


Chapter 2: Climate change-mediated increases in an invasive rodent and its impact on endemic invertebrates on a Southern Ocean island.

“I saw a hole with ears of grass dragged into it, and like a mouse’s. It is not unlikely that there is a mouse in the island” – H.N. Mosely, Marion Island, 1879
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A young house mouse (Mus musculus) receives an ear tag
on Marion Island. Photograph by Ryan Reissinger


Introduction
Islands are home to some of the world’s most remarkable species. These range from dwarf mammals to many species of flightless birds and insects (Carlquist, 1974). Island biotas have also proven exceptionally important in the development of ecological and evolutionary thought (Darwin, 1859; Wallace, 1881; MacArthur and Wilson, 1967; Losos et al., 1998; Ricklefs and Lovette, 1999). However, owing to a combination of endemicity, isolation and in some cases local geography, island biodiversity has also proven remarkably sensitive to anthropogenic disturbance (Milberg and Tyrberg, 1993; Paulay, 1994; Steadman, 1995; Whittaker and Fernández-Palacios, 2007; Loehle and Eschenbach, 2012; Walsh et al., 2012), at times to the detriment of the humans that have colonized them (Anderson, 2002; Diamond, 2007).
	Alongside direct habitat alteration on inhabited islands, biological invasions pose one of the most significant threats to island biodiversity. They have resulted in the extinction of many species (King, 1985; Courchamp et al., 2003; Blackburn et al., 2004), are posing substantive threats to others (McGeoch et al., 2010; Walsh et al., 2012), and have led to the wholesale transformation of entire ecosystems, including as a consequence of control efforts (Vitousek et al., 1997; Zavaleta et al., 2001; Bergstrom et al., 2009). As the pace of climate change has begun to accelerate (Cox et al., 2000; Hansen et al., 2006; Rignot and Kanagaratnam, 2006) so too has it become clear that the direct impacts thereof are likely to have profound consequences for many island systems (Bergstrom and Chown, 1999; Benning et al., 2002; Ingram and Dawson, 2005). Moreover, it has also been suggested that climate change will exacerbate the effects of many invasive species, so further impacting both diversity and ecosystem functioning (Dukes and Mooney, 1999; Chown and Convey, 2007; Walther et al., 2009). These impacts are thought to be most significant for islands that are largely free of permanent human inhabitants.
	The most significant invasive animal species on such islands are predators. The role of larger carnivores (such as cats and foxes) is widely recognized (King, 1985; Bailey, 1993; Blackburn et al., 2004; Medina et al., 2011), and in many cases eradication programmes have been undertaken successfully (Bester et al., 2000; Ebbert and Byrd, 2000; Veitch, 2001; Nogales et al., 2004). However, rodents are perhaps just as significant. At least 90% of the world’s islands have been colonized by human commensal rodent species (Atkinson, 1985), including most of the world’s largely uninhabited islands (Atkinson, 1985; Frenot et al., 2005; Major et al., 2006). These have been responsible for large population declines of seabirds, invertebrates and plants (Atkinson, 1985; King, 1985; Jones et al., 2008; Athens, 2009; St Clair, 2011). Even species such as house mice (Mus musculus Linnaeus), initially thought unable to impact larger prey, pose a considerable conservation threat to seabirds, including species as large as the Tristan albatross (Diomedea dabbenena Mathews; Angel and Cooper, 2006; Wanless et al., 2009, 2012). Rodents have also been shown to have considerable indirect effects on ecosystem functioning (Fukami et al., 2006; Wardle et al., 2007; Kurle et al., 2008; Mulder et al., 2008). 
	Several predictions have been made that these considerable impacts of rodents are likely to be compounded by climate change, especially in more temperate ecosystems. Here, rodents may be constrained by an interaction between severe climates and food limitation (Delong, 1967; Berry, 1968; Berry et al., 1979). Climate change is likely to influence both thermal and resource restrictions on rodents. Given the relationship between temperature and development rate in ectotherms, warming temperatures have the potential to increase prey populations by alleviating the thermal constraints of development and reproduction for many invertebrate species (Honêk, 1996; Bale et al., 2002; Deutsch et al., 2008). In a similar manner, increases in prey resources in addition to ameliorating temperatures are likely to enhance rodent survival, depress the metabolic costs of thermoregulation, and allow rodents to divert more resources to reproduction (Singleton et al., 2005; Bronson, 2009).  In turn, it is expected that rodents may be capable of substantially depressing the populations of favoured prey species. 
Forecasts for such interactions have been most pronounced for the Southern Ocean islands (Kennedy, 1995; Bergstrom and Chown, 1999; Le Roux et al., 2002; Smith, 2002; Frenot et al., 2005; Convey, 2011), which are home to a wide variety of endemic species including many IUCN listed seabirds and which are considered internationally significant conservation areas (Chown et al., 2001). Indeed, it has been argued that rodents pose the most significant current and future threats to conservation in the region. However, firm evidence for changing rodent populations that are, at the very least, significantly correlated, in the expected direction, with climate change, and demonstrations of associated relationships with prey populations are entirely absent for the region. Whilst inferences have been drawn from short-term data (Chown and Smith, 1993; van Aarde et al., 1996), population-based assessments are missing. Given this situation and the conservation significance of these islands (Bergstrom and Chown, 1999; Broome, 2009; Convey, 2010) here I test directly these ideas using long-term datasets on the populations of mice and their invertebrate prey from sub-Antarctic Marion island. In particular, I determine whether mouse populations across a range of significant habitats have changed through time and whether these changes can be associated significantly with changing abiotic conditions. I then examine whether changes in invertebrate populations, which have previously been attributed to mouse predation, but with little explicit demographic analysis (see Crafford and Scholtz 1987; Chown and Smith 1993; Chown et al. 2002), can be associated with changing mouse populations, which I also show, remain major predators of invertebrates, as has been demonstrated previously (Gleeson and van Rensburg, 1982; Smith et al., 2002). 
Methods
All field work was carried out on Marion Island (46°54'S, 37°45'E, Fig. 1), a volcanic island located approximately 2100 km southeast of Cape Town, South Africa. The island is uninhabited aside from a small, but continuous human presence associated with the meteorological station on the north-east coast. Marion Island has an oceanic climate (mean annual temperature c. 6.5°C, total precipitation of c. 1900 mm), but is currently experiencing rapid climate change. Since the late 1970s, when the effects of global dimming ceased counterbalancing rising temperatures (Hansen et al., 2006), mean annual temperature has increased by more than 1° C (le Roux and McGeoch, 2008) and the number of frost days dramatically declined (Huyser et al., 2000). Over the same period precipitation has declined by more than 800 mm and the duration of dry spells has increased (le Roux and McGeoch, 2008), leading to a significant reduction in peat moisture content (Chown and Smith, 1993). The island is characterised by two biomes; polar desert above 650 m a.s.l., and sub-Antarctic tundra below (Chown and Froneman, 2008). Five habitat complexes comprise the sub-Antarctic tundra biome; mire (wet peaty areas), slope (lowland areas with well-drained slopes), biotic (areas manured by seals and seabirds), saltspray (highly saline coastal herbfield), and fellfield (vascular plant cover dominated by cushions of Azorella selago). 
Mice were likely introduced to Marion Island through sealing activity sometime after 1818 (Watkins and Cooper, 1986). The first demographic studies of the species occurred in the late 1970s (Berry et al., 1978; Gleeson, 1981) and focused in the three main habitats in which mice were found to live; mire, slope, and biotic. The timing of the breeding season varied between habitats and appeared correlated with invertebrate biomass, on which mice predominantly foraged. Populations peaked in summer and were followed by significant mortality in May/June (late summer/early winter). Domestic cats (Felis catus Linnaeus), present on Marion Island from 1949 to 1991, did not prey on mice to an extent that constrained the mouse population (van Aarde, 1980; van Aarde et al., 1996).
Studies throughout the 1980s and 1990s documented an increase in mouse impacts on the Marion Island environment, possibly associated with climate change (Crafford and Scholtz, 1987; Rowe-Rowe et al., 1989; Crafford, 1990; Smith and Steenkamp, 1990; Chown and Smith, 1993; Smith et al., 2002; Avenant and Smith, 2004). However, while mice may  have increased their summer densities, in addition to their elevational range, between 1979 and 1991 (Matthewson and van Aarde, 1994; van Aarde et al., 1996), the population size was thought to be relatively stable between 1991 and 2001 (Ferreira et al., 2006).
Mouse trapping
Live trapping was conducted in 1991-92, 1993-94, 1996-97, 1998-99, and 2008-11.  Trapping grids were placed within 1 km of the coastline in the mire, slope, and biotic habitats following Gleeson (1981). Trapping was limited to the eastern side of the island from 1991 to 1999, but included a mire and biotic site on the western side of the island in 2008-11 for a better understanding of whole-island mouse density. Trapping grid size, style of trap, the number of replicates, and trapping interval varied between years (Table 1). Traps within the grid were spaced 10 m apart regardless of grid size and trapping occurred for five successive nights (to complete one trapping “session”). From 1991-99 each trap was set for 6 h from sunset onwards and mice were marked by toe-clipping. From 2008-2011 each trap was active for 2 h from sunset onwards on five successive nights and mice were marked with stainless steel numbered ear tags.
Mice were sexed by anogenital distance (a standard animal husbandry technique) and mass measured to the nearest 0.5 g (Pesola 50-g scale; Baar, Switzerland).  Breeding status in female mice was assessed by the presence of a perforated vagina. Mice were separated into two age classes; juveniles (≤ 16 g, no perforated vagina in females) and subadults/adults (≥ 17g or perforated vagina in females). Subadults and adults were combined because mass alone made it difficult to differentiate between the two age classes, especially in males.  In 2008-11 the loss of previously applied ear tags was noted. 
Mouse density
Mouse density during each individual session was estimated using maximum-likelihood spatially explicit capture-recapture models (SECR, Borchers and Efford, 2008).  Previous estimates of mouse populations on Marion Island (Gleeson, 1981; Matthewson and van Aarde, 1994; Ferreira et al., 2006) used conventional mark–recapture analyses that provide estimates of abundance (N) which can then be used to estimate population density (D) using the relation  = /A where N is the population size and A is the area occupied by the population. This method is prone to overestimation if the population is not geographically constrained, or capture probability varies because animals with only part of their home range within the array are available for capture (White et al., 1982). This “edge effect” can be corrected for by estimating the effective trapping area () but most methods for determining  are considered imprecise (Jett and Nichols, 1987; Efford et al., 2004). SECR is a contemporary estimation approach that combines capture-recapture and distance sampling methods to estimate three model parameters; the probability of capture (g0), the spatial extent over which capture probability declines (σ), and population density (D). Density is defined as the number of home ranges whose centres are a realization of a homogeneous random spatial point process with intensity D. Distance sampling estimates the probability of detection of an individual as a function of distance from its range centre (a sub model rather than a single parameter; Efford et al., 2004; Borchers and Efford, 2008; Royle and Dorazio, 2008). As in conventional analysis, the populations are assumed closed (exempt from migration, death, and recruitment) for the duration of the session. I assumed a random (Poisson) distribution of range centres with a negative exponential detection function parameterised by the probability of capture (g0) and range size (σ).  Even though this detection function suggests a positive detection probability for infinite distances, in practice distances are considered up to the point where they decline close enough to zero to have no further effect on the results. This distance is added as a buffer around the trapping array, which was set here to 300 m, after verifying that results were insensitive to wider buffers. Removals in the population (i.e. accidental deaths during trapping) were assigned known capture histories of 0 with probability equals 1 following death. Replicate trapping grids were pooled when available, but sessions were not pooled as both g0 and σ were found to vary considerably by season. Model selection was conducted using AIC and multimodel inference (Burnham and Anderson 2004) as well as visual inspection of the estimated parameters and standard errors for evidence of overparameterization and parameter nonidentifiability (Gimenez et al., 2004).  Analyses were limited to those models that had a ΔAIC of < 7, as ΔAIC values > 7 contain little empirical support as the best model (Burnham and Anderson, 2002). All models were run in the statistical software R 2.15.0 (R Development Core Team, 2010) and the package secr (Efford, 2011). 
The original mouse trapping data from 1979-80 was unavailable for SECR modelling. Density estimates from Gleeson (1981) were used when referencing this time period. These estimates were based on a modified Petersen Index and are likely overestimates of true density (Borchers and Efford, 2008).
Mouse phenology
To test for shifts in mouse breeding phenology the presence or absence of juvenile mice in the trappable population was used. Previous studies of Marion Island mice used the occurrence of pregnant females observed through dissection (Matthewson and van Aarde 1994; Avenant and Smith 2004). However, poor environmental conditions do not inhibit mice from attempting reproduction. Rather, mice practice both foetal absorption and facultative infanticide when energetically constrained (Perrigo, 1987). Thus, the ability of mice to successfully wean offspring is a more appropriate measurement of breeding conditions and phenology.
Mouse survival 
Monthly survival was analysed separately for each habitat and year and pooled sessions when replicates were available. Maximum likelihood estimates were calculated for mouse survival using a 2-age (juveniles and subadults/adults) Cormack-Jolly-Seber (CJS) open population model (Lebreton et al., 1992). Local survival was estimated for years 1991-1999 only because tag loss between sessions was deemed too high in 2008-11 to yield meaningful estimates. Directional tests (Z-tests) were undertaken using the program U-CARE 2.2.5 (Choquet et al., 2005) to test for transience and trap-dependence (Pradel, 1993; Pradel et al., 1997; Choquet et al., 2005). Model goodness-of-fit for the general model {ϕtpt}, where ϕ represents local survivor rate, p represents the encounter rate, and t represents time, was estimated by using the median ĉ procedure implemented in program MARK 6.2 (White and Burnham, 1999).
The presence of transients and trap-dependence was detected in all years, potentially underestimating the apparent survival of newly-marked individuals. To avoid this negative bias a “time since marking” (TSM) model (Pradel et al., 1997) was applied to subadults/adults. Trap dependence was accounted for by allowing the recapture probability to be a function of whether or not the individual was caught at the previous occasion, using previous capture status as individual covariates.
The possible relationships between survival and time (month), temperature (average daily minimum temperature between trapping periods), precipitation (total precipitation between trapping periods), invertebrate biomass, and mouse density were examined by adding them as covariates to the general survival model. “Trapping grid” was included for years that included replicate trapping grids. The Pearson correlation coefficient (r) was first used to examine the associations between the covariates.  The selection criterion for the entry of the predictors into the models was set to a value of p = 0.25.  Next, multicollinearity was controlled by requiring a variance inflation factor (VIF) to be less than five for each covariate. Model selection was based on Akaike’s Information Criterion adjusted for overdispersion and sample size (QAICc, Burnham and Anderson, 2002). Variation in trapping dates did not allow for a month-by-month comparison of survival between years. Instead, survival models were constrained to give seasonal (winter: May-October, summer: November-April) estimates of mean monthly survival. All models were run in program MARK 6.2 (White and Burnham, 1999). 
Effects of mouse phenology
Variation in mouse phenology was observed in the study. To explore the timing of the breeding season’s impact on the Marion Island mouse population I used a 3-age (weaned juvenile, subadult, and adult) periodic matrix projection model (Caswell, 2001), with the slope habitat in 1998-99 as an example. I assumed a pre-breeding census and one-month time step. The model is:
nt+1 = Ant                      (equation 1)
 where n is a vector with the number of individuals in each age-class in month t, and A is the projection matrix
equation 2)
In A I used the estimated survival rates for adult (Sa), subadult (Ss) and juvenile (Sj) mice from the best supported survival model (Supplementary Table A4), noting that subadults and adults were pooled and thus had the same survival estimates. R is calculated as the product of litter size * the probability of breeding. I used demographic data from 1991-92 (Matthewson and van Aarde, 1994) and assumed an average litter size of 7.24.  I assumed an initial probability of breeding of 0.84, the estimated probability of mature (≥ 4-month old) mice. I decreased the probability of breeding to 0.52, the estimated probability across all age classes, after 8 weeks when young females began reaching sexual maturity.  The outcomes of initiating breeding so that juveniles appear in February, January, and December, respectively, were examined. Input values and R code for the matrix model are presented in the Supplementary Material at Appendix A.
Diet analysis
To document current mouse diet, mice were snap-trapped every eight weeks in 2008-11. At least 15 baited snap-traps were deployed ad hoc at sunset and retrieved after 1-3 hours to minimize cannibalization of trapped mice. Trapping occurred in all three aforementioned habitat types on both the eastern and western sides of the island. Snap-trapped areas were at least 1 km distant from live-trapped grids. 
Stomach content analysis followed the general methodology of Smith et al. (2002). Within 12 hours of emptying the snap-traps, mice were weighed (Pesola 50-g scale) and their stomachs removed and weighed (Mettler AE163 balance, ±0.1 mg). Stomach contents were sorted in a Petri dish under x10 or x25 magnification. The percentage contribution of each item to the volume of the particular stomach content (PV) was estimated to the nearest 5%.  Percentage occurrence (PC) of a particular food item in a sampling period was calculated from the number of stomachs it was found in and the number of stomachs examined. Diet variety was taken to be the number of diet items recorded in the sampling period and diet diversity was calculated, following Ebersole and Wilson (1980), as  where Pi (=PV/100) is the mean proportion of each of the diet items. An importance value (IV=PV*PC/100) was also calculated for each diet item (Cooper and Skinner, 1978). Relative importance value (RIV) of a particular item was taken as the importance value of that item expressed as a percentage of the sum of the importance values for all items (100·IV/). Changes in mean RIV over time were assessed using two sample t-tests. Because RIVs are percentage data, values were logit-transformed prior to analysis (Warton and Hui, 2011). 
Invertebrate biomass
Invertebrates were sampled in 1976-77 (Burger, 1978), 1996-97 (Hanel, 1999), and 2006-07 as part of a long-term assessment. Sampling occurred in the seven vegetation types that comprise the majority of the three habitats in which mice occur; Sanionia uncinatus, Blepharidophyllum densifolium, and Jamesoniella colorata (mire), Blechnum penna-marina and Acaena magellanica (slope), and Cotula plumosa, and Poa cookii (biotic). In 1976-77, 10 m x 10 m quadrates were selected at random in each habitat type at monthly intervals. From each of these, one circular (8 cm diameter) soil core was extracted randomly by using a circular corer. In 1996-97 and 2006-07, five 2 m x 2 m quadrates were staked out at random, and from each of these, two circular (7 cm diameter) soil cores were extracted randomly at bimonthly intervals using an O’Connor split corer. All cores were taken to a depth of 10 cm but the majority of invertebrates were recovered from the top 4 cm. All core samples were hand-sorted in the laboratory. The sample was first sorted dry, and was subsequently washed to remove any remaining invertebrates. In 1996-97 and 2006-07 this hand-sorted and washed material was then placed in a Tullgren funnel for four days, after which remaining invertebrates were collected (mainly small chironomid larvae and spiders). All extracted invertebrates were identified to species or morphospecies where the former was not possible. The species were separated into their various developmental stages (adults or larvae) and then counted, weighed wet, and dried to constant mass at 60°C after which they were then weighed dry. In 1996-97 and 2006-07 soil worms were not dried so as to facilitate their later identification. Their dry mass was, however, estimated from a linear regression of dry mass on wet mass obtained from a separate sample of 20 earthworms that were subjected to the same treatment as the remaining invertebrates.
Analyses were limited to the macro-invertebrates that formed the major components of the mouse diet, pooled into five groups to match the taxonomic resolution of the original survey (Burger, 1978). The prey groups were lepidopteran larvae (Pringleophaga marioni and Embryonopsis halticella, of which the latter are generally rare in core samples owing to their monophagy of Poa cookii), weevil larvae (Curculionidae), weevil adults, soil worms (potworms and earthworms; Enchytraeidae and Microscolex kerguelarum), and spiders (Myro spp., Prinerigone vagans). To facilitate comparison across datasets, 1976-77 data were converted to bimonthly estimates by taking the mean of the two months. 
Differences in invertebrate biomass between sampling years were examined using a Kruskal-Wallis one-way analysis by ranks after Shapiro-Wilk Normality Tests rejected the assumption of normal distribution. Next, a multivariate approach was used to test for impacts of environmental variables on bimonthly estimates of invertebrate biomass. The patchy nature of Marion Island invertebrates resulted in “zero inflated” biomass data, meaning the number of zeros was too large to allow the response variable to be fit by using standard distributions (i.e., normal, Poisson, binomial, negative binomial, beta and gamma; Heilbron, 1994; Tu, 2002). Two approaches have been proposed to model zero inflated data: the mixture model approach and the two-part modelling approach (Cunningham and Lindenmayer, 2005; Martin et al., 2005). The mixture model approach assumes the response variable has a mixture distribution: with probability p it is equal to zero and with probability 1-p it has a Poisson or negative binomial distribution (Lambert, 1992). In the two-part conditional modelling approach the occurrence of zero observations and the positive abundances are separately modelled. The first part is a binary outcome logistic-type model and the second part is a truncated count model (Welsh et al., 1996) calibrated on available data.  The two-part conditional modelling approach was used because it has two major advantages.  First, the two aspects of the data can be modelled separately, and insight gained into whether they are being influenced by the covariates in different ways. Second, the analysis is simpler than the mixture model approach as the parameters for the two models can be estimated and interpreted independently (Welsh et al., 1996).
For each invertebrate group in each vegetation type, two data sets were created: one indicating whether the invertebrate group was present or not at each site, the other showing the log-transformed biomass for those sites where the invertebrate group was present. These two data sets are hereafter referred to as the “presence data” and ”biomass given presence data”, respectively. Both the presence data and the biomass given presence data were modelled in terms of the predictor variables, using logistic and ordinary regression, respectively. Predictor variables were average seasonal mouse density, average temperature for the previous 30 days, total precipitation for the previous 30 days, and season (winter: May-October, summer: November-April) after being assessed for collinearity with the VIF and Pearson correlation matrix.  There was little overlap between years that measured invertebrate biomass and mouse density. I therefore used mean seasonal mouse density estimates from 1979-80, 1998-99, and 2008-11 to represent densities in 1976-77, 1996-97, and 2006-07 respectively, assuming seasonal averages were representative of those years. All combinations of predictor variables were modelled and ranked by AICc. A relative importance value (RIV) for each variable was calculated by summing the Akaike weight (wi) of every model in which it was included. Analyses were limited to those models that had a ΔAIC of < 7. The resulting values ranged from 0 to 1, with values closer to 1 indicating greater importance.
The logistic and ordinary regression models examining the relationship between invertebrate biomass and mouse density (biomass ~ mouse density) were then combined to model the expected invertebrate biomass in relation to mouse density following the method set out by Fletcher et al. (2005). Equations and R code for the two-part conditional model are presented in the Supplementary Material at Appendix B. 
Results
Mouse density
Density estimates demonstrated an increase in the amplitude of population fluctuations between 1979-80 and 2008-11 (Supplementary Tables A1-A3). The late-summer/early winter die-offs that characterized the Marion Island mouse population continued in 2008-11, with winter densities higher or lower than those from the 1990s equally likely. However, peak summer density in the mire habitat increased twofold between 1993-94 and 1998-99 (Fig. 2a). The highest estimated density in 2008-11 (236.6 mice·ha-1, 84 % CI 177.8-314.9) was 84.1 % higher than the highest density in 1998-99 (128.5 mice·ha-1, 84 % CI 100.7-162.7). The 84 % confidence intervals of these estimates do not overlap and the difference is thus statistically significant at p < 0.05 (Payton et al., 2003).  Peak density in the slope habitat remained constant from 1991-92 to 1998-99, but increased fourfold between 1998-99 (49.9 mice·ha-1, 84 % CI 38.8-64.2) and 2008-11, peaking at 210.0 mice·ha-1 (84 % CI 173.5-254.3) in 2010. Peak density in the eastern biotic trapping grid was highest in 1991-92 (246.6 mice·ha-1, 84 % CI 207.6-292.8), declined significantly in the mid and late 1990s, and significantly increased again between 1998-99 (117.4 mice·ha-1, 84 % CI 84.6-163.1) and 2008-11 (222.4 mice·ha-1, 84 % CI 192.0-257.2). All model selection and estimates of g0 and σ are presented in the Supplementary Material at Appendix C.    
Mouse breeding phenology
A shift towards earlier breeding occurred in the Marion Island mouse population between 1979-80 and 2008-2011 (Fig 2b). Breeding phenology remained constant between 1979-80 and 1993-94 in the mire and slope habitats.  The breeding season advanced in the mire habitat by two months between 1993-94 and 1998-99 and by an additional month between 1998-99 and 2008-11. The breeding season in the slope habitat advanced by one month between 1993-94 and 1998-99 and again between 1998-99 and 2008-2010. The breeding season in the biotic habitat showed more variation. Juveniles first appeared in December in 1979-80, 1993-94, and 1996-97. In 1991-92, 1998-99 and 2008-11 juveniles were first observed in November. Mice appeared to stop breeding in all habitats in late March or early April throughout the study period, estimated from when juveniles stopped appearing in traps and accounting for 6 weeks required for gestation and weaning (Berry, 1970). 
Mouse survival
Model selection favoured a survival model that distinguished between age classes (Supplementary Table A4). Trapping grid, when applicable, was also highly supported. There was little trend among environmental covariates in predicting mouse survival, with high variation between top models between habitats and years. Mean monthly survival did not differ significantly between years for juvenile mice in any habitat as evidenced by overlap in confidence intervals (Fig. 3).  Adult survival was significantly higher in the mire habitat during the summer season in 1998-99, and the biotic habitat during the winter in 1996-97. Adult winter survival in the slope habitat was significantly lower in 1991-92.  
Effects of mouse phenology
The outcomes of the matrix model estimating the effects of phenology on mouse population density are presented in Fig. 6 and Supplementary Table A5. The matrix model estimated that in the absence of change to any other demographic parameter, the advancement of the breeding season from February (here, referring to the month in which juvenile mice first appear in traps) to January increased the number of juvenile and subadult/adult mice at peak density by 78.6 % and 81.0 %, respectively, for a total increase of 79.7 %. Initiating the breeding season in December resulted in the peak number of juvenile and subadult/adult mice increasing by 116.9 % and 203.2 %, respectively, for a total increase of 159.4 % from the original February start date. 
Mouse diet
Mouse diet consisted primarily of invertebrates of which lepidopteran larvae had the highest mean annual RIV (Table 2). Between 1991-92 and 2008-11, the importance of lepidopteran larvae increased significantly in the mire habitat, while plant material significantly declined. The slope habitat had significant increases in the importance of lepidopteran larvae and spiders, with significant declines in weevil adults, larvae, and plant material. The importance of lepidopteran and weevil larvae increased in the biotic habitat, while weevil adults declined. Mouse diet variety decreased significantly in all habitats. There was a significant decrease in diet diversity in the slope and biotic habitats, but a significant increase in the mire habitat between study periods.  
Invertebrate biomass
The majority of invertebrate groups experienced significant declines in all seven measured vegetation types (Fig. 4a-e). Kruskal-Wallis tests showed that biomass was significantly (p < 0.05) different between years for lepidopteran larvae in S. uncinatus, A. magellanica, P. cookii, C. plumosa, weevil adults in C. plumosa, weevil larvae in all vegetation types, soil worms in S. uncinatus, J. colorata, B. penna-marina, A. magellanica, P. cookii, C. plumosa, and spiders in S. uncinatus, B. densifolium, J. colorata, A. magellanica, and P. cookii (See Supplementary Table A6 for details). The lack of a significant difference in weevil adult biomass in most vegetation types is likely due to the considerable variation in the data considering their decline to the point of non-detection in S. uncinatus, B. penna-marina, and P. cookii by 2006-07. The only species group to have a significant increase in biomass after 1996-97 was lepidopteran larvae in C. plumosa (t = -3.62, df = 9.83, p < 0.01). 
Summing the Akaike weight (wi) for each variable across all possible models for each species and habitat I found that mouse density was the most important explanatory variable in terms of both invertebrate presence and biomass (Table 3), acknowledging the lack of mouse density estimates specific to invertebrate sampling years. Mouse density and temperature each had the highest relative importance values (RIV) in 30.3 % of presence models, followed by season (24.2 %), and precipitation (15.2 %). Invertebrate biomass, given presence, was also best explained by mouse density, with the highest RIV in 33.3 % of models, followed by season (30.0 %), precipitation (20.0 %), and temperature (16.7 %). 
The conditional models predicted a generally negative relationship between mice and invertebrates (Fig. 5). Biomass of all invertebrate species was predicted to decline in response to increased mouse density in the mire and slope habitats, with the exception of spiders in B. densifolium and weevil adults in J. colorata. Trends in the biotic habitat were less straightforward. Invertebrate biomass was predicted to decline in C. plumosa, with the exception of weevil adults and larvae. By contrast, invertebrate biomass was positively associated with mouse density in P. cookii.  
Discussion
Despite decades of speculation that mice are increasing in density in the sub-Antarctic (Smith and Steenkamp, 1990), this study provides the first demonstration that this is the case, at least on Marion Island. Peak densities in the slope and mire habitats currently reach levels significantly greater than those experienced in 1979-80 or the 1990s. This increase is coupled with a shift towards earlier breeding. An increase in peak density always followed an advanced breeding season, except for in two years. There was no significant increase in the biotic habitat in 1998-99 despite juveniles appearing in November. This may be explained by a change in the structure of the habitat (discussed further below). Peak density in the slope habitat in 1998-99 also failed to increase. However, it should be noted that juveniles were captured earlier on only one of the three trapping grids. When modelled separately, peak density was highest on the grid with juveniles appearing the earliest, though the difference was not significant. 
An extended breeding season can have an especially profound effect on mouse density because it increases the possibility of adding additional sexually mature cohorts to the population before the cessation of the breeding season (Berry, 1968; Singleton et al., 2001; Mutze, 2009). This was demonstrated here by the matrix model (Fig. 6). Because female mice on Marion Island reach sexual maturity at four months old (but as young as two months; Matthewson and van Aarde 1994), initiating the breeding season earlier greatly increases the breeding population in the later breeding months. In turn, the total peak population is also greatly increased before the winter die-off. The importance of an extended breeding season in increasing density has been well-documented in other invasive house mouse populations (Pech et al., 1999; Singleton et al., 2001). However, such phenological changes have been almost exclusively linked to significant increases in food availability and quality (King, 1983; Bomford, 1987; Murphy, 1992), though the mechanisms that create such conditions may vary (Singleton et al., 2010). A search of the literature suggests that the extension of the breeding season on Marion Island is the first documented under decreased food availability. 
The local effects of global climate change have warmed Marion Island considerably in the past few decades, with the warmest years on record occurring in the late 1990s (le Roux, 2008; Treasure and Chown, 2012). The reproductive seasonality of house mice in cold climates, including Southern Ocean islands, is governed by the interaction between temperature and energy intake (Bronson 1979; Manning and Bronson 1990) rather than photoperiod (Pryor and Bronson, 1981). Because of their relatively high surface-to-volume ratio, mice are highly susceptible to heat loss and must commit a significant proportion of energy into maintaining homeostasis.  For example, starved laboratory mice kept at 11° C will exhaust their fat reserves within 1.5 days and a single missed feeding period under such temperatures may result in death (Bronson, 1987).  This demand competes with the cost of reproduction which is exceptional in rodents. For example, lactation requires at least double the energy intake of a non-breeding female (Speakman, 2008) and can be four or five times higher under cooler conditions (Bronson, 1985). For mice to extend their breeding season, a significant increase in energy intake, or decrease in the cost of thermoregulation must occur. The decline in invertebrate biomass on Marion Island limits the likelihood of an earlier breeding season being the product of increased foraging proficiency, leaving ameliorating environmental conditions as the likeliest mechanism.  
Of at least equal importance to lessening the energetic costs of mice on Marion Island is the persistent drying of the island (le Roux and McGeoch, 2008). Wetting reduces thermal resistance by half and leads to increased energy costs (Webb and King, 1984; McArthur and Ousey, 1994; McCafferty et al., 1997), especially in juveniles (Webb et al., 1990). In this regard, drier conditions are likely to have a significant impact on breeding, survival, and juvenile recruitment. This is especially significant in the mire habitat where the decline in precipitation has led to a significant loss in peat moisture content (Chown and Smith, 1993) and may explain why the greatest changes in breeding advancement, and density occurred in this habitat. The benefit of a consistently drier island may explain why changes in mouse density and phenology have progressed steadily despite variation in temperature between years. 
This study was unable to determine the importance of survival in regulating the Marion island mouse population.  While its role in determining winter densities is straightforward, how survival in the summer season contributes to density is less clear. Although it has been suggested that survival is the main driver of population increases in small mammals, including mice (Korpimäki et al., 2004), rodent-specific studies have found it only of minor importance when compared to changes in reproduction (Singleton et al., 2010). For house mice specifically, Mutze (2009) found adult survival to have no significant influence on plague outbreaks in Australian cropland, but that juvenile survival was a vital parameter, presumably because of the aforementioned recruitment of juveniles into the breeding population within the season. Unfortunately the high confidence limits on juvenile survival in the 1990s and the lack of estimates from 2008-11 makes it impossible to speculate on its importance on Marion Island. Nevertheless, it should at least be considered that in addition to an extended breeding season, increased juvenile survival may also play a role in the observed increases in density.
A number of further changes in Marion Island mouse population dynamics owing to climate change are plausible. For example, litter size is likely to have increased as lessened energy constraints curtail the occurrence of foetal absorption and facultative infanticide (Perrigo, 1987; van Aarde and Jackson, 2007). Likewise, age of sexual maturity may also have advanced to reflect that of populations in more favourable environments (Berry, 1970; Efford, 1988). Drier conditions could also greatly improve the quality and quantity of available mouse burrows in previously marginal habitat (Avenant and Smith, 2003; Ferreira et al., 2006). However, the present study could not distinguish these possible additional changes. 
Despite enabling higher peak densities, ameliorating environmental conditions failed to lessen the extent of the May/June die-offs long observed in the Marion Island mouse population. Marion Island mice are not cold adapted (Webb et al., 1997) and the number of very cold wind-chill events has not changed over the past five decades (le Roux and McGeoch, 2008). Additionally, while there has been a decline in the annual number of frost-free days (Huyser et al., 2000), warming is most pronounced in the austral summer months with winter months such as June showing the least change, while wind speeds have also increased. As a result, the number of very cold wind-chill events (based on the co-occurrence of extremes of wind speed and cold) has not changed (le Roux and McGeoch, 2008). Seasonal invertebrate biomass also reaches its nadir at this time (Smith et al., 2002). Thus, mice still experience the same number of extreme winter cold events as in earlier decades, while both the seasonal and long-term decline in invertebrate biomass makes offsetting the increased cost of metabolism more difficult.  As long as this continues to occur on Marion Island, die-offs can be expected.  However, on mouse-invaded Southern Ocean islands with milder climates, such as Gough Island, mice do not exhibit as severe a seasonal decline (Cuthbert and Hilton, 2004) suggesting continued warming, drying, or changes in wind patterns could further alter mouse population dynamics. 
Feral cats were present on Marion Island from 1949 to 1991, although their densities were greatly reduced starting in the early 1980s (Bester et al., 2002). Cats foraged primarily on seabirds and did not prey on mice to an extent that they were thought to significantly suppress the population (van Aarde, 1980; van Aarde et al., 1996), although it cannot be discounted that their removal contributed to mouse increases between 1979 and 1991. However, static winter densities make clear that increases after 1991 are not the result of more mice surviving to breed and thus cannot be attributed to the absence of cat predation. Moreover, it is possible cats continue to have a negative impact on mice post-eradication through indirect means, at least in the biotic habitat. On Marion Island the substantial loss of manuring seabirds due to cat predation has caused a significant decline in tussock grassland which has largely been replaced by Poa annua lawn (Gremmen and Smith, 2008). Tussock grassland is the preferred habitat of  invasive mice on Southern Ocean islands (Berry et al., 1979; Pye, 1993; Harper, 2010; Russell, 2012), where well-drained and sheltered conditions allow burrows to reach several degrees warmer than external ambient temperatures (Pye et al. 1999).  Poa annua does not offer this benefit and this vegetational shift on Marion Island may explain why the biotic habitat was the lone habitat in which peak mouse density was highest in a year other than 2008-11 and why densities in this habitat declined when others increased. Thus, cats may continue to have a negative impact on mice long after their eradication. However, it also appears that mouse densities in the biotic habitat are again on the rise. While some seabird populations are beginning to recover from the effects of cat predation (Cooper et al., 1995; Nel et al., 2002; McClelland et al., 2013), the vegetation has yet to respond (Smith, 2008), suggesting that this recent increase in mice is the result of ameliorating conditions.  
Current densities lower than in previous years in the biotic habitat are unlikely to offer any form of indemnity to the Marion Island ecosystem. The habitat represents just 3.5 % of the island surface area below 300 m a.s.l. while slope and mire represent 18.7 % and 17.7 %, respectively (Gremmen and Smith, 2008). Adjusting for area, the total number of mice below 300 m on Marion Island at peak density more than doubled between 1998-99 and 2008-11 (Table 4). 
There was a considerable shift in the importance of prey items in mouse diets between 1991-92 and 2008-11. Lepidopteran larvae continued to be the dominant prey item and increased in importance despite strong declines in biomass. This may be due to even greater losses in other prey items, specifically weevil adults which appear to have declined to an extent where they no longer represent a significant portion of mouse diet. The decline in the importance of plant material was unexpected in view of invertebrate declines. Given the option, Marion Island mice will select invertebrate prey over plant material (Smith et al., 2002). Higher temperatures and the decline in rainfall and snow cover may allow mice to forage outside of burrows more frequently and efficiently, lessening mouse reliance on seed caches (van Aarde and Jackson, 2007). Mouse-driven declines in preferred plant species such as the sedge Uncinia compacta (Smith and Steenkamp, 1990; Chown and Smith, 1993) may also play a role.  
[bookmark: _GoBack]The two-part conditional models emphasized the importance of mouse density in influencing invertebrate biomass. Nevertheless, biomass may also be influenced by other changes in the Marion Island environment. Few studies have documented direct impacts of changing climates on terrestrial invertebrates in the region (Chown et al., 2008). However, at least for moisture-sensitive species such as soil worms and lepidopteran larvae, the effects are anticipated to be negative (Klok and Chown, 1997; Convey et al., 2003; Nielsen and Wall, 2013). Vegetation can also have a significant impact on invertebrate densities and the significant change in plant communities on Marion Island from the effects of invasive species and climate change may play a role (Gremmen et al., 1998; Gremmen and Smith, 2008; Smith, 2008). Feedbacks between these changes in both aboveground and belowground communities are also likely (Wardle et al., 2004). However, to date it has not been possible to discern these more subtle effects from the overwhelming impacts of the mice. 
Poa cookii was the only vegetation within which mouse density had a positive association for all invertebrate groups. In addition to the aforementioned shelter and burrowing advantages, the shoot-base of P. cookii is rich in stored soluble carbohydrates and along with preformed flowers can provide an important food source (Berry et al., 1979). Indeed, tussock grass is the staple diet of rodents on other Southern Ocean islands (Pye et al., 1999) and plant matter continues to be an important food resource for Marion Island mice in the biotic habitat. It is possible that mice do not occur in P. cookii vegetation to forage for invertebrates alone and that the same structure and cover that encourages high invertebrate biomass also contributes to high mouse density. At least for the former, it is clear that P. cookii grasslands support high densities and species numbers of both macro- and micro-invertebrates (Burger, 1978; Gabriel et al., 2001; Barendse et al., 2002). 
The arrival of invasive mice on Marion Island predates the baseline data for invertebrate biomass by over 150 years. Disregarding the likely detrimental impacts that occurred during this undocumented period, the changes in invertebrate biomass since the 1970s (Table 5) are exceptional. If the surface area occupied by each of the three studied habitats below 300 m is considered, the estimated total island invertebrate biomass loss is 86.1% and 89.8% in the winter and summer respectively. 
Invertebrate biomass on Marion Island appears insufficient to sustain high mouse densities for more than a few months of the year, contributing to an annual late-summer population crash. While mouse densities are considerably lower until the following breeding season, even low densities can suppress the recovery of invertebrate populations (St Clair, 2011). The steady and precipitous decline in invertebrate biomass suggests that the invertebrate population on the island cannot sufficiently recover from the preceding year’s predation. Extended mouse breeding seasons and potentially higher peak densities are likely to compound the problem, raising the question of what further declines in invertebrate biomass will bring. A possible window to Marion Island’s future can be found on Gough Island, South Atlantic Ocean. A large portion of the Gough Island invasive mouse population survives the winter, possibly due to milder environmental conditions (Cuthbert and Hilton, 2004). Low availability of invertebrates and seeds in the  winter months causes food limitation and leads to mouse attacks on the island’s avifauna (Angel and Cooper, 2006). As a result, mouse-induced mortality is contributing to population declines in Tristan albatross (Diomedea dabbenena Mathews), Gough bunting (Rowettia goughensis Clarke), Atlantic petrel (Pterodroma incerta Schlegel), and potentially other burrowing seabirds (Cuthbert and Hilton, 2004; Wanless et al., 2009, 2012). A similar outcome is within reason for Marion Island and both the increased occurrence of vertebrate tissue in mouse stomachs observed in this study and the recent increase in the number of mouse attacks on seabirds (Wanless et al., 2007; Jones and Ryan, 2009) support the hypothesis.
This study is in keeping with a growing body of research demonstrating the significant direct impacts of mice on the Marion Island ecosystem. For instance, the size-selective foraging behaviour of mice has changed the body size of its preferred prey species and potentially interfered with the evolution of the island’s invertebrate fauna by halting speciation in the weevil Ectemnorhinus similis species complex (Chown, 1990; Chown and Smith, 1993; Treasure and Chown, 2012).  Moreover, mouse herbivory has greatly reduced the sedge U. compacta (Smith and Steenkamp, 1990; Chown and Smith, 1993) and burrowing causes widespread damage to A. selago, a keystone plant species (Phiri et al., 2008). However, the most profound impact of mice may be indirect. There is increasing evidence that invasive predators on islands are capable of initiating landscape-level trophic cascades, where through the predation of an intermediate organism, they indirectly affect the abundance and composition of the vegetative community (Croll et al., 2005; Kurle et al., 2008; Wardle et al., 2009). The majority of studies have focussed on seabird predation and the interruption of marine to terrestrial nutrient transfer (Fukami et al., 2006; Maron et al., 2006; Towns et al., 2009), but Marion Island mice may present another form of the phenomenon. As the primary drivers of nutrient cycling and energy flow on the island, reductions in invertebrate biomass undoubtedly exacerbate nutrient limitation in an already impoverished system. A reduction in nutrient cycling can be expected to decrease litter nutrient quality and primary productivity and enhance the rate of peat accumulation (Smith and Steenkamp, 1990). Peat accumulation in turn drives vegetation succession and ecosystem structure through control of the hydrological regime (Gremmen, 1981).  Potential mitigating effects of warming such as increased soil fauna activity and decomposition rates (Smith and Steenkamp, 1990; Aerts, 2006; Bokhorst et al., 2007) are complex and likely to be insufficient given the scale of invertebrate loss. Thus, invasive mice may be the instigators of a trophic cascade shaping basic ecosystem processes on Marion Island. 
Conclusion
The present results highlight the growing concern regarding the interaction between climate change and invasive species on the Southern Ocean islands and have far-reaching implications for the region. All Southern Ocean islands have their unique characteristics (size, age, geology, established alien species, etc.), but also share a fundamental ecology of high primary production, slow decomposition, and reliance upon invertebrates for nutrient cycling (Smith and Steenkamp, 1990). Mice have been introduced to at least 11 Southern Ocean islands (Angel et al., 2008) and notable impacts have been reported on plant (Smith and Steenkamp, 1990; Jones et al., 2003; Phiri et al., 2008), invertebrate (Copson, 1986; Chown and Smith, 1993; Marris, 2000; Le Roux et al., 2002; St Clair, 2011; Russell, 2012), and avian communities (Huyser et al., 2000; Cuthbert and Hilton, 2004; Miskelly et al., 2006; Wanless et al., 2007). The current situation on Marion Island suggests that as climate change continues to create ameliorating conditions for mice the severity of these impacts will increase. Further, these impacts are greatest when mice are the sole invasive mammal present on an island, a situation becoming more common as eradication efforts remove other alien predators but spare mice (Angel et al., 2008).  From the perspective of conservation, it is vital that mice be given equal consideration as other invasive mammals when considering eradication for island restoration. 
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Tables
Table 1: Live trapping periods and methodology on Marion Island for 1991-92, 1993-94, 1996-97, 1998-99, and 2008-11. Trap type refers to single or multi-capture traps. Multi* refers to a grid that was trapped with single capture traps, cleared, and trapped at least one more time within the same night. In this instance traps were treated as multi-captures following (Efford, 2011). Location refers to the eastern or western side of the island. 
	Habitat
	Trapping Period
	Trapping Interval (weeks)
	Trapping Grid Size (traps)
	Trap
 Type
	Grids Trapped (Replicates)
	Location

	Mire
	Jun 1991  to
	Feb 1992
	8
	10 x 10
	Single
	1
	East

	
	May 1993  to 
	Apr 1994
	4
	10 x 10
	Single
	1
	East

	
	Jun 1996  to 
	Mar 1997
	8
	7 x 7
	Multi*
	2
	East

	
	Apr 1998  to 
	Apr 1999
	4
	7 x 7
	Single
	2
	East

	
	Sep 2008  to 
	Feb 2011
	8
	7 x 7
	Multi
	1
	East

	
	Sep 2008  to 
	Feb 2011
	8
	7 x 7
	Multi
	1
	West

	Slope
	May 1991  to 
	Mar 1992
	4
	10 x 10
	Single
	1
	East

	
	May 1993  to  
	Apr 1994
	4
	10 x 10
	Single
	1
	East

	
	Apr 1998  to 
	Apr 1999
	4
	7 x 7
	Single
	3
	East

	
	Sep 2008  to  
	Feb 2011
	8
	7 x 7
	Multi
	1
	East

	Biotic
	May 1991  to  
	Mar 1992
	4
	10 x 10
	Single
	1
	East

	
	May 1993  to 
	Apr 1994
	4
	10 x 10
	Single
	1
	East

	
	May 1996  to  
	May 1997
	8
	7 x 7
	Multi*
	2
	East

	
	Apr 1998  to 
	Apr 1999
	4
	7 x 7
	Single
	2
	East

	
	Aug 2008  to 
	Feb 2011
	8
	7 x 7
	Multi
	1
	East

	
	Sep 2008  to 
	Feb 2011
	8
	7 x 7
	Multi
	1
	West





Table 2: Annual mean relative importance values (RIV) of diet items in the mire, slope, and biotic habitats on Marion Island in 1992-93 and 2008-11. RIVs consist of frequency and volume of occurrence in the diet and sum to 100 per column. Mean diet variety and diversity are also presented. The ± values represent standard deviations. Data from 1992-93 were extracted from Smith et al. (2002).  The “other prey” group refers to other species of invertebrates including mites, aphids, and flies as well as mouse hair and feathers. The “unknown vertebrate” group refers to mammal and/or avian tissue (muscle, adipose, etc.). 
	
	Food Item
	1992-93
	2008-11
	df
	t
	p

	Mire
	Lepidopteran larvae
	59.2
	± 23.8
	74.0
	± 18.9
	320
	6.89
	<0.001

	
	Weevil larvae
	8.1
	± 12.5
	8.0
	±   7.7
	320
	0.04
	0.970

	
	Weevil adults
	8.1
	±   6.5
	4.8
	±   7.0
	320
	1.47
	0.146

	
	Soil worms
	2.1
	±    ??a
	1.6
	±   1.9
	320
	
	NA

	
	Spiders
	0.7
	±    ??
	6.9
	±   1.6
	320
	
	NA

	
	Plants
	15.7
	±   2.1
	1.7
	±   1.8
	320
	4.10
	<0.001

	
	Unknown vertebrate
	0.0
	   
	1.5
	±   2.1
	320
	
	NA

	
	Other Prey
	5.9
	±   ??
	1.6
	±   3.5
	320
	
	NA

	
	Mean Diet Variety
	8.2
	±   0.7
	2.3
	±   0.3
	320
	100.77
	<0.001

	
	Mean Diet Diversity
	2.8
	±   0.2
	3.6
	±   0.3
	320
	-19.23
	<0.001

	Slope
	Lepidopteran larvae
	11.8
	± 15.2
	50.4
	± 31.5
	290
	-13.85
	<0.001

	
	Weevil larvae
	12.0
	± 16.1
	4.0
	±   3.4
	290
	3.07
	0.003

	
	Weevil adults
	20.0
	± 16.8
	1.6
	±   1.8
	290
	6.00
	<0.001

	
	Soil worms
	0.9
	±   ??
	2.8
	±   5.7
	290
	
	NA

	
	Spiders
	2.6
	±   4.0
	6.1
	±   8.4
	290
	-2.59
	0.010

	
	Plants
	48.4
	± 33.9
	22.0
	± 33.5
	290
	13.56
	<0.001

	
	Unknown vertebrate
	0.0
	
	4.3
	±   5.3
	290
	
	NA

	
	Other Prey
	4.5
	±   ??
	8.9
	± 21.8
	290
	
	NA

	
	Mean Diet Variety
	8.2
	±   0.7
	2.4
	±   0.6
	290
	70.73
	<0.001

	
	Mean Diet Diversity
	3.6
	±   0.3
	3.0
	±   0.9
	290
	5.91
	<0.001

	Biotic
	Lepidopteran larvae
	45.1
	± 21.3
	52.4
	± 28.2
	424
	-2.12
	0.036

	
	Weevil larvae
	3.9
	±   7.6
	16.7
	± 19.4
	424
	-7.12
	<0.001

	
	Weevil adults
	6.9
	±   8.1
	0.3
	±   0.4
	424
	4.46
	<0.001

	
	Soil worms
	9.2
	± 19.9
	5.6
	± 10.8
	424
	1.91
	0.060

	
	Spiders
	0.4
	±    ??
	0.1
	±   0.1
	424
	
	NA

	
	Plants
	22.6
	± 20.2
	20.7
	± 18.8
	424
	0.56
	0.578

	
	Unknown vertebrate
	0.0
	
	3.3
	±   3.5
	424
	
	NA

	
	Other Prey
	11.9
	±    ??
	0.9
	±   2.1
	424
	
	NA

	
	Mean Diet Variety
	11.6
	±   0.6
	1.9
	±   0.4
	424
	161.45
	<0.001

	
	Mean Diet Diversity
	4.4
	±   0.3
	3.1
	±   0.8
	424
	12.55
	<0.001


a The data was presented in Smith et al. (2002) in such a way that it was not possible to extract standard deviation


Table 3: Overall importance of mouse density, season, temperature, and precipitation in describing bimonthly invertebrate presence, and biomass given presence within the seven measured vegetation types on Marion Island. The importance value equals the sum of the Akaike weights (wi) across candidate models containing the given variable. The wi ranges from 0 to 1, with values closer to 1 being more important. The variable with the highest importance value is highlighted in grey. Missing values (NA) are where too few invertebrates were recorded to complete the model, with the exception of soil worms in S. uncinatus where the presence model failed due to linear separation, and soil worms in B. densifolium where the error distribution of the biomass given presence model remained non-parametric after log transformation.
	Habitat
	Vegetation
	Invertebrate Group
	
	Logistic regression (presence)
	 
	Ordinary regression (biomass) 

	 
	 
	 
	
	Mouse
density
	Season
	Temp-
erature
	Precip-
itation
	Mouse
density
	Season
	Temp-
erature
	Precip-
itation

	Mire
	S. uncinatus
	Lepidopteran  larvae
	
	1.000
	0.664
	0.833
	0.982
	0.730
	0.417
	0.449
	0.469

	
	
	Weevil adults
	
	NA
	 
	
	
	NA
	
	
	

	
	
	Weevil larvae
	
	0.903
	0.386
	0.403
	0.365
	0.467
	0.369
	0.368
	0.315

	
	
	Soil worms
	
	NA
	
	
	
	0.417
	0.761
	0.431
	0.453

	
	 
	Spiders
	
	0.602
	0.476
	1.000
	0.849
	0.282
	0.297
	0.875
	1.000

	
	B. densifolium 
	Lepidopteran  larvae
	
	0.404
	0.848
	0.353
	0.296
	0.522
	0.663
	0.301
	0.260

	
	
	Weevil adults
	
	0.977
	0.350
	0.495
	0.340
	0.322
	0.310
	0.776
	0.142

	
	
	Weevil larvae
	
	0.617
	0.743
	0.381
	0.302
	0.446
	0.567
	0.348
	0.315

	
	
	Soil worms
	
	0.380
	0.412
	0.418
	0.344
	NA 
	
	
	

	
	 
	Spiders
	
	0.350
	0.875
	1.000
	0.913
	0.250
	0.467
	0.372
	0.990

	
	J. colorata
	Lepidopteran  larvae
	
	0.356
	0.550
	0.610
	0.321
	0.313
	0.208
	0.212
	0.267

	
	
	Weevil adults
	
	0.345
	0.461
	0.323
	0.964
	0.209
	0.306
	0.444
	0.208

	
	
	Weevil larvae
	
	0.297
	1.000
	1.000
	0.250
	0.874
	0.527
	0.808
	0.272

	
	
	Soil worms
	
	0.922
	0.470
	0.425
	0.695
	0.499
	0.590
	0.345
	0.574

	 
	 
	Spiders
	
	0.312
	0.677
	0.677
	0.361
	0.758
	0.527
	0.406
	0.991

	Slope
	B. penna-marina
	Lepidopteran  larvae
	
	NA 
	
	
	 
	NA 
	
	
	

	
	
	Weevil adults
	
	NA 
	
	
	 
	NA 
	
	
	

	
	
	Weevil larvae
	
	NA 
	
	
	 
	NA 
	
	
	

	
	
	Soil worms
	
	0.832
	0.430
	0.323
	0.277
	0.405
	0.305
	0.379
	0.547

	
	 
	Spiders
	
	0.392
	0.371
	0.365
	0.363
	0.550
	0.167
	0.511
	0.173

	
	A. magellanica
	Lepidopteran  larvae
	
	0.618
	0.581
	0.475
	0.489
	0.584 
	0.120
	0.157
	0.140

	
	
	Weevil adults
	
	0.579
	0.434
	0.405
	0.362
	0.980
	0.137
	0.104
	0.265

	
	
	Weevil larvae
	
	0.973
	0.536
	0.375
	0.260
	0.251
	0.296
	0.427
	0.920

	
	
	Soil worms
	
	0.786
	0.366
	0.407
	0.321
	1.000
	0.283
	0.946
	0.340

	 
	 
	Spiders
	
	0.847
	0.852
	0.954
	0.265
	0.509
	0.632
	0.497
	0.649

	Biotic
	P. cookii
	Lepidopteran  larvae
	
	0.337
	0.496
	0.355
	0.580
	0.689
	1.000
	0.979
	0.949

	
	
	Weevil adults
	
	0.360
	0.421
	0.313
	0.653
	0.220
	0.236
	0.343
	0.202

	
	
	Weevil larvae
	
	0.492
	0.332
	0.624
	0.743
	0.789
	0.985
	0.689
	0.224

	
	
	Soil worms
	
	0.343
	0.703
	0.500
	0.484
	0.407
	0.319
	0.876
	0.647

	
	 
	Spiders
	
	0.261
	0.745
	1.000
	0.280
	1.000
	0.885
	0.959
	1.000

	
	C. plumosa 
	Lepidopteran  larvae
	
	0.340
	0.311
	0.319
	0.671
	0.332
	0.638
	0.521
	0.318

	
	
	Weevil adults
	
	0.392
	1.000
	1.000
	0.829
	0.851
	0.110
	0.204
	0.563

	
	
	Weevil larvae
	
	0.948
	0.472
	1.000
	0.953
	0.526
	0.937
	0.858
	0.201

	
	
	Soil worms
	
	0.346
	0.435
	0.361
	0.391
	0.348
	0.612
	0.409
	0.315

	
	 
	Spiders
	
	0.412
	0.515
	0.373
	0.324
	0.329
	0.979
	1.000
	0.789






Table 4: Estimated total number of mice present below 300 m a.s.l in the mire, slope, and biotic habitats on Marion Island at peak density from 1979-80 to 2008-11.    
	Year
	Mire
	Slope
	Biotic
	Total

	1979-80
	122 500
	121 730
	87 990
	332 220

	1993-94
	227 040
	177 775
	93 882
	511 819

	1998-99
	449 651
	185 179
	82 214
	717 043

	2008-11
	828 150
	776 902
	155 687
	1 760 740



Table 5: Estimated change in invertebrate biomass (kg·ha-1 ± SD) in the mire, slope, and biotic habitats on Marion Island between 1976-77 (baseline), 1996-97, and 2006-07.
	
	
	Winter
	
	
	Summer
	

	Year
	Mire
	Slope
	Biotic
	Mire
	Slope
	Biotic

	1976-77
	51.8 ± 68.0
	49.3 ± 26.6
	376.4 ± 202.6
	83.4 ± 107.0
	58.1 ± 50.1
	305.2 ± 106.9

	1996-97
	  6.1 ±   5.9
	37.9 ± 26.7
	167.9 ±   83.8
	  9.9 ±     5.2
	60.7 ± 59.4
	226.4 ± 168.7

	2006-07
	  1.7 ±   3.2
	16.4 ± 21.7
	  60.3 ±   43.7
	  2.3 ±     2.1
	  7.1 ±   7.8
	  52.4 ±   23.4

	Percentage loss from baseline 
	  96.7%
	 66.8%
	  84.0%
	97.3%
	 87.7%
	  82.8%





Figure Legends
Figure 1: Sub-Antarctic vegetation zones on Marion Island as provided by Smith and Mucina (2006). Coastal vegetation refers to biotic and saltspray communities. Arrows indicate the general area of the mouse trapping program on the east and west coasts of the island. Inset: Marion Island’s position (red) in relation to Antarctica and other Southern Ocean Islands.
Figure 2: a, Estimated peak density of mice·ha-1 (± 84 % CI) on Marion Island, 1979-2011. If the confidence intervals between years do not overlap this indicates a significant difference in density at p < 0.05 (Payton et al., 2003). Estimates for 1996-97 and 1998-99 were each pooled across replicates. Estimates for 1979-80 were based on a modified Petersen Index and are likely an overestimate of true density, whereas the other estimates were based on spatially explicit capture recapture methods and likely unbiased. b, First appearance of juvenile mice in the trappable population in the mire (blue), slope (orange), and biotic (green) habitats on Marion Island, 1979-2011. Circles indicate years in which trapping occurred. 
Figure 3: Mean monthly survival of juvenile and adult mice during the summer and winter seasons on Marion Island, 1991-92 to 1998-1999. Estimates are from 2-age class models corrected for transience and trap dependence with monthly survival parameters constrained to have constant winter and summer survival. 
Figure 4: Mean annual biomass (mg/m2 ± SD) of a) lepidopteran larvae, b) weevil larvae, c) weevil adults, d) soil worms, and e) spiders on Marion Island in 1976-77, 1996-97, and 2006-07 in S. uncinatus (San), B. densifolium (Blep), J. colorata (Jam), B. penna-marina (Blec), A. magellanica (Aca), P. cookii (Poa), and C. plumosa (Cot) vegetation. Stars indicate significant differences in invertebrate biomass between sampling periods. Values and analyses are presented in Supplementary Table A6.
Figure 5: Expected biomass of the five main invertebrate prey groups plotted against mouse density in the seven measured vegetation types on Marion Island. The shaded areas represent 95% confidence intervals. Plots in blue and marked with an asterisk represent the probability of presence only and are presented where too few invertebrate captures occurred to model biomass given presence. Blanks occur where too few captures occurred to model the probability of presence and/or biomass given presence with the exception of soil worms in S. uncinatus where the presence model failed due to linear separation.
Figure 6: Estimated impact of phenology in the Marion Island mouse population based on the matrix population model. Earlier breeding resulting in the first appearance of juvenile mice in December, January and February are represented by green, purple, and blue respectively. Solid and dashed lines indicate the number of subadults/adults and juveniles, respectively. Values are presented in Supplementary Table A5. 
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Supplementary Materials

Supplementary Table A1: Density estimates (per hectare) of mice in the mire habitat on Marion Island. Lower and upper 95 % confidence limits are presented in brackets. 

	
	1991-92
	1993-94
	1996-97
	1998-99
	2008-09
East
	2008-09
West
	2009-10
East
	2009-10
West
	2010-11
East
	2010-11
West

	Apr
	
	
	
	122.9
	
	
	
	
	
	

	
	
	
	
	(91.0,166.1)
	
	
	
	
	
	

	May
	
	64.9
	
	112.6
	
	
	236.6
	164.2
	214.0
	69.0

	
	
	(48.9,86.1)
	
	(86.3,147.0)
	
	
	(158.8,352.5)
	(114.8,234.7)
	(156.8,292.1)
	(35.4,134.7.7)

	Jun
	27.1
	
	43.6
	51.6
	
	
	79.4
	
	
	

	
	(19.7,37.2)
	
	(31.0,61.1)
	(38.8,68.7)
	
	
	(56.4,111.8)
	
	
	

	Jul
	
	55.0
	25.6
	23.4
	
	
	
	108.9
	134.4
	112.1

	
	
	(37.6,80.2)
	(16.6,39.4)
	(16.7,32.9)
	
	
	
	(80.0,142.7)
	(86.4,209.2)
	(76.6,164.0)

	Aug
	24.8
	35.5
	
	17.0
	
	
	21.9
	
	
	

	
	(17.2,35.7)
	(18.6,67.8)
	
	(11.7,24.7)
	
	
	(11.7,40.7)
	
	
	

	Sep
	
	59.1
	35.7
	12.9
	14.6
	18.4
	
	41.6
	51.9
	52.6

	
	
	(43.4,80.4)
	(18.7,68.2)
	(8.3,20.0)
	(7.4,29.0)
	(10.5,32.4)
	
	(26.5,65.2)
	(26.9,100.0)
	(32.5,85.0)

	Oct
	9.3
	39.4
	
	15.9
	
	
	24.7
	
	13.7
	

	
	(5.2,16.6)
	(29.6,52.5)
	
	(10.2,24.7)
	
	
	(11.4,53.8)
	
	(7.6,24.6)
	

	Nov
	
	17.1
	17.9
	24.0
	14.3
	40.8
	4.3
	15.1
	
	21.6

	
	
	(9.6,30.3)
	(11.3,28.2)
	(16.8,34.3)
	(8.6,23.7)
	(20.4,81.4)
	(1.2,15.3)
	(7.6,29.9)
	
	(11.2,41.6)

	Dec
	2.5
	15.9
	
	33.7
	
	
	
	
	43.9
	

	
	(0.8,7.4)
	(10.1,25.1)
	
	(20.3,56.1)
	
	
	
	
	(22.2,86.8)
	

	Jan
	
	9.0
	18.3
	44.5
	21.6
	44.6
	15.5
	2.6
	
	63.1

	
	
	(4.8,16.7)
	(8.3,40.6)
	(32.5,60.9)
	(7.9,58.7)
	(31.3,63.7)
	(6.3,37.8)
	(0.7,9.9)
	
	(31.9,124.7)

	Feb
	17.8
	22.6
	
	
	
	
	
	149.3
	65.7
	

	
	(11.2,28.4)
	(8.7,58.8)
	
	
	
	
	
	(109.3,203.9)
	(20.9,207.0)
	

	Mar
	
	36.8
	50.9
	128.5
	21.6
	176.7
	155.6
	
	
	107.1

	
	
	(21.1,64.3)
	(23.9,108.5)
	(93.3,176.9)
	(11.3,41.1)
	(113.6,274.9)
	(102.7,235.7)
	
	
	(68.5,167.4)

	Apr
	
	51.3
	
	116.2
	
	
	
	
	
	

	
	
	(34.6,81.6)
	
	(85.3,158.2)
	
	
	
	
	
	





Supplementary Table A2: Density estimates (per hectare) of mice in the slope habitat on Marion Island. Lower and upper 95 % confidence limits are presented in brackets. 

	
	1991-92
	1993-94
	1998-99
	2008-09
	2009-10
	2010-11

	Apr
	
	
	49.9
	
	105.7
	

	
	
	
	(35.2,70.9)
	
	(79.1,141.1)
	

	May
	48.0
	44.6
	48.2
	
	
	210.1

	
	(36.7,62.8)
	(31.2,63.8)
	(38.0,61.3)
	
	
	(160.9,274.3)

	Jun
	16.5
	28.5
	20.1
	
	80.1
	

	
	(11.2,24.4)
	(18.5,43.9)
	(15.1,26.6)
	
	(52.7,121.9)
	

	Jul
	21.7
	50.3
	
	
	
	22.1

	
	(15.1,31.2)
	(33.7,75.2)
	
	
	
	(7.4,65.4)

	Aug
	8.1
	21.1
	9.2
	42.9
	13.7
	20.6

	
	(4.3,15.4)
	(12.2,36.4)
	(5.8,14.6)
	(29.3,62.7)
	(7.0,26.5)
	(13.1,32.4)

	Sep
	6.5
	35.5
	10.9
	
	
	

	
	(3.4,12.4)
	(25.0,50.4)
	(7.8,15.4)
	
	
	

	Oct
	0.8
	24.9
	6.1
	7.8
	12.3
	33.0

	
	(0.2,2.5)
	(16.4,37.6)
	(3.5,10.7)
	(4.0,15.4)
	(6.0,25.2)
	(19.0,57.3)

	Nov
	1.1
	18.8
	5.9
	
	
	

	
	(0.3,3.0)
	(12.7,27.7)
	(3.4,10.2)
	
	
	

	Dec
	2.7
	19.7
	6.3
	7.3
	8.6
	11.9

	
	(1.1,6.8)
	(13.9,27.8)
	(3.6,10.8)
	(3.1,17.3)
	(3.5,21.4)
	(3.5,41.4)

	Jan
	1.3
	10.2
	9.6
	
	
	

	
	(0.5,3.2)
	(6.0,17.4)
	(5.4,17.0)
	
	
	

	Feb
	5.9
	46.4
	17.7
	37.9
	8.5
	65.8

	
	(2.9,11.9)
	(32.5,66.2)
	(12.7,24.7)
	(18.7,77.0)
	(3.2,22.7)
	(34.1,126.9)

	Mar
	29.9
	27.2
	22.6
	
	36.0
	

	
	(14.4,62.5)
	(17.8,41.4)
	(17.7,28.8)
	
	(23.8,54.5)
	

	Apr
	
	47.7
	27.3
	
	
	

	
	
	(35.3,64.4)
	(19.5,38.1)
	
	
	





Supplementary Table A3: Density estimates (per hectare) of mice in the biotic habitat on Marion Island. Lower and upper 95 % confidence limits are presented in brackets. 

	
	1991-92
	1993-94
	1996-97
	1998-99
	2008-09
East
	2008-09
West
	2009-10
East
	2009-10
West
	2010-11
East
	2010-11
West

	Apr
	
	
	
	117.4
	
	
	222.2
	
	132.3
	

	
	
	
	
	(74.3,185.7)
	
	
	(181.2-272.5)
	
	(97.7,180.5)
	

	May
	246.6
	82.3
	142.7
	93.3
	
	
	
	93.4
	
	109.3

	
	(194.0,313.4)
	(60.9,111.3)
	(120.3,169.2)
	(74.0,117.6)
	
	
	
	(63.8,136.6)
	
	(80.2,149.1)

	Jun
	54.3
	95.0
	
	74.1
	
	
	50.5
	
	77.2
	

	
	(40.8,72.2)
	(69.1,130.7)
	
	(55.0,99.9)
	
	
	(30.2,84.4)
	
	(35.5,168.0)
	

	Jul
	33.0
	94.0
	67.0
	34.0
	
	
	
	98.6
	
	35.8

	
	(24.2,45.1)
	(46.7,189.1)
	(52.6,85.3)
	(26.8,43.1)
	
	
	
	(73.4,132.4)
	
	(20.5,62.5)

	Aug
	28.1
	80.6
	
	19.0
	131.7
	
	20.8
	
	20.3
	

	
	(20.1,39.2)
	(47.4,137.1)
	
	(13.8,26.3)
	(77.8,222.9)
	
	(9.0,48.3)
	
	(11.5,35.7)
	

	Sep
	29.8
	48.7
	43.2
	11.1
	
	75.4
	
	18.5
	
	45.2

	
	(22.0,40.3)
	(36.2,65.5)
	(32.8,56.8)
	(7.6,16.2)
	
	(49.8,114.2)
	
	(10.1,33.9)
	
	(18.4,116.2)

	Oct
	40.9
	50.8
	
	15.1
	65.3
	
	8.2
	
	17.2
	

	
	(27.8,60.3)
	(39.4,65.5)
	
	(10.7,21.5)
	(44.5,95.9)
	
	(3.4,21.7)
	
	(6.2,47.3)
	

	Nov
	21.6
	48.5
	41.2
	16.5
	
	123.1
	
	27.1
	
	14.2

	
	(15.4,30.2)
	(36.1,65.1)
	(21.4,79.2)
	(12.4,21.8)
	
	(53.9,281.2)
	
	(7.5,97.4)
	
	(8.2,24.6)

	Dec
	67.1
	58.5
	
	67.1
	
	
	49.4
	
	21.7
	

	
	(52.1,86.3)
	(38.3,89.4)
	
	(50.5,89.1)
	
	
	(27.0,90.4)
	
	(11.4,41.3)
	

	Jan
	39.1
	41.3
	21.8
	
	120.9
	198.1
	
	60.8
	
	121.8

	
	(29.9,51.2)
	(28.7,59.4)
	(12.5,37.8)
	
	(87.4,167.1)
	(150.9,260.2)
	
	(32.9,112.4)
	
	(59.4,249.9)

	Feb
	90.1
	123.9
	
	95.3
	
	
	32.0
	
	51.0
	

	
	(64.7,125.5)
	(94.7,162.1)
	
	(78.7,115.4)
	
	
	(14.7,69.5)
	
	(32.3,80.6)
	

	Mar
	103.3
	122.7
	80.2
	102.1
	115.4
	172.9
	
	226.1
	
	160.5

	
	(87.8,121.4)
	(97.8,151.5)
	(52.6,122.3)
	(84.2,123.9)
	(85.5,165.5)
	(142.1,210.4)
	
	(175.9,290.6)
	
	(129.1,199.5)

	Apr
	
	134.1
	102.2
	72.5
	
	
	
	
	
	

	
	
	(91.7,196.1)
	(67.2,155.7)
	(57.9,90.8)
	
	
	
	
	
	



Supplementary Table A4: Summary of model selection for mouse survival in three habitat types on Marion Island. Additive effects are denoted by ‘+’, interactive effects by ‘*’. Model selection was based on Akaike’s Information Criterion adjusted for overdispersion and sample size (QAICc), where a smaller value indicates a better model. ∆QAICc is the difference in QAICc between the current model and the best. QAICc weights give the relative support each model has compared to the others, and K is the number of parameters. QDeviance is the model deviance divided by the variance inflation factor ĉ. Models with ∆QAICc > 7 only are shown.

	
	
	Model
	QAICc
	∆QAICc
	QAICc weights
	K
	QDeviance

	Mire
	1991-92
	Age + Precipitation
	109.243
	0.000
	0.681
	4
	100.835

	
	
	Age * Month
	112.150
	2.908
	0.159
	6
	99.275

	
	
	Age + Month
	112.163
	2.920
	0.158
	6
	99.288

	
	1993-94
	Month
	875.751
	0.000
	0.244
	13
	849.051

	
	
	Age + Month
	875.956
	0.184
	0.222
	14
	847.126

	
	
	Invertebrate density
	876.190
	0.438
	0.196
	4
	868.114

	
	
	Age + Invertebrate density
	876.644
	0.892
	0.156
	5
	866.530

	
	
	Age * Invertebrate density
	877.543
	1.791
	0.100
	6
	865.383

	
	
	Age + Mouse density
	880.344
	4.593
	0.024
	6
	870.230

	
	
	Age * Month
	882.116
	6.365
	0.010
	18
	844.788

	
	
	Age + Temperature
	882.163
	6.411
	0.010
	5
	872.049

	
	
	Age * Mouse density
	882.382
	6.631
	0.009
	6
	870.223

	
	1996-97
	Age + Precipitation
	359.757
	0.000
	0.421
	5
	349.548

	
	
	Trapping grid + Age + Precipitation
	361.616
	1.859
	0.166
	6
	349.323

	
	
	Age + Temperature
	362.826
	3.069
	0.091
	5
	352.617

	
	
	Trapping grid * Age + Precipitation
	363.682
	3.924
	0.059
	7
	349.289

	
	
	Trapping grid + Age + Temperature
	364.645
	4.888
	0.037
	6
	352.351

	
	
	Age + Month
	364.670
	4.913
	0.036
	8
	348.163

	
	
	Trapping grid + Age
	364.677
	4.920
	0.036
	5
	354.467

	
	
	Trapping grid + Age + Invertebrate density
	365.260
	5.503
	0.027
	6
	352.966

	
	
	Trapping grid + Age * Precipitation
	366.303
	6.545
	0.016
	7
	347.667

	
	1998-99
	Trapping grid * Age + Month
	1219.726
	0.000
	0.732
	15
	1189.099

	
	
	Trapping grid * Age + Invertebrate density
	1224.009
	4.283
	0.086
	7
	1209.864

	
	
	Trapping grid + Age + Month
	1224.237
	4.511
	0.077
	14
	1195.689

	
	
	Trapping grid + Age * Invertebrate density
	1226.332
	6.606
	0.027
	9
	1208.099

	Slope 
	1991-92
	Invertebrate density
	110.619
	0.000
	0.527
	3
	104.475

	
	
	Mouse density
	112.650
	2.031
	0.191
	3
	106.506

	
	
	Month
	113.972
	3.354
	0.099
	9
	94.855

	
	
	Precipitation
	114.426
	3.807
	0.079
	3
	108.282

	
	
	Temperature
	115.448
	4.829
	0.047
	3
	109.304

	  
	1993-94
	Age * Month	
	1985.320
		1.000
	1.000
	17
	1949.9414

	
	1998-99
	Trapping grid *Age* Temperature
	820.787
	0.000
	0.765
	13
	794.153

	
	
	Trapping grid * Temperature
	824.227
	3.440
	0.137
	8
	807.979

	
	
	Trapping grid + Age * Temperature
	825.178
	4.391
	0.085
	12
	800.635

	Biotic
	1991-92
	Age + Mouse density
	904.388
	0.000
	0.663
	5
	894.298

	
	
	Age * Mouse density
	906.359
	1.971
	0.248
	6
	894.233

	
	
	Age + Month
	909.644
	5.256
	0.048
	13
	883.089

	
	
	Age * Month
	910.010
	5.622
	0.040
	16
	877.177

	
	1993-94
	Age + Invertebrate density
	833.587
	0.000
	0.538
	5
	823.515

	
	
	Age * Invertebrate density
	835.224
	1.638
	0.237
	6
	823.123

	
	
	Age
	838.028
	4.441
	0.058
	4
	829.980

	
	
	Age * Mouse density
	838.382
	4.796
	0.049
	6
	826.281

	
	
	Age + Precipitation
	839.306
	5.720
	0.031
	5
	829.234

	
	
	Age + Temperature
	839.725
	6.139
	0.025
	5
	829.654

	
	
	Age + Mouse density
	840.050
	6.463
	0.021
	5
	829.978

	
	1996-97
	Trapping grid + Age * Month
	2058.070
	0.000
	1.000
	17
	2022.945

	
	1998-97
	Age + Temperature
	937.375
	0.000
	0.477
	5
	927.329

	
	
	Trapping grid + Age + Temperature
	938.951
	1.5756
	0.217
	7
	924.864

	
	
	Age + Invertebrate density
	940.531
	3.1553
	0.098
	5
	930.484

	
	
	Trapping grid + Temperature
	941.879
	4.504
	0.050
	6
	929.814

	
	
	Trapping grid * Age + Temperature
	941.931
	4.556
	0.047
	9
	923.791

	
	
	Trapping grid + Age + Invertebrate density
	942.218
	4.842
	0.042
	7
	928.130

	
	
	Trapping grid + Invertebrate density
	943.749
	6.374
	0.042
	7
	928.130

	
	
	Trapping grid + Age + Temperature
	944.087
	6.714
	0.017
	12
	919.845





Supplementary Table A5: Estimated impact of earlier breeding in the Marion Island mouse population based on the matrix population model. The start of the breeding season refers to the first appearance of juvenile mice in traps. All values refer to mice·ha-1. 
	Start of Breeding Season
	Age Class
	Sep
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug

	February
	Juvenile
	0
	0
	0
	0
	0
	13.2
	12.4
	7.2
	26.3
	0
	0
	0

	
	Subadult
	0
	0
	0
	0
	0
	0
	11.1
	10.4
	4.8
	14.3
	0
	0

	
	Adult
	10.9
	6.2
	4.9
	4.9
	4.3
	4.1
	3.8
	14
	20.7
	19.7
	22.9
	15.4

	
	Total
	10.9
	6.2
	4.9
	4.8
	4.3
	17.3
	27.3
	31.6
	51.8
	34.0
	22.9
	15.4

	January
	Juvenile
	0
	0
	0
	0
	14.7
	13.2
	7.7
	29.3
	46.9
	0
	0
	0

	
	Subadult
	0
	0
	0
	0
	0
	12.5
	11.1
	6.4
	19.5
	25.5
	0
	0

	
	Adult
	10.9
	6.2
	4.9
	4.8
	4.3
	4.1
	15.5
	24.9
	26.7
	35.7
	41.2
	27.7

	
	Total
	10.9
	6.2
	4.9
	4.8
	19.0
	29.8
	34.3
	60.6
	93.1
	61.2
	41.2
	27.7

	December
	Juvenile
	0
	0
	0
	14.9
	14.7
	8.1
	27.6
	48.0
	57.0
	0
	0
	0

	
	Subadult
	0
	0
	0
	0
	11.2
	12.5
	6.9
	23.1
	31.9
	31.0
	0
	0

	
	Adult
	10.9
	6.2
	4.9
	4.8
	4.3
	14.7
	25.5
	30.3
	45.4
	59.9
	61.1
	41.0

	
	Total
	10.9
	6.2
	4.9
	19.7
	30.2
	35.3
	60.0
	101.4
	134.3
	90.9
	61.1
	41.0




Supplementary Table A6: Annual mean biomass (dried mg m-2) (± SE) of macro-invertebrates found in the major vegetation complexes at Marion Island, 1976-77, 1996-1997, and 2006-07. Kruskal Wallis tests were used to test for differences between the three study periods. n = 90 for all vegetation except S. uncinatus which is n = 80.  

	Habitat
	Vegetation
	Invertebrate Group
	
	1976-77
	
	1996-97
	
	2006-07
	
	χ2
	p

	Mire
	S. uncinatus
	Lepidopteran  larvae
	
	2 616.1
	(±)   1 470.1
	
	443.3
	(±)    452.6
	
	0
	
	
	11.96
	0.003

	
	
	Weevil adults
	
	13.3
	(±)         32.5
	
	100.9
	(±)    139.8
	
	0
	
	
	3.46
	ns

	
	
	Weevil larvae
	
	245.4
	(±)       129.9
	
	389.2
	(±)    272.3
	
	6.1
	(±)        7.6
	
	7.87
	0.020

	
	
	Soil worms
	
	15 053.4
	(±)   6 376.8
	
	25.4
	(±)      62.3
	
	0
	
	
	12.95
	0.002

	
	 
	Spiders
	
	165.8
	(±)       142.7
	
	165.1
	(±)      51.8
	
	4.3
	(±)        6.1
	
	10.76
	0.005

	
	B. densifolium 
	Lepidopteran  larvae
	
	142.6
	(±)       173.2
	
	204.0
	(±)    429.7
	
	41.8
	(±)      91.2
	
	1.12
	ns

	
	
	Weevil adults
	
	142.6
	(±)       160.4
	
	69.7
	(±)    121.2
	
	22.5
	(±)      35.4
	
	3.46
	ns

	
	
	Weevil larvae
	
	301.7
	(±)       229.1
	
	276.4
	(±)    162.0
	
	80.5
	(±)      79.7
	
	6.88
	0.032

	
	
	Soil worms
	
	102.8
	(±)       147.5
	
	0
	
	
	54.5
	(±)      60.9
	
	4.14
	ns

	
	 
	Spiders
	
	49.7
	(±)         51.5
	
	101.5
	(±)      79.9
	
	17.7
	(±)      24.8
	
	11.61
	0.003

	
	J. colorata
	Lepidopteran  larvae
	
	99.5
	(±)       127.7
	
	0
	       
	
	179.1
	(±)    306.9
	
	5.19
	ns

	
	
	Weevil adults
	
	82.9
	(±)         97.8
	
	66.7
	(±)      85.2
	
	22.6
	(±)      55.4
	
	1.65
	ns

	
	
	Weevil larvae
	
	261.9
	(±)       344.0
	
	398.4
	(±)    213.7
	
	113.4
	(±)    114.6
	
	6.66
	0.036

	
	
	Soil worms
	
	855.5
	(±)       922.8
	
	72.2
	(±)    109.3
	
	49.1
	(±)      76.6
	
	11.16
	0.004

	 
	 
	Spiders
	
	149.2
	(±)       192.4
	
	92.8
	(±)    110.4
	
	5.1
	(±)      10.0
	
	12.23
	0.002

	Slope
	B. penna-marina
	Lepidopteran  larvae
	
	43.1
	(±)       105.6
	
	0
	
	
	0
	
	
	2.00
	ns

	
	
	Weevil adults
	
	53.1
	(±)         86.0
	
	0
	
	
	0
	
	
	4.24
	ns

	
	
	Weevil larvae
	
	79.6
	(±)       109.7
	
	0
	
	
	0
	
	
	6.73
	0.035

	
	
	Soil worms
	
	2 132.0
	(±)       936.0
	
	1 201.1
	(±)    855.9
	
	354.0
	(±)    211.1
	
	10.26
	0.006

	
	 
	Spiders
	
	59.7
	(±)         71.2
	
	13.6
	(±)      12.6
	
	1.2
	(±)        2.1
	
	5.23
	ns

	
	[bookmark: _Hlk362696181]A. magellanica
	Lepidopteran  larvae
	
	132.6
	(±)       324.9
	
	240.4
	(±)    332.0
	
	0.7
	(±)        1.6
	
	6.60
	0.037

	
	
	Weevil adults
	
	159.2
	(±)       131.4
	
	76.7
	(±)    143.9
	
	1.2
	(±)        3.0
	
	3.92
	ns

	
	
	Weevil larvae
	
	480.8
	(±)       203.8
	
	251.0
	(±)    240.0
	
	5.5
	(±)        7.7
	
	12.64
	0.002

	
	
	Soil worms
	
	7 477.0
	(±)   3 063.8
	
	7 894.4
	(±) 3 798.5
	
	1 902.4
	(±) 1 929.3
	
	9.03
	0.011

	 
	 
	Spiders
	
	122.7
	(±)         67.1
	
	181.3
	(±)    215.4
	
	83.4
	(±)    119.6
	
	11.03
	0.004

	Biotic
	P. cookii
	Lepidopteran  larvae
	
	802.4
	(±)       471.9
	
	47.1
	(±)      33.4
	
	574.2
	(±)    666.5
	
	7.94
	0.019

	
	
	Weevil adults
	
	86.2
	(±)       123.7
	
	36.8
	(±)      57.5
	
	0
	
	
	3.73
	ns

	
	
	Weevil larvae
	
	374.7
	(±)       175.9
	
	44.8
	(±)      77.2
	
	73.3
	(±)    118.7
	
	9.92
	0.007

	
	
	Soil worms
	
	21 233.9
	(±)   4 563.2
	
	8 956.9
	(±) 4 622.0
	
	2 556.7
	(±) 1 496.3
	
	14.75
	<0.001

	
	 
	Spiders
	
	404.5
	(±)       375.9
	
	89.6
	(±)      48.7
	
	8.0
	(±)        8.8
	
	11.06
	0.004

	
	C. plumosa 
	Lepidopteran  larvae
	
	964.9
	(±)       825.6
	
	520.9
	(±)    425.1
	
	1 473.7
	(±)    483.7
	
	6.23
	0.044

	
	
	Weevil adults
	
	344.8
	(±)       150.3
	
	20.4
	(±)      49.9
	
	0
	
	
	14.84
	<0.001

	
	
	Weevil larvae
	
	749.4
	(±)       262.3
	
	75.6
	(±)    102.9
	
	90.5
	(±)      74.5
	
	11.62
	0.003

	
	
	Soil worms
	
	42 912.2
	(±) 16 086.0
	
	29 611.5
	(±) 9 012.5
	
	6 447.6
	(±) 2 635.1
	
	13.05
	<0.001

	
	 
	Spiders
	
	288.5
	(±)       211.2
	
	23.2
	(±)      12.9
	
	37.8
	(±)      27.5
	
	1.73
	ns
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