tal drivers limit ship rat densities is little understood 
and apparently varies with forest type and other fac-
tors (Innes and Russell 2021). Food resources for ship 
rats in southern beech forests are primarily driven by 
beech masting which is temporally highly variable 
(Kelly et  al. 2013). Alternative foods besides beech 
mast may explain the less predictable relationship 
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between mast events and rats, compared to mast 
events and mice and stoats (Elliott and Kemp 2016; 
Walker et al. 2019a).

Meso‑predator release

There has been some discussion in the literature about 
whether predator control allows ship rats to increase 
in abundance through predator release (Blackwell 
et al. 2003; Innes and Russell 2021). Although stoats 
in our study showed no decreasing trend in catch rates 
over time, the extent to which stoat control allows 
ship rats to increase could not be tested as the data 
came from kill traps so there were no data from a 
non-treatment area. This means that it may be the 
compounding effect of stoat control and temperature 
increase that has led to the increase in ship rat abun-
dance. Several papers have found little evidence for 
stoats limiting rat populations (Blackwell et al. 2003; 
Ruscoe et al. 2011). However, some studies in south-
ern beech forest have suggested stoat trapping may 
lead to an increase in rats (Efford et al. 2006; Robert-
son and de Monchy 2012, Whitau 2017). The ques-
tion of when and to what extent certain predators may 
suppress ship rat densities is thus unresolved (Walker 
et al. 2019a). An experimental manipulation would be 
necessary to test this further. However, it is likely that 
in Craigieburn the stoat trapping is not the primary 
driver of rat abundance. Stoat trapping for five years 
at this site in the 1970s, when winters were colder, 
did not result in any records of ship rats (King 1983), 
and we found a significant relationship between aver-
age winter temperature and ship rat abundance.

Conclusions

Global warming-driven range expansion of inva-
sive species is a widespread concern, with average 
global temperatures already up by more than 1  °C 
and expected to increase by at least 1.5 °C by 2040 
(McGlone and Walker 2011; Millar et  al. 2017). 
There have been numerous global scale predic-
tions showing the range expansion of invasive spe-
cies across small and large scales, with the primary 
predictions of a range shift towards the poles as 
some areas become more habitable and some less 
(McGlone and Walker 2011; Bellard et  al. 2013). 
Invasive plants and predators are of particular 

concern in Aotearoa New Zealand, as there is the 
potential for the squeezing out of native species 
from previous climate-based refugia such as moun-
tain habitat (McGlone and Walker 2011; Walker 
et  al. 2019b). Climate-driven range expansion of 
rodents and potentially an increase in the presence 
of other predator species like stoats is of signifi-
cant concern in many alpine and subalpine areas. 
Such areas across Aotearoa New Zealand are home 
to many endangered bird species such as the rock 
wren (Xenicus gilviventris) and Hutton’s shearwater 
(Puffinus huttoni), as well as wētā, and lizard spe-
cies (O’Donnell et  al. 2017). Ship rats are known 
to prey on wētā and lizards, as well as small bird 
species and eggs (Innes et  al. 2010; O’Donnell 
et  al. 2017; Clapperton et  al. 2019). Therefore, 
temperature-driven ship rat expansion may lead to 
increased predation pressure in Aotearoa New Zea-
land on species that are currently partially protected 
by the altitudinal restrictions on ship rat abundance 
(Christie et al. 2017; Walker et al. 2019b). Globally, 
understanding how species will change in range 
and abundance in response to changing climate is 
clearly very important.

Warming temperatures are a significant global 
threat as exotic species are predicted to have an 
advantage in range expansion and invasion (Bellard 
et al. 2013). This study provides evidence of climate-
driven range expansion of ship rats in mid-altitude 
mountain beech forests, over a period of 42  years, 
and thus emphasises the potential synergistic effects 
of multiple drivers of global change. The observed 
rat increase in the last 13  years is a relatively short 
timeframe, as mountain beech forests are predicted 
to move upslope very slowly with increased warm-
ing (Walker et  al. 2019b). Therefore, endemic spe-
cies that are more abundant at higher altitudes may 
be exposed to higher predation pressure (Elliott et al. 
2010; O’Donnell et  al. 2017). The knowledge that 
ship rats are increasing in Craigieburn, apparently 
due to climate warming, lets conservation managers 
take appropriate action, and contributes to better pre-
dictions of possible ship rat range shifts around the 
world.
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