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SHORT ABSTRACT

Introduced house muce M prsenlur on Gough lsland were suspecred of widespread predation of
Atantic Petrel Preradromia incerta and Tristan Albattoss Diomedea dabbesena chicks in 2000/01. Video
cameras recorded six fatal altacks by mice on live, healthy Adantic Petrel chicks in 2004, Crude
cstimales of annual breeding success were 47%, 7% and 7% in 2003, 2004 and 20006, respectively.
Mouse artacks were respomsible for most chick failures.

Mice were largely responsible for high numbers of Trisran Albatross chick failures in 2004-2006.
Toral fallures were significantly related ro rotal attempts but breeding success and total attempts
were not correlated. There was little spatio-temporal consistency in total failures or breeding success.
Mo environmental or biological variables examined explained the pattern. Proximity to a failed nest
was a significant predictor of fallure, supgesting a localised effect possibly due to a few predatory
mice. Fledgling production has decreased by 1% annually since 1979-1982. Annual adult Trstan
Albarross survival and breeding success avepages are extremely low (%1% and 32%, respectively) and
modelled population prowth using these parametets was -2.85% pa. Bither pamsmeter will drive
decteases so reversing negative trends requires improving both.

Stomach content and stable isotope analyses implicd predation on Atlantic Petrel chicks in late-
winter was important for lowland mouse survival. In the highlands T compared sites with severe and
minimal albaiross predation but found little evidence that scabird consumption is important to
highland mice.

Variable reproductive effort and reproductive scasons for mice supuests moderate intet-annual
Auctuatons in densities, but confirmed no reproducdon from May-August. Average body condition
in lowland mice decreased sipgnificantly in late-winter, Monthly density estimates were relatively static
from February-June and decreased from July-September. These results suggest that June-August
would be the most appropiate time of year for an attempred cradication. The highlands appear sub-
optmal for mice and they should readily accept toxic bait,

The Gough mice do prey on seabird chicks at levels sufficient to drive population decreases.
Globally, in view of this research, similar predatory behaviour may have been overlaoked or could

evolve elsewhere, Mouse cradications should receive a hugh prionty in island restoration projects.






GENERAL ABSTRACT

Introduced house mice Mar mwsewlnr on Gough Island were suspected of having caused
widespread breeding failures of Atlantic Petrel Prervdrorra incerfa and Tristan Albateoss Diomedea
dabbenena chicks in 2000/01. However, priot to this study no uneguivocal evidence existed tor
significant predation of seabird chicks by mice. This thesis reports another three years of
breeding success data for both seabird species and defines the role of predation by mice in the
ohserved patrerns of faflure.

In 2003 mice killed at muost one of 41 Atlantic Petrel chicks monitored. Breeding success
(number of chicks fledyed per nesting attemp) for the period of swudy in 2003 (part of chick-
tearing) was 93% and a crude estmate of annual success was 46.5%. Video recordings in
August-September 2004 captured six fatal attacks by mice on live, healthy ehicks. ram June-
September 2004, 40 of 60 monitored nests failed and from September-November 20006, 14 of
19 monitored chicks died: the majority of chick failures were ascrbed to mouse attacks,
COrverall, breeding success estimates were & 7% for bhoth 2004 and 2006; incamplete seasons
means actual success could have been higher [maximum 33% in 2004 and 26% in 2000).
Roughly the same nest period was smdred 0 2003 and 2006, but 2006 experienced sigmficantly
lower success than 2003. Chick mortality in 2003 prior to October is unknown, however, and
may have been higher than the breeding success estimate of 46.5% sugpests. The 2004 and
2006 breeding success estimates are probably insufficlent to maintain the Adantic Petrel
population,

Mice alsa attacked live, healthy Tristan Albatross chicks in 2004, Video showed mice
attacking more-or-less constantly at night, with up to 10 mice at the nest simultanecusly and 4-
7 wice competing agpressively for access to an open wound. Breeding suceess from tour
seasons averaged at most 32%. Total failures were significantly related to rotal atternpts but
breeding success and number of atteimpts were not correlated. One sub-colony experienced
cansistently low predation and high anmueal breeding success. There was litle temporal
consistency in total failures or breeding success in other sub-colonies, with sites varying in
opposite directons within and between years. Despite strong and consistent differences in
breeding sueccess berween sites, no environmental or biclogical variables examined explained
the pattern. Nests that failed 1 a given month were significantly closer to the nearest nest that
failed the previous month than predicted by chance, suggesting a localised effect possibly due
to a few predatory individuals. Mean total fledplings have decreased by o 1% per year sinee
1979-1982. A reassessment of the 1956 populaton estimate suggests a negative trend af & 1%

per year over 50 years. Annual adult survival is 22 91%. Population models and consecutive



General Abstract

annual incubator counts allow the first cstimates of adult and total Trstan Albatross
poputatinas (5400 and 113080 individuats, respectvely}. Modelled populaton growth based on
current estimates of adult survival and brecding success was -2.85% per year and annual
breeding attempts are likely to decrease to a 300 in 30 years. Modelling additive (vs
proporaonal) adult mortality and chick falures predicted a catastrophic decrcase, with
extinction nccurtng in a7 25 years. An histotical account from the 1880s describes lugh levels
aof chick failures suggesting significant predagon levels for =100 years, Reversing neganve
Trstan Albatross population trends requires mitigating both longline mortality and mouse
predation, else breeding success must exceed 100% or adult survival must execeed 97%.

T used stomach content and stable isotope analyses to investigate the importance of
seabirds to mice, Plant §°N values were significantly negatively correlated with altitude,
reflecting altitudinal differences in marine nitrogen input due 1o higher seabird densities in the
lowlands. Mouse isotope signatures differed significantly with aldmde (for both 8°N and

8"C). GIL.Ms showed 4 strong, significant eatichment of both isotopes for lowland mice in
August-September, implying significant levels of seabird consumption, Seabird remains in
lowland mouse stomachs were low through wanter, but peaked in August, supporiing the
isotope findings. These changes coincided with the aming of Atlantic Petrel chick hatching
and very high observed predadion rares in 2004, Using 8°C only, a rough estimate suggests
seabird consumphion contributes 40-60% to mouse dicts at this tme, Collectively these
findings support the hypothesis that seabirds are an impormant part of mouse diets in late
winter in the lowlands. In the highlands T compared a site with severe predadon on albatress
chicks (Green Hill) to one with minimal predation (Gonydale}. GLMs revealed no effect aaf
site on plant 8°N og §'C. Surprisingly, despite strong differences in albatross chick predation
rates between sites, mice did not differ in 87C values, implying no differences in the relatve
importance of seabird consumpton. Stomach content analysis from mice collected in May
tevealed virtually o seabird remains in Gonydale but 2 mean for Green Hill =30% by volume.
Mevertheless, no seabird consumpton in Gonydale, and no differenees in seabird contribution
to mouse stable sctope signatures beoween sites implies that seabird consumpton k= also a
nepligible component of mouse dicts in Green Hill. The fertlizing effect of seabirds means
that terrestral productvity will decrease in tandem wath seabird population decreases at all
alttudes. This could drve down mouse numbers, ameliorating predation levels, or it could
cavse increased reliance on scabird predation by mice, sciting up a2 positive feedback and

exacerbating predati{:un. This should be a conscovation rescarch iy,
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Mice ended bteeding in April 2000 vs February 2004 and proportions of reproductively
active mice were lower in the latter season, suggesting density-dependent effects, possibly due
to inter-annual fluctuations in winter survival rates and spring densities of mice. In 2004,
lowland males weighed an average of 45% more (p<0.001), had 9.5% longer tails (p<0.001)
and higher body condition (p<0.001) than highland males. Average lowland tail length
increased significantly at the end of winter, showing that survival during the ctitical late-winter
period is biased towards larger individuals. Average body condition in lowland mice was low in
February, increased in autumn after the cessation of breeding and decreased significantly from
June-September. Monthly density estimates from a mark-recapture study in 2005/06 showed
that apparent densities were relatively static from February-June and decreased from July-
September. These congruent results suggest that June-August would be the most appropriate
time of year for an attempted eradication, as mice were not breeding, showed the clearest signs
of food-deprivation but densities had not yet equilibrated to their lowest levels. The highlands
appeat sub-optimal for mice and they should readily accept toxic bait.

The introduced house mice on Gough Island prey on seabird chicks at levels sufficient to
drive population decreases. Mouse impacts elsewhere, while requiring verification, suggest that
when mice are the only introduced mammal on islands, they can become significant predators
of seabird chicks. From a global petspective, this research suggests that mouse impacts may
have been ovetlooked or could evolve elsewhere. Further, it is highly desirable to eradicate
mice from Gough and other islands, and mouse eradications should receive a high priority in

island restoration projects.






GENERAL INTRODUCTION

The stmudy of islands and insular arganizsms has been and remains a central theme in
biclegy, evoluton and comervaton (Willlanson 12963, The study of insular ecosystems
has become increasingly itnportant in understanding ecosvstem and species responses to
major drvers of hiodiversity loss such as habirar fragmentation and mvasive specles
{Case 1996; Terborgh et al. 1999 Terborgh ot al. 20005, But islands are worthy of study
and conservaton in their own dght, not only as models for more complex systems,
because relative oo thetr fand arca, they are repositories of a dispropornonate store af
carth’s biodiversity (DHamond 198%; Steadtman 1995, Quarnmen 1996, The need for
research and conservation acnon is clearly demonstared by the abysmal siate of
conservation of insular fauna, This 1s bome out by the bistodcal smvan exnnction record,
in which island birds dominate continental bieds overwheliningly (Diamond 195%
Steadman 1995, Quammen 1998; Simherloft 20000, and insular birds, and especially
svabirds, have higher propostions of threatened species than any other groups (Birdlife

Intentational 2004).

Gough Ishind has not {vet) sutfered an avin extinetion i recorded history, Il is a
UNESCO World Heritage Site and rightly considered one of the greatest sealird
colonies in the world (Angel & Cooper 20060, Tts climate, peopraphy and poligeal statas
have conspired o keep 1t from being o better-researched svstemn It bas Lwo
procellattiform  seabirds that are, to all mtents and purposes, endemic following
catastrophic decreases 10 populations at Tristan da Conhia (Richardson 1984; Ryan et al
2001): the Tristan Albatross Disweba dabbenena (Rec-lst stalus: Endangered) and the
Atante Petrel (Red-list status: Threatened). The discovery i 2001 that larpe numbers of
chicks of both speces woere dying, possibly due to unprecedented levels of predation
from the introduced house mouse AMaur sy, led o the research thar T present in this

thiesls

Inn Chapter 1 T review the impacts that introduced house mice have had on islainds. Due
1w a preponderance af literature relating 1o thetr effects on islands in the Sourhern
Cheean, the meview is regional in details, buot | extrapolate the consequences of
moroducrions  globally. 1 disenss the gencral perceplion, even amongsl iskind

conservatonists, that mouse impacts are minor relative o those of other invasive
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mammals {e.g Atkinson 1978, Moors & Atkinson 1984; Arkinson 1983, 2000), 1 review
cvidencr of mouse atracks on scabirds elsewhere and addecss the quesnon of why the
attacks happen om Gough, and vittoally nowhere clse, despite the fact thal mice and

seabirds co-exist on hundreds of 1slands and reviews,

Chapter 2 desetibes the nanre and impacts of predation by house mice on chicks of
Atlautic Peerels and other burrowing petrcls. 1 presenc threc (incomplete} seasons of
breeding success for the Atlantic Petrel. The role that mice plaved 1in creadup the
patterns is explored, with the use of video cameras providing crucial evidence. Based on
a rough populaton model for the Atlante Petrels (Cathbert 2004}, T speculate on the
likelihood that mouse arracks are causing a populanon decrease. Tinally T consider the
tsks of predadon faced by other seabird species hreeding on Gough which have not

been smdied

Prior ta this study, only a single vear of broeding suceess for the Tristan Albatross
population on Gough Island was known (Cuthbetr et al. 20045 1 describe spatio-
temporal patterns of Tristan Albatross chick deaths in Chapter 3 and consider the role of
predadon by mice in crearing those patterns. I use video recotdings and analvses of
breeding success within and benween sites, and within and betwecn vears ro address these
issucs. | also compare sitcs with strong differences i annual breeding success, to
investigate possible mechanisms or correlates thar could explain the parterns. Lastly, the
wideo evidence 15 uscd to exarmine the behavour of mice at 2 wounded albatross, The
descripion of pattetns and processes leads on to Chaprer 4, where I explore the
consvquences of predaton for the Tostan Abbatross population using a populatdon
madel and varous sconarios of some key parameters. [ update Cuthbert ot al. (200M)
with mote robust estimates of patamnelers wsing longer sequences of data,  The model
and consecunve counts of incubaring birds allows the firsr estimare of the Gough
populatdon. [ use these estitnates to cotmpare to histotical data, exploring evidence of 4
long-term Tnstan Albatross population decrease.  The relative importance of adult
sutvival (irnpacted by longlining) and atinoaal chick producnon {dmpacted by predation by
house tmice] is consideted, and the levels of these parameters required for a stable or

prowing population ate estmated,
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In Chapter 5 I turn attention to the mice. A key question of the thesis is the importance
of seabirds as a food resource for the mice on Gough Island. This is important because
it helps understand or predict the consequences of continued predation for the affected
seabird populations. If seabirds are important, then as their populations decrease, so
might predation rates. However, if seabird consumption is a relatively minor component
of average mouse diets, then predation rates might increase as the populations decrease
and spiral towards extinction. Traditional stomach content analysis is used, but primary
inference about the contribution of seabird protein to mouse diets is made using natural
chemical tracers in the form of stable isotope ratios. Three key subsidiary questions are
addressed in this chapter. First, what factots could cause mice to attack seabird chicks in
certain times of the year and not at others, or to attack more in some ateas than in
others? Second, is evidence of attacks apparently opportunistic (i.e. normally distributed
in the population), or is there evidence of seabird specialists? Third, do factors such as

size, sex or condition correlate with predation?

The last data chapter (Chapter 6) is devoted to the biology, population dynamics and
survival of the house mice on Gough Island. A specific goal for understanding their
biology is to inform a potential eradication operation about periods of vulnerability and
potential obstacles to success. These include seasonal changes in breeding status, annual
cycles in population density and seasonal changes in body condition, which may

determine when 100% of mice will accept toxic bait.

The final chapter synthesises key results and proposes directions for future research. I
also draw together some of the more intriguing patterns that were left unexplained in

data chapters.

The timing of field work on Gough is dictated by the South African National
Antarctic Programme’s annual relief voyage in September-October. This timing was
unfortunate for the study of winter-breeding species, because hatching success and
failure of small chicks prior to October 2003 was missed. Thus my fieldwork
commenced when Atlantic Petrel and Tristan Albatross chicks from 2003 were
already well-developed and apparently immune or no longer subject to predation.
This placed some obvious constraints on analysing data and interpreting results,

particularly for the Atlantic Petrels.
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Each chapter is written as a stand-alone piece, to ease the passage to publication. This
has necessitated a certain amount of repetition (with separate reference lists for each
chapter), but I have endeavoured to keep this to a minimum. Explicitly, where two
chapters draw on the same data I have cross-referenced rather than repeat methods and
results sections. Also, all acknowledgments are dealt with in the Acknowledgement
section of the thesis, and are not repeated in each chapter. 1 have followed the
convention of not capitalising common names of mammals, but all other common

names are capitalised.
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CHAPTER 1

Review of impacts of the introduced house mouse on islands in the

Southern Ocean: regional details, global relevance

Abstract

Research on the impacts of house rce M sparesdir inttoduced 1o islands 1s palchy across most
of the species’ global range. However, the islands of the Southern Ocean have been unusually
will sradied. [ete T teview mouse itnpacts on Soulhern Ocean islands” plants, invertebrates, land
birds and seabieds, and describe the kinds of effects that can be expected in other island sysiems
where similar studics are few or acking, A key finding 1s thar whete mice oceur as part of a
complex of invasive marnmals, especially olther rodens, therr densities appear 1o be suppressed
and rat-like impacts have oot been reported. Where mice are the only introduced mammal, a
greater range of natve biota Is impacted and the Impacts are moest severe, and include the only
examples of predaton on seabird eggs and chicks. Lhus nuee can have devastating, irreversible
and ecosvitemn-changing cffeats on islands, mmpacts fpically associared with ntroduced rats
Besttnr spp. Tstand resloration projects should routinely include mouse cradication or manage

MOUse Unpacts.

Introduciion

Ihe impacts of invasive mammals are most profound on insular fauna, flora and ceosysiems
rHamond 198% Willlammson 19963 10 particular, the predatory impacts of rars Raiter rattan, B
norvegrens and K exwlanr, cats Pels cater and pigs Swr sorefe on on insular ecology and charismaric
fauna such as scabirds are such that their eradication from islands has propressed apace (Veirch &
Clour 2002; Courchamp et al 2003; Towns & Broome 2003; Nogales et al 2004). Ilouse mice
Mus murenlnr are one of the mast widespread nvasive mammals on islands and amongst
vertebrates the breadth of their plobal diseiburion 15 second only o humans (Bronson 1979).
[respite this, there has been little conservaton acdon develed o mice, relative 1o other mammals
Wanless el al. 2007). Why has the world's mose widespread mvasive mammal been so widely
ipnoted by island conservaton programmes? Two reasons are supggested.  Hlest 1s rthe relanve
paucity of described impacts on charismatic (auna ef, Brooke 1995, Frits & Rodda 19Y8), or
Yack of devastalung herbivory, ez by goars Capra hircus [Campbell & Donlan 2005), espeaally

relative to the impacts of otber miroduced mammals.  Second, a higher percentage of maouse
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Chapter 1 Review of mouse impacts on islands

eradicaltons has fatled compared to Rettur spp. eradications (38% vs 5-10%, Howald et al. 2007;
MacKay et al. in press), although the reasons for the higher rate of failed mouse campaigns
rerndity unclear (MacKay et al, in press), These factors have probably contributed to the stow
development of technolopy for successful mouse eradications, and the patchy coverape of

eradication attemprs, relatve o par eradicattons

Purcpose of this review

The impacts of mtroduced mice on seabirds have only recently been assessed critteally, in
contrase to studies of thelt impacts on ather biota from Southern Ccean islands, here we review
all their deseribed impaets. The impacts of mice preving on island-endemic invertebrates and
causing extinctions, eg. on Antipodes Island (Mareris 2001) and Marion Island (Chown et al.
2002) or precipilating potentally irreversible changes w0 ecosvstem funcuoning, e.g. Marion
[sland {Stnith et al. 2002}, have, to the best of our knowledge, failed to penerate wide scientific,
popular or conservation interest. By conirast, descriptions of conclusive proof that mice were
preying on Gough Istand's seabirds {Angel et al. 2005; Wanless et al. 2005} led ta substantial
media interest (e.g. Marris 2005; Dangerfield 2006}, an unsolicited offer of support for
eradication from the New Zealand Department of Conservation (G.M. Hilton pers. cornin.) aid
the establishment of an advisory proup to raise funds for and oversee a process aimed at
eradicanng mice (Angel & Cooper 20006, The subsequent publication describing those impacts
i a peer-reviewed, internalional journal (Wantess et al, 2007) led to renewed media interest (e
Millius 2007). The relative impottance of conserving endemic invertebrates or plants is, in
theory, the same as conserving chatsmatic fauna such as albatrosses. However, the evidence
sugzests that in reality, less visible fauna and flora tend not to generate symparhetic responses or
1o deive island conservation actions. It is my belief that negalive impacts of mice on any insular
systems, either direct or indirect (such as through changing nuttlent cycles, synerpy with other
invasive species or changes Lo other major ecosystemn processes) are sufficlent prounds (o meril
remedial action as a high conservatton ptornity. Demonstrating negative impacts on charismatic
species such as seabirds should not be a pre-requisile for planming island conservation and

resloratlon projects of secutng lunding for such projects.

The regional focus 15 chosen because vatious national Amtarctic reseatch programmes have
facilitated the publishing of a substantive body of relevant research within the biogeograplic
setfing. Special focus is piven to those lslands where mice are currently the only invasive

marnmal, somme of which have been particularly well studied, and these studies deseribe the kinds
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Chapiee 1

of impacts that could be expecied elsewhere, In more temperate and mwopieal systems where such
studies are lacking. "The avm of this revdew is to describe the distnbution of introduced house
mice on islands in the Southern Oceun and 1o deaw attenilon to the mporlance of mouse
impacts on island ecosystems, wnpacts that may be overlooked or (more probably) suppressed on
islands where mice oogur together with other introduced mammals, The long-tetm consequences
of the impacts, hoth diveet and indirect, of invasive house mice are as Impottant to considet s
the impacts of more widely srudied invasive mammals on islands.  Finally, | point o the

impottance af including the management of mouse Impacts nisland restotalon programmes.

Regional distribution of niice

For the purpases of this teview, T have defined the southert Oeean to ncdude slands slightly m
the notth of the summer position of the Subuopical Convergence (such as [rstan da Cunbia,
Amsterdam and 5t Paal) and tslands well south of the winter posinon of the Antarctic

Convergenee (Fleurd und MeDonald) (Figure 1), Oaly oceanie 1slands are considered.
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Figure 1. lslands of the Southern Ocean.  Islinds with houvse mice as the only arroduced
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Chapter 1

Review of mouse unpacts on islands

Table 1. Invasive mammal taxa extant and recently (since the starr of large-scale eradications, g

mid-1970s) eradicated/died out from oceanic islands of the Southern Ocean. Islands where mice

ate now the only introduced mammal are in bold, Only associated islands 24 km are reported,

Main island Arpn Eradicated or died out

- associated islands  (km™  Exwant introduced mammals in last 340 years e
Trstan da Cunha 04 Rats, house mice, sheep, cartle Cats 1
- Nightngale t MNone 2
- Inaccessible 14 Naote 3
Gough o4 House mice 1
Bouver 47 MNone 4
Marion 2940 House mice Cats A
Prnce Edward 45 Naone &
Crozet 352

- Possession 151 fats 4
- Cochons 67 House mice, cats, rabbits &
- Est 130 Rahbbits "
Kerpuelen 7200 Rats, house mice, cats, mouflon, Rats, rablits rom some
(=20 larpe islands) sheep, reindeer, rabbits 1slands ;
- Australie | Heuse mice Rarcs, rabbics i
Amsterdam BB Rats, house mice, cats, cattle 5
St Paul @i House mice Rats, rabbits(?) L]
Heard 386 None 7
- McDonald 25 None 2
Macquarie 128 Rats, house mice, rabhbits Cats 4
Auckland 510 Hose mice, cats, pigs Goats 10
- Enderby 7 MNone Rabhits, hovse mice, eattle 10
- Adams 140 None 1
- DMsappointment 5 Mone L0
Antipodes ai House mice 11
HBounty 13 None 10
(varicus)

Campbell 130 MNene Rats, sheep, cats, cattle 12

'Richardson 1984 Anpel & Coopor 2000, *Holdzare 19468, *Byan & Glass 2001; Ryan 2003, ! Pers. obs., *Bester et al
200KE, Jansen van Vuuren & Chown 2007, SCrafford & Scholts 1987, Anon. 2000, WChapais et al, 19%4; Frenot et al,
2004, “Chaputs e al. 1994 Micol & Jouventin 2002, "Copson 1986; Copson & Whinam 1998, Pye etal. 1999; Frenor
etal, 2004 Anon. 2005, "Chrk & Dingwall 19483; Shinhka 2002, Uhelnrosh 2001, PTowns & Droome 2003
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Chapter 1 Review of mouse impacts on islands

Although the house mouse is one of the most widely introduced mammals on oceanic islands it is
seldom the only one (Berry et al. 1978; Bronson 1979; Brooke et al. 2007). Thus, across most of
theit non-native range, the impacts of mice on island biota appear to be difficult to separate from
those of other introduced mammal species. Antipodes and Gough islands have mice as the only
introduced mammal (King 1990; Jones et al. 2003a; Angel & Cooper 2006). On Marion Island,
mice have been present since the 1800s (Jansen van Vuuren & Chown 2007), whereas the
domestic cat was introduced in the 1950s and eradicated in the early 1990s (Bester et al. 2000).
On the French islands of St Paul and Australie (Kerguelen Archipelago), mice remain after
successful eradications of rats and rabbits Oryetolagus cuniculus, in both cases the only other
introduced mammals (Micol & Jouventin 2002; Micol in litt). All other Southern Ocean

istands/island groups either lack mice or also have other introduced mammals (Table 1).

Impacts on flora

On Antipodes Island sedge species, in particular the native Carex appressa (Cyperaceae), attract
large concentrations of mice that feed extensively of the inflorescences and seeds (Godley 1989).
A more recent diet study found a large percentage of mouse diet on the Antipodes to consist of
native sedges and plants in general (McIntosh 2001). On Gough Island at least 15 species of
endemic or native as well as seven introduced plant species are consumed by mice (Jones et al.
20032). The flower heads and fruiting bodies of the native tussock grasses Sparfina arundinacea
and Paridocloa flabellata (both Poaceae) are extensively chewed by mice as are the seeds of the
native Acaena sarmentosa (Roseaceae), and endemic sedges Carex spp. and Sainpus spp. (Wace 1986;
Jones et al. 2003a). On Macquarie Island mice consume a range of native plant species, some of
which are available throughout the year (Copson 1986). Comparative studies between mouse-free
Prince Edward Island and Marion Island are to date the most comprehensive with regards to the
possible impacts that mice have on Southern Ocean Islands flora. The mice on Marion feed on
the seeds and young shoots of at least five native and one introduced plant species. In the late
1960s the native sedge Unania compacta (Cyperaceae) was abundant in mire vegetation (Huntley
1971) but has now almost been extirpated from this habitat on Mation due to seed harvesting by
mice (Smith & Steenkamp 1990). Mice remove up to 75% of all the seed heads of this native
plant, significantly reducing the population compared to the neighbouring mouse-free island of
Prince Edward (Chown & Smith 1993). Mice are also thought to be having a similar impact on
Acaena magellanica (Avenant 1999) and damage the peat-forming Azgerella selago (Araliaceae), a
disturbance-sensitive cushion plant, by burrowing into it (Chown & Cooper 1995). On Guillou

Island (Kerguelen group), the seeds and flowers of the indigenous .4caena magellanica wetre among
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Chapter 1 Review of mouse impacts on islands

the main plant items consumed during summer (Le Roux et al. 2002). These studies all suggest a
preference for native plants over introduced species, possibly related to the lack of defensive
traits such as secondary compounds, commonly lost among native island plants (Bowen & van
Vuren 1997). There is, however, no evidence of plant species having gone extinct on any of
these islands due to mice (Wace & Dickson 1965; Godley 1989; Copson & Whinam 1998).
Excluding Marion Island, there are no studies on the possible population-level impacts that
mouse predation has on the plants on any of these islands, possibly reflecting a paucity of data
rather than a lack of effect. The importance of plant material compared to invertebrates in
mouse diet on Marion Island has increased over time, from occurting on average in 36% of
stomachs in the late 1970s to 59% in the 1990s, particularly duting mid to late-summer (Avenant
1999; Smith et al. 2002). The seasonal pattern may reflect prey-switching from invertebrates to
seeds as invertebrate densities decrease, (Avenant & Smith 2004), but could also be due to
optimal foraging in the presence of abundant seed loads. Similar patterns of seasonal changes in
the importance of dietary groups have been found on Guillou and Gough islands (Le Roux et al.
2002; Jones et al. 2003b).

Impacts on invertebrate fauna

Although mice are omnivorous they can also be highly selective and may prefer invertebrate prey.
This has been documented for Subantarctic islands such as Guillou, Antipodes and Macquarie
(Gleeson 1981; Copson 1986; McIntosh 2001; Le Roux et al. 2002). Comparative studies of
island pairs where one is mouse-free and one has mice (Bollons-Antipodes and Prince Edward-
Marion) strongly suggest that mice have a major impact on invertebrates at three levels: species
composition, relative abundances and size distributions. Predation by mice is considered
responsible for local extinctions of several invertebrate species on Antipodes Island (Marris 2000)
and also for the absence of the flightless moth Pringelophaga kerguelensis on Marion (Vari 1971).
Differences in invertebrate abundances between Bollons Island and Antipodes Island ate
dramatic and have been attributed to mouse predation on Antipodes (Marris 2000). Mice on
Marion atre strongly size-selective feeders, preferring the latger individuals of moth larvae and
weevils (Crafford & Scholtz 1987). This has resulted in quantitative differences in invertebrate
body size and biomass between the two islands (Crafford & Scholtz 1987; Chown & Stmith 1993).
Further quantitative and robust analyses of population trends of moth larvae and weevil larvae on
Marion Island showed that densities decreased significantly, by approximately an order of
magnitude, between 1976/77 and 1996/97 (Chown et al. 2002). Flightless island species are
particulatly vulnerable to introduced predators (Quammen 1996), and the flightless Lepidoptera
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Chapter 1 Review of mouse impacts on islands

on Antipodes and Gough islands are heavily impacted by mouse predation (Patrick 1994; Jones et
al. 2002); indigenous moths are major prey items wherever mouse diets have been studied in the
Subantarctic (Gleeson & Van Rensburg 1982; Copson 1986; Le Roux et al. 2002). Inter-decadal
comparisons from Marion Island showed that the relative importance of the main invertebrate
species in mouse diet has changed since the late 1970s (Chown & Smith 1993). By the 1990s,
endemic moth larvae had been replaced by native weevil adults, in particular Ectemorrhinus similis
and Bothrometopus randi, as the main prey. This prey shift suggests a matked impact on their
previously preferred prey (Chown & Smith 1993).

Strong preferences by mice for large, slow-growing invertebrate species has setious
consequences, given the life-history traits of some species (Peters 1983; Brown et al. 1993). For
example, the flightless moth Pringelophaga marioni adults are short-lived (10-14 days) and have very
low dispersal abilities (Rowe-Rowe et al. 1989) and larvae take 2-3 years to mature (Crafford
1990). The decreased abundance of this species in mouse diets on Marion suggests over-
harvesting, and unless remedial action is taken, local extinction is possible. P. marioni plays a
critical role in Marion Island’s nutrient cycle; where invertebrate species ate also keystone species,
predation can have deleterious effects for the whole ecosystem (Smith 1978; Smith & Steenkamp
1992; Smith & Steenkamp 1993).

Impacts on terrestrial birds

Relatively few reliable studies have shown any direct impacts of mice on native terrestrial birds.
On Gough Island, direct nest predation and competition are believed to explain the reduced
abundance of the endemic Gough Bunting Rewettia goughensis in the lowlands, but there are few
quantitative data to support this contention. During the 2000/01 breeding season, four of 15
monitored Gough Bunting nests (27%) were apparently depredated by mice, one during
incubation, and three during the chick stage (Cuthbert & Hilton 2004). A study using artificial
nests and eggs found evidence of mouse predation, although such studies are difficult to interpret
(Faaborg 2004; Thompson & Burhans 2004).

Mouse predation on invertebrates may have an indirect influence on several island bird species.
Lesser Sheathbill Chionis alba numbers on Prince Edward Island have remained relatively constant
since the 1970s but have decreased on Marion Island by 20% over the same period (Burger 1978;
Huyser et al. 2000). Observations on Marion over the last 20 years indicate that Lesser

Sheathbills now forage mostly on the coast during winter and not inland as they did previously
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and still do on Prince Edward (Huyser et al. 2000). The change in foraging behaviour is thought
to be due to mouse predation reducing invertebrate densities (Crafford & Scholtz 1987; Rowe-
Rowe et al. 1989). The sheathbill population relies heavily on invertebrates duting the winter
when other, preferred food resoutces in penguin ot seal colonies are not available (Burger 1982).
Nowadays sheathbills on Marion commence breeding at a lower body mass and lay smaller
clutches (Huyser et al. 2000). Kelp Gulls Larus dominicanus also forage more on invertebrates
during winter (Burger 1978). Mouse predation on invertebrates may thus impact this species in a

similar manner as it does the Lesser Sheathbill.

A comparative study of Antipodes Island Snipes Coenocorypha aucklandica meinerizhagena and
Auckland Island Snipes C. a. aucklandica found that Antipodes Island Snipes were much less
abundant than expected, and they are probably affected by mice consuming invertebrates in a
similar manner to the Lesser Sheathbills on Marion Island (Miskelly et al. 2006). Mice on
Antipodes Island are probably also in direct competition with the Antipodes Parakeet
Cyanoramphus unicolor as scavengers of Subantarctic Skua Catharacta antarctica and Northern Giant-

Petrel Macronectes halli kills (Imber et al. 2005).

Impacts on seabirds

In this section I draw on all available data, not just from Southern Ocean islands. The direct
impact of house mice on seabird populations was until recently considered negligible (Moors &
Atkinson 1984; Atkinson 2001). Reported impacts were testricted to predation of eggs and
young chicks of very small seabirds, such as storm-petrels (of which newly hatched chicks may
weigh only 10 g). Only four credible examples are known to me, excluding Gough Island. Mice
were suspected of depredating eggs of the Grey-backed Storm-Petrel Garrodia nereis on Antipodes
Island (Burger & Gochfeld 1994), eggs and chicks of the White-faced Storm-Petrel Pelagodroma
marina on Selvagem Grande Island, Madeiran archipelago, eastern Notrth Atlantic Ocean
(Campos & Granadeiro 1999), eggs and small chicks of the Ashy Storm-Petrel Oceanodroma
homochroa on the Farallon Islands, coastal eastern North Pacific Ocean (Ainley et al. 1990) and
Blue Petrel Halbobaena caerniea chicks (ca 30 g) on Mation Island (Fugler et al. 1987), whete a chick
was found with deep wounds on its back and neck. I have disregarded an unsupported statement
of depredation of nests of the Polynesian Storm-Petrel Nesofregetta fuliginosa (BirdLife
International 2004) and other unsubstantiated reports in the grey literature. Bird remains in
mouse stomach samples is a possible indication of mouse predation, e.g. on Macquarie and

Antipodes islands, although these could derive from scavenging (Copson 1986; McIntosh 2001).
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Also on Antipodes Island, the abundance of species such as Black-bellied Storm-Petrels Fregatta
tropica on mouse-free offshore islets, but their extremely low density on Antipodes, has been
speculatively attributed to predation by mice (Imber et al. 2005). To date there has been no
direct evidence of mice predation on Antipodes Albatross Diomedea [exulans], but predation may
have been overlooked (K. Walker in litt.).

All of the above reported incidents of predation are incidental, inferred or based on post hoc
observations of gnawed egg shells, wounded chicks and mice eating dead chicks. Without direct
observations of mice depredating nests or killing live chicks, the possibility that mice were only
scavenging abandoned eggs and moribund or dead chicks cannot be excluded. Recent events on
Marion Island suggest that mouse predation on Wandering Albatross Diomedea exulans chicks may
be evolving there. House mice on Mation became the sole introduced mammal following the
eradication of cats in the 1990s (Bester et al. 2000). Since 2004, several Wandering Albatross
chicks have succumbed to wounds consistent with mouse attacks (pers. obs.). These ate the first
records of wounded chicks in over 20 yeats of intensive study (P.G. Ryan pers. comm.). A key
observation is that to date, the only records of mouse predation on seabird eggs and chicks are
from islands on which mice are the only introduced mammal. On islands where the mice ate part
of a complex of invasive mammals, the effects of dominance, competition and predation by
larger species may render them less of a threat to native vertebrates (Courchamp et al. 1999;

Wanless et al. 2007).

The dynamics of seabird—invertebrate—nutrient cycle interactions have been well studied in
the Subantarctic (Smith 1978, 1979; Smith & Steenkamp 1990, 1992; Smith & Steenkamp
1993). The transport of nutrients from marine to terrestrial systems is a critical determinant of
terrestrial productivity on Subantarctic and other seabird-dominated islands (Smith 1978,
1979; Smith & Steenkamp 1993; Erskine et al. 1998; Croll et al. 2005; Fukami et al. 2006;
Maron et al. 2006). In Chapter 5 I argue that predation on seabird chicks on Gough Island
will ultimately reduce nitrogenous fertilisation, leading to lower primary productivity (e.g.
(Croll et al. 2005; Fukami et al. 2006). This could cause mice to prey more heavily on seabirds,

setting up a positive feedback and precipitating a rapid decreases in seabird numbers.

Effects of climate change on mouse impacts

Climatic change is expected to be marked in the Southern Ocean, and empirical evidence of

change already has been reported from Macquarie, Kerguelen, Marion, Heard and South Georgia
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(Allison & Keague 1986; Bergstrom & Chown 1999; van Aarde & Jackson 2006). There is now
abundant evidence that temperatures and hours of sunshine are increasing and rainfall regimes
are changing at several islands (Allison & Keague 1986; Smith & Steenkamp 1990; Smith 2002).
The actual causes for these changes are unknown, but they may reflect atmospheric changes

associated with changes in the oceanic circulation patterns (Smith & Steenkamp 1990).

The impacts of climate change may affect mouse populations directly in two ways. First, if mice
are temperature-stressed and experience thermally-induced die-offs during winter (e.g. at Mation
Island, Crafford & Scholtz 1987; Crafford 1990), then ameliorating conditions could facilitate
higher survivorship in winter, leading to higher densities at the start of the breeding season and
potentially higher average or peak densities (Rowe et al. 1964; King 1982; Singleton et al. 2001;
Ruscoe et al. 2005; Singleton et al. 2005; Ferreira et al. 2006). Second, climate change has the
potential to enhance terrestrial productivity, through lengthened growing seasons for plants or
longer breeding seasons for mice and invertebrates. However, these effects may be self-
regulating or off-set because of deleterious effects of higher mouse densities on ecosystem
functioning. On Marion Island, an increasing mouse population is likely to place enhanced
predation pressure on soil invertebrates. This will decrease rates of nutrient cycling (nutrient
availability and mineralization) with a negative effect on primary productivity (Crafford 1990,
Chown & Smith 1993; Smith et al. 2002).

Global consequences

The impacts of introduced mice on island ecosystems and species are pootly described across
most of their range. However, the islands of the Southern Ocean represent an exception to this
pattetn. Mice are the only introduced mammal on three of these islands (Gough, Marion and
Antipodes), and it is on these islands that their impacts appear to be the most significant,
although this may reflect relative research effort to some extent. Where mice co-occur on islands
with other introduced mammals, their densities are suppressed (e.g. Miller & Miller 1995; Russell
& Clout 2004; Witmer et al. 2007). It is probable that their (visible?) impacts are diminished as a
consequence. However, eradications of other introduced mammals from islands are leaving
increasing numbers of islands with mice as the only introduced mammal e.g. on Marion, St Paul
and Australie (Kerguelen group) islands in the Southetn Ocean (Bester et al. 2000; Micol &
Jouventin 2002; T. Micol in litt). Far more islands have had rats Rafus sp. eradicated than mice,
and the total island area cleared of rats globally dwarfs that cleared of mice (Figure 2). Ironically,

the largest island cleared of house mice is Enderby (700 ha), but the operation was targeted at
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rabbits and the successtul eradication of mice was incdental (Torr 2002). Several altermpts 1o
eradicate ice and rars simultaneously bave failed (cp 5 Paul and e Auvstralie, Micol &

Jouventino 2002; T, Micol in litt), although the reasons {for this ate unclear {Bronan 2003).
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Figure 2. [sland arca clearcd of rats (Rattas spp) and mice (3Mar seaocaderl. Al knossmn efforts priar

Loy 1986 ate sutnrmed. Modified from (Wanless et al. 2007)

The incidence and 1mpacts of rat predation on island bicsta vany widely and depend on factors
such as the physical covitonment of the island, seasonal avaiability of food, the sice, behaviour
and populatien densiry of the rars and the presence of other rat species and/or ather predators or
competitors (Woadward 1972; Adkdnson 1978; Tuvlor 197 Moaors & Adkinson 19845, Although
the clfects of these factots have been studied principally for rats, there is evidence that the
lmpacts of mice vury according to similar factors [Chown & Srith 1993; Smith er al. 2002;
Wanless et al. 20071 The evidence of significant impacts by inice on birds of the Southern Oecan
tslunds is limited, Whae little evidence we found was maostly indirece, duc to competition for
food. Wanless et al (2007) huve, however, shown significant etfects of mouse predation on the
chicks of scabirds as Loge us albutrosses, Quuside the Southern Ocean, especially on islands
where small passerines ar ground-nesting birds occur that do net have siwong nest-delence or
predator-aveidance instinets, the impacts of mause predation could he/become significunt,
small todents have been shown to be sipnificantdy mare motivared to artack chicks and depredute
eges when demed food (Lo foood siressed), In contrast to when provided with alternatives af
bitry (Beadley & Margluff 20031, T predict that where house mice are ar become the only
introduced mutnmal, incloding an temperate or fropical Bslands, nest predation is hlkely 1 oceur

durmg tmes of sovere {food-stress, such as winter seasons or dry mansaons.
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Mouse impacts have probably been overlooked to some extent, bur this review shows that rat-
like bechaviour and impacts can be expected, cspedally on islands where mice are the only
mtroduced mammal. Predation by introduced mice on seeds, invertebiates and the egps and
chicks of birds 1= causing significant changes to species distributions, densites and persistence on
islands in the Southern Ocean. Some of these wmpacts are likely 1o resulr in extinction of
impacted taxa and irreversible effects on ecosystern functioning and similar cffects are likely to
occur on islands cutside the Southern Ocean  There is thus a strong case for cradicating
introduced mice from islands, It may be important to eradicate mice and other zpecies
simultaneously, or to give careful consideration to the best order of a staged, muld-species
eradication programme, for three reasons. First, if toxic baits are applied to eradicate mice,
pritnary or secendary peisoning of ‘non-target’ species could achieve eradication or substantal
knockdown of mumbetz (e of cats), making subscquent operations for other species cheaper
and mote efficlent. Second, higher densities of mice following relcase from competition or
predation could concetvably accelerate extinetion of prey sources {e.g endemic invertebrates)
(Courchamp et al. 1999, Caut et al in press}; thus eradication of one invasive specics could lead
indirectly to the extinction of a native ot endemic species {Zavaleta 2002). Third, a rebounding
mouse populagon or reuvenatng island ecology (eg higher sced loads after release from
herbivory) might compromise the susceptibility of mice to eradication for an unknown period of

time, while cxacerbating their negative biodiversity impacis.

Island ccosysiems are beguilingly simple, but should nevertheless be treated as a whole (Poiani et
al. 2000; Zavaleta et al. 2001). Where several invasive mammals coexist, eradicating one could
have profound and perhaps unpredictable cffects on the intetactions between native spedes and
other invasive species. 1 recommend that mice be included 1o island restoration plans while
taking due cognisance of the difficulties of eradicating multiple species from an island, such as s
being planned for Svbantarctic Macquarie Island (Anon, 2005). Methods that result in the
stmultancous cradication of mice and rats should be a high pretty for island conservation
rescarch. In addition, changes in the dict and behaviour of mice on Madon, St Paul and Australic
should be smdied, as these provide excellent and immediate ‘natuzal’ expetiments on the effects
of competitve release or meso-predator release and could give insights into causal mechamisms

for the evalutien, or the lack of evalution, of predatosy behaviour in house mice.
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CHAPTER 2

The nature and impacts of predation by house mice on chicks

of Atlantic Petrels and othetr burrowing petreis on Gough Island

Abstrace
i smclied Ardannc Petrel Pierdrmms dperta nests over three incomplete scasons: October 2003

January 2004, June-Seprember 2004 and Seprember-November 2006, 1o 20083 inteoduced
house muce Mar macsbn visited all butrows sodied, and thus 2l chicks were expased to
menzse predaton, but they killed ot mest one of 41 chicks monitored. Breeding success
(tumber of chicks fledped per nesting: altempt) (ot the pertod of swidy in 2003 {part of the
chick-reating stayre) was $3% and esumated annual success way 46.5%; however. the failure
rale prior to Cetober is unknown and may have been highet than suggesied by the estimates
of success. Video recordmgs 1 August-Seprember 2004 captored six atracks by ruce on
live, healthy Adantic Petrel chicks. In 2004, 40 of 60 nests had faled Ly lare Seprember and
in 20046, 14 of 1% chicks failed from September-Nevember, The majodty of chick deaths o
A0 and 2006 were ascrbed to mouse attacks, Owerall, breeding success estmates for 2004
and 2006 were @2 7%, but seasons were mcomplele so actual success could have been hygher
(maxinmm 33% and 26%, respectvely). The rate of failure in 2004 was siprificantly highee
in Auyrust than 1 Seplember. Sealler chicks were also moes likely 1o be atlacked thano larger
chicks, Thus the effects of size and time of vear canoor be separared, bur hoth may he
unporrant,  [he upper estimates of breeding success for 2004 and 2006 aee probably
isufficient (0 maintan the population, and the lewer caomares, if grpical for Geagh, will
cayse the populalion o decrease.  The high breeding success of 2003 apprars 1o Le

cxceptonal, bul the fatlure rate during early chick-rearing may have been high.

Introducdon

The impacts of invasive mammals are most acutely experienced on islands, where the pone
dispersal abilities of teerestrial, non-volant mammals has meant thar the vasr majority of
msular fauna have evolved in the abscnce of temrestrial matnmalian predulors (BirdLife
International 20043, Oceanic slands hold a disproporbonate percentage of global awnan

Iwodiversity and an even more disproporionate percentayre of koown avisn exlinctions
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Chaprer 2 Mouse impacts on Atlantic Petrels

{Atkinson 1985; Steadman 1995; Blackbutn et al. 2004), Virmally no island of significant size
in the world has escaped invasion by mammals, which have cansed the vast majority of
known istand-endemic avian extinctions (Atkinson 1985 Steadman 1995; Blackbum et al
2004), This is partly why seabirds and ishind-endemic landbirds are among the maost plobally
threatened groups of birds (BirdLife International 2004). House mice May muiats have
successfully colonised an impressively broad mnpe of continenral and insular habitats,
inchiding most Subantarctic islands (Pye 1993; Angel & Cooper 20063, Chapter 1), This
sugpests that house mice are highly adaptable, have natumlly broad niches and are adept at
expluiting novel resources. Despite this, some 20 vears ago and with no significant evidence
to the contrary, house mice wete deemed 1o pose no serlous threats to seabirds (Atkinsun
1978; Moors & Atkinson 1984; Atkinson 1985). Indeed, even the mice on Gough were
dismissively described as being ‘probably harmless” (Elliott 1953,

Approximately 1.8 million pairs of Atlantic Petrels Plerodroms fncertz, a species of gadily
petrel, breed at lower elevanons on Gaugh Island (Swales 1965; Cooper & Byan 1994;
Cuthbert 2004; Angel & Cooper 2006). The species is practically endemic ro the island, as
the anly ather populaton s a small relict colony on Tristan da Cunha, last estdmated at 100-
200 paies (Richardson 1984), There has been no conclusive evidence of them breeding on
Tristan da Cunha since the 19705 (Angel & Cooper 2006). The species’ IUCN conservation
status is currently Vulnemble' (BirdLife International 2004, although Cuthbert (2004)
argued that it might metit upgrading to ‘Endangered’,

Atlannc Petrels are cne of three burrowing petrel species that breed on Gough in winter.
They have a chick-rearing period of ¢z 138 days, extmordinanly long even by ather wintes-
breeding Prerodroms standards (Warham 1990; Cuthbert 2004). Breeding success from the
2000 and 2001 seasons was around 20%, probably msufficient to maintain a swable
population of padfly petrels (Brocke 1995 Cuthbert 2004). Crreumstantial evidence
suggested that predation by house mice was diving the low success (Cuthbert 2004,
Cuthbert & Hilton 2004). However, alternatives for the low observed fedging success, iy
disease and predaton by species besides mice, couldn’t be excluded. A candidate nest

predatar is the enidetic Gough Moorhen Gallmuta comers. 1t regulatly enters butrows and
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Chapier 2 Mouse impacts on Adenric Petrels

depredates neses, lke insufar vallicls clsewhere (Warling & Tueness 1986, Taylor & van Pere

1998; Bester ol ab in press; Wanless & Wilson in press).

I1i chus srody 1 sec ot o investipate the possibility that mice prev on healthy Adannc Petrel
chicks (weighing 75750 g) ar levels sufficient (o drive nepauve population wends. 1 also
exatinie whether the low fledging success obsenved in 2000 and 2000 is consistent anong
vears and prescat another tirce svasens’ data for breeding success, The vesults of video
recordmgs made in burrows of Atlantic Petrels and Grear Shearwarers Paffisn sran are used
to define the causes of chick mortality and describe the churacreristics of maonse acriviry and
Behaviour i burrows. T then consider the implications of low fledging success on Atlantic
Pemel populagon wreneds and aszess the nsk of mouse predanon faced by other

ntocellardiform speaes breeding on Crough
Methods

Kiucd sile and dosign

Atlantie Pete] mests wers monirored on Gough Tsland over thice seasans, from Ootebers
Diecembier 2003, May-Seprember 2004 and Septembes-November 2006 (Table 13 | searched
in the fern-bush habitat (in the 5E constal plain) for urrows contaming chicks in 2003 (41
burrows) and 2006 (21 burrews), and {or occupied nests i 2004 (70 burrowesl. A flexible
meral rod (s 1 m long} was inserted up o an aoms lengeh mro burrows o detect the
preseice of an incubainy adult or chick; burrows where the chamber could not be reached
{Loo deep or curved too tightly) were not excavated, If o bird was encounfered an inspection
hole was cxcavated into the nest chamber. A 5 1 plaztic we-cream contatner wath the bottom
remeved was {ifted into the hole and pegged brough the sides of the contamer into the pear
wallz, and I easured duat sotl was packed righty down the sides of the conrainer. A sod of
{vepruted) soif was placed oa the hd of the contuner Lo further msulare the chamber, darken
the interior and dispuise the mspecrion hole from predatory Subantarcue Skuas Corbasuera
anfarciiva. Birds could then be casily visually inspecred or remowved from the chamber,
withour eansing further chanpres w e butrow entrance or chamber, simply by reenoving the

contaner Lid,
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Chapter 2 Mouse itnpacts on Alantic Perrels

Table 1 Breeding schedule and study pertods for Adande Perrels on Gough Island. Each
month iz divided into thirds (~10 days). Soudy periods are shaded grey and study penads
with video recordings are hatched.
Month Jun  Jul Aug Scp Oet Mo Dec
e S Ol (R sl N T - N R S B R

T 2000

2001

2002

T

2005
2006

Upen excavaung a burrow, standard measurements were taken and each chick was wetghed
to the nearest 1 g with a Pesola spring balance; thereafter chicks were weighed every 1015
days. Tor estimates of brueding success it was important to know approximate chick age,
Chick age was determined by salving for age the wing prowth-cutve cyuation: wing
(mm)=31,5¢"""" (Cuthbert 2004). Mean chick age at excavation of the ubservation harch
was 65 days (mnge 28-98 days) in October 2003 and 26 days (enpe <7-59 days) in
September 2006. In 2004 the smidy commeneced at laying/duting incubation and the mean
chick age of survrving chicks ar the end of the study period was 32 days {range 20-44 days).

The effect of tme-of-year on survival was assessed by dividing data (in 2004) into week-lony
periods. Weekly hatching and failure counts were sumimed and the resultung rates correlared
with tme. [ tested the effect of age on the probability of dying, to see if young chicks were
mote susceptible to attacks than older chicks. For vach chick that was alive at the start of the
week, T caleulated the age it was/would have been at the end of the week (to prevent a bias
towards increasing age of survivers versus chicks that died before the end of the week), and
coded each individual as having survived or died that week A t-test was used 1o tese for

differences i the mean age of survivors versus failures.
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Chapter 2 Mouse impacts on Atlantic Petrels

Chick weights were used to check for colony-wide evidence of under-feeding or starvation as
a reason for mortality. A healthy colony is when, on average, chicks did not differ
significantly from the expected weight for a given (known or estimated) age. Expected
weight was determined by Cuthbert (2004) to be mass (g)=4 x age + 146.2. However, a
close examination of the relationship between weight and age (Cuthbert 2004, Fig. 3, pg.
224) shows that the linear regression has a poor fit for small chicks (indeed, most chicks
hatch at well under 100 g, so the addition of a constant of 142.6 is guaranteed to create a
poor fit), and I therefore considered only chicks older than 10 days. The weights of all
surviving chicks >10 days old on 1 and 10 September 2004 were compated to their expected
weights, using paired t-tests: an average significantly lower than predicted from the growth
curve would imply that chicks were underweight, suggesting a systematic effect, probably
related to at-sea foraging conditions negatively impacting parents’ provisioning of chicks.
Chicks were also inspected for wounds every 2-5 days, except after September 2006, when B.

Bowie, based at the meteorological station, checked nests every ~15 days.

The mean chick-rearing periods under study in 2003 and 2006 were 59 and 71 days,
respectively. Mean estimated time to fledging for the remaining five chicks at the end of
November 2006 was 23 days (SD=6.7 days, n=5 nests), assuming a chick period of 138 days.

Video evidence of mouse atiacks

Three infra-red cameras wete deployed in randomly-selected Atlantic Petrel burrows in 2003
and 2004 and in Great Shearwater burrows in 2004. Between four and ten infra-red LEDs
wete used to illuminate each burrow. Activities were recorded 24 hours/day on time-lapse
recorders, recording at one frame per second (f.p.s.) onto VHS video cassettes. Nests were
filmed until the nest failed, the chick fledged, or I left the island. When a nest failed, the
camera was redeployed. Four Atlantic Petrel nests were filmed in 2003, nine in 2004 and

three Great Shearwater nests were filmed in 2004,

Characteristics of mosse attacks

The ptimary objective of making the recordings was to determine the role of mice in chick
mortality, and for this the recording system was adequate. However, a subsidiary objective,

to quantify the nature of attacks, was thwarted for several reasons. First, the time-lapse
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Chapter 2 ] Mouse impacts on Atlantic Petrels

interval (1 £p.s.) was too long to sensibly assess chick and mouse behaviour; this was
compounded by an unresolved issue on all three recording devices, resulting in no
recordings ¢a every fifth minute. Second, the LEDs used emitted a strong but narrow beam,
resulting in the field of view of wide-angled images not being fully illuminated. Third, adult
birds frequently obscured chick and mouse activities, chicks moved themselves or were
dragged by mice out of the field of view. Lastly, mice were not individually identifiable,
preventing me from determining the number of mice involved in an attack or other

individual-specific data.

Visit rates by mice to all active study burrows in 2003 were checked using ‘smoke plates’ (see
Cocucci & Sersic 1998). Smoke plates were made from white plastic discs, held over
burning cotton soaked in vegetable oil, which left a sooty deposit on the plastic disc. The
soot comes off easily when rubbed with skin, fur or feathers, showing clear white tracks
against the sooty background, but is waterproof. Plates were pegged to burrow entrances in
the evening and checked the following day for signs of mouse footprints, indicating that
mice had visited the burrow. Effort amounted to 440 burrow-nights at 40 burrows, with a

maximum of 29 burrow-nights per butrow.

Survival estimates

Breeding success is defined as the number of fledglings per pair that laid an egg. Nests were
discarded from analysis if the study may have caused their failure. This included deserted or
temporarily abandoned eggs that were then depredated in 2004. I petformed a Kaplan-
Meier survival function analysis (which calculates the cumulative proportion of nests
surviving over time, Kaplan & Meier 1958) of chick survival rates in 2004 and 2006. Chick
survival data for 2004 were divided into two groups. All chicks were included in the first
group but were censored (i.e. the analysis was truncated) at chick-age 10 days; chicks that
survived beyond 10 days were assigned to the second group, with survival censored at chick-
age 20 days (the age of the youngest surviving chick at the end of the study period) (e.g
Anders et al. 1997; Swinnerton et al. 2005). I compared survival in the two groups using a
log-rank test (Johnson 1979; Nur et al. 2004). In 2006, nests were censored at chick-age 90
days (the approximate age of the youngest surviving chick at the end of the study period).
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Chapter 2 Mouse impacts on Atlantic Petrels

I used the Mayfield Method (Mayfield 1975) to estimate breeding success. Daily mortality

losses

(DM) is equivalent to , where ¢ is exposure, the total number of active nest days, and

[

losses is the number of failures in the period under consideration (Mayfield 1975).
Success = (1~ DM )¥, where np is the nesting period being considered; for each season I

estimated the success for the study period (using the mean age of chicks that survived to the
end of the study) and for the whole period. The standard error (SE) of Mayfield’s estimator

¢ — Josses ) X losses

is derived from the expression \/ ( ; (Johnson 1979). Statistical comparisons

4

of daily mortality rates were effected by calculating the Z-statistic as the ratio of the
difference between two mortality rates to the sum of the standard errors (Johnson 1979).
Rate differences were tested between 2003 and 2006 and between incubation and chick

stages in 2004.

I combined incubation and chick mortality rates to estimate breeding success, defined as the
number of fledglings per pair that laid an egg, using Johnson’s (1979) equation: S, x 5",
where S; and S, are the daily survival rate (=1- DM) during incubation and nestling stages,
respectively, I is the length of the incubation period (in days) and N is the length of the
nestling period (in days) (Johnson 1979). To estimate breeding success for 2003 and 2006
required two assumptions. First was that incubation success was the same as 2004. Second
was that daily mortality did not vary across the nestling period. The observed chick daily
mortality rates for the respective seasons were used to generate rough estimates of breeding
success. This procedure rests on the assumption that survival rates are constant over the
course of the respective periods, but results of the Kaplan-Meier analysis showed that this
was not the case even during brief nesting period studied in 2004. An additional
complication for this season is that the ultimate fate of many nests in 2004 is unknown,
Consequently, I divided the chick period into early (August) and late (September) periods
(equivalent to the two groups used in the Kaplan-Meier analysis) and calculated DM
separately. Johnson’s (1979) method was modified to include the two chick survival rate

estimates accordingly: S, xSp = x 8", where EN and LN are the early and late

nestling periods
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Chapter 2 Mouse impacts on Atlantic Petrels

Results

Viideo evidence of mouse attacks

Video recordings amounted to sz 850 days of footage at 16 nests and resulted in seven
mouse attacks being filmed (Table 2). None of the four Atlantic Petrel chicks filmed in 2003
was attacked, whereas six of nine Atlantic Petrel chicks and one of three Great Shearwater
chicks filmed in 2004 were attacked and killed by mice. Video evidence showed chicks to be
well-fed and apparently in good health when they were attacked and killed. Of six Atlantic
Petrel attacks, one chick was still being brooded and parents were in attendance at two
others. There was no evidence that mice depredated eggs and one video sequence showed
mice repeatedly attempting and failing to gnaw into an unattended egg. Mice were recorded
in all filmed burrows and were the only cause of mortality amongst videoed chicks.
Moothens entered a burrow once on camera (and scavenged an unattended egg). At other

times they were frequently observed entering burrows and scavenging carcasses.

Table 2. Camera deployment dates, deployment effort and number of attacks captured on

video.

Timing Species Nests filmed  Days filmed Total attacks
Oct-Dec 2003  Atlantic petrel 4 255 0
Jan-Apr 2004 Great shearwater 3 348 1
Jul-Sep 2004 Atlantic petrel 9 234 6

Characteristics of mouse attacks and attacked chicks

Out of seven attacks captured on video, only one lasted more than 24 hours, and this was
because the attack stopped when a parent arrived in the late evening (to feed the chick) and
stayed until the following morning. The attack resumed at twilight (2 18:30) the following
day and within four hours the chick was dead. All other attacks continued more-or-less
without pause until the chick was dead. The actual attacks by mice were quite sporadic, with
mice attacking (always singly) for a few seconds before moving away. The duration of
attacks, duration of breaks and the time of chick death could not be quantified. Inasmuch as
it could be determined, it appeared that all attacks were initiated by single mice, but more

mice joined in as the attack progressed. A maximum of five mice was recorded at a dying
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chick/carcass at one tme Scavenping of carcasses by muce and Moorhens was nedr-

complere, regardless of the cause of death.

Researchh effart amounced o 322 nest checks m 2003, 626 in 2004 and 240 n 2006; no
checits were made after a nest failed or a chick Bedped. In all these checks, only three chicls
were found alive bul wounded, two of which died shorly after they were discovered with
wounds and one {0 203 recovered. At the colany level there was no evidence that chicks
=10 days old in Sepr 2004 were systematically underwaighe compared o expected weights
(paired t-resiz, 1 Seprember Ty, =(h87, p=040 and 10 Seprember, T,,—1.24, p=0.22). With
oo plausible alternatives, mice were assumed Lo be tesponsible [or the toajority of chick

fatlares.

Smoke plates were deploved on 439 hurrow-nights in 30 burrows. Mice voiced every
buttesy that had smoke plales for more than five nights and 2 toral of 178 deplovmens
(40.3%) had deiinite mouse rracks leading into and/or out of the burcow, Only owo nests
diel newt et vizredl, bae effort was <5 nughes 10 botdy cases (Figure 1), some burows oy
bigve had resdent mice thar used the burreny comance as o nwgor access roule to thetr oan
urrows [and hence were detected frequently), whereas other burrows may have heen visited

omly vccasionally, Wone of the nests momiored in this way farled due to mouse aticks.
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Fiprure 1 Mouse visil rates in 36 Adantc Petrel burrows in 2003,
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Yurvenal eilimate)

One oul of 41 chicks in 2003 died with wounds consisient walh mouse attacks, although the
vause of death i uncertain, A second chick sustaived wounds consistenr with mouse
atracks, but it recovered and subsequenty flediped. The other owo lasses i that year were
found dead in bareoas sirhaar wounds. Three other chicks (one m 2004, two o 2006) were
also found dead or monbund bur mathowt wounds,  Atracks on Atlantic Petrel chicks
commnenced ar harchinge in late Tuly 2004 and by the dme [ feft the island only 20 of the 60
montrored nests (3375 were srill acteee. o 2006, falures began within a day of nests being

excavated and continued untl the last check, on 30 Movembet

The relatvely close harching syncheony meant thar chick age and e of vear were closely
coreetated, making i ditficult ro separare these paramerers in analysing the nming of
predation, The tming of hatching and the rate of fatdures were very closely matched in 2004
(Figute 2  The weekly tining of these events were simificantly correlated I:R?:'U.GE:EJ,
p=idi ) aldiough weeks 3 and 4 departed guite widely from the pattern. Thus mayse

predation in 20114 was coneentrated m Augnst and eatly Seprembet.

18
16
14 B Fuiled
12 O Hatched
—
=i
b
o M b
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2 I "
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Figure 2, Weekly hatchings and failares of Atlantc Petrel nests in 2004 All events prior to

9 Aygast were pooted (denoted ), weeks 1-T man from 9 Aogost to 25 Seprember.
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A t-test for the differences in age berween chicks that survived a given weelk versus chicks
that faled (lahle 3) showed a significant difference, with elder chicks {mean age = 169
days} showing sipmbicantly better survivorship than younger birds (mean age = 9.5 days)
(1,,=298, p=00031. A wisual inspecuon of Table 3 suggests thal tuice preferentially
targeted younger chicks, bur once all chicks were ar least 10 days old thay preference fell

AWRY.

Table 3. blean ape of chicks that survived and failed each week (starting 9 August). Sample

stees are in parentheses,

Weel 1 7 3 3 3 f
Mean age of survivors 5.2 (13 B2(14y 110227 182 (21) 224 (22) 297 (20
Mean age of failures 3.6 (%) 1007 [6) 6.7 (3 CRNEY 240017 2T0(2)

lincubating seecess for 2004 was 50% (Lahle d); this walhe wars wsed w estumate anmial
breeding success for all threv wears, Breeding sucecess for the whele study peded i 2003
(Octuber-January) was 93% (Tuble 4, significanily Bipher than the estimated 33% in 2006
{£=25.0, p<0.05), although the nesting pedads under study were roughly the same. Annual
breeding success was 46.5% for 2003 and 7% for 2006. 1n 2004, survival for chicks aged -
1) davs was significantly lower that for chicks aped 10-20 davs (Tipure 3, Log-rank test
statste=2 493, p=0.003;. The estimate of breeding success for the whele vear (from layving to
fledgimng) in 2004 therefure inclnded separate esumates {or incubation (56%);, chick survival
for 0-10 days old and chick survival from 10-138 days old {ie assuming a constaat survival

tare from 10 days old ool Aedpingd, The resslt wis an estimaled breeding swccess of g 7%,

lncubanon vs chick mortalily rates did not differ sggnificandy 0 2004 (Z=0.33, p=0.25)
However, the estimated incubation swccess is probably an under-esrimate, an arrefact of my
inahility ro dececr all fatlures due to monse attacks at hatching, Where oo the previcus visit
the ey was sUll being incubated, and on the subsequent visit the nest was empty, | ascribed
it an anenbation fadure; however, some of these failures probably occutred just afler

hatching, This assumpton did not affect the esnmate of annual success.
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Table 4. Mayficld estimates of daly mortality and nest success for Atlantic Petrels on
Gough Island owves three seasons,  Values in parentheses indicate numbers of falures
definitely not due to mowse predation. Incubation perod = 55 days and whole chick pedod
= 138 days (Cochbert 2004)

Diaily
Year Study petiod Iests  Losses i Success
mortality
20013 Chick-rearing to fledging (Oer-Jan]} n 3 .03 0.925
2004 Incubaton {Jun-Aug) 6 17(2 0.0104 0,560
Chick-rearnp fAup)t 0.070 0,372
2004 . Ing (ug) 43 234
Chick-rearing (Sep)? 00116 0.690
200046 Chick-reartng (Sep-Nov) 1% 140 0.0155 0.331

Thfean g of Su;'.-'i'-'.i.ﬂg clucks at encd of peried = 15,0 days

fidenn age of suraving chicks at end of period = 31.7 days
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Figure 3. Kaplan-Ieter survivat probabilities for Atlantic Perrel chicks on Guugh lslanel in
2004 (A) and 20046 By In 2004 separate sutvival funcuons were plotted for all nests,

censored at 1) days (Alled ciecles), and for clucks surving =10 days, censored at 20 days

{upen cirches),
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DHscuszsion

Cuthbert (2004} surmised that house mice were responsible {or the low fledging success of
Ataniic Petrels observed on Gough Islnd o 2000 and 2007 Here [ have shown thar
predation by mice s indeed causing very severe falare rates, All failares at filmed nests were
due to muce; predanon of chicks by moorhens or falare due to disease or starration appears
tr be nepligible. This is the fiest mconerovertble evidence that mice are capable of preving
o burrowing petrels. Probable mouse predalion on burtowing peteels has been reported
from Blae Perrel chicks f faipbaans aeemizz on Maden Island  Tupler e 2l 1987, Ashy Stomm-
Petrel Cheanodroma fomoikrog cggs and chicks on the Farallon islands (Adolev et al, 1990),
Crrey-backed Storm-arrel Covrrainza weaplr clucks on Anupodes Island (Burger & Gochfeld
1994) and White-faced Storm-Perrel Pelipadmma marina eggs and chicks un Schragpem Grande
Island North Adanuc) (Campos & Granadees 1399, However, none of these studics
showed conclusively that mice were responsible {or the observed [ailures—they could have
been seavenging abandooed egps or dead/moribund chicks. In light of my findings, the
probability thar these ather researchers (as well as Cathbert 2004) were correct in assigrung

falures o meoase predanon s srengthened.,

The apparent prelerence {or attucking smaller chicks in 2004 is surpmsing, given that mice io
the highkinds successfully atrack Tristan Albatross Dlamedss debbensra chicks (Chapter 33,
shiowing that size 15 0o insurance apainst attacks. [t 1s possible that the developmental stage
of chicks mifluences dedisions about whether or not 10 attack.  Alternatively, bigper chicks
may take longer o Kill, vequuiring a greater initdal invesrment by mice.  Mice may thus attack
the casiest tarpets first, rather than the biggest meals. These alrernanves are not mutoally

exclusive and both allow [or the prossibility that mice Tearn,

The csomates of beeding success foe 2004 and 2006 were derved wsing meomplete
datasets.  Howewver, there woere significant differences between years, so pooling data o
ertinate siecess is of little value as it obseures the interesting (et of inter-anmual watiation.
The worst-case breedityr suceess esdmate for the whole of the 2004 seaznn is premized on
the asswmpuinn that [ailare rates in the g 100 days of chick-reanng alter the end of the stdy
were the same as those during September, “This is more ceasonable than assuming oo further

mortality, gven the results from the 20000, 200K and 2K seazons, which all shewed chick
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mortality throughout the study periods (Cuthbert 2004). Nevertheless, assuming no further
mortality gives an upper estimate of breeding success of 33% in 2004. The actual breeding
success for 2004 thus probably lies somewhere between 7% and 33%. In 2006, the study
commenced about a month after peak hatching and ended shortly before fledging, so failure
rates for the incubation, early chick-rearing and very late chick-rearing phases had to be
estimated based on 2004 data (incubation) and the assumption of constant mortality across
the whole chick-rearing phase. Incubation success in 2004 (56%) is virtually identical to that
reported in 2001 (57%); it is likely that both studies under-estimated incubation success, due
to the infrequent nest-checks and the fact that when failures occurred at hatching but
between checks, they were assigned to incubation failures. Nevertheless, for the purposes of
the analysis the similarity of these results lends some degree of confidence to the use of 56%
incubation success in estimates of breeding success for 2003 and 2006. Further,
apportioning failures to incubation or early nestling periods makes no difference to the
estimate of annual breeding success. If the lower estimates of breeding success for 2004 and
2006 are accurate, out of ~1.8 million pairs of nesting Atlantic Petrels, approximately 1
million failed during incubation (but note caveat above) and 666 000 chicks died, with only
126 000 chicks fledging per yeat.

Results from the 2003 season appear more optimistic than all other years studied, because
the daily mortality rate over the bulk of the chick-rearing period was much lower than in
other years, and differed significantly from the same period in 2006. An estimated success
for the entire chick-rearing period of around 82% is at the upper end of the spectrum for
petrels (Simons 1984; Cruz & Cruz 1990; Warham 1990; Chastel et al. 1993; Brooke 1995;
Keitt et al. 2003; Cuthbert 2004; Cuthbert 2005). This raises the possibility that in some
years, predation rates are low, and reproductive output is in the normal range for petrels
breeding on predator-free islands. Three key questions arise from this result. First, given
that the 2003 data do not cover the whole breeding season, is it possible that there had
already been high mortality before the study commenced, so that 2003 wasn’t in fact a year
of high reproductive output? Second, if predation levels were low and reproductive output
was high, how frequent are such years? Third, why did mice not attack large numbers of
chicks in 2003, unlike in all other years studied.
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While the data are as yet too sparse to comment definitively, there is little cause for
optimism for this IUCN Red-listed species. The population-level consequences of predation
are likely to be strongly negative. Breeding success estimates for 2004 and 2006 (both & 7%)
are extremely low compared to the range of breeding success estimates for Prerodroma petrels
on predator-free islands, typically 50-80% (Warham 1990). A demographic model developed
for this population by Cuthbert (2004) suggests that, even with the most optimistic estimates
of some surrogate parameters (such as adult survival), breeding success would have to
average >30% for the population to remain stable. It is possible that one of the three years
of this study (2003), and one out of five for which we have any data, exceeded this
theoretical threshold, whereas 2004 and 2006 appear to have fallen far below. Although
both this and the previous study were performed in roughly the same area on Gough, it is
unlikely that the mouse-induced mortality is a geographically localised phenomenon, because
similar attacks occur in all Tristan Albatross Diomedea dabbenena colonies on Gough (Chapter
3) and their range does not overlap with Atlantic Petrels, suggesting instead that attacks are
spatially ubiquitous. Nevertheless, there is substantial variation in the incidence of attacks in
different albatross sub-colonies both within and between years and the variability in annual
Atlantic Petrel breeding success possibly reflects similar processes of predation, although this

requires further research.

It is likely that the Atlantic Petrel population on Gough is decreasing, If they do breed still
breed on Tristan da Cunha, the impact of predation by black rats Rattus rattus, which are
aggressive nest predators, is likely to be extreme and the viability of the population (if it still
exists) is in serious doubt (Angel & Cooper 2006). Thus Gough probably houses the only
viable population of Atlantic Petrels. It is therefore imperative that remedial action is taken

to prevent (further?) population decteases as a result of predation of chicks by house mice.

What of the possibility that other factors, such as poor at-sea conditions could explain the
failures. I seldom found carcasses, and when I did, they were usually partially consumed.
This meant that I couldn’t test for the ‘health status’ of chicks that died. Weighing chicks at
intervals shorter than 10-15 days would have facilitated analysis of mouse attacks relative to
‘chick health’, but this was not done because chicks regurgitated frequently (unlike in
2000/01, Cuthbert 2004). Each regurgitated meal increased the likelihood that my
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mwestigations would have an impact on chick swrvival throuph under-noudshment, Furecher,
and of possibly greater sipmficance, the presence of rgrutgtated food in the nest chambet
and on down/feathers may have encouraped tmice 1o atlack.  Cuthbert (2004 found no
evidence that chicks were underweight when they died: sinulacly, 1 found no evidence of
systematic under-feeding or starvarion in the study colony m 2004, so the high chick tailure
rales were nof doe w abandonment or undee-noudshment due to poar foraging conditiens
for adults. Atmcked chicks were apparendy all healthy when attacked, whereas five dead or
motibund chicks were found in the theee seasons, none of which had wounds, Thus mice
de not preferentally mrper weak ot sick individauls. They even artacked successtully chicks
that were being brooded or adended by patents, showing that parents were unable 1o defend
thewr chicks. Further, all chick deaths caproced on videe were the divect result of mowse
attacks.  On ooe oceaston a smady chicle was found at the surface betng attacked by a
tnoothen, LThe reeovered chick was very weak, having been attacked by tmice the previous
night: | assume that the Moorhen was able to carry the chick our of its butrow due 1o ils
alteady weakened conditon, and consider mouse attack Lo be the indiect canse of death
(Wanless & Wilson in press). [ conclude that mese of the unusually high chick mottality in

Atlanoc Pereel chicks in 2004 and 2006 can beascdbed to mouse altacks.

‘The rapad, lethal nature of attacks 12 atlested be Lhe video evidence. Also, our of 114 chidks
momtored and abnost 1400 nest checks in three seasons, only theee chicls were found
wounded bt afive. This result 15 not surprising, because the fmice on Gough are prismadly
necturnal (pers. obs] and all the videood atticks were ininated a2t night, TU was relatively
unustal (o even lind remains of smaller chicks that had died — they sinply disappearsd
hetween checks. A second cause of carcasses dusappenting from Lhe bartows 12 seavenging

by o Ltgh Moothens,

Both wintec-breeding sealird species that have been smudied on Cough, the Lristan
Albatross and Atande Peirel, sustain severe mouse predation on their chicks. Tt is prohable
that chicks of the tas remaining winter-breeding, burrowang petrel species which have net
been smdied on Goughy, the Grey Pewel Prosediora awerea and Greal-winged Peteel Plovdromy

mairbiee alses are attacked b}-‘ tmice,
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Mouse impaets on Atlenoc Peeeels

Table 5. Phenolopy of procellatiiform sealirds of Gougrh Istand, with an estimalion of the

tisk that house mice pose to them, Breeding months are shaded. L = Laying, H = hatching,

F = Fiedging. Information based on Angel & Cooper (2006}

Sl W Months ¢ Risk factor
1 F M KMo E kel DN D
Tastn Albatross S _' : e i, v e ) i F | Confirmed
Atlantic Yellow nosed Al T T R T
Sonty Altmtroes L . A I_Itﬂik:.*.l.'}'. .
“Sputhern (riant-Petrel T Tl e Talikely
Cirear winped Potreel e i T T Prolalile
Atlantic Perrel L H N § Confiomed |
Sofi-plutnaged Puized 11 ¥ }‘ © Probable
Kerguelen Petrel b S H‘. Iao ovidence
_(jr.rﬁ].r ].:’ehe] : _T‘ ______ Ef\wh ¥ ) - Prolable
Cyreat Shearagter E T 11| Confiomed
Little Shearwatcr F L H | Mo evidenes
Trrad-billed Prion L 1 £ | Probable
Grey-baclked Storm-Petrel F3 i 11| Mo evidence
White-faced Sterm-Pevel L it 11 | Mea evidence
Whute-hellicd Storm-Petrel 'L:%QH F T ket
1i Cornmon Diving-Petreel &'@ i H | Mo evidence

The discovery that mice also attack Great Shearwater chicks was sutprising £or two reasons,
First, a study of Great Shearwater hreeding biclogy io 2000 reported luph breeding saccess
and no umisual meralie {Cathhert 2005).  Tither there is substannal spatal and/ec
temporal vadation in the extent of awacks on Great Shearwater chicks, such that none were
detected in 2001, or else artacks are unusual, and the 2004 camera deployment in Grear
Shearwater burrcws was fortuitoas.  Second, none of the summer-hreeding species
(Subanmarcne Skus, Yellow-nosed Albatross Thalamanhe chbrondyacbes and Sooty Almtross
Phoedasing jusca) studied to date on Gough Ishind have been suliject to mouse attacks
(Cuthhert & Sommer 2004 Anpel & Cooper 20065 1o Chaprer 3 [ present evidence that
mice succeszfully attack Tristan Albatross chicks, which weigh up o 8 kg whes soecked.

Thus stee offers no absolute protecton against attacks,  However, attacks on Tristan
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Albatross chicks ended in October, in contrast to attacks on Atlantic Petrels which in 2000,
2001 and 2006 continued until at least November. This discovery raises the possibility that
other summer-breeding seabirds are also attacked. Table 5 summarises the phenology of
procellariiform seabirds breeding on Gough. IfI assume (conservatively) that chicks are safe
between December (apparently when attacks on Atlantic Petrels end) and March (before
attacks on Tristan Albatrosses begin), and accept the available evidence that chicks of
summet-breeding, surface-nesting species ate not vulnerable, then the chicks of the
following species are at high risk: Great-winged and Grey petrels, because their phenology is
virtually identical to that of Atlantic Petrels; Soft-plumaged Petrels P. moliis because their
phenology is virtually identical to Great Shearwaters, and Broad-billed Prion Pachyptilla vittata
and White-bellied Storm-Petrel Frygetta grallaria because they have chicks in October-
November and April-May, respectively.

Directions for future research

Seabirds offer an extraordinarily good food resource for mice, representing multiple meals
that are high in proteins and lipids but not packaged in indigestible material such as cellulose
ot chitin. There appear to be few risks associated with accessing the resource, with the
possible exception of aggressive scramble competition with other mice (Chapter 3). Feeding
on chicks in burrows provides a dry environment in which predatory skuas cannot access
either mice or carcasses. Yet several results are surprising. Two videoed chicks in 2004 were
visited by mice, which even attempted to eat spilled food from the down of one chick, yet
the chicks were not attacked. Why not, when several attacks were happening simultaneously
within 100 m? Why does virtually every single Atlantic Petrel burrow get visited, if not used
as a home, by mice, but only some chicks are attacked? Why was there a maximum of two
attacks on study chicks in 2003, in opposition to predation rates in the other seasons for
which data exist? This result is even mote enigmatic when considering the high mouse visit
rates at all burrows. Why did attacks on one of the two wounded chicks in 2003 cease
before significant damage was inflicted, allowing the chick to survive and fledge? Why did
one of three Great Shearwater chicks under observation get attacked in Aptil 2004, when no
attacks were recorded from >60 study nests in 2001 (Cuthbert 2005)? There ate no obvious

answets to these questions. It is clear that we are only starting to understand the patterns
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and consequences of the remarkable predatory behaviour of the house mice on Gough

Island, but are some way from understanding the processes driving those patterns.
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The role of predation by mice in spatio-temporal pattetns of
Tristan Albatross chick deaths

Abstract

Here T deseribe the fimst unequivoeal evidence that mice arc capubie of wtlacking live, healthy
Imstan Alhatcoss Dimedea dabbenena chicks, and n so dong are responsible for very low
Tostan Alharross breeding success relative 1o congeners on islands free of iorroduced
predators. | desenbe spano-temporsl patwms of breeding falure ar chree levels: whole
island, suh colony and tudividual, and infer processes where strouy patlerus occur. Overall,
weer-amnual parterns of hreeding success (nmumber of chicks fledged per nesnng attempt)
were similar jup 1o 27-29%) in three of four vears and wveraped 32% for 2000-2006, Despire
lhe relanvely constunt breeding success, the number of nesnng antemprs vared annually and
toral number of failures was sigmficantly related ro the tawl number of atempre per vear, for
the whale island over the four years 2001 2006) of brecding success daw and for the
Tatelkop sub-calony wath 16 sears of data. "Thie was opposiie to the expectation char the
number of fullures would he relatwely constant across years, and thus thar fewer attempls
would resull in a higher proporfion of fulures. Al the level of sub-rolonies, Goaydale was
the only site Lo exputicoce consistentdy high annual breeding sucress (e, expected without
predation, althauph predion oceorred there. There was fittle remporal consislency in ot
faillures or hreediup success in other sub-eolomes and different sites vaned 1 opposie
direcrions berwcen/venrs. The onset of attacks differed by a month beoween ates and there
was lirde consistenry in the numbers of failures per monck within or berween sites. The
Green Hill sub-colony contrasis mest siongly with Gonpdale i having  constslenily
amongst the lowest breeding success of all sites, Howeser T could find no environmental or
wounds appeared Lo be random, with the head, the least likely part of the body @ be
artacked, having the second-highest frequency of wounds, This und other descripiive dac
suggest that altacks arc not optimal at delivening energetic rerurns for mice. Nests that failed

m a given month were sipnificantls closer 1o the nearest nest that fuiled the previous month
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than prodicted Iy chance, suggesting a locahsed offeer possibly due o oa few prodatory
imdiduals. For the mice, analysis of 4 videoed artack showrod that mitee atracked more-oe
less constantly, wich up 1o 10 mice around the nest at a fime and 4.7 mice competing
agaressively {or access 0 an open wourd. OF mice that parneipared i atracks, 60% of ther
tme was spent teeding, whereas 32% of all visits 10 the nest ended in mice leaving the nest
hiving consumed nothing.  There was 4 sgnificant negadve relanonstup between mouse
startle reacton-strengih and e, and mice returned to the nest soomer afrer cach srartle as
the artack progressed, supgpesting cither that e becatne more accustomed 1o chick

movetnents, or were increasingly motvared o feed from the wounds,

Triple Peak

Tarn Moss

Albatross

Waest Plain

Point
Paak Talalkop
Meterglogicalf s
: N Green Hill
| o ,
2 km Gonydale
[— |

& Hummocks

Figure 1. Topographical map of Gough Island showing sub-colonies {or breeding Tristan
Albawosses (dark solid lines) superimposed on 2000 m conrour lnes {dorted) and toajor

witercoutses (ght solid lines).
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Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

Introduction

Invasive species frequently show novel and completely unpredictable responses to new
ecosystems (Peterson & Vieglais 2001). Nevertheless, it is surprising that major discoveries
can stll be made about the behaviour of the house mouse after 2 history of invasion
spanning several centuries. House mice are the only alien mammals on Gough, and were
introduced there some time before 1888 (Verrill 1895). In 2000/2001, unexpectedly low
breeding success and widespread evidence of chick mortality of the Tristan Albatross
Diomedea dabbenena was reported from Gough Island, and the possibility that mice were
responsible was mooted (Cuthbert & Hilton 2004; Cuthbert et al. 2004). This mooted the
possibility that, contrary to conventional wisdom, mice could pose a threat to seabirds, and

could be significant predators of chicks as large as albatrosses.

In this chapter I describe the nature, timing and extent of mouse attacks on Trstan
Albatross chicks. For the albatrosses, I define the role of mice in creating patterns of failure
at three levels: the whole island, sub-colony and the individual. At the island level, four years
of incubator counts and breeding success estimates are in hand. I use these and long-term
data from a small sub-colony to test the hypothesis that lower densities of breeding birds will
result in lower breeding success, because proportionally more chicks are attacked. If this
hypothesis is correct, the implications for a decreasing Tristan Albatross population (Chapter
4) are profound. Understanding spatio-temporal patterns may shed light on why predation
occurs and possibly suggest management options. The former is relevant for predicting
possible predatory behaviour in mice on other islands. At the sub-colony level, Cuthbert et
al. (2004) showed that there was significant inter-colony variation in chick survival in 2001, a
result which merited further investigation. I describe four years of spatio-temporal patterns
of chick mortality and consider variables that could explain large differences. At the
individual level, a question underlying the presentation of data is why do some chicks survive
and others not? I address several questions to understand the value that mice in general,
and some mice in particular, might gain from attacking chicks. First, how many mice are
involved in an attack? Second, how much competition is there between mice for access to
albatross chicks? Third, are some mice better than others at attacking (and so do some mice
gain more from attending an attack than others)? These questions are designed to further

understanding the evolution of the remarkable predatory behaviour of the mice on Gough.
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Methods

Study site and period

Gough Island (40° 21'S, 9° 53'W, ez 6400 ha) lies about 3 000 km WSW of South Africa and
about 400 km SSE of Tristan da Cunha. It has a wet, cold-temperate climate with strong
prevailing westerly winds (Cooper & Ryan 1994). It has an undulating plateau (hereafter
referred to as highland) that rises to about 900 m. The SE of the island has an extensive
coastal plateau (hereafter referred to as lowland) which rises steeply to the interior. Lowland
habitat is dominated by fernbush, characterised by relatively tall, dense vegetation dominated
by ferns, sedges and Phylica arborea trees. The highland plateau is dominated by wet heath,
characterised by stunted vegetation and comprised principally of mosses, grasses and sedges

and Empetrum rubram, a low-growing, woody perennial (Wace 1961).

Albbatross counts

Tristan Albatrosses breed in the highlands on Gough, mostly above 400 m. Peak laying
occurs in January, hatching in March and fledging in November. Gough is divided into
discrete counting areas for Tristan Albatross monitoring (Figure 1), with set routes and
count methodologies (Ryan et al. 2001). Complete counts of incubating adults (January-
March) and large chicks (September) were completed in 2001, 2004 and 2006, following
Ryan et al. (2001). Missing values from partial counts in 2005 were imputed (see Chapter 4
for details). Incubator counts are a measure of annual reproductive attempts. Large chick
counts are equivalent to the maximum number of fledglings, because eatly incubation and
post-September chick failures missed counts of fledglings (Cuthbert & Sommer 2004) and
are implicitly treated as fledgling counts throughout. Breeding success is defined as the
percentage of nests that fledged a chick. From 5-9 October 2003, approximately 200 chicks
in Tarn Moss, Albatross Plain, Gonydale and Tafelkop were physically examined for
wounds. I also examined 378 chicks for wounds from 28-30 April 2004. Time constraints
did not permit all chicks in each area to be investigated, but I examined at least some chicks
from every sub-colony. The location of wounds was recorded according to gross
morphological features (e.g. head, wing, rump, etc.). In 2004, around 300 Tristan Albatross
nests (ca 16% of the island total at the start of incubation) from Gonydale, Green Hill,
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Albatross Plain and Tafelkop sub-colonies were monitored. Chicks were examined for

wounds 1-3 times per month from hatching (around March) until the end of September.

A shortcoming of the data in this chapter is the fact that natural (or background) failure rates
(of eggs and chicks) cannot be separated from mortality caused by mice or other
unnatural/unusual causes per se. No attempt is made to compensate for this, but I have
implicitly assumed throughout that natural failure rates are roughly constant across areas and
years, and are similar to those recorded elsewhere for congenerics breeding on islands free of
mammalian predators, typically 25-40% (Weimerskirch & Jouventin 1987; Croxall et al. 1990;
Weimerskirch et al. 1997; Elliott & Walker 2005; Walker & Elliott 2005). Thus although
inferences are made about the role of mice by comparing breeding success, all the reported
figures include some level of natural mortality too. Wherever possible I have used the
largest sub-colonies for comparative purposes, to minimise the influence of stochastic

variation in natural mortality on the results.
Spatio-temporal patterns of chick mortality

WHOLE ISLAND LEVEL

I expected that the pattern of predation by mice would conform approximately to the
dictates of supply and demand. From this expectation, two alternative predictions atise —
supply-side drivers and demand-side drivers. The simpler option is that supply dictates
predation rates: mice prey on chicks in proportion to their availability, resulting in a
significant relationship between total nesting attempts and total failures, and a relatively
constant annual breeding success but with a wide range of actual failures per year. The
second is that failures are demand-driven: mice require albatross chicks in order to satisfy
nutritional requirements that change annually according to fluctuations in mouse densities,
availability of alternative resources and/or other environmental factors (e.g. a harsh winter).
These other factors are unknown at present, but if they are important the pattern of failure
with respect to the total number of attempts should either be random (if these factors vary
widely between years) or a relatively constant number (if the environment is relatively
predictable and follows the same annual patterns with low variance). A corollary to the latter
expectation is that albatrosses meet a significant proportion of the energetic demands of

mice. Total failures were regressed against incubator counts for the whole island for 2001,
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2004-2006 and from the Tafelkop study colony, from 1989-2006; no incubator counts were
done in 1997 or 2003 and these years were excluded.

SUB-COLONY LEVEL

Using data from study nests in 2004, I performed a Kaplan-Meier survival function analysis
(which calculates the cumulative proportion of nests surviving over time) of chick survival
rates in Albatross Plain, Green Hill, Gonydale and Tafelkop, and tested for differences in

survival over time between areas using a log-rank test (Johnson 1979; Nur et al. 2004).

I investigated the importance of environmental variables in explaining the differing extent of
mouse attacks in 2004 at Green Hill and Gonydale. Plant community composition was
compared on 5 June 2004, to test for gross differences in food availability for mice. At each
location I ran a 200 m baseline roughly perpendicular to the contours and spanning the bulk
of the altitudinal range of Tristan Albatross nests in each area. The baselines were on well-
drained, west-facing slopes. The starting point for each baseline was chosen arbitrarily,
somewhere near the lower end of a slope. Ten transects were laid out at 20 m intervals at
right angles to the baseline. Each transect was 20 m long and sampling was done in 1 m®
quadrats at 2 m intervals. Sampling effort amounted to 100 x 1 m” plots at each site. In
each plot I estimated percentage cover of mosses and ferns (dominant groups but not food
resources), grasses, sedges and other angiosperms. For the latter group I estimated
separately the percentage cover of the berry-bearing Empetrum rubrum and Nertera depressa,
because these are potentially important food species for mice (Jones et al. 2003). Differences

in mean cover between the two sites were tested using a Kruskall-Wallis ANOVA.

INDIVIDUAL LEVEL

Schematic maps of relative nest positions and inter-nest distances were made for study nests
at Green Hill. At each visit, nests were classed as either active, failed since the last check, or
failed prior to the previous check. Status changes are displayed at monthly intervals. 1 tested
whether the probability of a nest failure at Green Hill was random with respect to distance
to nearest failed nest. For each chick I measured the distance to the nearest nest that had
failed at the previous check and recorded the status of the nest (active or failed) and tested

for differences between the groups with a t-test.
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Analysis of video attack
I found a severely wounded Tristan Albatross chick at Green Hill on 7 May 2004. It had a

large, fresh wound on its right upper wing, parts of which had been eaten down to the bone.
There was a second large, bloody wound on its right rump, between the cloaca and right leg
(Figure 9). Examination of subsequent mouse behaviour suggests that a third wound was
located under the right wing. I used a hand-held Panasonic NV-DS30 digital video camera
and a custom-made infra-red lamp to record mouse-chick interactions. Filming started at
19h00 on 7 May, before complete datkness, and ended at 21h45 pm, when rain prevented
further recording. Data collection was interrupted by rain and the chick’s frequent shuffling
of position, which obscured the wounds and mouse behaviour. Slow-motion replay was
used to quantify chick and mouse behaviour. A mouse was defined as attending the
attack/nest if it came to the rim of the nest cup, but attendance was recorded from the time
it could be detected on camera. Although mice were not individually identifiable, individuals

could be followed for periods from 2-135 seconds.

I quantified the proportion of time that individual mice at the nest spent attacking. When a
mouse approached an open wound and appeared to feed from it, I defined this activity as an
attack. Time spent feeding was quantified; all other activities (washing, interacting with other
mice, investigating the chick, etc.) were treated as ‘non-attacking time’ and lumped. Forty-
nine time budgets were comstructed for mice (the actual number of mice involved is
unknown) that could be accurately observed around the bird, including mice that appeared
to do no more than arrive and then depart the nest immediately. Individual mice were
followed under continuous observation for as long as possible and the proportion of time at
the nest that was spent feeding from wounds was quantified. However, because individual
mice could not be repeatedly identified, all analyses may be vulnerable to some level of
pseudoreplication, and caution is urged in interpreting the results. I compared the mean
time that 1, 2, 3 and >3 mice spent feeding per 1 minute period, and tested for differences
using a one-way ANOVA. I also measured the intensity of attacks by summing the total
time all mice spent feeding in each 1 minute period and dividing that by the maximum
number of mice feeding per period, and correlated this with time (in minutes, from the start

of the first attack).
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I counted the frequency and scored the intensity of the chick’s behavioural responses to
being attacked, referred to as reactions, and related these reactions to the relative intensity of
the attack over the same time period. I divided the recording into 1 minute periods in which
accurate budgets of attack time at the main wound (on the rump) could be constructed. The
sum of all mouse attack times in each of the 36 1 minute periods was used as 2 measure of
the intensity of the attack during that period. Attack intensity was correlated with time to
investigate the temporal pattern of attack intensity. I then scored the chick’s reactions over
the same 1 minute periods. A reaction is defined as 2 movement by the bird that it was
unlikely to have made if mice had not been attacking it. The summed scores per minute
gave an index of reaction intensity and these were plotted against attack intensity for the
same period. Reaction intensity was scored from 1 to 4:

Slight movement (e.g. twitching muscles) = 1

Definite movement of the affected area (e.g. shuffling leg or wing) = 2

Sits upright = 3

Shakes vigorously or shuffles = 4.

For each chick reaction, the startle response of each mouse was scored as follows:

No startle = 1

Reacts slightly but remains at/near wound = 2

Moves away from chick but remains at nest = 3

Moves away from nest = 4

Runs or jumps as if startled and leaves nest = 5

Data were collected from 19h25-20h00 pm and 20h35-21h10 pm (hereafter referred to as
‘Early’ and ‘Late’ periods, respectively). Startle responses in the two periods were correlated
separately with time to look for temporal trends in the strength of startle responses. I then
calculated the mean startle score per chick reaction and correlated this with chick reaction, to

see if the strength of startle reactions was related to the strength of the chick’s movements.
To give an indication of the degree of competition at the wound duting a period of acute

competition, I counted the number of mice that were in physical contact with each other.

Counts were made at 5 second intervals for 70 seconds. I also counted the frequency with
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which mice aggressively replaced each other at wounds in 10-second intervals over a 130

second period.

Results

The key result for this chapter and the thesis is that mice are responsible for widespread
chick mortality on Gough Island. I checked the Green Hill sub-colony on 20 April 2004 and
recorded eight fresh Tristan Albatross chick carcasses and 10 wounded chicks (five of which
were still being brooded or guarded by adults). The wounds on brooded or guarded chicks
could not have derived from attacks by predatory seabirds and disease was an improbable
cause of the lesions, as the chicks were otherwise asymptomatic (no half-closed nictitating
eyelids, drooping wings or hanging heads). The only plausible explanation was that the
wounds were the result of attacks by mice, leading to the obvious conclusion that the recent
carcasses were the result of fatal attacks. A round-island check of 375 chicks on 28-30 April
revealed fresh carcasses and/or wounded chicks from all sub-colonies except Gonydale and
Hummocks, confirming that mouse attacks were happening across the island. Video footage
of a wounded chick at Green Hill in May and observations of mice at 2 wounded chick in
Gonydale in August confirmed that mice were attacking and ultimately killing live, healthy

Tristan Albatross chicks.
Spatio-temporal patterns of chick mortality

WHOLE ISLAND LEVEL

Inter-annual breeding success was relatively constant in 2001, 2004 and 2005 (all 27-29%).
The year with highest breeding success (2006, ¢z 45%) is also the year with the fewest nesting
attempts (Table 1). Figure 2 shows regressions of total failures against total incubating pairs
were significantly positive for both the whole-island and for the 16-year data-set from
Tafelkop (adjusted R*=0.968, p=0.011 and adjusted R*=0.618, p<0.001, respectively).
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Figure 2. Regressions of incubation pairs with total nest failures of Tristan Albatrosses from

2001 and 2004-2006 for the whole island (¢), and from 1989-2006 (n=16 years) for the
Tafelkop sub-colony (¢).
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SUH-COLONY LR

Breeding success was very vamable among sub-colonwes boch within and between vears
fTable 1 Cuoly Goovdale showed a relatively consistent, high breeding sucress. latelkop
was counted on 20 August 2404, and acmal fledgiog soceess may have been lower than
reported, especially az one of the hirds coumeed i Auaeust had open wounds {rom a recent
mmse atrack, and fatal atracks were indtlated o ether areas abler tus dace. Examination of
Lrecding suceess alone masks considerable vanation in the actual number of fathues berween
vears. For cxample, breeding success in Albatross Plain was 9% lower in 2004 than in 2001
bur there were only six more fadlures in 2004, Also. breeding success in West Point in 2004
apd 2006 was simidar (2H% ws 33%0 but theee were 200 fewer fmloes in 2006, Althouph
whaole-island breeding success 15 closely correlated with the mamber of incubacng paies, these
dara averape oul inter-area differences and there is little mter-annual conststency 1n absolte

mortahitr or breedmp success belween sies,

Table 1. Annual counts of moahating paes T, mummom aumber of Baduees (T and %
breeding success (BS) of Tostan Albarrosses on Gough Island, Impuled values for missiap

counls are given in parenthesis {see Chaptee 4).

e 2001 2004 2005 2006

1w R v B s | e EER s | 10 B RS
Albarross Plain 325 286 27 | 294 242 18| 283 133 46| 213 &35 74
False Peak 120, 04 27 | T4 34 27| (op @2 47| 39 B 36
Gonydale 1235 40 68 | 134 43 72| 14 17 85| 145 M 51
Grreen Hill 30 241 22 | 164 131 20| (238 @R 25| (135) 08 30
ITummacks 5133 33 | 45 I R| @m @h 21| 6n @ 78
Spire Crag 338 2100 38 | 210 178 17| (2320 {@B1) 28| 187 134 28
‘Larn Moss 35 22 37 ! 45 29 38| 42 @ey Ts| 41 1B 76
Tafelkop Tl  BEEE: BT B 15 10 33
Triple Peak 153 426 18 | 166 934 7| 1300 W 16| ve 4D 58
West Poinr 018 T4+ 19 | 694 499 28| 724 639 12| 443 298 33
Total 2400 1744 27.3 (1869 1353 27.6 | (1939) (1389) 29.0 | 1366 746 45.4

o=
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Chapter 3 Spato-temporal patterns of fatlure for Tostan Albatross chicks

Summary statistics show that variation in breeding success from 2001-2006 was high in most
sub-colonies (Table 2). Annual breeding success was consistently <40% at Green Hill, Spire
Crag and West Point, and Gonyvdale was the only site with breeding success consistently
=505, Green Hill and Gonvdale had the lowest coefficient of vanation (CV), & result that
suggests the differences between these areas are relatively consistent. Sub-colonies averaging
<50t pairs/vear had high varability in annual breeding success, although Albarross Plain,
with the second-highest mean incubator count, had the highest overall variability in breeding

BLICCERE.

Table 2. Sub-colony size and summary statistics on breeding success for [ristan Albatrosses
on Gough Tsland in 2001, 2004-2006.

Mean Maximum breeding success (%4}
Sub-colony incubating pairs Mean (S8I3)  Range (Y
Albarross Plan 278.8 413249 7418 120
Filze Peak 85.0 302 (14.5) &6-27 .7
Gunydale 135.0 69.1 (14.1) 85-51 0.41
Green Hill 2103 22747 3120 040
Hummaocks 453 54.4 {234 7832 050
Spire Crag 246.8 278(87) 3817 062
Tafelkap 17.8 46.1 (18.5; T1-30 020
Tarn Moss 40.8 56.1 (22.8) T6-36 08l
Triple Peak 136.3 248 (228 547 144
West Paint 694.9 229 (9.4) 3117 g8

Breeding success and incubator and chick counts for each year (2001, 2004-2006) were
plotted separately for Gonydale, Albaleoss Plain, West Point and Triple Peak. These sites
wete chosen because actual {rather than impured) count dara exist for all years and the mean
number of nests in each area 1s >100 annually. There is relatively litde correlaton berween
the number of breeding attempts and breeding success within a site across years (Figure 3},
However, a general pattern in West Point, Albamoss Plain and Trple Peak, but not

Gonydale, is the trend of fewer breeding artempts over ome.
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Chapter 3 Spatio-temporal patterns of falure for Trstan Albarross chicks

The Kaplan-Mcier survival functon showed that there were significant differcnces (Log-rank
test, ¥5=63.9, p<0.001) in the temporal pattern of chick mortality rates in the four sub-
colonies that were regularly monitored in 2004 [Figure 4). Gonydale is learly the exception,
as it had virtually no failures (and nene attnbutable to mouse attacks) between April and
mid-June. Although the slipht tnerease mn failure rate towards the end of the season was due
largcly fentirely, to mice, the final breeding success for the whole sub-colony was relatively
high [Table 3). The patterns of failure ar Green Hill Albatross Plain and Tafelkop are
characterised by a sudden onser of attacks, which were sustamed at 4 spadally and temporally
similar rate. The slowed rare of failure at Green Hill after July was probably due to there
being tarpe areas with no chicks lefe—only five clucks survived out of an onginal 43 nests
{(Table 3). Although the gencral pattern of failure is similar in the four areas, the timing of
the onset was not, with the first chick failures in the subset of chicks being studied in
Albatross Plain being recorded in May, versus in April for Green Hill and Tatelkop.
However, this resalt should be viewed with caution, because on 28 April T found fresh
carcasses and one wounded chick out of M) chicks checked in Albatross Plain, althouph they
were not near the study nests. When the actual numbers of failures per month are cxamined
{Figure 5), however, the twends i the different areas are quite divergent. Green Hill
expericnced a very high number of failures inidally and, for reasons explained above, was the

only atea that did not show an increase in the numbers of failures in August/September.

There were no failures duriag incubation in Tafdkop, and although Table 3 does not show
it, I found no abandoned nests amaongst the study nests in Albatposs Plain, indicating zero
failures durng incubation there too. Thus the bulk of falures m Albatross Plan, Green Hill
and Tafcelkop oceurred during the chick stage.

ab



Chapter 3 Spatio-temporal patteens of failure for Tristan Albatross chicks
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Figure 4 Kaplan-Meier survival probabilities tor Trstan Albatross chicks over time. Darta
are from endre sub-colonies of Gonydale () and Tafelkop () and sub-samples of Green

Hill {~) and Albatross Plain (<),
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Figure 5. Temporal patterns of numbers of Trstan Albarross chick fallures from four sub-
colomies on Gough lsland in 2004, Data are from entre sub-coloples of Gonydale and

Tafdkop and sub-samples of Greea Hill and Albarross Plain.
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T H L

Table 3. Tristan Albarross breeding success dara from four sub-colontes in 2004 on Gough
Island. Ilatching success is pot shown for Albatross Plain ot Groea Hill because only a
portion of the nests were individually monirored, from chick stage onwards. Breeding

success 1s for the entire sub-colony.

Incubator  Chicks  Fledglings Ilatching Fledging  Breeding

count  monitored SUCCESS  SUCCESs SUCCESS
Gonydale 154 134 111 7.0 323 721
Albarross Plain 204 56 26 - 46.4 184
Green Hill 164 43 5 - 116 20.1
Tatelkop 23 23 T 100 0.4 30.4

The differences in relatve cover of the major plane groups or significant food species
between Green Hill and Gonydale were remarkably minor (Figure 6).  Of the plants thar
produce macroscopic, edible seeds (grasses, sedges and ‘ather angiosperms”) and fruits, the
maximum difference in relative cover between sites was 1.1%, The frequency of occurrence
{percentage of plots in which cach category of plant occurred) gives an indication of spatial
hewerogencity. This measute matched fairly doscly the relative abundance, meaning that few
transects lacked any one category of plant The only significant differences berween Green
Hill and Gonydale were in relatrve abundances of E. reorw and ‘other’ angiosperms
(Hymp=4.35, p=0.037 and T4, =30.82, p<000]1, respectively). In both cases, but
particularly for E. rwbramy, the difference was largely due to the differences in heteropendity
of the distdbutions, with F. rubrwe being more clomped (occurnng in fewer plots) at Green

Hill than in Gonydale.
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Figure 6. Relanve abundances of meor planl groups/ species al Green Hill and Genydale
sub-colomies. Percontagn cover of cach calegory was estimaled in 1 m’ plots (n=100 per
areal and the mesn caleulared for cach area Trror bars denote SE, data labels denole
percentage of plots in which a catepory occurred and # denales sigmificant differences

bebarern siles,

TV AL LEY KL

The frequency of 38 observed wound sires on M chicks s shown in Figuee 7 T expeeed
thal the patls of chicks meost accessable to mice such as the ump and undersides) would be
targeted most frequently, and dus was the case. However, the most unlikely asea of a chick
to he mrgeted  the hend—was the second maost frequently wounded area; the category
‘other’ inchaded throar/neck, breast, under-wing and feer. Che chick was mor mcluded in
Figure 7, because i was discovered willy a Jarge number of mdividual bire marks all over irs
hody, Beades this individual, two chicks were found wath patches of down removed from
their bodics but withool visible wounds.  Six indwiduals recovered from ther wounds,

althouph four of these died subsequently.
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Figure 7. Frequency of wounds (n=38) on different body-parts of albatross chicks (n=30
chicks}. Chicks with multiple wound sites contributed to nmultiple categories,

The starting date of attacks was vardable befween sub-colonies in 2004, with the earliest
attacks recorded on chicks (many still being brooded) at Green Hill on 20 Aprik; several
carcasses were observed at this check, soggesung thar sitacks hid commenced earker
(pessibly as much as 7-10 days)., Only Gonydale had no definite records of wounded chicks
by 30 Apnil, the firse record of 3 mouse attack there was on 20 fune. Examinanon of larpe
chicks in October 2003 sugpested that artacks had ceased by then: four wounded chicks were
discovered on 7-9 Oetober, but all the wounds were scabbed and healing and ulimately the
wounded chicks all fledged. The larest date for a fresh carcass is 21 Seprember (found in
2006). Although some inter-snnual vanability in the seasonal uming of the cessation of
amacks 15 expected, the fact that only healing wounds were found in October 2003 suggests
thar there is a seasonal or chick age limit bevond which attacks stop.

Only one dead Tristan Albarross chick was found unwounded, A second chick was
discovered 1n 4 weakened state on 8 July: it didn't regurgitate oil when handled or respond
apgressively to me.  However, it died between 29 July and 17 September.  These
observapons suggest that, 25 for the lowlands (Chapeer 2), mice do not preferentially select
weak of madbund chicks o atmack  The majority of chicks thar died were not found
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wolnded firen; they either disappeared or were reduced to stoipped carcasses betercen checks,
Tlawwever, 19 chicks in the strdy areas were tound alive bur wounded. OF these, 13 (68%%)

had died when nest checked, {our died later and two fledged.
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Figure § Spano temporal patterns of chick deaths at Green Hill {35 nesrs) 0 = active nests,
m = failed since last check und - = failed efore last check Solid lnes mdicate water-courses
(possible barriers to sipnificant mouse movercent), Failures in March were not due o mice.

Schemarie not ro scale, bur distance bars indicate approximate scale.
Proxamily of nests 1o others that faied wag a sirong predictor of tmlare probabiling: nests

that falled in a given month were sigmificantdy claser o the mearest mest that failed the

previous month thun predicted by chance (1,=2.9, p<(L00Z:. "The widespread wnaidence of

3




Chapter 3 Sparo-temporal natierns of fallure for Tosian Albatross chicks

attacks is best illustrated in the Green Hill colony in which only three of the 35 study nests
depicted in Figute 8 did not fail. This implies that nests in high density areas (ie. in close
prosimity to several other neses) are no more likely to be artacked than nests that are at low

densides,
Awnalyiis of video afarks

MOUSE BEHAVIOATR

Mouse attacks on albatross chicks appear to be exclusively nociurnal, n keeping with the
primarily noctarnal habits of the house mouse (pers, obs). At the filmed ateack, the first
mouse appeared at the nest at 19h13 (sunset was at 17h38) and within three minutes it began
tes attack an existing wound. By 19h32 there were at least five mice present. Arttacks from
that point onward oceurred almast comtinuously until videoing ended, with only bncf
intermissions caused by the hird's movements scaring mice from the area.  Mice were
comstantly approaching the nest and leaving again, often without even touching the albatross
chick or without attacking it. The maximum number of mice recorded at the nest at any one
time was 10} individuals (Tigure 94). Close-up fontage at the woned showed nuce apparently
licking blood-soaked feathers around the svound (Figure 9B8).  Other footage showed a
mouse repeatedly inserting its head through a hole into the body caviy and bifing and

puliing at internal organs that were clearly visible through the wound.

Figure 9. Images captured from infra-red video recording showing 10 house mice artacking

a Tristan Albatross chick (A), and mice feeding at a hole eaten through the rump of the
chick (B). The chick was dead the following marning,
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The frequency discribuuon of the proportion of fime at the nest that was acrually spent
attacking 15 to modal, with toany mice doing oo attacking, meosl doing sotoe atiacking and
sorie detng nothing but artacking (Tiguee 101 Cautton 15 arged in interprenng these data, as
the level of independence of each observation 1s unknown because some mice conrribured
several observations to the data-sel. PHowever, out of 49 mouse dme-budgets at the nest,
cumulatvely totalbing ahmost 2000 ‘nwnse-seconds’, 16 observatons (32% of the toral and
cutniulatively 215 seconds) were of mice that are nothing and then left the pest (Flaure 100
Mevertheless they seoemed Lo be very wnlerested in the chick, with sorne inveslgatiog 11 al
length, bt either they faled ro find the exasting wounds or they deaded ner e cormpere and
did noL epen up any new wounds. The niean proportion of nme mice spent at the nest
actually eating was $1%. It the inice that ate nothing are excluded, however, the niean

mcreases to 1%, Sewveral mice were observed atlacking ardalerrupled for more than 60

secorars,
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Figure 10, Frequency distribudon showing proportion of toal observation e thar mice

spent artacking a wounded Trisian Albareoss chick.

The startle responses of mice, maoked on a scale of 1 o responsel to 5 (flecing foom the
nest) showed that mice differed in their individual responses v3 chick moverments, In e 24%
of alservations mice shoraed no starthe response ar alll. They ooby stepped feeding when

the:;-‘ were dislodged by the cluck’s movetnents or displaced by other mice. The mean scorc
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tor startle response mthe early period was 3.4, versus 2.2 for the late perted. A pardal
correladon of mouse startle streagth with e 0 minutes from the start of attacks) which
confrolled for the chick mevement Qsealed 1-40 that caused mmice to startle, shoawed there was
a significant negadve elagonship R=-042, p<0.001, u=93 obscrvadons), suggesting thal
rmice became accustomed o the chick’™ movemens. Figure 11 shows thar starle esponses
were positively correlated with the strength of chidk reactions, b the differvoces were not
sigificant IRF=L683, p=U4T76, n=%3 ohservations). ‘lhus akheuph the mean srartle
response dimuished over time, the range did nor There was, however, a significant
dectrase over Line 10 Lhe average ume that it ek tor the st mousge to retorn to the wound
after cach chick moevement, Truring the carly peded the mean meoirn e was 1200 seconds
n=4% evinrs) versus 2 seconds (n=221 10 the lare pertod (Mann-Whitnoy U, adusred 27200,
p=UA43). Thus earle in the evening, mice startled easily, strongly and took longer 1o remuirn,

but Lhis response decressed substandally over ime,

oy
in

210

Mean mouse reac o

lﬂ..___ . .

1 2 3 4
Chick behaviour category

Figure 11, Correlation of chick bebaviour {in reacrion to being attacked) and corresponding

srartle response of tnice ro the chick movement.

Ar prale fitrwes there were 4 7 muee compenng for aceess 1o o single wound,  Aygressive
interactions (where one mMouse {orced ancther awas {rom the wound) occurred on average

2.9 times por 10 seeonds fmax — 7, min = 0. Although there were probably fewer than 10

Th



Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

individuals competing during this time, the rapid turnover gives an indication both of the
degree of competition as well as the determination of the mice. As the number of mice
feeding increased, up to three mice, so the mean proportion of the time that each mouse
spent feeding increased (Figure 12): mice attacked with greater intensity when others were
also doing so. However, when more than three mice were feeding simultaneously, the
proportion of time spent feeding by individual mice decreased. The effect of increasing
numbers of mice on mean feeding time per mouse approached significance (F,,,=2.76,
p=0.059), but power was hampered by small sample sizes. Figure 13A shows that attack

intensity was positively correlated with tme (R*=0.63, p<0.001, n=36 1 minute

observations).
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Figure 12. Mean duration (in seconds, per mouse) of feeding by mice at a single wound on a

Tristan Albatross chick during 36 1 minute periods. Error bars denote 95% CI.

CHICK BEHAVIOUR

The response of the filmed chick to a fatal attack was remarkably minimal. In essence, it sat
on its nest and occasionally made soft vocalisations, shuffled, shook or otherwise moved its
body but for the most part appeared impassive, allowing the mice to consume its internal
organs at will (Figure 9). It appeared completely unable to see the mice and only twice
snapped at (but missed) mice that touched its bill; on >10 other occasions mice were
observed touching its bill without the chick reacting significantly. Out of 36 discrete, 1

minute observations when attacks were underway, the chick did not react at all in 10 of these
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Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

and in 13 observations reacted only once. The chick’s reaction to being attacked showed no
temporal trend (Figure 13B; R=-0.001), despite the fact that the attacks increased in intensity
over the same period (Figure 13A). Only once throughout the entite filming did the chick
appear to deliberately dislodge a mouse. This mouse was eating from the wound on its wing,
and it remained in 5% despite several mild shakes by the chick. It was only removed when
the chick sat upright and shook its wings quite vigorously. The chick was dead and its
carcass stripped clean (by scavenging Subantarctic Skuas Catharacta antarctica and Giant-

Petrels Macronectes spp.) the following morning,
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Figure 13. Temporal behavioural patterns during an attack by mice on a Tristan Albatross
chick. Attack intensity is the total time all mice spent attacking the chick (during 36 x 1
minute periods) divided by the maximum number of mice feeding from a single wound per

period (A). Index of chick reaction is the sum of the behavioural responses of the chick
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Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

(scored 1-4) to being attacked per 1 minute period (B). Time is in minutes from when

attacks began, starting at 19h16.

Discussion

Mice attacked and killed healthy Tristan Albatross chicks on Gough Island in 2004. How
can we be certain that they are responsible for the widespread reproductive failures observed
from 2001-2006? First, aside from exceptionally high failure rates on Gough, the timing of
failures (Table 3), which was heavily biased towards the chick stage in all years, is
unprecedented among Diomedea albatrosses, which fail mostly in the incubation or eatly chick
stages (Croxall et al. 1990; Weimerskirch 1992). Thus something very unusual was
happening on Gough. Second, chicks with wounds from mouse attacks were found in all
sub-colonies. Third, mouse attacks were directly observed, 68% of wounded chicks in study
areas (13 of 17) had died at the next check, and ultimately only two wounded chicks
survived. Fourth, there was no evidence of any other cause of systematic chick mortality.
Chicks with otherwise asymptomatic for disease (no drooping wings, hanging heads or half-
closed nictitating membranes, Weimerskirch 2004) and only one chick appeared to be weak
from starvation. Exactly 100 chicks of the 256 nests that were monitored closely died: in
every case for which there was any evidence of the cause of death (n=13), mice were the
only discernable contributing factor. Last, attacks on burrowing petrels (Chapter 2) are
almost identdeal to those filmed and observed on Tristan Albatross chicks, and continuous
sequences of video at multiple petrel nests show that mouse attacks are the direct cause of
chick deaths. It is thus with confidence that I ascribe most of the unusual chick mortality in
the Tristan Albatrosses (in all years in which their breeding success has been studied) to

mouse attacks.

A standard explanation for the vulnerability of island birds to attacks from novel predators is
that island species lack appropriate behavioural responses (Kepler 1967; Atkinson 1985).
The video evidence supports this, as does the widespread and frequent nature of the attacks.
The videoed chick appeared to be almost completely night-blind and ineffectual at fending
off attacking mice. Additionally, from the onset of attacks on albatross chicks it often took
several days for them to die, during which time mice would have fed repeatedly on them,

sometimes opening multiple wounds. This is reminiscent of parasitism rather than
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Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

predation, analogous to finches in Galapagos pecking at tail feathers of Booby S#/a sp. chicks
and drinking their blood (Grant 1986), although in that case the chick seldom dies as a

consequence.

Spatio-temporal patterns of chick mortality

Whole-island counts and long-term data from the Tafelkop colony show that the number of
incubating pairs has a strong positive effect on the number of failures. This result lends
support to the hypothesis that mice depredate chicks according to their relative abundance
and does not support the hypothesis that other factor(s), such as annual fluctuations in
numbers of mice in winter, or availability of alternative food resources for mice during
winter, contribute significantly to the observed patterns. Further, this result means that
albatrosses do not necessarily constitute an important part of mouse diets. This latter point

is taken forward in Chapter 6.

At the scale of the sub-colony, Gonydale is clearly different to other areas. Breeding success
there averaged 70.2%7.8% over five years (1979-2001), consistently within the range
expected without mouse predation (Cuthbert et al. 2004). This broad pattern continued,
although with higher variability, up to 2006. In contrast to this are all other sub-colonies,
which have experienced low breeding success indicative of significant mouse predation in
some or all years from 2001-2006 (Table 1,2). The strongest contrast to Gonydale breeding
success was at Green Hill, which has experienced amongst the most consistently low
breeding success of all sub-colonies (Table 1). Why is there such strong contrast between
adjacent sub-colonies? They are contiguous and the sites examined within each area have
almost identical orientation, slope, aspect and altitude. Annually they have similar starting
densities of nesting albatrosses. A stable isotope study of marine nitrogen input to the two
areas (reported in more detail in Chapter 5) showed no significant differences. This
confirms that at a landscape level there are no systematic, long-term differences in the
amount of seabird-derived nitrogen, and thus no differences in mean densities of nesting
seabirds of all species, between Green Hill and Gonydale. The similarity in plant community
composition between Green Hill and Gonydale (Figure 6) is not especially surprising, as the
sites were chosen to minimise environmental differences and maximise climatic similarity.

Crucially, mouse densities were similar between these sites (see Chapter 6). Thus the base of
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Chapter 3 Spatio-temporal patterns of failure for Tristan Albatross chicks

the food chain (plant composition) is the same, micro-climatic differences are unlikely to
drive big differences in plant productivity, availability of seabirds appears to be broadly
sitnilar and mice occur at very similar densities. The environmental variables considered do
not explain the differences in breeding success, yet in all years mice inflicted huge mortality
on the Green Hill chicks, whereas in Gonydale mouse predation barely affected breeding

SUCCESS.

The absolute number of fallures varied substantially between years and between sub-
colonies. Although the patterns conformed broadly to the predictions based on the number
of incubating pairs, individual sub-colonies did not vary systematically. Why did the number
of failures in some sub-colonies decrease relative to the previous year, and increase in
others? Consider, for example, the apparently random changes in the total fatlures for each
sub-colony between 2004 and 2005 (Table 1). It is probable that variable rates of
‘natural’/background mortality contribute to the patterns of absolute numbers of failures
and breeding success. However, the role of variable predation rates, and what drives those
to vary, must also be considered a probable driving factor. This is most apparent in areas
such as West Point and Albatross Plain, with large (>100) numbers of incubating pairs
annually (that will buffer the impact of background mortality), in which the number of

failures varies widely between years.

Mice are widely recognised as being highly adaptive and capable of existing in an impressive
diversity of habitats around the world (Bronson 1979; Pye 1993). However they are
generally not aggressive predators of other vertebrates. On Subantarctic islands, including
Gough Island, their diet consists largely of plant and invertebrate matter (Le Roux et al.
2002; Smith et al. 2002; Jones et al. 2003; Chapter 1). On Gough, several features of the way
in which mice attack albatross chicks suggest that the predatory behaviour is not an efficient
foraging behaviour for all the mice attending a wounded chick, iLe. it could be done with less
effort and yield greater returns. First, mice get only a small benefit from albatross chicks,
relative to the nutritional content of a chick. Although many mice may get one or more
meals, it is highly probable that skuas and giant-petrels actually kill most wounded chicks,
scavenge all carcasses and thus consume the overwhelming bulk of the flesh. Second, Figure
7 shows the intriguing result that the head was the second most frequently wounded part of
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the body. This is surprising because it is probably the most mobile and (with the possible
exception of the belly) the least accessible part of a chick. Furthermore, in order to access
the head mice must climb onto the chick’s back and up its neck, yet only two chicks had
wounds on their backs. Third, six chicks had wounds that healed (but four ultimately died
before fledging, presumably from subsequent attacks). Why did mice desist, allowing the
wounds to heal, when in most cases the attacks appeared to continue until the chick died?
Fourth, at least one chick had multple bites but no significant wound and it 1s doubtful that
the mouse/mice responsible for that attack gained any energetic return. Fifth, a single chick
died without being attacked and a second chick was found in a very weakened state, at Green
Hill, showing that mice did not specifically target weak or sick individuals (although this may
be because these situations are relatively rare). Collectively, these observations suggest that
mice are not pre-adapted to attack seabird chicks, mooting the possibility that this behaviour

is learned, rather than instinctive.

The spatial pattern of attacks at Green Hill in 2004, where nests were significantly more
likely to fail if they were close to a recently failed nest, suggests that there was a systematic
nature to the attacks. However, attacks appeared to originate at multiple loci (i.e. occurred in
the same month over large distances, thus at a minimum, several mice must have initiated
attacks). Also, the spread of failures in time was not even. The fact that some chicks did not
get attacked, or were attacked but survived, raises the possibility that some individuals

behave differently to most others and may able to deter attacking mice.

Analysis of video attacks

The intensity of the videoed mouse attack on the Tristan Albatross, and the severely
weakened or moribund state of other wounded chicks leaves little doubt as to the ultimate
cause of those particular chick deaths. However, in the majority of cases, mice are probably
not the proximal cause of death, particularly because they are seldom active during the day
and almost never in full daylight where they are exposed to predatory skuas. Instead,
repeated nocturnal mouse attacks probably render chicks defenceless against skuas and

Giant-Petrels, through exhaustion, loss of blood or massive infection.
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Chapter 3 ___ Spano-temporal partemns of failure for Tristan Albareoss chicks

mice being hipher when more mice were at the wound., The decrease in intensity warh >3
mice s probably due ro imired access and inercased cotmpetition ar the wound. Despite this,
mice were ohserved unvesnganng the wounded chick bur not joiniog i the attack
surprisingly often {Figore 1%, This sugpests that some mice have nort leamed how to access
the wounds or are umable to compere for a space at a wound  The dam showing mouse
stactle responses and the wmponl deercase in remitn-time afree 2 chick moved can be
wrerpeeted m one of rvo ways. It could be arpued chat nuce penerally beeame increasuply
acclimadsed to the disturbance cvents as dmw progressed, and thewr perception of the
assvciated sk went down.  Maotivation o feed mav also have increused with time as the
wounds were eénlarged, bled more wnd food thus became casier o access.  [lowever,
although the frequency of starde srsponscs of mice changed over tme, the rnge did nol
Sreong startle responscs contnued dwoughout the recording Tigure 12), possibly due 1o the
arrival of ‘naive’ muce throughout the weocding.  Another explanaton » that muce least
prone o starde spent the most ome arracking, got the most benefic from the wounded

albarross and rhus weee most mouvated o soay and feed.

In conclusion, this is some of the first unequivocal cndonce that mce can successfully artack
seabird chucks, including chose of albatrosses. The Gailure rates of Tostan Albawoss chicks
were unusually high in all years for which breeding success has been studied, and the
evidence for muce cansing this unusual mortaliey is overwhelning.  Amacks appear o be
uncoocdinated, with scratuble-competition ar wound sites, yet some mice appear atteacted to
wounds but do not partiaipale in attacks {and thus apparently dedve no direel benefits from
the attack). Theparterns of attacks in time and space are predicrable ar the conse scale, but
are locally srochasne with no discermible reasons for this. 1n some sires meost didcks died ve,
somoewhat cﬂmﬂﬁ:‘fﬂl}‘. sOme sureTee lil‘_‘ip‘lh" batog very close o chicks thar were artadked
and kalled {and thus presumably wnthun the home ampe of avacking mice), and despite
artacks connnuing clsewhete, In chaprer 7 1 present some tmore speculauve ideas that could

explain some of these pattetns,

Relerences

Angel, A and J. Cooper 2006. A review of the impacts of introduced rodents on the islands
of Trisran da Cunha and Gough. RSPB, Cape Town.

14



Chaprer 3 Spana-temaral patterns of failure for Trstan Albarross chicks

Atkinson, I A, E. 1985, The spread of commensal species of Raffas to oceanic islands and
their effect on island avifaunas. In P. J. Moors {editor). Conservation of island birds.
Inrernaticnal Council for Bird Preservation, Technical Publication No, 3, Cambndge,
pp. 35-81,

Berry, R ], W. N. Boaner, and J. Peters. 1979, Natural selecton in mice from South
Georgia (South Atlantic Ocean). Journal of Zoology (London) 189:335-393.

Bronson, F. IL 1979, The reproductve ecology of the house mouse. Quarterly Review of
Biology 54:265-299.

Cooper, |., and P, G. Ryan. 1994, Management Plan for the Gough Island Wildlife Reserve.
Government of Tristan da Cunha, Edinburgh, Tristan da Cunha,

Croxall, J. P, P. Rothery, S. I C. Pickering, and P. A. Prince 1990. Reproductie
p&rformancc, cecruitment and survival of wandering albatrosses Diomedea exadans at
Bird Island, South Georgia. Journal of Amimal Ecology 59:775-796,

Cuthberr, R, and G, Hilten, 2004, Introduced house mice May ssrcwdes a sipnificant
predator of endangered and endemic birds en Gough Island, South Adantc Ocean?
Biclogical Conservation 117:483-459.

Cuthbert, R., and E. Sommer 2004, Gough Island bird momitering manual. RSPB Rescarch
Report. Roval Society for the Protuction of Bieds, Sandy, UEL

Cuthbert, R, E. Sommer, P. G Byan, |. Cooper, and . Hilton, 2004. Demography and
conservatdon of the Trisran albatross Digmedea [exudons] dabbensne. Biological
Conservation 117:471-481.

Elliott, G., and K. Walker. 2005, Detecting population trends of Gibson’s and Antipodean
wandenng albatrosses. Notornis 52:215-222,

Grang, P, R 1986, Ecology and evolution of Darwin's Finches. Princeton Universiry Press,
Prnceton, New Jersey.

Jehnson, . 1979, Estimating nest success: the Mayfield method and an aliernanve. Auk
96:G51-661.

Jones, A G., 5 L, Chown, and K. ]. Gaston. 2003. Introduced house mouse as a
conservation concern on Gough Island, Biological Conservation 12:2107-2119,

Kepler, C. B. 1967. Polynesian Rat predation on nesting Laysan Albatrosses and other
Pache seabirds. Auk 84:426-430.

85



Chapter 3 Spatio-ternporal pateerns of faillure for Trstan Albatross chicks

T Roux, V., [-1. Chaps, ¥, Frenot, and T Vernon, 2002 Diet of the heuse moase [(Mar
mwseeds) on Guillou Island, Kerpuelen Archipelago, Subanrarctie. Polar Biology
25:49-57.

Mur, N, AL L Helmes, and G R Geupell 2004, Use of survival time analysis 1o analyze
nesting success o birds: Ao exatnple wsng Logperhead Shokes, Condor 106:457-47 1.

Peterson, AL, and [0 A Vieglats. 2001 Predicning species invasions using ecological miche
modeling: New approaches from bloinformatics attack a pressing  problem.
Bivscience 51:363-371.

Pye, T, 1993, Repreductive bolngy of the feral bouse mouse (May searcsi) oo Subanrarctic
Macquane Tsland. Wildhife Research 20:743-T58.

Eyan, . G | Cooper, and . Po Glase. 2000, Population status, breedmg hiology and
conservation of the Tostan Albatross, Bird Conservation [aternational 1635-48.

Sroith, V. R, M. L, Avenant, and 5 T, Chewn, 2002, The dicl and impact of house mice ona
sub-Anrarcoe 1sland. Polar Biology 25:703-713.

Verall, GG, E. 1893 On some birde collected by Mr, George Comer ar Gouogh Tsland,
Kerguelen Island and the island of South Georgia, I'ransacnions of the Connecticar
Academy of Arls and Sdences :430-478,

Wace, N. M. 1961, "The wegetaron on Gough Island, Teologeal Monographs 31337 367

Walkee, K. and G, Flhoor, 2005 Pomdanon changes and binlogy of the Antpodean
wandering albatrass (Thesedea antipedensish. Notormis B2 206-214.

Weimerskirch, IL, and 1% Jouventdn. 1987, Population dynatnics of the wandering albamoss,
D¥amedea eocadans, of the Crozel Islands: causes and consequences of the populaton
dechioe, Chkos 49:315 323

Woemmerskirch, H. 1992, Reproductive effort o longlived birds: age speoific patterns of
condition, teproduction and sutvival in Lhe wandering albatross, Oilcos 640464473

Weitnershirch, H., N, Brothers, and P. Jouventin, 1997, Popalation dynarnies of Wandering
Albatrosy Doy cxndasr and Amererdam Albatress D, smrferdewensds in Lhe Indian
Ovcean and lhelr selatiooships wich leng-line fishenes: conservadon implicalions,
Biolegeal Conservation 79257270,

Wedmerskicch, TL 2004, Tiseases threaren Southern Ooean albatrosses. Polar Biologye 27374

Ba



CHAPTER 4

Population dynamics and trends of Tristan Albatrosses on

Gough Island: canses and consequences

Ahstract

Previous research supgested negative populatiom ttends fot Tristan Albatrosses [Dimedes
dabbonssa on Gough lsland, citng low adult survival and low breeding success as causal
factors. Here T update and reassess trends with new data. Breeding suecess fraom four
season averages at most 32%, but in three of those years it was af most 27-2%%. The
number of fledglings produced has decreased ar 4 rate of a0 1% per year since 1979-1982.
The 1956 population estimate appears to be unduly conservanve, and a reassessment using
the tnost rehable dats suggests a negative trend of @ 1% per vear over 50 vears. The
estimate of annual adult survival 15 revised dowowards to oz 21%. Populatnon models are
used explore likely demographic trends under scenanos of proportonal and additive adult
and juvenile survival, using combinations of optimisdc vs observed estimates for adult
sirvival and breeding success. Consecutive incubator counts and the model suppest present-
day adult and toral Tristan Alhatross populanons are approximately 5400 and 11300
indtviduals, respectively. The most optimistc model based on current estimates of adult
survival and breeding success sugeest an annual prowth rawe of -285%, with the number of
breeding attempts likely 1o decrease to e 500 per vear in 30 vears. A stable population
would require breeding success 1% or annual survival >%7%%, A worsi-case scenario of
additive {vs proportional} adult mortality and chick failures from touse predation predict a
catastrophic decrease, with extinetion occurring i e 25 years. The models were tnost
sensitive & adult sutvival, but observed levels of breeding success are alone sufficient o
dtive population decreases. Thus if the conservarion status of the Tristan Albatross is to be
improved, the impacts of fshery mortality and mouse predation must hoth be addressed.
An historical account from the 1880 descdbes high levels of chick falures, and rhis is

interpreted as evidence thar mouse attacks have ocourred at sigmificant levels for > 120 years.
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Chapter 4 'I'nstan Albarross population trends

Introduction

Albatrosses are iconic examples of K-selected animals, with high adult survival, low
fecundity and delaved sexual matunty. As a consequence, their demographic resilience to
lowered adull survival = poor (Weimerskireh & Jouventin 1987, Croxall et al 1990,
Weimerskirch et al 1997, Cuthbert et ol 2004). The impact of longlining on seabird
populations was first descdbed in the late 1980s (Brothers 1991). Thereafter albatross
mortality from fishery mteracoons has been invoked to cxplan decreases in virtually every
population of Diemedes (sensw stricte) albatrosses (as well as for many mollymawk albatross
species), and is considered the most important conservangn threat to  albatrosses
(Weimerskirch & Joovenon 1987; Croxall et al 1990; de la ‘Mare & Kezry 1994;
Weimerskirch et sl 1997; Nel et al. 20022, by Cuathberr et &l 2004). The only other
signmficant, human-vectored cause of mortality reported for Southern Ocean albatrosses is
dhsease, recarded in Indan Yellow-nosed Albatrosses Thadamarhe carferd on Amaterdam
Island (Weimnerskirch 2004).

Island-endemic bird species are amongst the most threatened groups of birds in the world
(BirdLife International 2004). Several factors undedic this pattesn. First, mammalian
predators have become invasive ‘an the vast majarity of islands around the world (Blackbuem
et al. 2004: Martins ct al 2006). Second, insular faunas (and parncularly seabirds) are
famously ill-equipped 1o defend themselves against invasve predators (Mooes & Atkinson
1984; Atkinson 1983), ‘lhied, small population sizes are typical of smgle-island endemucs,
which are therefore inherently suscepuble to extinction (Ebenman et al 1993; Simberloff
2000y, Thus, from a conservation perspective, it is dangerous to be a single-island-endemic
seabird species. The Tristan Albatross Diomedea dabbenena historically bred on Trstan da
Cunha, Inaccessible and Gough islands, but humans and their commensal invasive species
drove the Trstan da Cunha populavon extinct (Angel & Cooper 2006). The Inaccessible
lsland populaton has aumbered <5 pairs since 1950, The estimated maximum productivity
for this population in nine years of monitaring since 1982 is 0.78 chicks per vear, including
three years in which zero chicks were fledged (Rvan 2003); it cannot be considered viable.
‘Thus Gough Island now supports >99% of the global population, making the Tnstan
Albatrass d fudo a single-islind enderc. Prior to this study, there was no unequivocal
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Chapter 4 Tristan Albarross population rends

evidence that mice posed a threat to seabirds {reviewed in Chapter 1}, and linde amention was
given to the potential impacts of invasive species on the Tristan Albatross, since mice are the

only introduced mammal on Gﬂugh.

Although Weimerskirch er al. (199%7) arpued correctly that a 5% decrease in Wandering
Albatrass Dismrediat exudams breeding success would have a negliible impact on population
growth, a population model by Cuthbert et al. (2004) showed that a decrcase =20% was
sufficient 1o cawse negative population prowth for Tnstan Albatrosses. Chapter 3 presents
conclusive evidence thar mice are causing widespread morrality of Tristan Albawoss chicks
on Gough Tsland, and that this has occurred in all four seasons studied. In this chapter T
vpdare Cuthbert et al. (2(04) with another three years of breeding success data, four years of
incubatot counts and mark-recapture data, and five years of chick counts. I re-estimare
recriutment age and adult survival, the latter being a cotical parameter i albatross
demographics (Weimerskirch er al. 1997; Cuthbert er al. 2004), and estimate for the first time
the mean anmaal breeding success, the adult population sze and the total population size.
The new data allow me to develop s more realistic and robust population model than
Cuthbert et al. (2004} were able to achieve, affording greater potential for exploring
demographic scemarios. Reinrerpretation of historical data in the hghe of these findings

allows a revision of Cuthbert et al%s (2004) estimate of the annual decrease in the population.
Methods

Stady arca

Trstan sAlbateosses breed in sheltered areas and on the slopes of valleys above the 350 m
contour on Gough Island, Peak laying occurs in January, hatching peaks in March, and
fledeing accurs from November onwards (Cuthbert et al. 2004),
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‘Lristan Albatcosses on Gough lsland are counted using scan counts, done trom ndyre-tops
ot vantage pomis using binaculars, tollowing Rvan ecal. (2001}, wha showed the rehability
of scan counrs versus ground counss o be very high,  Ground counts involve walking
throuprh an area and countng  Complete scan counts of incubaling adoles (Jameary-March?
were done o 2000, 2004, 2006 and 2007 and a pactial count in 2005, Counts of near-
{ledging chicles have been conducted between Seplember-“wovember, sproradically sinee 1374

and annually since 1999, Lhese counts are equivalent tor a maximurn esiitrate of fledalings
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Chapter 4 Tristan Albatross population trends

(Cuthbert & Sommer 2004) and are implicitly treated as such hereafter. Limited evidence
suggests that mouse attacks cease in October (Chapter 3). Incubator and chick counts from
the same breeding season allow crude estimates of the total annual breeding population and
maximum breeding success. These counts represent maximum estimates because early egg
failures will be missed, although late-laid eggs compensate to some unknown extent because
they will also be missed but if successful will be included in the subsequent chick count.
Crude breeding success was calculated by dividing the number of large chicks by the number
of incubating birds. A mean present-day value of breeding success was calculated from the

mean of these four years.

The number of incomplete annual counts (three of 11 (27%) chick counts and one of five
(20%) incubator counts) made it necessary to impute missing values. I tested two TRIM
models (Pannekoek et al. 2006) but they achieved very poor fits to the data (p<0.001 in both
models) and were rejected; TRIM estimates are neither used nor presented. An alternative
technique was employed, referred to as the Underhill method, which uses a multiplicative
model and Maximum Likelihood estimates, including correction for overdispersion
(Underhill & Prys-Jones 1994). This method imputes expected counts in two-way (site and
time) contingency tables (Underhill & Prys-Jones 1994). The accuracy of the Underhill
method was assessed by deleting five actual data from count areas across years with
complete counts, and inserting ‘estimates’. The procedure was then run and the ‘missing
data’ imputed. The percentage difference between imputed values and actual counts was

<1%, lending confidence to the use of imputed values in further analysis.

I estimated population trends by comparing the 1956 incubator counts from Green Hill,
Gonydale (including the Hummocks area) and Albatross Plain, believed to have been most
reliably counted (Cuthbert et al. 2004), with the incubator counts in 2004-2007. Chick
counts from 1979-2006 were correlated with time to investigate trends. Differences between
early (1979-1982) and recent (1999-2006) periods were tested with a Mann-Whitney U test. I
then hindcast from the chick counts to estimate the number of annual breeding pairs using
modal observed breeding success and expected breeding success (based on breeding success
from other Diomedea albatrosses, see below). To assess which level of breeding success was

more likely, I estimated the population growth rate required to achieve observed counts
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from 2001-2006. Averages were used to minimise potential bias from the demi-population
fluctuations inherent in a biennially breeding species, and change was calculated over the

period from the midpoints of each time group (23 yeats).

All analyses were performed in Statistica (StatSoft 2004). Where appropriate, means are
reported with standard deviations (SD). SE denotes standard error and CI denotes 95%

confidence intervals.

Population model: parameters

I developed a model of the female albatross population to explore the consequences of
various scenarios on the mean population growth rate. The following input parameters were
estimated: annual juvenile, immature and adult sutvival, annual breeding success and mean
recruitment age. Where parameters could not be reliably estimated because data for Gough
Island are either absent or from too few yeats to be reliable, I used published estimates from

sibling species as surrogates (e.g. (Keitt et al. 2003; Cuthbert 2004; Cuthbert et al. 2004).

Adult survival, recruitment age and breeding site fidelity were estimated from banding and
recovery data from Tafelkop, where adults and chicks have been banded annually since 1985.
Adult survival was estimated using the program MARK (White & Burnham 1999). Only
birds that bred at least once between 1985 and 2006 were used in the analysis; retraps of
non-breeding birds were ignored. There was zero retrap effort in 2005, so this year was
excluded from all analyses. Two models were tested with constant vs variable survival
(denoted g(.) and ¢(t), respectively). Retrap probabilities (denoted p) were variable in both
models because of variable retrap effort between years. Model fits were assessed using
Akaike’s Information Criterion (AIC). 1 then modelled trends in adult survival over time,
first for the whole period and then mean sutvival over four time periods (initially six years,
then three five-year periods). Two alternatives for annual survival were used in the
population model. First, expected annual survival was fixed at 0.956, the value used by
Cuthbert et al. (2004) and derived from Wandering Albatrosses without fishery-related
mortality. Second, observed adult survival, taken from the MARK model with the lowest
AIC, was 0.9096% (SE+0.013). Annual survival was a fixed value, not a stochastic variable.
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Average recruitment age was estimated from all 40 birds banded as chicks that bred in the
Tafelkop colony. There are, however, two sources of error in this estimate. First, there are
too few years of data to analyse only cohorts older than 20 years (the maximum age at first
breeding). Thus some birds >10 years old may yet recruit but are not accounted for,
underestimating recruitment age. On the other hand, retrap effort was variable over the 22
years, and it is probable that some breeders were not retrapped in their first year, causing an
over-estimate. The magnitude of these opposing errors 1s unknown and thus I cannot
control for them. However, the resultant estimate is similar to that of sibling taxa. Fidelity
to breeding site was checked from records of birds that bred at least once in Tafelkop and

subsequently were recorded breeding elsewhere.

Juvenile and immature survival is unknown for Tristan Albatrosses. Cuthbert et al. (2004)
used data from the Wandering Albatross population on the Crozets, where survival of
juvenile birds (aged 0-5) was 75.6%, (Weimerskirch et al. 1997). However, juvenile survival
on South Georgia up to the 1980s was 81-86% (Croxall et al. 1990), so I used 80%, the mid-
point between the means of the Crozet and South Georgia estimates. Immature survival was

assumed to be the same as adult survival (Croxall et al. 1990; Weimerskirch et al. 1997).

Expected breeding success ranged from 60-80% of the number of breeding attempts,
approximating success reported for sister taxa on islands free of alien albatross nest-
predators (Weimerskirch & Jouventin 1987; Croxall et al. 1990; Weimerskirch et al. 1997;
Elliott & Walker 2005; Walker & Elliott 2005). Observed annual breeding success for the
population model used the same variable as for expected breeding success, but from the

range of observed annual values (27-45%).

The percentage of successful breeders that take a single sabbatical year and the percentage of
failed breeders that return to breed the following year (estimated from sister taxa) ranged
from 72-85% and 68-78%, respectively (Croxall et al. 1990; Weimerskirch 1992). Thus in
the model the proportion of non-breeders returning to the breeder pool and the proportion
of failed breeders returning to the non-breeder pool each year were strings of evenly
distributed random numbers from 0.72-0.85 and 0.68-0.78, respectively. I performed a

sensitivity analysis on the effect that the rate of interchange between the two pools had on
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population growth. For these analyses, random variables were made to be repeatable,

enabling direct comparisons between simulations.

Population model: design

The model was run over 30 years with each iteration being one year. The starting point was
taken from the 2001 incubator count, thus the model runs from 2001-2031. All values were
rounded to the nearest integer during calculations. The model consisted of 13 pools of
individuals: two for adults (breeding and non-breeding stocks), chicks, five juvenile stocks
(age-classes 1-5 years) and five immature stocks (age-classes 6-10 years). The model
assumed an equal sex ratio and no intrinsic, density-dependent effects on survival or
breeding success. The initial value for breeder stock was 2400, the 2001 incubator census.
Although it is probable that unusually high numbers of pairs bred in 2001, this estimate was
used to facilitate direct comparisons with Cuthbert et al. (2004). Values of other stocks were
generated using a stable-age distribution derived from a Leslie matrix model with the same
parameters. The model was not critically sensitive to any surrogate parameters, and it is
unlikely that any of the surrogate estimates differ widely between different Diomedea

populations.

The stock of breeding females increased and decreased in each of two ways. Breeders
increased when immature birds recruited into the adult population and when non-breeders
returned from sabbatical. Breeders decreased as a result of annual mortality (representing a
loss to the system) or, if successful, to become non-breeders. Approximately 25% of
breeders that fail will re-attempt the following year (Weimerskirch 1992); the remainder also
take a sabbatical and move to the non-breeding stock. This is probably an optimistic
estimate for Gough, because that estimate is derived from a population where most failures
occur during incubation. On Gough, most of the failures were at the chick-rearing stage,
and adults whose attempts fail probably do not have sufficient time to regain condition; thus
the actual movement out of the breeder stock may be higher than has been modelled. The
breeder stock B at time 7 can be expressed as:
B,=B,;x S+ R+ W -X,
where B, was 2400 females, R is recruitment (of immature birds of age-class 10), W is the

number of non-breeding birds returning to breed, X is the number of breeders that take a
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sabbatical year and § is annual survival. The non-breeder stock N at time # was governed by
a simpler subset of conditions, being mortality, gain from X and loss from W, expressed as

N,=Ny xS+ X,~W,
where N_, was 1800 females. W, is the movement of females at time 7 from N to B,
equivalent to the number of non-breeders multiplied by a factor representing the estimated
propottion of birds that take a single sabbatical year (72-85%, Weimerskirch 1992),
expressed as

W, =N, x8)xY
where Y is a random number with a uniform distribution between 0.72-0.85. X, is the
number of females moving from B to N at time 7 (i.e. the number taking a sabbatical). This
was a function of breeding success (all successful breeders, less those that died, exit B) and
the proportion of failed breeders that take a sabbatical year (s 0.25, Weimerskirch 1992),
expressed as

X =B, xSxP,+B,x(1-P,)x025
where P is productivity (ie. breeding success), a variable that produced a uniformly
distributed string of random numbers from 0.6-0.8 or from 0.27-0.45, depending on the
estimate of breeding success being modelled. The distribution of the random numbers for
the lower breeding success estimate was skewed using a graphical function to produce a
mean of 32%, the mean observed breeding success. The initial values for chick, juvenile and
immature stocks were adjusted downwards accordingly when lower breeding success was
used. Chick production C at time 7 was purely a function of breeding success and the
number of breeding attempts, expressed as

C,=BxP
The juvenile [ and immature I populations consisted of 10 age-class stocks Y,, where n, ; =
juveniles and ng,, = immatures. The progression of individuals from one age-class to the
next of was as follows. At each iteration, each age-class Y, (for n, ;o) at time 7 was simply Y, ,
at time 7 — 1 (the previous year’s stock), less a mortality factor () and the entire C,, stock
became Y,. Y, stock (less a mortality factor) exited I to become the recruits R into the
breeder stock. Juvenile (Y, ) survival is lower than immature or adult survival (Cuthbert et

al. 2004) so for these stocks I multiplied § by a correction factor of 0.837 to achieve the
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estimated 80% annual survival. The stocks Y, at time 7 are described by the following

expressions:
Y, =C,
Y, =Y, ~(Y,, xS x0.837) f[1<n<g]
Y, =Y, -, x5) [5<n<11]
and

Jeo =D Yi-5 = 2222

=0

and

I, ZZch—w = 1145

£=0

To determine the importance of fishery interactions (affecting adult survival) and mouse
predation (affecting productivity) on population viability, four scenarios were simulated
using combinations of low (obsetved) vs high (expected) values for these two parameters:
Scenario A: expected adult survival and expected breeding success

Scenario B: expected adult survival and observed breeding success

Scenario C: observed adult survival and expected breeding success

Scenario D: observed adult survival and observed breeding success

The model was simulated 50 times under each scenario and the mean for each iteration
calculated. The use of random variables and the stochastic nature of the interchange
between breeding and non-breeding stocks meant that to estimate population growth rates, I
had to pool these stocks. Trends, however, are illustrated using means of simulations for the

breeder stock only.

Scenario D employs proportional adult mortality and proportional breeding success, which
includes a percentage of natural/intrinsic mortality (e.g. senescence or infertility, respectively)
as well as mortality due (most probably) to fishery interactions or mouse predation,
respectively. However, the numbers of fishing vessels and longline hooks available to
albatrosses is independent of albatross numbers. Also, breeding success (from four years for
the whole island and from 16 years in Tafelkop) was independent of the number of breeding
pairs (Chapter 3). I explored the population-level consequences of density-independence of

fishery-induced mortality and mouse-induced chick mortality (cf. Ryan et al. 2006). First I
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modelled constant, density-independent adult mortality (to mimic severe, additive fishery-
related mortality) using both breeding success alternatives. Adult survival was 0.956,
accounting for intrinsic mortality, and the impact of mortality from fishery interactions (LM),
which affected all stocks except chicks, was set at Low, Medium and High; the number of
individuals removed per year was 100, 200 and 300, respectively. LM removed individuals at
random, which over 30 iterations approximated relative abundances in the different stocks.
Second, for density-independent mouse predation, I reduced the total number of failed
nesting attempts in 2001 (1744) by 30% (to account for intrinsic/expected failures) the
remainder (1221) being roughly the fallures due to mice. Half of this (610, females only) was
then used as a fixed annual loss of chicks. A final, worst-case model was developed with
fixed, density-independent mortality (200 individuals per year) and fixed, density-

independent mouse predation.

Resulis

Demography
Whole-island breeding success was at most 27-29% in 2001, 2004 and 2005 but was 45% in
2006, resulting in a mean success for the period 2001-2006 of up to 32.3% (Table 2).
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Figure 2. Trends in the numbers of Tristan Albatross fledglings on Gough Island.
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Table 1. Actual chick counts and extrapolated breeding pairs based on modal observed

(27%) and expected (70%) annual breeding success.

Values in parentheses represent

imputed values for missing counts. Only total counts are available for 1979 and 1980.

Sub-colony 1979 1980 1982 1999 2000 2001 2002 2003 2004 2005 2006
Albatross

Plain 168 160 74 89 110 117 52 130 158
Green Hill &

Gonydale 84 265 89 182 85 138 179 169 139
False Peak 55 107 22 35 59 (48 20 (42) 33
Spire Crag 113 224 19 128 (68) 120 35 71 53
Tafelkop 13 6 5 8 9 9 7 12 5
Tarn Moss 37 42 15 13 12 (249 16 32 31
Triple Peak 68 70 15 27 6 (31 12 21 56
West Point 260 255 9 174 (114) (159) 195 85 145
Total 792 661 798 1129 318 656 463 634 516 562 620
Extrapolation

at 27% 2933 2448 2956 4181 1178 2430 1715 2348 1911 2081 2296
at 70% 1131 944 1140 1613 454 937 661 906 737 803 886
Actual

incubators 2400 1869 (1939) 1366

Although more fledglings were produced annually between 1979-1982 than 1999-2006
(Table 1), there was no significant correlation with time (R’=0.126, p=0.283). However,

there was a strong inter-annual oscillation in production in 1999-2000, which damped by
2003-04. When the ‘outlier’ years of 1999 and 2000 were excluded from analysis, a

significant negative relationship was found (Figure 2, R?=0.557, p=0.017). A Mann-Whitney

U test confirmed that a significant difference exists between the two periods (adjusted
Z=2.32, p=0.02). Mean annual productivity for 1979-82 (n=3 counts) was 750 chicks,

compated to 575 during 2001-2006 (n=6 counts), corresponding to & mean decrease of 7.6

fledglings (1.0%) per year over 23 years.
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Table 2. Tristan Albatross incubator counts from Gough Island. Values in parentheses are

imputed (see text for method details).

Count Area 1956 2001 2004 2005 2006 2007
Tafelkop 0 16 23 17 12 13
Green Hill &

Gonydale 700 486 363 (401) 337 293
Albatross Plain 430 325 294 283 229 226
Spire Crag 35 338 210 (252) 197 142
False Peak 10 129 74 (90) 63 48
West Point 35 918 694 724 473 422
Triple Peak 16 153 166 130 103 89
Tarn Moss 0 35 45 (42) 44 38
Total 1226 2400 1869 (1939) 1458 1271

The mean present-day (2004-2007) contribution that Albatross Plain, Green Hill and
Gonydale incubator counts make to the total is 37.5 £2.9%, compared to 92% in 1956
(Table 2). The incubator counts in these areas have decreased from 1130 pairs in 1956 to a
mean of 607 £77 pairs (2004-2007), a mean decrease of 46.3% over 50 yeats, equivalent to
an annual decrease of 0.93 1£0.136%.

The best-fit MARK model had constant adult survival and variable recapture probability (¢()
p(t), AIC=908.6 vs ¢(t) p(t), AIC=909.7). Mean adult survival was estimated at 0.9096 per
annum (SE+0.013, 95% CI=0.882-0.932) and this was used as the observed adult survival in
the population model. Although the models of trends in adult survival had similar AICs to
the constant survival model, they produced survival estimates with wide confidence limits.
Further, due to poor retrap effort in several years, and good effort in others, the models
were not robust, i.e. a few, well separated years with good retrap effort and with strong
differences could produce a spurious trend. Thus I present the results of these analyses for
interest, but they should be treated with caution. Annual adult survival appeared to
decreased from 94.2% (95% CI=86.7-97.6%) in 1985 to 86.8% (95% CI=75.5-93.3%) in
2006 (Figure 3). When adult survival was averaged over four periods, the model showed
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survival was lowest between 1996 and 2001 (survival=87.9%, SE=3.1%, 95% CI=80.4-
92.8%), but with survival over the last five years increasing (survival=92.9%, SE=5.1%, 95%
CI=74.1-98.3%). There 1s little evidence of inter-area movements by breeding birds, as only
3 of 239 birds that bred in Tafelkop between 1976 and 2006 have been retrapped breeding in
other count areas. Thus no adjustments were made to account for emigration, and the

resultant estimate of adult survival may be slightly pessimistic.

The mean recruitment age was 10.1+2.7 years (mode 10 years, range 6-20 years, n=40
recruits). However, in 2004 a three-year-old bird and a four-year-old bird were retrapped
while incubating. These data were not included in the estimate because both were banded

and recruited outside the Tafelkop study colony.
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Figure 3. Modelled temporal trend in estimated adult survival of Tristan Albatrosses from
Gough Island from 1985-2006, based on a mark-recapture model with variable annual retrap
probabilities (4p(t) p(t)). Dashed lines represent CI

Population model

The different scenarios modelled all produced estimates of annual growth comparable to
other Diomedea populations where adult survival, breeding success and population growth

rates are known (Table 4). The sensitivity analysis showed the model was relatively robust to
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changes in the rate at which birds moved between the breeder and non-breeder pools: e.g.
when the rate at which non-breeders moved to the breeder pool each year was fixed at 65%
and then at 95%, the annual growth rates were -0.08% and 0.24%, respectively. Scenario A
is the most optimistic result for the Tristan Albatross, predicting a stable adult population
(annual growth rate = 0.09%, Figure 4). This scenario is what could be expected from a
population with low levels of mortality from fishery interactions and with breeding success
typical of other Diomedea populations. Scenarios B-D, in contrast to Scenario A, all predict
population decreases. Scenario B modelled the observed (low) breeding success as a
proportion of the number of incubators, but used a high annual survival value. The result
was a decreasing population (annual growth = -1.26%), thus even if adult mortality from
fishery interactions (and other extrinsic sources) is completely mitigated, low productivity
due to mouse predation is alone sufficient to drive a negative trend. The negative growth
rate predicted is close to the estimated annual decrease of 1% since 1956. When the
observed adult survival rate was used in the model with high productivity (Scenario C), the
negative annual growth predicted (-2.51%) was more severe than Scenario B. This implies
that the low observed adult survival is having a stronger effect on the Gough population
than low productivity. However, both survival and breeding success need to improve in
order to reverse the model’s negative trend (Scenario B: survival >0.97, Scenario C: annual
breeding success >100%). Unsurptisingly, Scenario D, which used the lowest values for
adult survival and annual productivity, predicted the lowest annual growth rate (-2.85%).
The Gough population under this scenario was reduced to ¢ 500 breeding attempts per year
within 30 years. This scenatio, however, used the current best estimates of both adult
survival and breeding success, and modelled their impacts as conservatively as possible (i.e.

assumed proportional adult and chick mortality).
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Table 3. Input parameters and mean estimated annual growth rate (%) from a 30-year

population model for Tristan Albatrosses. S=Adult Survival, P=Productivity (mean annual
breeding success), LM=Longline Mortality and DI=Density independent chick mortality;
simulations with LM included additional mortality of 100 (Low), 200 (Medium) and 300

(High) birds (taken at random from all stocks except chicks). Values in brackets represent

the frequency with which simulations predicted the earliest time to extinction.

Input % growth rate Earliest time

Scenatio parameters n=50 simulations (in years) to

§%) P(®) Mean  min max extinction
Scenario A 95.6 70 016  -0.30 0.66 -
Scenario B 95.6 32 -1.09  -132 -119 -
Scenario C 91.0 70 -2.50  -2.52  -2.50 -
Scenario D 91.0 32 -2.80  -286  -2.83 -
Low LM 95.6 70 -1.08 -1.14  -1.03 -
Medium LM 95.6 70 -240  -246 234 -
High LM 95.6 70 -3.39 344 334 29 [8]
Low LM 95.6 32 -1.60  -1.65  -1.54 -
Medium LM 95.6 32 -3.54 2357 -3.50 28 [30]
High LM 95.6 32 -520  -530  -5.09 19 [5]
DI P, High § 95.6 70 -1.41 -146  -1.37 -
DIP, Low § 91.0 70 -3.00 -3.01  -299 -
DI P, High LM 95.6 70 -4.27  -433  -421 23 1]
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Table 4. Adult survival, breeding success and population growth rates for Diomedea exulans

(sensu Jata) albatrosses. All data are percentages and degree of accuracy is presented as

reported.
Species Location Study Adult Breeding  Growth
period survival success  rate (%)
D. amsterdamensis’  Amsterdam 1983-1994 95.7 71.6 +1.0°
D. [e] antipodensi  Antipodes 1994-2004 95.7 74 +1.0
D. dabbenena Gough 1985-2006 91.0 323 2.8
D. exculans’ Crozet 1986-1994 95.6 720 +1.0
D. exwilans’ Macquarie 19661981 90.5 - 8.1
D. exculans’ Marion 1984-1999 94.2 74.6 +5.0
D. exculans South Georgia  1961-1988 94 64 -1.0
D. [e.] gibsoni’ Auckland 1991-2004 96.1 63 +1.0

"Weimerskirch et al. 1997, “Elliott & Walker 2005, °de la Mare & Kerry 1994, *Nel et al.
2003, *Croxall et al. 1990

*Modelled estimate

If annual adult survival in the absence of fishery mortality is 0.956 (as used in these models)
then the observed survival (0.9096) means that up to 5% of adults die as a result of fishery
interactions each year. The mean number of pairs attempting to breed from 2004-2007 was
1612. The closest value to this in the population model under Scenario D was 1514 breeding
pairs (in 2008). In this year the mean (n=50 simulations) total female population was 5749
bitds and the total adult female population was 2748 birds. Total population and total adult
population (rounded to nearest 100) were 11300 and 5400 birds, respectively. Thus the
mean number that died annually due to fishery interactions under Scenario D was 128 adult
ferales and 267 females in all age-classes. The impact of additive mortality on adult survival
is shown in Figure 5. Initial survival values were better than the current estimate (0.9096),
but after seven years survival fell below the current estimate. This suggests that quite large
population decreases could occur well before an equivalent decrease in survival rate is

detectable.
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Figure 4. Predicted growth rates from a model of the Tristan Albatross population on

Gough Island. Trend lines are means of 50 simulations per scenario; note different ordinate

scale for (W). @=actual incubator counts. Scenario A=high survival and high annual

productivity, Scenario B=high survival and low annual productivity, Scenario C=low survival

and high annual productivity and Scenario D=low survival and low annual productivity (W).

Scenarios of additive mortality from fishery interactions affecting all post-fledging stages
modelled Low, Medium and High mortality, removing 100, 200 and 300 birds annually from

the population, respectively, and using high (X) and low (Y) estimates of breeding success.

Three scenatios modelled density-independent chick mortality (Z), using both survival

alternatives (High and Low) and, for the worst case, high survival but Medium mortality

from fisheries.
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Figure 5. Changing annual adult survival rates (4) and female population size (-) under a
modelled scenario of additive (density independent) mortality from fisheries or Ttristan
Albatrosses.  Intrinsic survival was set at 0.956, extrinsic mortality (due to fishery

interactions) was set at 300 birds per year and mean annual productivity was 32%.

Figure 4 shows that when significant, density-independent juvenile, immature and adult
mortality (from fishery interactions in this case) was modelled, the population underwent
very rapid decreases. The most extreme scenario (Figure 4y) predicts extinction as eatly as
19 years, with a mean annual growth rate of -5.2% and mean time-to-extinction ¢z 25 years
(Table 3). Thus if mortality from fisheries is indeed density-independent and occurs annually
at modelled rates, time to extinction of 30-50 years should be considered a fairly realistic
estimate. To estimate the effect of density-independent mouse predation, I assumed an
annual mean of 30% of nest failures were not due to mice. Thus predation in 2001
accounted for ¢z 1220 chicks. Using half this value (female chicks only), the model with high
annual survival (0.956) showed a relatively sharp decrease (-1.41% per year, Figure 4z),
comparable to estimates of annual growth at low levels of fishery-related mortality (Figure
4x,y, Table 3). This suggests that density-independent chick mortality will cause a strong
population decrease. However, with low adult survival (0.9096), the annual decrease in the
population was sharp (-3.0%) and when additive adult and chick mortality were combined as

a worst-case scenario, the population underwent a catastrophic decrease (-4.27% per year)
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and reached zero in 23-30 years, a similar result to the simulations with high mortality from

fishery interactions and low, density-dependent breeding success.

Discussion

The paper by Cuthbert et al. (2004) presented the first whole-island count of incubating
birds since 1956 and the first data on breeding success for the whole of Gough Island. The
conservation implications of the paper were notable, because breeding success in 2001 was
much lower than expected. However, the paper relied on a single year of data for some key
parameters, and several important findings could only be suggested, or were reported with a
relatively low degree of confidence. For example, mean annual breeding success could not
be estimated. The incubator count represented a single datum which could not be used to
estimate either the annual breeding population or the population as a whole, because the
Tristan Albatross is a biennial breeder and there was no way to estimate reliably the other
part of the demi-population. This problem was exacerbated by the fact that the demi-
population became strongly asymmetric from 1999-2002, making inference particularly
difficult. Biennially breeding albatrosses typically return to breed after a sabbatical year if
successful, but may return the following year if they fail within the first half of the year,
which is also when most failures ordinarily occur (Weimerskirch 1992). Therefore the actual
ratio of breeders:non-breeders usually departs from parity. Cuthbert et al. (2004) estimated
mean breeding frequency from a small number of birds over several years to account for this
n their model. Instead, I used published data from sister taxa to estimate percentage failed
breeders that return the following year and percentage successful breeders that take one or
more sabbatical years (but see Ryan et al. (2007) for intra-specific vamations in this
parameter). This allowed a model that reflected annual variations in breeding success in the
fluctuating numbers of breeding and non-breeding adults, rather than a single, fixed
percentage or random variable that was unrelated to breeding success. Table 5 summarises
the key findings of this study relative to those reported (and omitted) in 2004. In all but two
parameters the consequences of the updated information are more pessimistic for the

species’ demography.
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Table 5. Key findings about Tristan Albatross demographic parameters from this study
compared to those reported from a study using data up to 2001 (Cuthbert et al. 2004).

NE=No Estimate. Values in parentheses indicate number of years of data

Parameter 2001 This study
Modeled annual adult survival (%) 92.6 (16) 90.96 (21)
Mean breeding success (%o) 27 (1) 32 (4)
Mean recruitment age (years) 9.7 (17) 10.1 (21)
Total adult population (2004-2006) NE 5400
Total population (2004-2006) NE 11 300
Modeled population growth (%) +0.3 to-5.3 -2.8
Estimated annual growth rate since 1956 (%) -0.62 -0.92

All the available evidence points towards a decreasing Tristan Albatross population since at
least the 1980s. First, estimates of breeding success from all recent years are much lower
than has been reported for sister taxa breeding on predator-free islands (Weimerskirch &
Jouventin 1987; Croxall et al. 1990; Weimerskirch et al. 1997; Elliott & Walker 2005; Walker
& Elliott 2005) and are sufficiently low to cause a long-term decrease due to low
recruitment.  Second, the number of fledglings produced each year in 2001-2006 is
significantly lower than it was in 1979-1982. Third, the trend in the five incubator counts
this decade is downward, with ca 1200 (50%) fewer incubators counted in 2007 than in 2001
(Table 2), although the 2001 count was probably high due to demographic fluctuation.
Fourth, demographic models, using reliable estimates of certain parameters, confirm that a

population decrease is highly probable.

The first count of incubating Tristan Albatrosses on Gough Island was done in 1956, as part
of the ornithological studies conducted by Michael Swales on the Cambridge Gough Island
expedition (Swales 1965). Swales’ estimate for the whole-island population of just over 1200
pairs is, in retrospect, almost certainly a significant underestimate of the true population at
that time. How this came about i1s uncertain, although the effects of demi-population
dynamics may have played a role. Albatrosses are susceptible to climatic or other events that
can discourage large numbers of birds from attempting to breed in a given year (Nel et al.

20022); in a biennially breeding species this can result in large swings in the numbers of
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breeding attempts in subsequent years (this may partially explain the huge change in
productivity between 1999 and 2000). 1956 may have been a year of low breeding effort,
resulting in an underestimate of the average number of paits per year at that time. However,
there is a serious anomaly to the 1956 count that cannot be this easily resolved. Swales’
counts concentrate over 90% of the Gough population in just three areas: Albatross Plain,
Green Hill and Gonydale, whereas in 2001-2007 these same ateas account for a mean of
only 36.8% of the island’s total incubators. The diminution of pairs in these areas contrasts
with an ostensible increase in pairs in other areas of the island. Treating the distribution of
birds from the 1956 data as accurate would require a widespread shuffling of preferred
breeding areas. The relative proportions of chicks counted in 1982 is similar to present day
proportions and contrasts with the 1956 count (Table 2). If redistribution did occur, it took
place in the space of 27 years, marginally more than one generation length (Cuthbert et al.
2004), and includes the establishment of two new sub-colonies (Tafelkop and Tarn Moss).
This is unprecedented for any Diomedea albatross, a group characterised by high natal
philopatry and even stronger breeding site fidelity (Croxall 1979; Weimerskirch et al. 1987;
Croxall et al. 1990; Elliott & Walker 2005; Terauds et al. 2006). Even though there is
significant dispersal of young birds away from the natal site in other Diomedea populations
(Inchausti & Weimerskirch 2002), the rates of movement, once a breeding site is selected,
are negligible from a sub-colony perspective (Inchausti & Weimerskirch 2002; Cooper &
Weimerskirch 2003). These data make the redistribution of breeding birds between sub-
colonies on Gough an unlikely explanation for the anomalous 1956 count. Furthermore,
Wilkins® (1923) account of the island includes the following statement, which strongly
suggests a large percentage of the population bred in the West Point area at that time:
“...possible that [Tristan Albatrosses] nest at the extreme western point...[where they] were
observed in great numbers.” (Wilkins 1923, pg 509). The limited data from the Tafelkop and
Gonydale study colonies support this general pattern, with « 1% of breeding birds from
Tafelkop (3 of 239) having been retrapped breeding in Gonydale over 31 years. There are
good reasons to trust the accuracy of the 1956 counts in Albatross Plain, Green Hill and
Gonydale, primarily because Swales spent considerable time working (and banded almost
200 albatrosses) there (Swales 1965). However, his estimates from other areas are difficult to
reconcile with recent data, especially when viewed in the light of our understanding of the

species’ biology and I argue that they are unduly conservative.

108



Chapter 4 Tristan Albatross population trends

3000 -
@ SSii0aa.,,, =070
£ 2500 - Coq, fthean,,,,
4 2"=-2.0°°° s ®
_ &
%n 2000 “A °o°°°°
b~ s ® ° o,
@ _ & b &
] =3.60 & ®
a 1500 - r “‘ & Ceees ..1.2.90000
L 4 =
.03...00” .
1000 ‘ v :
1978 1988 1998 2008

Time (years)

Figure 6. Effects of breeding success estimates of 27% (open symbols) and 70% (filled
symbols) on estimates of the mean number of breeding pairs of Tristan Albatrosses on
Gough Island in 1979-1982, and forecasted percent annual population growth (r) required to
achieve observed numbers of breeding pairs in 2001 (diamond symbols) and the 2004-2007

mean (triangle symbols).

How long have mice been attacking albatross chicks and causing widespread reproductive
failure? If one assumes 70% breeding success in 1979-1982, the resultant mean is 1140
breeding pairs per year. In order for that to increase to 2400 pairs (2001) or 1612 pairs
(mean 2004-2007) requires annual growth rates of ¢z 3% and ca 1%, respectively (Figure 6).
However, for a positive population growth rate to be achieved with the observed adult
survival estimate for 1985-2006 (0.9096, Scenario C), the model requires an annual breeding
success in excess of 100%; thus breeding success even close to 70% in these years is
improbable. Mean annual breeding success of 27% in 1979-1982 yields an estimated annual
breeding population of 2780 pairs. Forecasting to the present, if the population changed to
2400 (2001 incubator count), annual growth would have been -0.6%, or -1.82% if it changed
to 1612 (mean of 2004-2007 incubator counts). If I accept that the 1956 whole-island
census was an underestimate and assume an annual population growth rate of -1% for 1956-
2007, then taking the mean incubator counts for 2004-2007 and hindcasting at 1% to 1979
yields 2109 incubating pairs. The equivalent breeding success is 37%, within the observed
range on Gough. Thus it is likely that breeding success has been low since the late 1970s.
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There is intriguing circumstantial evidence that mice have caused widespread and large-scale
reproductive failure from at least the 1880s. Mice were probably introduced by early sealing
parties who remained ashore, probably the 1810/1811 visit (Wace 1961). The eatliest
biological reports of Gough come from George Comer, who stayed on Gough Island in
1888/89 as part of a sealing party (Verrill 1895). He noted that mice were already abundant
on the island. Subsequent visitors in 1919 (Green 1960) and 1922 (Wild 1923) also had
cause to comment on the latge numbers of mice. Comer made the first detailed biological
observations (including Tristan Albatross breeding behaviour and phenology) and specimen
collections on Gough (Verrill 1895). His diary includes the startling comment that “not
more than five out of a hundred [Tristan Albatross chicks] live to leave their nests. They are
killed by [Subantarctic Skuas Catharacta antarctical and [giant-petrels Macronectes spp.].” (G.
Comer, as cited by Verrill 1895, p 437). The reliability of many of Comer’s other
observations lend confidence to this observation. While it is a crude guess (and was
presented as such) and is surely something of an exaggeration, it seems highly likely that he
was observing very low chick survival. Comer also visited South Georgia and the Kerguelen
islands, but his Gough Island observation must have been both unique and a significant
occurrence for him to have commented on it. However, his assertion that the majority of
chicks are killed by skuas and giant-petrels is completely at odds with more recent
understanding of albatross chick defensive behaviour and their vulnerability to these
predators, which co-occur with all Diemedea albatross populations and are not known to
cause low breeding success anywhere. Comer most likely observed skuas and giant-petrels
scavenging carcasses or attacking moribund or fatally wounded chicks by daylight (he had no
opportunities to observe nocturnal mouse attacks), or assumed they were responsible
because there were no alternative predators. Thus he predictably deduced that the
predatory/scavenging birds were responsible for the widespread chick mortality. Hatchling
survival of congeners on other islands is typically around 85% (Croxall et al. 1990;
Weimerskirch et al. 1997), and I observed only one non-mouse related Tristan Albatross
chick death in 2004. Reinterpretation of Comer’s observation suggests that mice have been
preying upon Tristan Albatross chicks at levels that would have had measurable effects on

population growth rates for more than a century.
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Hindcasting using estimates of annual growth from the different models to estimate the
original populaﬁon size before the advents of fishery mortality and mouse mortality is
relatively straightforward, but the results are entirely dependent on some faitly significant
assumptions and are therefore purely illustrative. I assumed that fisheries had a constant,
density-dependent negative effect on adult survival (since 1970) and that mice have had a
constant, density-dependent negative effect on annual productivity. Thus I used annual
growth rate of -2.8% (from Scenario D — low adult survival and low productivity) for 35
years (2005-1970) and then -1.09% (from Scenario B — high adult survival and low
productivity). The initial breeding stock was set at 1612 pairs. Under these conditions, the
number of pairs breeding was ¢z 3000 in 1970 and ¢z 7000 in 1850.

Biennially breeding species are prone to fluctuations in the number of breeding attempts
each year. Variable annual breeding success will affect return rates of failed breeders and will
thus have a strong impact on demi-population dynamics, as seen in the data for productivity
between 1999 and 2000 (Figure 2; see also Cuthbert et al. 2004). However, the magnitude of
the oscillation between 1999 and 2000 (Figure 2), where the number of chicks differed by a
factor of almost four, requires additional explanation. A significant demographic event (such
as a climatic event that could have affected either adult albatrosses’ ability to achieve
breeding condition or the predatory impact of mice) in or before 1999 would cause increased
reproductive effort and/or high breeding success in that year. 1997/98 was a strong El
Nifio Southern Oscillation (ENSO) event, and may be causally related to the observed
fluctuations; other Southern Ocean seabirds also show strong (but varied) responses to
ENSOs (Gunet et al. 1998; Croxall et al. 2002; Nel et al. 2003; Weimerskirch et al. 2003).
Because of the above-average number of birds that attempted to breed and/or fledged a
chick in 1999, many pairs would have taken a sabbatical year in 2000, resulting in relatively
few breeding attempts, possibly reflected in the extremely low chick count in 2000. If mouse
predation was particularly severe in 2000, this could cause still lower breeding success. The
incubator counts post-2001 suggest that 2001 was a somewhat anomalous year too, probably

experiencing above-average breeding attempts as a result of the low effort/success in 2000.

The results of the population modelling impacts confirm broadly what Cuthbert et al. (2004)

found, which is that current estimates of adult survival and annual productivity for the
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Tristan Albatross population cannot sustain a stable or growing population on Gough.
However, data in the current model (Scenario D) are the best available estimates of
population parameters, drawn from four years of whole-island breeding success, and 21
years of mark-recapture, whereas Cuthbert et al. (2004) used only one and 16 years,
respectively. The new estimate of adult survival is even lower than was estimated for 2001.
Furthermore, it is quite possible that the recent observations of acutely low productivity,
despite showing some inter-annual variability, are probably typical on Gough. The
implications of this are significant. First, both low adult survival and low annual productivity
are driving negative population trends, and positive growth can only be achieved if both of
these improve. Second, unless ameliorative action is taken, Scenario D suggests that the
mean annual Tristan Albatross population on Gough could fall to ¢z 500 annual breeding

attempts within 30 years.

Scenario D could be construed as slightly optimistic, because it assumed adult survival and
mouse-induced mortality were proportional. However, mice may continue to kill large
numbers of chicks each year, and thus as the population decreases, the relative impact of
mouse predation will increase, resulting in an accelerated population decrease. The same
applies to the effects of density-independent adult mortality from fishery interactions. Most
scenarios using various combinations of additive annual survival and annual chick mortality
suggest far more rapid decreases than Scenaric D; the most extreme model results in
extinction by 2020 (annual growth rate ¢z -5%). I predict that the causes and extent of the
Tristan Albatross decrease lie somewhere between Scenario D and the more extreme
models. Several facts support this. First, the apparent adult survival estimate from the
Tafelkop colony (<91%) is as low as the estimate for the disappearing Macquarie Island
Wandering Albatross population (Table 4), whose decline has been ascribed as almost
completely due to longlining (de la Mare & Kerry 1994; Terauds et al. 2006). Second,
Tristan Albatrosses are killed during fishing operations (Cooper 1994; Glass et al. 2000; Ryan
et al. 2001). Third, I note with concern that the decrease in numbers of incubators between
2001 and 2007 amounts to a decrease of 188 pairs per year. This result, however, should be
treated with caution because inter-annual variability make estimates of population changes

using short sequences of data unreliable.

112



Chapter 4 Tristan Albatross population trends

The apparent annual rate of decrease from 1956 to the present (0.93%) is very similar to the
rate of decrease in annual chick production from 1979-1982 to the present (1.0%). These
contrast with the modelled rate of decrease under Scenario D (2.8%), the most conservative
model that uses present-day estimates of adult survival and annual breeding success. This
discrepancy is probably due to the fact that the model uses 2 mean of the current estimates
of adult survival and breeding success, which may well have changed from 10 or 50 years
ago. Also, fisheries are unlikely to have had a significant effect on adult survival before the
1970s, and probably had the most severe effect in association with the rise of longline fishing
in the Southern Ocean in the 1990s, possibly extending into this millennium (Tuck et al.
2003). A second source of error in the estimates relates to the uncertainties surrounding the
eatlier counts: the 1956 count represents a single datum — thus there may well have been a
demi-population effect. If the 1956 counts in Albatross Plain, Gonydale and Green Hill
were below average for the period, then the actual rate of annual decrease would have been
steeper than 0.93%, and vice versa. The chick counts from 1979-1982 tell nothing of
breeding success, the number of breeding attempts or demi-population dynamics, and thus

estimates and the crude extrapolations using those counts are purely illustrative.

There appears to have been no real change in mean recruitment age in recent years (Table 5).
However, the Tafelkop dataset is small, with limited power and the young breeders in 2004
were not from Tafelkop. The mean recruitment age of Wandering Albatrosses decreased
during periods of low adult sutvival in two studies (Weimerskirch & Jouventin 1987; Croxall
et al. 1990). Nevertheless, recruitment of birds as young as 3 and 4 years-old is exceptional
for Diomedea albatrosses. One possible mechanism driving earlier breeding in populations
with low survival 1s through sex-biased adult mortality, such as has been demonstrated for
several seabird species drowned on longlines (Nel et al. 2002a, b). Unpaired older birds,
lacking experienced partners with which to form new pair bonds, could become more
forceful in courtship, coercing into breeding young birds that have returned to Gough to
court. Also, high numbers of serially unsuccessful pairs could increase the divorce rate,
driving experienced birds to coerce young birds into breeding earlier than usual
Alternatively, if adult numbers have decreased significantly or subsidies from fishery discards
are significant, young Tristan Albatrosses may be able to forage more successfully and thus

achieve breeding condition much earlier. These hypotheses ate not mutually exclusive.
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Conclusions

If the benchmark 1956 count was indeed an underestimate, it has had an ironic negative
consequence for albatross conservation on Gough Island. First, the two- to four-week
annual relief voyage to Gough Island takes place between August and November each year.
Until recently, researchers were forced to visit Gough Island for either an entire year or else
their visits were confined to the relief period. From 1957-2000, no ornithologist spent a
summer on Gough and all albatross censuses for that period were chick counts. Second,
Table 1 reveals a perverse coincidence: assumptions of nortmal breeding success before 2001
meant that hindcasting from chick counts to numbers of pairs match closely the 1956
(under)estimate of breeding pairs. Third, counting Tristan Albatrosses with binoculars from
vantage points is extremely unlikely to result in observers detecting wounds on chicks. As a
consequence, widespread and devastating mouse attacks on Tristan Albatross chicks have,
until now, gone unnoticed (Ryan et al. 2001) or unconfirmed (Cuthbert & Hilton 2004;
Cuthbert et al. 2004). These attacks have probably been happening since at least the 1970s
and quite likely since before 1888 (Verrill 1895), have probably contributed significantly to
an estimated 50% decrease in the breeding population over 50 years, and are one of the most
pressing conservation issues affecting an albatross species since the impacts of fishery
interactions were described (Brothers 1991). The timing of reduced adult survival is likely to
have coincided with the increase in fishing effort in the waters of the Atlantic and Indian
oceans that began in the 1970s and continues to the present (Cooper 1994; Glass et al. 2000;
Ryan et al. 2001; Tuck et al. 2003). A time-dependent adult survival model might be able to
link periods of lower survival to changes in fishing effort (Terauds et al. 2006), although the
nature and extent of fishing, reporting and mitigation measures used have changed
substantially, and the present data are ill-suited to this type of analysis (Ryan & Watkins
2002; Tuck et al. 2003). The population models presented here, however, agree with those
of Cuthbert et al. (2004) in showing that observed low adult survival may have an even
stronger negative effect on population growth than observed low productivity levels.
Irrespective of the relative impacts, the Tristan Albatross population on Gough, the last
viable population of this species in the world, will continue its apparent trend towards

extinction unless the impacts of both fishery interactions and mouse attacks are ameliorated.
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The importance of seabirds as a food resource for the mice

on Gough Island

Abstract

P use stomach conlent and stuble isotope analvses to address the gueston of hew
important seabird consumplon 15 to ntroduced house mice Mur meneds on Gongh
Fzland. There are sypmbeant differcnces berween highland and lowland sites in terms of
demopraphic pumsineters and densides of mice, detisitios and species of breeding
seabirds, climare and general ecolopy. 8N values of the abundant and uhiguitons sedpe
Seaparr spp. were signifleantly acpatvely correlated wath altitude (p=0.008), refleeung
altitudinal differences 1n manne nitrogen input, with higher tnanuting rates from seabieds
in the lowlands, Mouse isotope signarares (both 87N and 87C) confirm that highlsnds
and lowlands are functionally different and should be treuted sepatarely. Tn the lowlands,
GLM: showed a strong, significant enrichment of both sotopes {for mice in Aupust
Soptember (late austtal swinter] relative 6 other omes. Seabird remains in mouose
stommehs were [ow through winter, bul pesked in Aupust, providing strong emipirical
support tor the wworope findings.  The onset of these increases in apparent seasbind
consumption coincided with the hatching of Atlantic Petrel Péemdroma fneerta eges and
very high predation rates by mice on peirel chicks, Using 8%C only, a rongh esrimare
stgrests sealird eonsumption contmdbotes 40-60% 1o mouse diets at this tUme. These
{indings suppeort the hypolhesis that seahirds are an important part of mouse diets in late
winter in the lowlands, Intdguingly, seabird remains in mouse stomachs alsa peaked in
March {austral aummn). [hus suppests mouse predation of scabird chicks in autummn may
be more than neitentul. In oppositon o this resull, the cortesponding °C mouse
wiloes did ot rellect seabird consuenption; these resalts taeril Dirther research, In the
highlands I eompated a site with severe predadon on Trstan Albutross Deerdbe
daptenena cucks (Green Hill) to one swith low predanon (Gonydale). OT.Ms revealed oo
effect of site on plaut 8N or 87C. Surprisingly, despite stroug differences in allucross
chick prodation rates beiween siies, mice did not differ in &0 walues, strong cvidence

foor ney differences in the reladve imptance ol seaburd comsumplion betwesn sites.
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Stomach content apabvais fromm mice collected in May revealed vitmoally no seabird
remains in Gongdate but 4 mean for Green Hill =30% by wolume  Nevertheless, no
seabitd consutnpnen in Gonydale, and ne differences 1o seabird contdbutdon to mouse
stable lsotope signatures bebween sites implies that seabird consumprion is also a
negligible component af mouse diets ar Green Hill. The fertilising effecr of scabirds
means that terrestial producovily could decrease in tandem with their decreases at all
alirudes. This effect could drive down mouse numbers, amebiorating predanon levels, or
it could cavse increased reliance on seabirds, setting up a posiove fecdback and
exacerbating an alteady dire sitnadon for the seabinds and the whole ecology of Gough

Tsland. This should be 1 conservation research prooniy,

Inlroduction

A variety of techiuques exists to assess the importance of different food resourees to a
consumet, Behavioural observadons and atalysis of stomnach contents, despite some
inherent weaknesses as analyfical tools (eg. psendo-replication and differential
retenlion limes of dietary tems), can provide broadly reliable infommaton aboul diew
at a minimum indicaling presence/absence of major prey gpes.  The diet of Gough
mice was studied in 1999 /2000 using stomach content analysis, and sugprested thal the
importance of different dietary items {or mice in the lowlands changed seasonally
{Jooes et al. 2003ab). A point of interest from that stody was the prominence of
avian temains in mouse stomach samples during the wintet monchs. 1n Chapters 2, 3
and 4 I show that increduced house mice Mar mresdis prey upon chicks of Atlanue
Perrels Plemdrossa incerta and Trastan Albatrosses Diomedea dablemena, and that this has
signifleant, negalive consequetices for lhe seabitd species’ populaions. Heowever,
what has not been shown s whether seabind consumpoen is important in mouse
populanon dynamics, Is it a key or an incidental {ood resource for mice? What are
the spatio-temporal pattemtis in seabitd consumpnens s it a fare specialtsm ot o
general behaviour? A key unknown is the impottance of seabird consumphon in

sustalning the mouse population,

‘The use of stable isoropes has added 4 new dimension to coological smdices of diet.
Body nssues are constantdy broken down and rebailt (referred 1o as ‘Ussue tumaover’),
and the differental {and pencrally systematc) enrchment of Ussues with heavier
carbon and nirrogen isotopic cements durtng metbolic processes hoown as

fracoonaten) has made pnﬁﬁibh: studies of consutner dicts that overcomne rmany of the
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problems common to traditional approaches to diet analysis (DeNiro & Epstein 1978,
1981; Kelly 2000; Phillips & Gregg 2001; Phillips & Koch 2002; Dalerum &
Angerbjorn 2005). The component chemicals of 2 consumet’s tissues consist of a mix
of its dietary sources, i.e. you are what you eat (DeNiro & Epstein 1978). Stable
isotope analysis of prey types (or ‘sources’) with distinct isotopic values (‘signatures’)
can be used as natural chemical tracers (Kelly 2000; Phillips & Gregg 2001; Phillips &
Koch 2002). The rate of tissue turnover will determine how long it takes for new
dietary items to be reflected in a consumer’s tissues (MacAvoy et al. 2005; MacAvoy et
al. 2006). Thus the strength of a source’s signature will depend on its relative
contribution to the diet and, if the diet changes, the time that the sampled tissue takes
to equilibrate. The analysis of isotopes from lean muscle tissue will reflect the relative
contributions of different protein sources (lipids have alternative metabolic pathways

and are essentially independent of proteins) (Arneson & MacAvoy 2005). Thus if a
dietary switch occurs to a hypothetical source with distinct §*°C and 8N values, the

new source’s signature must be reflected in changes of both 8°C and 8N values of
the consumer’s tissues. A change in one isotope, but not the other, reflects something

other than the inclusion of the new source.

With n stable isotope variables it is possible to estimate the relative contribution of
n+1 dietary sources to a consumer’s tissue. Given this condition, proportional
contributions can be determined by use of linear mass balance mixing models, once
the source values have been adjusted to account for trophic fractionation (DeNiro &
Epstein 1978, 1981; Hobson 1999). Thus for a two-isotope system, the relative
contributions of up to three sources can be determined precisely. This can be
visualised using a bivariate plot of two isotopes (Figure 1): the plot of the mixture
must fall between the connecting lines of the three dietary soutces, referred to as the
mixing space (Phillips & Koch 2002). However, if the potential sources exceed n+1,
possible contributions can still be estimated using mixing models, for example using
the software Isosource (Phillips & Gregg 2003). Briefly, this method estimates all
possible combinations of each source contribution (in user-defined increments). If
the mixture lies outside the mixing space, it indicates that either an important dietary
source has been omitted, the number of samples is too few to adequately describe the

soutce’s vatiability, an incorrect fractionation value has been used or an assumption of

121



Chapter 5 The importance of seabirds to mice

the mixing model has been violated, such as that the consumer’s tissue is in

equilibrium with sources (Phillips & Koch 2002; Carleton & del Rio 2005).
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Figure 1. Hypothetical example of a two-isotope mixing triangle, with three dietary

sources (X, Y and Z) after adjusting for fractionation and a consumer mixture (M).

In this chapter I compate the Jones et al. (20032) data from 1999/2000 to a second
season of stomach samples from lowland mice. However, given the problems
associated with this kind of data, primary inference of seabird consumption by mice is
based on stable isotope analyses. I also describe patterns of variation in plant isotope
signatures. For plants, I predict that 8N will differ significantly with altitude,
because lowlands have far higher densities of nesting seabirds (Swales 1965; Cuthbert

& Sommer 2004), and should therefore have a much stronger marine "N signature
(Hobson et al. 1999; Stapp et al. 1999; Drever et al. 2000). These differences also
should be reflected in invertebrate and mouse 8N signatures. The pattern of attacks
on seabird chicks is described in detail in Chapters 2 and 3 (on Atlantic Petrel chicks
in the lowlands and Tristan Albatross chicks in the highlands, respectively). In the
lowlands, attacks on Atlantic Petrel chicks commenced at hatching in July/August
2004. The timing of Atlantic Petrel chick hatching coincides with decreasing mouse
body condition (Chapter 6) and the birds therefore represent an opportunity for mice
to suddenly include significant quantities of highly nutritious seabird in their diet at
what is ostensibly a critical juncture in their annual survival. I compare the isotope

signatures of highland plants and mice from sites with and without attacks. In the
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highlands, attacks on albatross chicks commenced in April and continued into
September. I use stable isotope data to address two main questions. Fitst, do all mice
eat some seabirds, is there a normal distribution along a continuum or ate some mice
‘seabird specialists’» Second, if the consumption is significant, do sex, body size or
body condition predict whether an animal will be a seabird specialist? The
overarching objective of this chapter is to quantify the importance of seabirds as a

food resource to highland and lowland populations of mice.
Methods

Sample collection

For a full description of mouse trapping regimes see Chapter 6. In btief, mice were
trapped at monthly intervals from November 2003-September 2004 in the lowlands and
from December 2003-September 2004 (excluding February and April) in the highlands.
Additional trapping in the highlands was conducted at Green Hill (May and July) and
Albatross Plain (May). Hearts were dissected and analysed for isotopes from all highland
mice and a sub-sample of 20 mice/month from the lowlands. I hatvested fresh muscle
tissue from six Atlantic Petrel chicks that were attacked and killed by mice the previous
night. Invertebrates were collected from each lowland mouse-trapping plot by pitfall
traps and dedicated searches for Lumbricid worms (hereafter earthworms), but extremely
low success of pitfall traps meant that vety few non-earthworm samples were collected.
In the highlands, similarly poor success with pitfall traps meant that invertebrates were
collected opportunistically.  Feathers were collected randomly from adult Tristan
Albatrosses; differences between adult feather and chick muscle signatures are expected
to be negligible relative to differences of either to other sources (Cherel et al. 2000;
Cherel et al. 2002; Cherel et al. 2005; Dalerum & Angerbjérn 2005; Podlesak et al. 2005;
Cherel et al. 2006).

Plant samples for stable isotope analysis were collected in lowland and highland sites,
as well as along an elevational gradient at 50 m contour intervals from 100-450 m
(totalling eight stations) between the lowlands and the highlands. Plant samples were
collected from five stations in all nine mouse trapping grids (see Chapter 6). Stations
were at each comer and the centre of grids. In the highlands, sampling grids were
established at Green Hill and Gonydale, in the same locations in which relative

abundance of plant groups was estimated (Chapter 3). In Gonydale 2 5 x 6 grid was
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laid; five lines running parallel with elevation contours and separated by 50 m, and six
stations on each line, each station separated by 25 m, totalling 30 stations and
covering 7.5 ha. This included 2 mouse-trapping site. The design at Green Hill was
the same, except that it was a 4 x 8 grid, totalling 32 stations and covering 8 ha; in
addition I collected 14 plant samples from a Green Hill mouse-trapping grid. I
collected only Scirpus spp. (Cyperaceae) along the elevational gradient, because aside
from it being an important food resource for mice (Jones et al. 20033) it was the most
widespread genus and was abundant in all locations and elevations, and thus most
appropriate for large-scale comparisons. Altitude was determined using a Garmin
GPS with a minimum of 10 m coordinate accuracy and after the altitude reading had
not changed by >5 m in a minute. Target genera were chosen because they were a)
common, and thus likely to occur in most sampling stations, and/or b) known or
likely food plants for mice (Jones et al. 20032). Target genera in the lowlands were
Scirpus sp., Acaena sarmentosa (Rosaceae), and Histiopteris incisa (fern) and in the
highlands Apium australe (Apiaceae), Empetrum rabrum (Empetraceae), Nertera depressa
(Rubiaceae) and Acaena sp. and Seirpus sp. At each sampling station only those target
species that were within a 1 m radius were collected, thus not all species were present
in each station. This method was chosen to circumvent any species-specific biases,

such as growing only where there is strong nitrogen input from seabirds.

Stable isotope analysis

All samples were rinsed in distilled water to remove surface contaminants and then oven-
dried at 70° C (plants and feathets) or freeze-dried (all other tissues) before being
processed. Seabird muscle was defatted in a mixture of methanol, chloroform and water
(2:1:0.8) and placed in a demineralizing solution of 0.1N HCI for 24-36 hrs. They were
then rinsed repeatedly in distilled water and freeze-dried. Samples were weighed to an
accutacy of 1 pg on a Sartorius micro balance and enclosed in tin cups before being
combusted. Carbon and nitrogen isotopes were determined in a Finnigan Flash EA 1112

series elemental analyser coupled to a Delta™

* XP isotope ratio mass spectrometer via a
Finnigan Conflo III gas control unit. Results are presented in conventional 8 notation in
units of parts per thousand (%), relative to Pee Dee Belemnite and atmospheric nitrogen
international standards for 8°°C and 8N, respectively, derived from the expression:

5= ( Rsample — Rstandasd

%1000 ,
Rswandasd
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where R, is the isotopic ratio of the sample and R,,4,,4 is the isotopic ratio of the
relevant international standard. Analyses included three in-house standards every 20

samples. Standard deviations for repeated measurements of laboratory standards were

less than 0.1%o for 82C and 0.3%. for 8°N.

Data analysis

I plotted 8N against 8°C values for mice from the lowlands in August and for all mice
from the highlands, together with likely dietary items. Means were calculated by pooling
data except for plants, where I calculated the mean of the genus- or species-specific
means. I used the lower estimate of 8"°N fractionation (3.8%.) estimated by Arneson &
MacAvoy (2005) for house mice under experimental conditions and a fractionation of
1%o for 8°C, typical of most dietary studies and within the range for house mice
(Amneson & MacAvoy 2005). A variety of techniques, such as Isosource (Phillips &
Gregg 2003) and variations that account for differences in C:N ratos, Cls, SEs and
sample sizes of sources (Phillips & Gregg 2001; Koch & Phillips 2002; Phillips et al.

2005) were used to estimate relative source contributions.

I tested for the effect of altitude on 8N and 8"C values, so that subsequent analyses
would use only appropriate datasets. For mice, differences in stable isotope values
between highlands and lowlands were tested using a t-test. For plant isotopes, all Scinpaus
8"”N and 8”C data (using means for the lowlands and highlands) were regressed against
elevation. Note that only seven mid-altitude Scipus samples were available for the
nitrogen analysis because repeated machine failures consumed all material from the
300 m contour. I checked for spatial homogeneity of lowland plant stable isotope values
both within and between plots using ANOVAs, because mice trapped in plots that
differed in average isotope signatures would most likely be consuming plants (and other
organisms higher up the food-chain) with differing stable isotope signatures, and would
not be strictly comparable. First, fine-scale, within-plot differences were tested with
main effects ANOVAS, using all plant samples collected from a single 8x8 m grid, with
species and station (the point of collection within the grid, each station being ¢tz 5 m
apart) as categorical predictors and 8N and 8”C as respective response variables. Only
one grid was analysed because of prohibitive costs of stable isotope analyses; the grid
chosen had all target species present in all stations. Second, variance at the meso-scale

(between plots) was tested with one-way ANOVAs, using only Sainpus sp. (to control for
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potential inter-specific differences), with plot as a categorical predictor and 8"°N and §"°C
as respective response vatiables. For the highlands, General Linear Models (GLMs) were
performed, to test for differences between Green Hill and Gonydale in stable isotope
values of Scrpus, Acaena, and Empetrum, the main food plants for which I had >10
samples per site. 8°N and 8“C were response variables in respective models, and
species and site (plus a two-way interaction) wete categorical explanatory variables. Non-
significant interactions and then terms were removed sequentially to produce minimum

adequate models.

A potential source of error in plant isotope analyses is differences between vegetative and
reproductive tissues. Plant samples were collected in September, and I was only able to
collect reproductive parts from Empetrum plants in the highlands. I tested for differences
between leaves (vegetative) and flowers (reproductive) patts in this species using a paired

t-test.

Measures of mouse body condition and tail length (a surrogate for body size), used as
explanatory variables in some analyses, are the same as those described in Chapter 6.
Stable isotope data from the lowlands were divided into four seasons (based on
biological and environmental considerations), designated summer (Nov-Feb), autumn
(Maz-Apt), eatly-winter (May-Jul) and late-winter (Aug-Sep). GLMs were performed
with isotopic ratios as response vatiables and season, sex, body condition and size as
explanatory variables, plus all possible 2-way interactions, to test for seasonal trends in
isotopic values of mice in the lowlands. Body weight was not included as a variable
because it is highly correlated with skeletal body size, and is already accounted for in
body condition. Non-significant interactions and then terms were deleted sequentially to
produce minimum adequate models. For the highlands, I compared mice trapped at
Green Hill (with numerous attacks on albatross chicks) with Gonydale (with very few
attacks). GLMs were performed as for the lowland data, except site replaced season as
an explanatory variable. Interpretation of results is premised on the fact that seabirds are
isotopically enriched for both nitrogen and catbon relative to all other sources (see
Figure 4). Thus for seabird consumption to be indicated, both 8"°N and 8"C signatures
should change.
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I analysed the frequency distributions of 8°N and 8"C by season for the lowlands and
by site for the highlands. Frequencies were determined in 0.5%o steps. Data for
highland sites are presented as proportional frequencies because of large differences in
sample sizes. For clarity of presentation, distributions are presented as frequency

polygons rather than histograms (Zar 1999).

All statistical analyses were performed in Statistica (StatSoft 2004). Significance is
reported at the 0.05 level and to three significant figures. SD, SE and CI denote

standard deviation, standard error and 95% confidence intervals, respectively.

Stomach contents

Stomachs were dissected out from 20 mice/month trapped from the lowlands
(November-August) and all mice snap-trapped in the highlands in May. Stomachs
were preserved in 70% ethanol. Lowland samples from July went missing and
September mice were live-trapped, so diet data from these months are absent as a
consequence. Stomachs were opened, flushed with ethanol and the contents
examined under a Kowa SDZ-PL optical light microscope, using 7-45 times
magnification.  Identifiable remains were grouped according to the following
categories: plants, flightless moths (Dimorphinoctua goughensis and Peridroma goughs),
earthworms, other invertebrates, birds and mice. The bird and mouse remains were
identified principally on the basis of feathers and hair, respectively, although flesh was
found occasionally with hair or feathers still attached. For each stomach, the
percentage volume (PV) that each dietary group made to the total stomach content
was estimated. The highly digested state of most mouse stomach contents made
detailed analyses and compatisons with other work difficult. Furthermore, from
February-August, it is probable that many mice were trapped after they had scavenged
carcasses of mice already trapped that night. This is likely to have had a strong bias
on an estimate of levels of cannibalism, and the mouse tremains were not analysed

further.

Differential retention times for hard and soft parts and the high visibility and good
diagnostic features for certain prey types can bias estimates of PV. Earthworms and
moths were easily detected, because I was able to identify highly characteristic, banded

pattern (the body segments) and scaly thoraxes or larval integuments, respectively, and
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could estimate quite accurately the PV that those items comprised. In contrast, bird and
mouse flesh were extremely difficult to identify and impossible to discriminate between
them in the absence of either feathers or hairs. However, feathers and hairs are
indigestible and probably remain in stomachs for longer than soft-tissues. Thus the
volume of seabird remains (for example) may be underestimated if it is a recent addition
to the diet (because soft tissues are difficult to identify), but if consumed over a period of
days or weeks, may be overestimated as feathers accumulate in the gut. The mean PV of
seabitd remains in mouse stomachs was calculated for all samples per month in the
lowlands. These were compared to monthly seabird PVs from 1999/2000 (data courtesy
of A. Jones). I tested for differences in the propostions that seabird remains contributed
to monthly stomach contents between years with a Chi-square test, the null hypothesis
being that 2003/04 did not differ from 1999/2000.

A problem common to both stable isotope and stomach content analyses is the inability
to distinguish between seabird consumption derived from scavenging carcasses from
Subantarctic Skua Catharacta antarctica kills as opposed to from mice preying on seabird
chicks. To compensate, I also made weekly counts of skua numbers at a communal
roost near the research station (lowlands), to give a rough indication of seasonal changes
in skuas at Gough, and concomitant numbers of seabird carcasses provided by these
predatory seabirds, typically 1-2 birds per night per skua (Furness 1987); pers. obs.). I
compared PVs from mice trapped in three separate ateas the highlands (Green Hill,
Albatross Plain and Gonydale) in the month of May 2004.

Resulis

Stable isotopes

8N and 8"C signatures were analysed from 117 highland mice and 201 lowland mice
trapped in 2003/04. Sample sizes of lowland mice were 68 (summer), 40 (autumn), 58
(eatly-winter) and 35 (late-winter), and in the highlands, 98 mice were analysed from
Gonydale (including 60 from May-July) and 19 from Green Hill (all from May-July).
Male:female sex ratios were 0.703:1 (owlands) and 0.705:1 (highlands), virtually identical
to the ratio for all trapped mice for the year (0.708:1, Chapter 6). I analysed 14 highland
and 30 lowland invertebrate samples, six Atlantic Petrel chick muscle samples, four
Tristan Albatross feather samples and 246 plant samples, including 58 lowland samples
and 180 highland samples. Raw isotope data for all sources ate in Appendix 1.
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Highland mice were substantially depleted for 8N (mean=6.98%o, SE=0.179) relative
to lowland mice (mean=14.59%0, SE=0.010) and slightly depleted for §"°C (mean=-
23.54%0, SE=0.060) relative to the lowlands (mean=-22.13%0, SE=0.061). A dual-
isotope plot of mouse data showed a clear difference between highland and lowland
mice (Figure 2) with significant differences for both 8N (T,5=23.2, p<0.001) and
8°C (Ty46=11.6, p<0.001). Using data from Seirpus, there was a highly significant
negative relationship between "N and altitude (R*=0.66, F,;=13.7, p=0.008,
highlands mean=5.08%o, SE=0.317, lowlands mean=11.41%o, SE=0.432), but there
was no effect of altitude on 8°C (R*<0.01, F,;=0.035, p=0.86, highlands mean=-
26.68%0, SE=0.144, lowlands mean=-27.08%., SE=0.272, Figure 3). Thus both
plants and mice showed strong, consistent altitudinal differences in 8N signatures.
This confirmed my hypothesis, that the highlands and lowlands were isotopically very
different systems, and subsequent analyses treated them separately. In addition, a
visual inspection of Figure 2 shows that there were no strong dual-isotope outliers or
clusters of individuals from either site. This implies a single statistical population with
random variation at each altitude, with no genuine seabird specialists or seabird-
avoiders. Finally, the altitudinal differences in mouse 8"C suggest quite different

diets, because there were no altitudinal differences in plants for this isotope.
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Figure 2. Dual isotope plot of all stable isotope data from highland mice (4, n=117) and
lowland mice (o, n=201) trapped on Gough Island in 2003/04.
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Figure 3. Relationship between altitude and §°N and 8"C values for Seirpus spp. sedges
on Gough Island. Lowland and highland data were set at 50 m and 500 m, respectively,

and means were used for regression analyses (indicated by shaded circles). Regression

line for 8°C is not shown because it was non-significant and had a very low R%.

ANOVA tests for fine-scale, intra-plot variation in §”N and 8"C in the lowlands
revealed no systematic effect of station on either 8°N (F, ;=1.6, p=0.26) or §°C
(F, =1.7, p=0.50). 8"N signatures for the three species examined (n=5 samples per
species) did not differ significantly (F, ,=3.2, p=0.098) but §”C signatures did
(F,s=7.3, p=0.016). Thus at the scale of a plot, 8°N did not appear to vary

significantly and 8"C varied systematically between species but not spatially. At the

meso-scale, the ANOVA tests for differences between plots were non-significant for
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8"C values (Fy =1.13, p=0.373) but were significant for 8N values (F, ,,=4.39,
p=0.002), indicating substantial heterogeneity between plots within similar altitudes
and habitats. A Tukey post-hoc comparison for unequal sample sizes showed that the
only significant differences were between plots B1 and A1 (p=0.05) and B1 and C2
(p=0.008). I took a conservative approach and excluded mouse samples from B1 in

subsequent stable isotope analyses.

For the highlands, the final GLM showed a significant effect of species on 8“N

(F, 1=22.2, p<0.001) as well as a significant species x site interaction (F, ,,=50.7,
p<0.001), but no site effect (although this was retained in the final model). Parameter
estimates are presented in Table 1. The model indicates that Scipus was significantly
enriched relative to Acaena and Empetrum, and Empetrum significantly depleted relative
to Acaena. The interaction effect showed that in Gonydale (relative to Green Hill)
Scirpus—Acaena differences were smaller but also that Empetrum was more entiched
relative to .Acena. For 8°C there was also a significant species effect (F, 1,5=35.1,
p<0.001), with Sarpus significantly enriched relative to .4caena. There were no site or
interaction effects. Because neither model showed significant site-effects, differences
between Green Hill and Gonydale mouse signatures are not likely to be due to
differences at the base of the food-chain. There were no significant differences

between vegetative and reproductive tissues for Empetrum samples (T,,=-0.3, p=0.8).

Dual-isotope plots of mice from both the lowlands (Figute 4) and highlands (Figure
5) and likely dietary sources (Table 2) show that the mean mouse values do not fall
within their respectively delineated mixing spaces. This suggests a significant violation
of some assumption(s) and meant that none of the techniques for estimating source
contributions from two isotopes could be used, without first making arbitrary changes
to 8N values for sources, or their fractionation. Alternatively, a new source is
required with a much lower 8"°N value but a relatively high 8"°C (lowlands) or a low
8”C (highlands). Note that mice were included as a putative source despite the

probability that levels of cannibalism were overestimated.
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Table 1. GLM relationships between stable isotope values, species and site, from plants
collected in the highlands of Gough Island. All models were tested against Green Hill

(site effect) and .Acaena (species effect) as reference values (as approptiate).

) Parameter
Comparison DF p
estimate (SE)

Response variable: SN

Intercept 1 3.13(0.22) <0.001
Species Empetrum 2 -1.47 (0.32
P P 032 001
Species Scirpus 2 1.81 (0.29)
Site Gonydale 1 -0.10 (0.22) 0.64
Species x Site  Empetrum 2 1.24 (0.32)
<(0.001
Species x Site ~ Sairpus 2 -0.90 (0.29)
Response variable: §°C
Intercept -27.41 (0.09) <0.001
Species Empetrum 2 0.23 (0.13
P P 019 <0.001
Species Scirpus 2 0.73 (0.11)
21
- 18 -
é
© e
L
12 : )
-30 -25 -20 -15

8°C (%o)

Figure 4. Mixing space on a plot of dual isotopic compositions of lowland mice and

putative lowland food sources (after adjustment for trophic fractionation, estimated at
3.8%o (8"°N)) and 1%o (3"°C)) on Gough Island. P=edible plants, M=mice, M,=mice as a

source, I=invertebrates and S=seabirds. Error bars denote one SD.
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Figure 5. Mixing space on a plot of dual isotopic compositions of all highland mice and
putative food sources (after adjustment for trophic fractionation, estimated at 3.8%o
(8"°N) and 1%o (8"°C)) P=edible plants, M=mice, M,=mice as a source, I=invertebrates,

F=flightless moths and S=seabirds. Etror bars denote one SD.

Table 2. Summary isotope data for dietary sources used in analysis of the diets of mice
on Gough Island. Raw data in Appendix 1.

Sources 8°N 8"C

Highland n Mean (SD) Range Mean (SD) Range
Moth 6 3.82 (152) 206-6.198 -2645(1.08)  -28.34 to-25.56
Earthworm 1 371 -24.08

Other invert. 7 1090 (5.36) 5.73-1898 -21.86(3.90)  -24.69 to-16.45
Tristan Albatross 4 13.20 (0.31) 12.92-1348 -16.24(0.31)  -16.41 to -15.77
Plant 129 3.54 (292) -3.77-12.35 -27.29(1.18)  -24.26t0-30.44
Lowland

Earthworm 10 1295 (0.73) 11.65-13.82 -24.26(0.94)  -25.83 t0 -22.72
Other invert. 20 12772 (1.28) 10.51-1517 -24.37 (1.65)  -27.46 to -20.57
Atlantic Petrel 6 1343 (0.41) 13.01-1418 -19.15(044)  -19.79 t0-18.53
Plant 58 11.59 (2.56)  6.31-1825 -27.17(1.83)  -32.38 to -23.62

The minimum adequate model for differences in 8N signatures from mice in the

lowlands had a strongly significant seasonal effect (p=0.001). The effect of size was

non-significant (p=0.58), but this effect was retained in the model because there was a
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significant size x season interaction (p<0.001). Parameter estimates and test statistics
are presented in Table 3. The effect of size varied between seasons, although the
magnitude of the effect was relatively minor. The model predicted a negative
relationship between size and 8N in summer (i.e. larger mice were slightly depleted
relative to smaller mice) but predicted a positive relationship in autumn. In testing for
differences in lowland mouse 8”C signatures, the final GLM included no significant
interaction terms and season (p<0.001), body condition (p=0.02) and size (p<0.001)
as explanatory variables. Relative to late-winter (the reference for analyses), all other
seasonal values were depleted, with summer and autumnn values significantly depleted.
Size had a significant positive effect on 8°C, meaning that the expected §“C
signatures from the heaviest mice (>40 g) were approximately 1.1%o enriched
compared to the smallest mice (10 g). The effect of body condition was also positive:
the model estimated that mice varied by as much as ¢z 2%o within the observed range

of body condition.
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Figure 6. Temporal changes in 8N (¢) and 8”C (o) ratios of mice trapped in the
lowlands of Gough Island. Vertical bars denote CI.
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Table 3. GLM effects of season, body size and body condition on stable isotope values
from house mice in the lowlands of Gough Island. All seasonal parameter estimates ate

modelled relative to late-winter. Only significant terms and interactions are presented.

] Parameter
Compatison DF F P
estimate (SE)

Response variable: 8°N

Season Summer 3,183 3112 (1.673)
Season Autumn 3,183  -6.765 (1.797)y 5.67  0.001
Season Early-winter 3,183  0.543 (2.188)
Size 1,183  0.007 (0.013) 031  0.580

Season X size  Summer 3,183 -0.047 (0.018)
Season x size  Autumn 3,183  0.077 (0.020) 6.53 <0.001
Season x size  Early-winter 3,183  -0.007 (0.023)

Response variable: 8°C

Intercept -26.645 (1.105) <0.001
Season Summer 3,188  -0.220 (0.086)
Season Autumn 3,188  -0.330(0.105) 11.26 <0.001
Season Early-winter 3,188  -0.116 (0.087)
Size 1,188  0.027 (0.007) 14.19 <0.001
Body condition 1,188 2.041(0.854) 571 0018

The effect of season on the distribution of isotopic ratios of lowland mice is
illustrated in Figure 7. The shift in 8°N values from lowest values in summer to
highest values in late-winter is obvious. However, the autumn distribution included 2
relatively high proportion of enriched values, reflecting the contribution from April
(Figure 6). The distributions of 8N values were essentially uni-modal in summer,
early-winter and late-winter. Summer and early-winter distributions had strong single
peaks clustered around 13.5-14.5%0 and long tails to the right. The autumn
distribution was dissimilar to other seasons in being less well-defined and showing
almost no central tendency, with the strongest pattern being a near-absence of values
from 15-16%o. The range of values in late-winter was mostly between 15.5-16.5%e.
Seasonal §"C distributions were approximately uni-modal. The biggest seasonal

difference was between early-winter, when the modal range centred on -22.5,
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compared to -21 in late-winter. Also, as for 8”N, the range of §”C values in late-
winter was noticeably narrower than at any other time, although variance ratio tests
found that late-winter differed significantly only from autumn (F;;=3.7, p<0.05) for
8"N and there were no seasonal differences for 8°C. This suggests that feeding niche

was broader in autumn than in late-winter.
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Figute 7. Frequency polygons of seasonal 8N and 8"C values of mice trapped in the

lowlands of Gough Island, 2003/04.

I could not determine the importance of seabird consumption to lowland mice
without an estimate of the percentage contribution from stable isotopes. I therefore

attempted an estimate for late-winter mice using Isosource, disregarding nitrogen and
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using 8"C values from Table 2 and the mean late-winter mouse 8"C value (-21.25%o).
The initial estimates were relatively unconstrained, as expected for an analysis with a
single isotope and four sources (plants, invertebrates, seabirds and mice), one of
which is both source and mixture. Nonetheless, possible contributions were Plants:
range 0-33%, mode=1%, Invertebrates: range 0-62%, mode=0%; Seabirds: range=0-
70%, mode=38% and Mice: 0-100%, mode=0%. If mice are assumed to be a2 minor
source and are removed, the contribution of seabirds becomes more defined:
range=40-60%, median=54% (there was no defined mode). This represents a very
rough estimate of the likely contribution that seabirds make to the diet of lowland

mice in August-September.

The GLMs testing for differences in highland mouse signatures between Green Hill
(with attacks on albatross chicks) and Gonydale (with few attacks on albatross chicks)
showed significant effects of site (p<0.001), size (F, ,,=10.26, p=0.002) and body
condition (p=0.008) on 8N values, and no interaction effects. On average Gonydale
mice were 8"°N-depleted relative to Green Hill by 1.03%0 (SE£0.22%0). Bigger mice
were enriched for 8N and across the range of observed sizes (tail lengths: 72-107
mm), the model estimated enrichment differed by c# 3.1%e (SE+1.1%0). The model
estimated an even stronger positive effect of body condition, implying that the 8N
signatures of mice in best condition were massively entiched by @ 9.2%0 (SE£3.33%o0)
relative to the mice in poorest condition. However, the model fit was relatively poor
(whole-model R*=0.32), suggesting that these results be treated with caution. The
minimum adequate model for the equivalent 8°C test had a vety poor fit to the data
(whole-model R*=0.13) and results are not presented. A variance ratio test found no
significant differences between the sites for 8°°C (Fj55,=1.54, p>0.20), but Gonydale
mice were marginally enriched for §°C (mean=-23.52, SE=0.10) relative to Green
Hill (-23.83, SE=0.155), and a t-test for site differences approached significance
(T55=2.0, p=0.052). I conclude that differences in "°C appear minor.

Frequency distributions of both isotopes for highland mice (Figure 8) corroborated

the GLM results, showing a range of higher values for 8N and a lower peak for §°°C
at Green Hill vs Gonydale. This is a key result for the highlands, because there were

no significant differences in plant isotopes between Green Hill and Gonydale, and
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thus the seabirds, with highly enriched 8N and 8”C values (Figure 5), were not being
consumed at levels detectable with stable isotope analysis. An intriguing result is the
effect of size and body condition on §"N. The frequency distribution of 8N for

Green Hill cleatly shows two ‘populations’, feeding on different sources.

Table 4. Effects of site, body size and body condition on 8"N values from house mice
in the highlands of Gough Island. Site parameter estimates are modelled relative to

Green Hill, based on General Linear Models, Only significant terms are presented.

Parameter
Comparison  DF F p
estimate (SE)

Response variable: 3°N

Intercept -9.011 (4.20) 0.035
Site Gonydale 1,70 -1.076 (0.232)  21.45 <0.001
Size 1,70 0.088 (0.028) 10.26  0.002
Body condition 1,70 9.168 (3.328) 7.59  0.007

Stomach contenis

Stomach samples were analysed from 170 lowland mice and from 114 highland mice.
Summary data are presented in Figure 9 (lowland mice, November-August) and
Figure 10 (highland mice, May-September). Of those samples, 79 and 22,
respectively, contained virtually no (£5% by volume) identifiable remains. These
poor results limited my capacity to make comparisons with Jones et al. (2003), which I

confine to seabird remains.
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Figure 8. Proportional frequency polygons of 8N and 8”C values of mice trapped in
May-July 2004 in Gonydale (few albatross attacks) and Green Hill (numerous attacks).

Seabird remains were evident in lowland mouse stomachs throughout the year in both
2003/04 and 1999/2000 (Figure 11), but proportions differed significantly between
seasons (x°s=389.9, p<0.001). PVs were relatively high in all winter months in 2000,
whereas in 2004, seabird remains peaked in March and August but were lowest from
Aptil-June. The skua count data do not co-vary with monthly seabird PVs in either

field season.
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mouse stomachs in the lowlands of Gough Island in 2003/04. Data from austral
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principally in the proportonal contributions of carthworms and scabieds. Monse
attacks on albarross chicks were confirmed at Green Hill, had jasc begun in Albatross

Tlain bat had not vel ocoutred in Gonydale (Chuprer 3), and this iz reflecied in the
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near absetice of bird remains in diel samples from Gowydale, whereas bird remains
were, o0 average, the most important dietary sem for Green Hill and Albarross Plaan

mice,

Drscussion

Gough Tsland s justifiably considered one of the greatest scabird colonics in the
world, plaving host 1o several million breeding seabirds of 20 species, incloding owo
fanchonally endemic procellan forms (Swales 1965; Cuthbert & Sommer 2004 Angel
& Cooper 20061, Extraordinarily hiph densides of seabirds have a profoond effect on
the terrestrial nutrient evele: seabird-derrved 8N values from Gough plants (Table 2)
arc similar to other Subanmretic islods, whete they play 4 major fole in debving
terrestrial productivity (e.g Smith 1979; Frskine er ul. 1998). The significant inversc
relationship berween plant 8N and alitude is likely 1o be a direct consequence of
densities of breedmg seabirds, which are lower in the highlands (Swales 1965;
Cuthbert & Sommer 2004} and these differences are reflecied throuph the tood chain
to mice, which also shosw siguficantly different aluudinal 87N signatures. Thus, in
conirast o many ceologdcal studies rracing isotnpic signatures throush food-chains,
the pervasiveness of marine-derived 8N signatures on Gough makes his isotope
relatively poot at distinguishing manne (=scabird) vorsus Letrestrial contributions (o
tnouse dicts or disenminating Trophic levels (cf Hobson et al. 1999, Direver et al
2000; Stapp 2002). By contast, the 8"C signature of seabirds is very different from
other sonrces, becagse plants sequester atmaospheric carbon and are thus unaffecred

by sealiird-derived oreanic carbion in soils,

The degree of fractionation varies according to the metabolic rate of the Ussue and of
the specics {or populanon) heng considered, the state of putnoon and feeding rares
(Ielly 20000, Olive et al. 2003; Vanderklift & Ponsard 2003, MacAvor et al, 2003,
MacAvoy ot al. 200063, Farthertore, state of nutdnon can affect catbon and nittogen
enrichment differently, because mobilisation of endogenous lipid stores during
nutritional stress will happen betore cambolism of skeletal muscles (Zuetcher el al
1999 Assimilared lipids may be carabolized inio new, non-lipid ossues, enriching the
carbon signawure of that tissue withoul affecting the niregen sipnature (Hobson &
Sricling 1997, Phillips & Koch 2002 Dalerom & Angeebjorn 20033 Merabolic rare s

an imnportant delerminant of tssue wrnover rate (and thus of equilibration tme afrer
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diet switch to a new source with a different isotopic signature) (MacAvoy et al. 2005;
MacAvoy et al. 2006). However, it has also been shown that fractionation values
correlate with metabolic rate, because more active tissues accumulate more heavy
isotopes and are thus enriched relative to less active tissues (Arneson & MacAvoy
2005). Last, metabolic rate correlates negatively with body size (Nagy 1987) and
variably in response to temperature and food availability (e.g. Mueller & Diamond
2001; McKechnie et al. 2007).

MacAvoy et al. (2005) showed that the equilibration time for carbon and nitrogen
isotopic values in muscle tissue after a diet switch in house mice under laboratory
conditions was 85 days (half-life=24 days) and 112 days (half-life=25 days),
respectively. Arneson & MacAvoy (2005) demonstrated a wide range of heart muscle
tissue fractionation for house mice under experimental diets, from 1.0 to -2.3%o for
8"C, and more predictable but high fractionation values (3.8-4.4%o) for "N, due to
the relatively high metabolic rate of heart muscle. Uncertainty in determining actual
tissue-fractionation values of wild-caught animals arises from the unknown magnitude
of influence that variables such as field metabolic rate, temperature and nutritional
status have. These issues represent something of a problem for apportioning diet
with stable-isotope analysis. Of particular concern is the analysis of mouse diet in the
lowlands during late-winter (August-September), the period of greatest interest from a
conservation perspective. This is the period when Atlantic Petrel chicks hatch and
become available in large numbers to predatory mice (Cuthbert 2004), and when there
was an increase in the impottance of ‘avian material’ in mouse stomachs (Figure 11)
and enrichment of mouse 8N and §"°C values. This suggests a diet switch and thus a
potentially serious violation of the assumption of equilibrium, and any analysis will
likely underestimate the contribution that seabirds make to mouse diets at this time.
Further, many mice exhibited significantly lowered body condition in these months
(Chapter 6), implying that they experienced vatying degrees of starvation, with
potentially confounding effects on fractionation values. Although the factors
affecting direction and magnitude of this effect are still debated, it appears to generally
cause entichment (Hobson et al. 1993; Oelbermann & Scheu 2002; Olive et al. 2003;
Haubert et al. 2005; Kempster et al. 2007). An additional complication is the fact that
Gough mice are larger than other house mouse populations (Berry et al. 1978), and
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both equilibration time with diet and fractionation values are negatively correlated
with body size (Arneson & MacAvoy 2005; MacAvoy et al. 2006).

The average 8“N signatures of mice were substantially lower than expected when
compared to soutce signatures. The reasons for this conundrum can only be
speculated upon at this point, but probably include one or more of the reasons
outlined above. Isotopic fractionation values vary between taxa and between tissues
within taxa (McCutchan et al. 2003; Ameson & MacAvoy 2005). The results
iltustrated in Figure 4-Figure 5 show that the 8N fractionation value used may have
been too high, creating uncertainty about a key step in analysis of diet (Dalerum &
Angerbjorn 2005). Alternatively, source signatures may vary seasonally, implying that
this analysis may have used incorrect sources values. A third alternative is that a key
resource, with much lower 8N values, was missed. However, the overwhelming
dominance of seabird-derived nitrogen in the trophic ecology of Gough makes the
existence of such a soutce quite unlikely. There are several potential sources of

sampling error that may also have contributed to this problem. Although there were

no consistent differences between vegetative and reproductive "N signatures for
Empetrum in the highlands, it is possible that such differences exist for other plant
species. Detritivorous invertebrates (e.g. earthworms) could also become seasonally
enriched or depleted for either isotope (Ponsard & Arditi 2000). Thus if stable
isotopes are to be used to estimate more accurately the relative contributions of
dietary sources for mice on Gough, an extensive source sampling regime is required,
and should ideally be coupled to direct studies of tissue fractionation values for
Gough mice across seasonal changes in both diet and nutritional status of individuals.
This could be done with mark-recapture and repeated harvesting of blood, from
which plasma and cell fractions can be analysed for short-term (<1 week) and
medium-term (c2 1 month) changes, respectively (Hobson & Clarke 1993; Hobson
1999). Such a study would facilitate a robust reanalysis of these results,

Despite these concerns, the analyses of isotope signatures reveal a high likelihood that
seabird consumption plays an important role in some mouse diets. In the lowlands,
mice had very strong seasonal variations for both isotopes, with enrichment occurring
in late-winter (Figure 6). This result is in agreement with observations of the timing

of attacks on Atlantic Petrels (Chapter 2) and suggests that predation on seabird

144



Chapter 5 The importance of seabirds to mice

chicks is predominantly a late-winter phenomenon in the lowlands. The Isosource
estimate for the percentage contribution that seabird consumption makes to lowland
mice (excluding mice as a dietary source) indicated that seabirds constitute an average
of at least 40% of mouse diets in August-September. These lines of evidence suggest
that Atlantic Petrel chicks may represent an important winter resource for lowland
mice. The timing of the hatching of Atlantic Petrel eggs coincides with a significant
drop in mouse body condition, and mice ate probably highly motivated to attack
chicks when under-nourished (Bradley & Marzluff 2003). The patterns of isotopic
variation were random with respect to body condition, sex and size in the lowlands,
although size interacted with season. Size and body condition had positive effects on
8"C, with bigger and better-condition mice §”C-enriched. Thus, while controlling
for season and other factors, there is a suggestion that bigger mice consume more
seabirds, but the effect is open to alternative explanations. The dual-isotope plot
(Figure 2) and the frequency distributions (Figure 7) show a lack of ‘specialist’ mice
with very strong seabird signals. The latter figure also showed a narrower range of
values in late-winter compared to other seasons, which implies that diets of mice wete
converging to include a smaller range of dietary items. This, and the relatively low
degree of variance explained by the other factors implies that amongst mice that
sutvived to be trapped in late winter, seabird consumption was widespread, if not
ubiquitous. From stomach content analysis, seabirds constituted a mean of up to
30% of mouse diets in August-September. In a very similar study, of predation on
seabird chicks by Norway rats Rattus norwegicus, stomach content analysis
undetestimated the contribution of seabirds to diet relative to estimates based on

stable isotope analysis (Hobson et al. 1999).

In the highlands, mouse predation had a devastating impact on Tristan Albatross
chicks at Green Hill, whereas before August there were virtually no attacks in
Gonydale (Chapter 3). The GLM testing for differences in plant signatures showed
significant inter-species and inter-site differences but no significant overall differences
between the sites for either isotope. In Chaptet 3 I show that there are no differences
in the relative abundances of the major plant groups, thus the base of the food-chain
in the two sites appears to be very similar. Three results are of interest. First and

most importantly, although mice were significantly §"°N-enriched at Green Hill vs
Gonydale, they didn’t differ between sites in §"C, ruling out seabird consumption as
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an explanation for the higher mouse 8N at Green Hill Serpus, however, was
enriched for 8°N at Green Hill Second, larger mice and mice in bettet condition
were 8N enriched in both sites. Third, there was quite a wide range of 3N values
for plants and invertebrates (Figure 5). I speculate that effects of site, size and
condition on 8N are because larger mice dominate more productive micro-habitats
with high marine nitrogen inputs, in both Green Hill and Gonydale. Albatross nests
are the most obvious sites of high, localised enrichment. Further, if Scirpus is an
important resoutce (which it probably is), then if larger mice dominate enriched,
ptoductive patches of this resource (or some other source not measured but similarly
8"N-entiched at Green Hill) this would explain the observed differences in §"N
enrichment for mice from the two sites. If mouse 8"C values are the same between
sites, and I accept the strong evidence that seabird consumption in Gonydale is
negligible, it follows that seabitd consumption is an insignificant component of mouse

diets at Green Hill.

Traditional dietary studies that investigate stomach contents have acknowledged flaws
and biases. Despite the caveats already mentioned, Jones et al (2003) were able to
show quite convincing seasonal changes in the relative importance of major dietary
groups in lowland mice in 1999/2000. However, the high seabird PVs during the
period May-July 2000 (not presented in their publication) is anomalous for two
treasons. First, skua abundances, and consequently their prey remains, are at their
lowest levels during these months. Second, the phenology of seabirds is such that
there ate essentially no petrel chicks present in the lowlands in these months (Swales
1965; Angel & Cooper 2006). Consequently, mice are without seabird resources at
this time. In strong contrast is the monthly pattern through the winter of 2004, which
matched expectations more closely: low mean PVs coincided with petriods of low
seabird availability, and the highest value (in August) coincided with the period when
mice were depredating Atlantic Petrel butrows heavily (Chapter 2).

The strong peak in bird PVs in March 2004 was unexpected. Again, skua kills cannot
be invoked as the source because they departt en masse in January/February. This
result, when considered with the stable isotope frequency distributions for lowland

mice, raises the possibility mice attack seabird chicks in autumn (March-April). There

was, however, no support from the seasonal 8°C distributions. In Chapter 2 I
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describe a fatal mouse attack on a Great Shearwater Puffinus griseus chick, on 9 April
2004. However, this was only one of three chicks of this species under observation,
making wider inference highly speculative. Nevertheless, togethet these observations
provide circumstantial, but equivocal evidence that mice may (at least in some years)
attack chicks of burrowing petrels still present in March and April (cf. Cuthbert 2005).
Further research in to the timing and frequency of possible mouse predation in
autumn is merited, particularly for species whose chicks fledge in April-May (Great
Shearwaters, Soft-plumaged Petrels Prerodroma mollis and White-bellied Storm-Petrel
Fregetta grallaria). Seabird phenology and associated predation risks ate considered in

more detail in Chapter 6.

Cumulatively, skuas kill large numbers of petrels each night. However, any significant
effect of mice scavenging from skua kills should be reflected by a closer covariation
between apparent mouse diet and skua abundance on the island (Figure 11), and the
lack of fit implies that skua kills do not represent a significant resource for mice.
Although no data were collected on skua numbers in the highlands, petrsonal
observations suggest that their densities are a lot lower than the lowlands, and fresh
carcasses also appeared to be far less abundant. Thus the pattern is likely to hold for
the highlands too.

The relative quantities of bird remains in stomach contents from mice trapped in May
from three areas of the highlands matches quite closely to what would be predicted
based on the observed mortality of Tristan Albatross chicks. Thete was virtually no
avian material in mouse stomachs in Gonydale, which was more intensively studied
than any other highland area in 2004, and in May had not yet had a chick failure due
to mouse attacks. However, the ostensibly high importance albatross chicks is not
actually that clear-cut. At Green Hill it appears straightforward, with several attacks
on albatross chicks in May within 50 m of the trapping grid. However there wete no
chick failures in May within 100 m of the Albatross Plain trapping grid, yet the
stomach contents data indicate high seabird consumption. Albatrosses probably
contributed to some of the avian material in mouse stomachs from both areas, but |
presume that burrowing seabirds wete also significant contributors. The virtual
absence of seabird remains from Gonydale mouse stomachs implies that either there

is a lower density of seabird burrows in Gonydale than at Green Hill (and Albatross
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Plain), ot that Gonydale mice consume few seabird chicks relative to their availability.

Seabird colonies have an overwhelming enriching effect on the 8N of surrounding
systems (Smith 1978; Erskine et al. 1998; Hobson et al. 1999; Stapp et al. 1999;
Drever et al. 2000). The lack of significant differences in 8N ratios of plants
between Gonydale and Green Hill suggests that there are not significantly different
densities of nesting seabirds. Thus the reasons for lower levels of seabird predation
by mice in Gonydale (telative to elsewhere) is probably not because of lower
availability. These strong differences in apparent seabird consumption between
Green Hill and Gonydale contrast with the findings from the stable isotope analyses,
in which seabird consumption was virtually undetectable. The long retention time of
indigestible material such as feathers may mean that the relationship between seabird
consumption and estimates of avian PV is relatively shallow (Kelly 2000, but cf.
Hobson et al. 1999).

A key objective of this chapter was to investigate the importance of seabirds as a food
resource for mice. A rationale undetlying this objective is to predict likely
consequences of continued predation of chicks by mice. Mice on Gough turn to
seabird chicks as winter food resources in both highland and lowland sites. The
impact of predation averaged across the seabird populations is strongly negative: it is
an important factor driving a decrease in the Tristan Albatross population, and is
probably also causing a decrease in Atlantic Petrels. It does not necessarily follow that
the relationship is symmetrical: predation by mice may be a very important factor for
certain seabird species’ population dynamics, but those species may constitute a
negligible benefit to the mice. If seabirds are an important resource for mice,
enhancing mouse survival through the lean Subantarctic winter, then, all else being
equal, decreasing seabird populations will have a negative effect on mouse survival.
In line with standard ecological theory, I expect that predation rates will either remain
roughly constant or, more optimistically, decrease proportionally (Begon et al. 2003).
However, if seabirds are not a significant resource for mice, ie. the relationship
between mice and seabirds is strongly asymmetric, then a decreasing seabird
population may have no significant effect on mouse survival. Proportional predation
rates could increase over time, creating positive feedback with dire consequences for

the survival prospects of impacted seabird species. The results from the lowlands
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suggest that seabirds may well be an important late-winter resource for mice. In the

highlands, the opposite is true: seabirds were a negligible component of mouse diets.

Aside from direct predator—prey interactions, there is a second, indirect effect of
predation and decreasing seabird densities. The dynamics of seabird—nutrient cycle
interactions have been well studied on Subantarctic Marion Island (Smith 1978, 1979;
Smith & Steenkamp 1990, 1992; Smith & Steenkamp 1993). The transport of
nuttients from marine to terrestrial systems is a critical determinant of terrestrial
productivity on Subantarctic islands (Smith 1978, 1979; Smith & Steenkamp 1993,
Erskine et al. 1998) and other seabird-dominated islands (Croll et al. 2005; Fukami et
al. 2006). Reduced densities of breeding seabirds will reduce this nitrogenous
fertilisation effect, with a strongly negative effect on terrestrial productivity. The
timing of the reduction in ferdlisation is crucial. If it is roughly simultaneous with
seabird decreases, then reduced seabird densities will have an immediate effect of
lowered plant productivity. This would likely cascade to lower invertebrate
productivity (Smith & Steenkamp 1992; Smith & Steenkamp 1993). Lower overall
productivity could have one of two effects on mouse—seabird interactions. Either it
would cause lower mouse productivity, resulting in lower densities and perhaps lower
predation levels. Alternatively, mice might rely increasingly on seabirds for their
survival, setting up a positive feedback. These scenarios are not mutually exclusive,
because either could eventuate in the functionally discrete highland and lowland
ecosystems. However, if nitrogen depletion lags behind seabird decreases appreciably,
then productivity could remain high, supporting high densities of mice throughout
seabird decreases. The conservation consequences of these scenarios for the seabirds,
and the general ecology of the island make understanding these possibilities and

predicting outcomes a significant priority.
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CHAPTER 6

Biologv, population dynamics and survival of the house mice

on Gough Island: key periods of vulnerability for eradication

Abstract

The intreduced house mice Mur sarcadir on Gough Island represent a signiticant threar
to the aauve biota pluals, invertebrates and sealurds) of the 1sland, und cradication by
means of derlal broadeast of tome baits 15 wadely considered the best tnanapement optiva
to mitigate  rodent threeats on islands. Here T oreport seasonal and  incer-annual
demopraphic putterns of the mice vn Gough, to infonn the viabiling of 2 toxe badng
operation, 45 well as to suggest the most approptiate dmitg, such that the highest
probabity of 10004 acceprance of kat w achieved. Tn the rmwn scasons  smadied
(1999/2000 and 2003/04) Lreeding started in Seprember, in keeping with othet
Subantarcne house mouse populations, bae there were prouounced  inter-anoual
differences o the cessaton of breeding, which ceowered in Apel 2000 v+ Teboaury 2004
Proportivns of reproductvely active mice differed Letween 1999 /2000 and 20013 /(4
with a lower proportien of individuals repreductuvely active i most menths of the larer
scason. wevertheless, oo reproduclon occurred bersveen May and Augusr. Sex ratios
switched {tom mule-biased in 1999/2000 to female-blased in 2003704 [p=<(h001) and
were consistent beoween months for cach scuson. Scwaul dimorphism has not boen
reported from other feral populudons, but on Gough males averaged 8.2% (22 g
heavice than lemales and had ails 2.3% (2.1 mm) longet than {emnales” tails, There were
signiticant alotudinal differences n size, with male tnice bring oo averape 45% heavier
(p=0.001) in the lowlands and having rails 9.5% louger (p=<000F) than males from the
highland, Ilighlind tnice also hud sipnificantly lower Lody condition than lowlaud muce
(01 Avetage tail length increwsed sipnificanily wt the end of winter {p<0.001),
suggesdng that survrval during the erileal late-winter period s stronply bilased rowards
larper individuuls,  Seasonal chanpes i body condiion were broadly siemilar across
alimde; conditicn in tnice {rom the lowlands was low in Febroary, also cthe monch m
which breeding ended 1a 200H. Mice wete able to increuse body condidon immediately
after the cessation of breeding, but condidon decreased {tom June -Seprember. Moathly

density esiimates {rom 2 matlerecapture study in 2003/06 showed chat densities
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rematned relatively slatie from February-]une and decreased from July-Scplember. These
conpruetil tesults suggess that June-August 1s the most appropriate lme of year for an
attemptred cradication, as the mice wete not breeding and showed the clearest signs of
food-deprivation, but densities had not ver equilibrated to their lowest levels, Further,
hightand condidons were obviously suboplitnal lor mice and they should accept bair ar

least as readily as mice ar lower altisudes.

Introduction

Drelailed studies bave been conducted on introduced house mice Mar srasodar on several
Subantarctic islands (Bemry el al 1978 Gleeson & Van Renshurg 1982 Tye 1003
Matthewson et al, 19943 Le Roux et al. 2002, reviewed in Chapter 1), ITTowever, relaiively
littte i= lenosan abowt the binlng}' of mice on GOng'l'l Esland (Hill 195%: Brevtenbach 1986
Revwe-Rowe & Crafford 1992; |ones er al. 2003a). They are unusual in thal they arve the
largear-bisdied msular house mice in the wotld, and in conrrasc to most orher sland
populations, ate also the only introduced mammal on the tsland (Betry et al 197Y;
Brocke & Hilton 2002 Angel & Cooper 2000, Brooke et al. 2007).  House mouse
populalions at sunilar or higher lanmides underge relatively predictable annual cycles of
increasing density through suminer and decreasing density, often wath igh rares of
muorrality, occurring during wineer (Beeey 1968, Teereira et al. 2006), Tle impact of mice
on the nalive fauna of Gough las been shown (o be severe, parncularly on the wintet

breeding seabird species, and eradication would aclueve simificant conservanon goals
(fjones et al. 2002; |omes er al. 2003q; Cuthbert & Hilton 200H; Ange ot al. 2005, Wanless
et al. 2005; Angel & Caoper 2006, Wanless cLal. 2007),

An artempled ctadication of mice on Gough would, I some respects, be entering
uncharred retritory: ro dare the largest island to have been cleared of mice s Enderby
Istand, which at 700 ha s an order of mapnitude smaller than 6400 ha Gough Tsland
(Tort 2(H32). Several mouse eradicatton attemprs have fulled, and the reasons {or these
failures {or for the 18 successes o 2000} are not well understood T lowald et ol 2005),
Before management actton is undertaken on Crough ic s imperative o undersrand the
biolopy and demouraply of the muce there in relation to mice elsewhere. This will
infortn declsion-mnakers abouwt the chances of successiully eradicating mice, and possibly
point out ateas of concern for which an eradication operation should take special

precauuions, Key amongst the biological issues related o an cradication is determining
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the time of year when all mice are most likely to accept toxic bait. This is assumed to be
the time when mouse numbers are decreasing, but before the population stabilises at its
minimum size. It is also important to know when mice reproduce, because pregnant ot
lactating females and their pups may not exhibit normal foraging behaviour (e.g. they
may subsist off cached or body reserves) or may be neophobic and thus avoid baits (J.

Parkes pers. comm.).

The Island Syndrome (Thiollay 1993; Adler & Levins 1994) describes a suite of life
history and demogtaphic characteristics that vary systematically between insular and
mainland populations, especially in rodents (Lomolino 1985; Stamps & Buechner 1985;
Adler & Levins 1994; Dayan & Simberloff 1998; Lomolino 2005). Insular rodent traits
include high population densities, gigantism, lower fecundity and greater life expectancy.
A key prediction of the Island Syndrome is that population density decreases with
increasing island area (Adler & Levins 1994). The inverse relationship between density
and island size is not an effect of area per s¢, but rather an effect of competition and
predation (Michaux et al. 2002; Lambert et al. 2003). As island area increases, the
complexity of its ecological character approaches that of a mainland, there tend to be
more predators and competitors of rodents and the insular effect (of high density)
diminishes accordingly. Gough, with no predators of rodents, should have high mouse
densities relative to mouse populations on larger land masses and similar-sized islands
with predators. After more than 120 years on Gough Island (Verrill 1895), the mouse
population is presumably relatively stable. They have a discrete breeding season that
coincides with the austral summer (Jones et al. 2003a), and must therefore experience an
annual cycle in numbers. Rowe-Rowe & Crafford (1992) reported densities of 224
mice/ha in the lowlands of Gough in September (eatly spring), a density classified as a
“minot plague” in Australia (Singleton et al. 2005). Gough mice are thus exemplars of

two Island Syndrome characters, gigantism and high population density.

This study examines motphological, demographic and reproductive data from mice
collected on Gough Island and makes comparisons to similar data collected previously
from Gough, as well as with other published studies. I describe inter-annual and
seasonal patterns of reproduction, seasonal changes in body condition and seasonal
density fluctuations and make inferences about the underlying mechanisms. I use these

data to test: (1) if there is a selective pressure for larger body size; (2) if the population is
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regulated by density-dependent factors; (3) the influence of altitude on demographic
parameters of the mice. I use these results to identify the time of year when a toxic

baiting operation is most likely to be successful.
Methods

Study site

Gough Island (40° 21'S, 9° 53'W) lies in the mid South Atlantic Ocean some 3 000 km
west-south-west of South Africa and 400 km south-south-east of Tristan da Cunha. It
has a wet, cold-temperate climate with strong prevailing westerly winds (Angel & Cooper
2006). It is predominantly surrounded by steep coastal cliffs and has an undulating
plateau (hereafter referred to as highland) from 450-900 m The south-eastern part of the
island has an extensive coastal plateau from 40-90 m (hereafter referred to as lowland)
which rises steeply to the interior (le Maitre 1960). Lowland habitat is dominated by
fernbush, characterised by relatively tall, dense vegetation of mostly ferns, sedges and
Phylica arborsa trees (Wace 1961). The highland plateau is covered with wet heath,
characterised by stunted vegetation and dominated by moss, grasses and sedges and

Empetrum rubrum, a low-growing, woody perennial (Wace 1961).

Snap-trapping

Mice in the lowlands were snap-trapped at monthly intervals between November 2003
and September 2004. Trapping was done on the south-eastern coastal plateau near the
meteorological station. In the highlands trapping took place monthly between December
2003 and September 2004, excluding February and April, and was done principally in
Gonydale and Green Hill. Nine plots were set up in both highland and lowland areas,
and monthly trapping grids (of 25 and 50-75 traps per grid, respectively) were rotated
such that no area was trapped more than once every three months. Trapped mice were
sexed, weighed and measured, except I discarded carcasses that had been scavenged

significantly.

Reproduction

The reproductive status of a subset of 20 mice from the lowlands was determined
through dissection each month. Female mice were defined as reproductively active if
they were either pregnant or lactating, whereas males were deemed to be active if they

exhibited scrotal testes (Jones et al. 20032). Because some males exhibit scrotal testes in
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almost all months, the breeding season was defined in terms of reproductively active
females only. Reproductive data from this study were compared to data from 1999/2000
(Jones et al. 2003a), using the same definitions. I confine inter-annual comparisons to
mice caught in the same area of lowland habitat using comparable trapping methods.
Litter size refers to the number of foetuses #n wters. Litter size data from 2003/04 were
compared to published data from mainland populations, although no statistical testing
was possible. I tested for temporal trends in lowland litter sizes using a Kruskal-Wallis
ANOVA, but grouped January and February (n=4 and n=1 pregnant females,
respectively). A difference in the sex ratio between 1999/2000 and 2003/04 was tested
using a Chi-squared contingency table with Yates’ correction. 1 tested for seasonal
consistency in bias in each year by comparing observed monthly sex ratios against the

expected ratio (the sex ratio for the whole year pooled).

Size

Several standard morphometric measurements were taken. Intact mice were weighed to
the nearest 0.5 g using a2 100 g Pesola spring balance. Tail length (from tip to start of
curvature at junction with body) and total body length were measured to the nearest mm
by flattening and straightening bodies on a stopped metal rule. Tail length was
subtracted from total body length to get body length. Head width (measured at the
widest part of the skull) was measured to the nearest 0.1 mm using vernier callipers.
Relevant measurements were not taken in cases where carcasses had been partially
scavenged, had docked tails or crushed skulls. Snap-traps frequently damaged skulls and
spines (>30%), thereby limiting the utility of head width or body length measures. To
compensate, I cotrelated head width, tail length and body length measurements to check
that these covaried, and used tail length as a representative measure of skeletal size. I
checked for consistency in the relationship between tail length and other skeletal
measures between sexes and size-classes. Lowland mice were divided into four tail-
length size-classes (classes 1-4 tespectively: <81 mm, 81-90 mm, 91-100 mm and >100
mmy), but due to insufficient data on body length, only the tail vs. head width correlations
were analysed. Simultaneous-inference tests such as this run a cumulative risk of Type-1

etrots, and a sequential Bonferroni test was used to control for this (Rice 1989).

I tested for altitudinal differences (males only) and differences in sexual dimorphism
(lowland mice only) in tail length and body mass using t-tests. Analyses were confined to

mice caught from May-Sept (to control for possible confounding effects of breeding
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season or juvenile mice) and analysis of sexual dimorphism was further confined to
lowland samples. I then tested the hypothesis that there was selection during winter for
larger mice by examining the differences in mean monthly tail lengths (a surrogate for
body size) on mice trapped in the lowlands from May to September (August and
September data were combined). Because mean monthly tail length increased through
autumn and winter (presumably due to young mice growing through the winter), a simple
analysis of the difference in mean tail lengths would have produced a spurious result. I
sought to determine whether there was a period when the mean monthly increase in tail
length was greater than expected. For each record in a given month I subtracted the
mean from the previous month, calculated the monthly mean and then tested for
differences in the monthly rate of change in tail length using a one-way ANOVA with a
Tukey post-hoc test. A significant increase in the mean of the remainders from any one
month would indicate that either there were significantly more large mice in the

population or that tail growth rates changed.

Body condition

Indices of body condition in house mice and other small mammals have been criticized
(for a review see (Hayes & Shonkwiler 2001), in part because there is little or no relation
between body condition and fat reserves, militating against the use of body condition as a
measure of energy reserves (Krebs & Singleton 1993; Virgl & Messier 1993; Schulte-
Hostedde et al. 2001). However, body condition can explain variation in whole body
composition (fat, skeletal muscle, water and other body-parts, Schulte-Hostedde et al.
2005). Furthermore, small mammals can catabolise protein during periods of low food
abundance (Zuercher et al. 1999). I calculated a body condition index by regressing log
weight against log tail length. Transformations were used to account for the dimensional
differences (volumetric versus linear measures) and to permit compatisons of straight
lines (Hayes & Shonkwiler 2001). The regression line was used to calculate the expected
weight for a given tail length. The actual weight divided by the predicted weight provides
an index that is independent of size (Hayes & Shonkwiler 2001). I cortoborated this by
correlating body condition with tail length. Data were then divided into nine (lowland)
and five (highland) groups of a month or two months, depending on sample sizes.
Pregnant females were excluded from the analyses. 1 tested for intra-altitudinal
differences in seasonal changes in body condition and body mass using one-way
ANOVAs with Tukey post-hoc compatisons for both highland and lowland populations.
Altitudinal differences in body condition were tested with a two-way ANOVA using
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altitude and month as explanatory variables. I also tested for significant trends in
monthly changes in actual body mass from mice in the lowlands using a one-way

ANOVA with a Tukey post-hoc compatison.

Density estimates

Repeated live-trapping sessions took place at two locations in both the lowlands and the
highlands between October 2005 and September 2006. Small metal live traps were set at
8 m intervals on 80 x 80 m grids (totalling 100 stations per grid). Traps were set out after
sunset and mice were retrieved the following morning, individually marked by toe-
clipping and released. For each session, mice were trapped over 3-5 consecutive nights,
although inclement weather caused minor deviations from this protocol. Sessions were
conducted at approximately 6-week intervals on the same grids. This allowed matked
mice to be captured on the first night of a new session. However, each trapping session
was treated as a new study (this was possible because marked mice were individually
identifiable). For the purposes of estimating density, all mice were recorded as new
captures the first time they were captured in a particular session, regardless of their
previous retrap history from earlier sessions. The second retrap in a session was used
but subsequent retraps within the same session were disregarded (i.e. mice were only
‘trapped’ once and ‘retrapped’ once per session). I used the Schnabel method for
estimating densities, as it is the most appropriate measure for multiple retrap sessions

(Krebs 1999).

Statistical tests

All tests were performed using Statistica (StatSoft 2004) and significance values quoted at
the 0.05 level. Where data were not normally distributed, appropriate non-parametric
analyses were performed and are mentioned accordingly. Where appropriate, standard

deviation 95% confidence intervals are presented, denoted SD and CI respectively.

Results

In 2003/04 I set >1500 snap-traps, and 770 trapped mice were sufficiently intact to have
some demogtaphic data collected. Each lowland plot was trapped on average 2.4 times
(max=3) in the year, and there were 22 trapping sessions in total. In Gonydale, each plot
was trapped 2.2 times (max=3) and there were 18 trapping sessions in total. The overall
rate of trap failure (traps that triggered but caught nothing, or that failed to trigger but
lost bait) ranged from 12-48% (mean 27%).
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Reproduction

In 2000 the reproductive season of females ended in April, whereas in 2004 it ended two
months earlier, in February (Figure 1). The proportions of reproductively active femnales
and males were consistently higher in 2000 than in 2004 (until all reproductive activity

ceased).

In 2003/04 the mean litter size (all foetuses) was 7.67 (range=2-12, SD=2.51, n=24).
Mean litter sizes were higher in November (8.8, n=5) and December (8.4, n=7) than in
January-February (7.0, n=5), but differences were not significant (K-W ANOVA,
H, ;,=3.66, p=0.16). The sex ratio of animals trapped in the lowlands was male biased
(1.57:1, n=398) in 1999/2000 and female biased in 2003/04 (0.72:1, n=621 mice) and
this difference was highly significant (y°,=37.34, p<0.001). The monthly sex ratios did
not differ significantly from the annual values in either 1999/2000 or 2003/04 (*,=1.16,
p=0.99; y,,=0.53, p=0.99, respectively).

Table 1. Correlations of body measutes of 770 Gough house mice trapped in 2003/04.

Variables Correlation r P n
Grouped 0.559 <0.001 387
Females 0.584 <0.001 232
Males 0.509 <0.001 155
Head width vs Tail Size class 1 0.242 0.011 26
Size class 2 0.081 0.004 101
Size class 3 0.072 0.008 98
Size class 4 0.131 0.036 34
Grouped 0.494 <0.001 87
Head width vs Total Body Females 0.885 <0.001 57
Males 0.446 0.012 31
Grouped 0.837 <0.001 88
Tail vs Total Body Females 0.539 <0.001 55
Males 0.387 <0.001 30
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Size

The various measures of body size were all highly significantly correlated to one another
(Table 1). Furthermore, there were no differences in the correlations of the different
measures between sexes or size-classes, and the sequential Bonferroni test confirmed no
Type-1 errors. This allowed the use tail length, the measure for which I had most data,

as a surrogate for body size in all subsequent analyses.
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Figure 1. Seasonal changes in proportions of reproductively active mice in from Gough
Island. Vertical bars denote CI but only half-bars are shown for readability; and season is
indicated by day length (total minutes between sunrise and sunset). Data from
1999/2000 from Jones et al. (2003).
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The tests for altitudinal differences in size revealed that mice in the highlands were, on
average, significantly smaller than mice in the lowlands (Table 2), with male mice being
on average 45% heavier in the lowlands and having tails 9.5% longer. I therefore used
only lowland samples to test for sexual dimorphism (Table 2). Males were on average
8.2% (2.2 g) heavier than females and had tails that were 2.3% (2.1 mmm) longer than

females’ tails.

Table 2. Altitudinal and sexual dimorphism in house mice from Gough Island in
2003/04. Only lowland data from May-September were used to test for sexual

differences and only males were used in altitudinal tests.

Mean(SD) T df p

. Lowland (n=97)  28.6 (5.4)
Weight (g) -919 142 <0.001
Highland (n=47)  19.7 (5.6)
Lowland (n=95)  96.7 (6.2)
Thail (mm) -7.3 141 <0.001
Highland (n=48)  88.3 (7.1)

Female (n=151) 264 (7.7

eight . .

Weight (g) 313 246 0.002
Male (n=97) 28.6 (7.6)
Female (n=149) 94.6 (8.3

Tail (mumn) 25 242 0013
Male (n=95) 96.7 (8.5)

The test for differences in the rate of increase in mean monthly tail lengths was highly
significant (F, ,5,=5.33, p=0.001). Figure 2 shows that mean monthly tail lengths in
August/September (mean=99.5 mm) differed significantly from May, June and July
(means=92.2, 94.3 and 95.0 mm, respectively).
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Figure 2. Monthly increases and rate of change (between months) in mean tail length of
mice from the lowlands during the austral winter of Gough Island. Vertical bars denote
CI but only half-bars are shown for readability; * indicates a significant difference from

other months in the rate of change.

Body condition and body mass

Thete was no correlation between body condition and tail length (R*=0.004, p=0.9,
n=597). Therefore the body condition index is truly independent of size. The utility of
examining body condition in conjunction with body mass is clearly shown in the
divergence of these two measures after May. Condition and mean body mass of lowland
mice covaried from December to May, but body mass shows a single annual cycle, with
mean mass peaking at the start of the breeding season (September), decreasing through
to the end of breeding and steadily increasing again (Figure 3). Body condition shows
two peaks and troughs. The December-February decrease in mean body weight is
probably accounted for by the simultaneously decreasing body condition as well as
increasing numbers of smaller individuals in the populaton. A Tukey post-hoc
comparison showed that the apparently low mean weight in July was not significantly
different from the two preceding or the two following months. The significant increase
in mean body weight at the end of winter contrasts with the significant decrease in body

condition, and supports the finding that smaller mice are selectively removed from the
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population between July and September, while also showing that even surviving mice

wete not maintaining condition.
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Figure 3. Monthly changes in mean body mass (g) and mean body condition of mice
trapped in the lowlands of Gough Island, 2003-2004. Vertical bars denote CI but only
half-bars are shown for readability; the dotted horizontal line denotes the population
mean in body condition (=1.0). The December and March-June peaks in body condition
differed significantly from the February and July-September troughs. The February-
March trough in body mass differed significantly from all months except January, which
differed significantly only from September (see text for details).

Mice from the highlands showed a bimodal seasonal pattern in body condition changes
similar to that of the lowlands, although the timing of the changes differed. Very small
sample sizes may have limited my ability to detect significant differences between
petiods, and only the August-September trough differed significantly from the June-July
peak. Mean body mass, unlike in the lowlands, showed a relatively minor decrease from
summet to late-winter (Figure 4), but the differences were not significant (ANOVA,
F, 13=1.63, p=0.17).
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Figure 4. Monthly/bi-monthly changes in mean body mass (g) and mean body condition
of mice from the highlands of Gough Island. Vertical bars indicate CI but only half-bars
are shown for readability; the dotted horizontal bat denotes significant between-month

differences in body condition.

Table 3. Monthly differences in mean body mass and body condition from lowland mice

trapped on Gough Island in 2004. Levels of significance are: *<0.05, **<0.01, ***<0.001.

Body mass

Nov-Dec Feb***  Mar*

Jan Sep*

Feb Apreex Mayt*k  Jun***  Jult*  Augh*  Sep*r*
Mat Apr*  May®* Jun**  Julk Aug*  Sep**
Body condition

Nov-Dec Feb***  Jul** Sep***

Feb Mar*  Apr*  May*** Jun*

May Jlll**

Sep Mar*  Apr**  May*** Jun*

In the lowlands, body condition went from a high in mid-summer to a significantly lower
value in February, at the end of the breeding season. It climbed again through autumn,
peaking once more in May before it dropped in middle and late winter. Thete was

significant temporal variation in the body condition of lowland mice (ANOVA:
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Fy 455=6.56, p<0.001) and the Tukey post-hoc comparison identified significant
differences between all the peaks and troughs (Table 3). The equivalent non-parametric
test (small sample sizes in some months prohibited a parametric test) for the highland
mouse population also showed significant differences (Kruskal-Wallis ANOVA:
H, 1,,=12.29, p=0.015), but the post-hoc comparison of Z values revealed significant
differences only between June-July and August-September (p=0.012) (Figute 4). Mice in
the highlands had significantly lower body condition than mice from the lowlands
(F,=78, p<0.001). Small and unequal samples sizes (and months with no data) of mice in
the highlands meant that I could not control for season in the altitudinal comparison,

however, the strength of the significance lends some confidence to this result.

Density estimate

The seasonal changes in lowland mouse densities (Figure 5) were in keeping with
expectations, based on the timing of reproduction of the mice in 2004. Densities
increased through the summer, peaking at the end of the breeding season, and then
decreased at the end of winter; by September (the start of the next breeding season)
densities were essentially the same as they were the previous October. There are three
noticeable altitudinal differences in the seasonal pattern of population density. First,
differences in densities were greatest in the middle of the breeding season (November-
January), when estimated lowland densities were more than three times higher than in the
highlands. Second, in the highlands there was a lag in the summer density increase
relative to the lowlands. Third, the highlands showed a more than three-fold density
increase between the low point in December and the high peak in March, compared to a

two-fold increase between October and February in the lowlands.

Discussion

From a conservation perspective, eradicating the invasive alien mice would be a
significant step in restoring the ecology of Gough Island (Jones et al. 2003a,b; Cuthbert
& Hilton 2004; Angel & Cooper 2006). Eradicating rodents from islands greater than ca
100 ha requires complex operations, including the use of helicopters and highly trained
personnel. Such operations are very expensive, ranging from hundreds of thousands to
millions of US dollars (McClelland & Tyree 2002; Martins et al. 2006; Donlan & Wilcox
2007). The paucity of mouse eradication attempts relative to those of rats (Figure 6)

probably derives from the poorly studied/described
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Chaprer &

impacts of mice on chatismanc insular fauna such as seabirds (Wanless ot al, 20071 Thus
while factors determining the success of tal cradications are fairly well understoad, and
some have wrgued against un upper island-stze-limic for successful wil cradicanons
(Lavote et al. 2007, the techiniques 1o eradicare mice successfully are soill betryr developed
and faetors influenving operatinnal cutcomes are pootly understood, Given the above, 4
mouse eradication artempt o Gowgh is likely fo cost in excess of LISES tmillion (. Parkes
pers. comm), and a clear nnderstanding of mouse binlogy, demography and the window
of e when laving bail will be mast effecrive is essennal before making 1 conservation

outlay of that natare.
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Figure 5. Seasonal changes in estimated mouse densides in the highlands and lowlands
of Gough Island in 2005-2006, Vertical bats denote €1 Scasons indicated by day length

(total minites between suntise and sunsct),

Mouse populations on Gough and on other Southern Ocean tslunds «re nor kaown fo
undetpo the extretne inler-annual density fluctuations or reach plague-like denstties that
mandund population: do (Singleton et al. 2000; Ferretra et all 20068).  Purthermare,
s pnpulﬂri{mﬁ in temperate and high-ladtude enviromuments are cliaracterized by
prooounced seasons with high winter mortality rates (e Ferreira el al 20060, These
excrl u tmodetating influence on inter-annual populaion cvcles but facilitare an annual
cvele (Bemy 1968; Efford ¢ 1l 1988; SAvenanl & Scnith 2004; Fetteira ot al. 20065, The

patterns of sewsonal reproducnon and changes in denstties w che mice on Gougte, while
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drawn {rom a limiled data ser, conform to this weneral pattern. Simtlarly, the range of
mouse denzines on Gough is similar to those reported from Manon Island, although the

titnirge of peaks and woughs s slighty different (Fetreiea ecal. 2006),
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Figure 6. lsland area cleared of rats (Raswr spp) and miee (Mar srvsmdvg). All known

effurrs prior to 1986 are sunymed, Nodified From Wanless et al, f200°7

The dming of reproduction in house mice vardes greally among populadons, 1n general,
they can breed vear-rovad when given access to enough fond (Taurte 1246, Rowe et al,
1964; Bronson 1979; Tait 1981 Bronson 1998), although mice on Marien lsland did ner
survive better ot enter a reproducte state during a food supplementation experiment
{van farde & Jackson 2006, The seasonality of repreducion of mice on Gough [sland
15 therefore in line with predicrions, given the seasonal nature of rhe island’s
etivirentnenl, [lowever, the durston of reproduction varled substaunally berween
1998 2000 and 2003/04 on Gough. Breeding ended nwo months catlier in 2004 than in
2000 (zero reproductively acuve fermales i March 2004 wversus May 20000 The
proporton of scrotal males showed a similar pattern, with the notable addivon that after
May 2004 there were nn scental males 10 the populanon, whereas sorotal males wore
reconded in all months in 2600, The inter-annuoal patterns were similar to New Zealand
mice during mast seedfall years (thigh fuod abundance, refecred Lo herealler as a ‘fpood’
vear; versus non-mast vears (hereafter referred to as a ‘poor’ year) (King 1982; Buscoe el

al. 2I05). Tn good years, reproduction sraried early, peaked early and ended catly relative
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to poot years. A second, well-understood factor affecting reproductive effort in rodents,
and especially in house mice, is population density (Rowe et al. 1964; King 1982; Nelson
et al. 1991; Adler & Levins 1994; Leirs et al. 1997; Singleton et al. 2001; Ruscoe et al.
2005; Singleton et al. 2005; Ferreira et al. 2006). Thus, somewhat counter-intuitively, in
good years, reproductive effort is down-regulated as the season progress due to high
densities (arising from high recruitment rates early in the breeding season). Singleton et

al. (2001) describe the same pattern in mainland Australia.

Other house mouse populations on Subantarctic islands appear to have much more
prolonged breeding seasons than on Gough (Table 4). Although the austral breeding
seasons all appeat to start in September, they continue well into winter at other locations,
despite these being at higher latitudes and therefore subject to more extreme weather
conditions and more pronounced photoperiod shifts (Efford et al. 1988; Pye 1993;
Matthewson et al. 1994; Avenant & Smith 2004). The Gough mice should, in theoty, be
able to breed into May or June, at least as late as more southetly islands, because of its
more temperate climate (warmer temperatures, more daylight hours, e.g. Pye 1993). That
they do not is most likely the result of density-dependent effects on their reproduction
and, proximally, limited food supply (Case 1978; King 1982; Adler & Beatty 1997;
Choquenot & Ruscoe 2000; Singleton et al. 2001; Michaux et al. 2002; Singleton et al.
2005; Ferreira et al. 2006). The extreme hunger of mice during winter was anecdotally
evidenced when despite placing more than one snap-trap per m* (75 traps in a 64 m’
gtid) in two trapping sessions in June and July 2004 in the lowlands, every trap was
visited, triggered and no bait was left on any trap. All bait was even eaten out from
under trapped tmice. By comparison, in August, 22 mice were trapped out of 75 traps,
and 42 traps still had bait on them in the morning, Throughout winter, mice scavenged a
large percentage of carcasses before they were collected and in one June trapping session
only 14 out of 58 mice still in the traps had not been so thoroughly scavenged that some
information could be obtained. Scavenging rendered fewer than 5% of mice unusable
from November-February and August. Trap rates actually increased three-fold between
summet (when the population is at its highest but trap rates were lowest) and mid-winter,
when densities were almost twice as low as summer. These results suggest that hunger
(also shown in patterns of body condition) and probably home-range size differ widely
between summer and winter. Lastly, the complete absence of male mice showing scrotal

testes in any month has not been reported from other Subantarctic populations, and
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suggests that mice were severely stressed in the Gough winter of 2004 (Pye 1993;
Avenant & Smith 2004).

Table 4. Breeding season and mean litter sizes of house mouse populations.

Latitude Breeding season Litter size  Reference

GoughIsland  40°S  Sep - Feb/Apr 7.67  This study
Macquarie Island  54° S Sep - Jun 6.6 Pye (1979)
Marion Island 46°S Sep - May 7.2 Matthewson (1993)
Mana Island 41°8 Sep - Jun 71 Efford et al. (1988)
Rangitoto Island ~ 36°S *Sep - Jun 6.7 Miller & Miller (1995)
England 53°N Year-round 6.38 Berry (1964)
England 53°N Year-round 4.83 Rowe et al. (1964)
SE Australia 35°S Variable 6.67" Singleton (2001)

" Approximate

On Gough there was a tendency for monthly litter size to decrease as the breeding
season progressed. Elsewhere, litter size decreases and reproductive season shortens in
response to increasing density (Rowe et al. 1964; King 1982; Singleton et al. 2001;
Singleton et al. 2005). Inter-annual differences in litter size and timing of reproduction
therefore depend either on differences in food availability (but see Ylonen et al. (2003)
for lack of effect in an expetimentally food-supplemented wild population), different
mouse densities at the start of the breeding seasons, or some combination of the two.
On Gough, variation in weather conditions between winters easily could affect energetic
demands and produce variations in annual survival, especially in the critical period from
June-August. The 57% difference in estimated September densities in 1991 vs 2006
support this concept. The higher proportion of breeding mice and the longer season in
1999/2000 compared to 2003/04 could have arisen from low food availability and/or

lower densities at the start of the breeding season in 1999 relative to 2003.

The observed inter-annual variability in breeding season suggests that reproduction ends
when carrying capacity is reached. This would result in upper mouse densities being
constrained and they are not expected to be much higher in other years compared to
what has been observed. This implies that the absolute number of mice at the end of the

breeding season (whenever that may be) is determined extrinsically (ultimately as a
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function of primary productivity). The time of year at which breeding stops would then
be determined by densities at the start of breeding and annual vatiations in phenology
and productivity of food-plants and invertebrates (Singleton et al. 2001; Singleton et al.
2005). For example, a harsh winter (below-average temperatures, above-average cloud-
cover or precipitation) could result in lower survival. Low densities at the start of the
breeding season would (initially) cause relatively low population increase and ultimately a
longer breeding season (Berry 1968; Singleton et al. 2001; Singleton et al. 2005).
However, the magnitude of these inter-annual variations is likely to be small relative to
the cycles that mainland rodent populations undergo, due to the climatic stability of
oceanic islands (Rowe-Rowe et al. 1989; Pye 1993).

Traditional theories of sex ratio skews in mammals ascribe the proximal mechanism to
maternal adaptive manipulation of offspring sex (see Rosenfeld & Roberts (2004) for
review). However, with only two (discontinuous) years of sex ratio data and no data on
sex ratios of offspring, the significant reversal of a skew sex ratio between 1999/2000
and 2003/04 is difficult to interpret and I only present a tentative hypothesis.
Differences in sex ratios between years have also been reported from Marion Island,
without definitive explanations (Avenant & Smith 2004). First, a study of wild-caught
female house mice demonstrated that neither maternal condition nor litter size has an
effect on offspring sex ratios (Krackow 1997), although nutritional stress at a critical
petiod in pregnancy causes females to produce fewer male offspring (Meikle & Thornton
1995). Second, adult male survival is reduced in mouse populations at high densities
(Southwick 1958; Rowe et al. 1964). At first glance these facts and data from Gough are
in agreement. Putative lower densities in 1999/2000 coincided with a higher proportion
of males than in 2003/04. If density-mediated, male-biased mortality occurs only in the
breeding season (possibly the result of lethal aggressive interactions over mates or
territories) then whatever bias occurred at the end of the breeding season would persist
through the following winter. These factors could explain the pattern of fewer males in
2003/04 and the persistence of the ratios from the breeding season through the winter.
However, they do not explain a male bias from the start of breeding and continuing
through winter in 1999/2000. This somewhat enigmatic result merits further

investigation.
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There is evidence of slight sexual dimotphism in the Gough mice; I could find no other
examples in the literature reviewed. The altitudinal differences in body size were
considerably bigger than the sexual differences. There wetre also highly significant
altitudinal differences in body condition, with highland mice in wotse condition than
lowland mice, despite existing in a colder, wetter environment and therefore requiring
greater energetic teserves. These factors are postulated to promote increased body size
(Case 1978; Lomolino 1985; Michaux et al. 2002; Lomolino 2005). Mid-summer
(November and December) densities in the highlands were three times lower than in the
lowlands. All these results show that the highlands represent a marginal environment for
mice, relative to the lowlands. The seasonal patteen of density changes in the highlands
is slightly odd, because despite ostensible breeding from September there was no
discernable increase in density by December. The increase in densities in the highlands
in winter might reflect immigration of mice, either forced out of the better, low-lying
areas as resources become scarcet, or to take advantage of avian food resources in the

highlands. This requires further research.

Why are the mice on Gough the largest-bodied of all known free-living house mouse
populations (Rowe-Rowe & Crafford 1992; Angel & Cooper 2006)? A lack of inter-
specific competition and/or predation is considered important in driving the degree of
expression of various Island Syndrome characters (Adler & Levins 1994; Yom-Tov et al.
1999), and especially gigantism (Case 1978; Dayan & Simberloff 1998; Michaux et al
2002; Millien 2004). If this is valid, then two facts ate pertinent. First, Gough is one of
relatively few islands where house mice ate the only introduced mammal (Chapter 1).
Second, systematic predation by Subantarctic Skuas Catharacta antarctica or Gough
Moorhens Gallinula comeri (the only potential predators on Gough) is unlikely. Another
important driver of large body size in small mammals is periods of food shortage
associated with cold, seasonal environments (Lindstedt & Boyce 1985). Figure 2 shows
that either larger-bodied mice on Gough have a significantly better survival through the
critical end-of-winter population decrease, or that there is a sudden increase in the
growth rate of the mice in this period. Given that average body condition drops to its
lowest in this period, the latter option is improbable. The absence of significant predators
or competitors and a selective advantage of larger body size appear to have facilitated
character release and promoted the evolution of the most extreme example of insular

gigantism for this species. The impottance of these influences could be tested through
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the study of “natural” experiments on other islands where competitors and predators of
tnice have been eradicated, but where mice remain, for example on Marion or St. Paul
islands (van Aarde et al. 1996; Bester et al. 2000; Micol & Jouventin 2002). I predict that
tnice in such populations may evolve to be bigger or express other features of the Island

Syndrome, such as higher densities.

Cold temperatures and food shortages cannot be the only drivers of large body-size, for
two reasons. First, the highland mice on Gough presumably suffer greater temperature
extremes and (as their significantly lower body condition shows) undergo greater food-
stress in winter than do mice in the lowlands, yet highland mice are smaller. Second, two
other Subantarctic islands, Antipodes and Marion, have had mice as the only introduced
mammal for the bulk of the ¢ 150 years since their introduction (Berry et al. 1978;
Mclntosh 2001), yet mice have not evolved greater size on either Marion (mean=21.0 g)
or Antipodes (mean=19.8 g). These islands are at higher latitudes (46°S and 49°S,
respectively) than Gough (40°S) and therefore have similar, if not harsher, colder
environments. Phylogentic constraint is being investigated as a teason for this apparent
anomaly at Marion Island (P.G. Ryan pers. comm.). I posit an alternative: that energetic
constraints limit the growth rate of mice. The densities of nesting seabirds on Gough
Island are much greater in the lowlands than the highlands (Angel & Cooper 2006). The
enetgetic hypothesis is that lowland mice have access to better energetic resources (either
by preying on seabirds or because more seabirds promotes greater plant and invertebrate
productivity) and can thus grow bigger than highland mice. This could be tested directly

on Gough, and by compatison analyses with Marion and Antipodes islands.

My discussion of body condition and density changes is focussed largely on the results
from the lowlands, as the data are mote finely resolved. Nevertheless, indications are
that the patterns observed in the highlands were similar. The decrease from a mid-
summet high in body condition ended in February, also the month in which the last
breeding females were trapped. That average body condition decreases as the breeding
season progtesses is no surprise. First, there are increasing numbers of mice, all
competing for the same resources. Second, breeding mice might be sacrificing body
condition in order to produce offspring. The February trough in body condition was
followed by a rapid and significant increase in condition until June, suggesting that the

late summer decrease reflects, to some extent, the effort invested (and consequently the
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costs incurred) during the reproductive months. The high March-June condition indices
are difficult to interpret, but possibly indicate adaptive weight gain ahead of the expected
lean mid- to late-winter months. However, this raises the question why, if mice
(re)gained condition so rapidly, did they cease breeding so early? The marked inter-
annual differences in the cessation of breeding rule out photoperiod cues and make
temperature cues highly unlikely. Social control, e.g. the suppression of oestrus above a
threshold density, is a possibility, but there is no evidence for this, and the eruptive
‘plagues’ of house mice reported from Australia and New Zealand suggest this is unlikely
(King 1982; Singleton et al. 2001; Singleton et al. 2005). Alternatively, survival through
late-winter appears biased towards large individuals. Thus selection on Gough may have
favoured mice which cease breeding relatively early in the season (and thereby enhance
their own survival and chances of breeding in a second season), because later-born mice
will be small in late winter, probably suffer lower survival as a result and therefore
represent wasted reproductive effort. The failure to induce breeding in Marion mice
during winter, despite provisioning of supplemental food (Ferreira et al. 2006) strongly
suggests that food availability is not the only factor determining breeding periodicity in

Subantarctic island mice. These competing possibilities merit further research.

The monthly changes in mouse density on Gough mice differed from Marion Island.
The latter population showed a consistent density decrease through winter (Ferreira et al.
2006), whereas on Gough (especially noticeable in the lowland data) the strongest period
of decrease was the end of winter, which coincided (as expected) with the period of
decreasing body condition. The range of monthly density estimates for the lowlands
(123-244 mice/ha) encompasses the density estimates of 224 mice/ha from 1991 (Rowe-
Rowe & Crafford 1992), although the latter was for September, and is substantially
higher than the estimated 138 mice/ha for September 2006. This result supports the
concept that densities at the start of each breeding season can vary quite widely, leading
to inter-annual differences in reproductive patterns such as has been observed on

Gough.

Implications for eradication

A fundamental principle of eradication is that all target individuals are exposed to risk
(GISP 2005). A single pregnant female or one survivor of each sex can result in failure.

Breeding rodents complicate matters for two reasons. First, pregnant/nursing females
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are believed to be more neophobic than at other times and may thus avoid baits (J.
Parkes pers. comm.). Similarly, pups close to being weaned can sutvive their mother’s
death and could potentially begin foraging for themselves after the bait has decayed.
Thus a once-off bait application programme should only be attempted after breeding has
ended. Mice on Gough apparently do not breed in winter, between May and August.
The conservative approach may be to confine an attempt to between June and August as
this is when mice on other Subantarctic islands stop breeding. This opens a significant
window of opportunity for a baiting operation. Eradication of rodents from large islands
is predicated on a number of things, but arguably the most impozrtant is the knowledge
that the population undergoes a predictable decrease as a result of food limitation, at
which time the presentation of highly palatable bait is likely to be eaten by every single
individual. Estimates of population density in 2006 (Figure 5) show the expected winter
decrease in late winter in both highlands and lowlands. Figure 2 shows that lowland
body condition started a downward trend in June, although July was the first month to
be significantly lower than the post-breeding peak in conditon. Between July and
August-September the proportion of large-bodied mice in the population increased
significantly. In other words, mortality of smaller mice must have been at its most acute
then. I assume that at this time mice are unable to maintain conditon, rather than
undergoing adaptive weight loss. The most likely factor driving patterns of density and
body condition decreases is limited food resources (Adler & Beatty 1997). In a seasonal
environment such as on Gough, this makes intuitive biological sense. First, there has
been no seed production for several months. Second, it is extremely unlikely that any
significant invertebrate reproduction occurs during winter, and thus stocks are probably
at their lowest in late winter. Congruent results of extreme hunger, low body condition
and decreasing density point to June-August as being a critical time for mouse survival
and thus also for a toxic baiting operation. The differences between density, body size
and body condition in mice from the highlands and lowlands all suggest that the highland
areas are suboptimal for mice. Following from this, highland mice are expected to be
mote motivated to accept bait than mice in the lowlands. The feasibility of such an
eradication is cutrently being assessed, which infer alia aims to assess the likelihood of
100% of the mice being exposed to and taking poison bait (Angel & Cooper 2006).
These findings are encouraging because they suggest that if bait can be spread at
sufficient density in all mouse home-ranges, and is applied in June-August, there is a high

chance of meeting the requirement that all mice take lethal doses of bait, and thus the
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eradication of mice from Gough Island is possible. Further research into bait
palatability, toxicity, optimal baiting densities and percentages of bait acceptance during
this time window would lend greater confidence to an assessment of the feasibility of

eradication.
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Synthesis of key results and directions for future research

Background

The research that I have presented was initiated in response to the alarming discovety that
Tristan Albatross Diomedea dabbenena and Atlantic Petrel Prerodroma incerta breeding success
was extremely low in 2001 (Cuthbert 2004; Cuthbert & Hilton 2004; Cuthbert et al. 2004).
Despite the fact that predatory house mice Mus musculus were the prime suspects for the
pattern in both species, there were significant uncertainties about the 2001 findings. These
included the possibility that predation occurred in 2001 but that it was an exceptional year,
or that disease, starvation or some other cause was a major driver of the low breeding
success and that predation by mice was marpinal (ie. causing insignificant deaths) or
incidental (i.e. attacking sick or weak individuals that were already doomed). Thus a major
objective for the field work was to determine if mice were in fact responsible for the

majority of chick failures.

Introduction

In this final chapter, I draw together the key results from the thesis and discuss some of the
unanswered questions. Rather than leave open-ended questions, I erect hypotheses that
might account for the unexplained patterns, based on our understanding of the ecology of

the mice, seabirds and terrestrial ecosystem on Gough Island.

This reseatrch is based for the most part on a single field season. Each chapter comprises a
stady entire unto itself, drawn together by the common thread of predation by mice on
Gough Island’s seabirds. The thesis covers a broad sweep of topics at an island where the
ecology has received only patchy research. It is thus not too surprsing that there are aspects
of the research from each chapter for which more focussed study is recommended. Some of
the results defy rigorous explanation using the data I collected. Considerations in this
chapter go explicitly beyond the bounds of my data. They are often speculative, but present
ideas for future reseatch to either refute or confirm. In a departure from traditional synthesis

chapters, they are presented as a narrative in a more discursive style, partly to distinguish
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them from the more robust analyses of data in the rest of this thesis. Dry, dispassionate
descriptions of what (for me personally) were astonishing and horrific discoveries are to be

found in the rest of the thesis.

Key result 1: mice are responsible for chick mortality

Atlantic Petrel eggs hatch mostly in August, which is unfortunate given the timing of the
annual visits to Gough and resulted in truncated seasons of study. When I arrived in
October 2003, Atlantic Petrel chicks were already 6-12 weeks old. Concerns about the
frequency of widespread predation such as apparently occurred in 2001, were exacerbated
through the first Atlantic Petrel study, from October 2003-January 2004. Very few
predation events were recorded, a positive result for the petrels but a negative result in the
context of a field study on mouse impacts. However, observations were restricted to the
second patt of the chick-rearing stage. The following year (covering the incubation and eatly
chick-rearing periods) proved to be an extremely poor year for chick survival, which
provided unequivocal evidence that mice were responsible for a truly alarming rate of failure.
In September 2006 I returned to Gough and was able to set up another Atlantic Petrel study,
with kind assistance from Brian Bowie who checked on burrows after I had left. Although
the petiod of study did not overlap much with the 2004 study, failure rates were again far
higher than 2003. Thus it appears that 2003 was unusual, with so few attacks compared to
all other years of study and including three years covering the same nest period (2000, 2001
and 2006). However, the failure rate before the study commenced in 2003 is unknown. The
evidence from 2004 strongly suggests that small chicks in August and September are most
vulnerable. While it is impossible to separate definitively the effect of time-of-year from
chick age, August and eatly September may well be periods of the most intense predation
because mice are in significantly lowered body condition at that time (Chapter 6). Thus
there may have been significant predation before the study commenced in 2003.
Alternatively, spatio-temporal variation in attack rates is likely, although the magnitude of
this effect in the lowlands (where the Atlantic Petrels breed) is completely unknown.

The first evidence of significant predation by mice was obtained on 20 April 2004, when I

checked study nests in Green Hill to find widespread wounds and fresh carcasses of Tristan

Albatross chicks. These could only have been caused by mice. Video evidence, more
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wounded chicks and widespread albatross chick fatlures subsequently confirmed that mice
wete the source of the wounds and the ultimate cause of deaths. Thus by 30 April, a major

objective of the research had been more-or-less achieved.

Key result 2: predation by mice is sufficient to drive population decreases

The population-level impacts of the observed failure rates are sufficient to drive decreases in
both Atlantic Petrels and Tristan Albatrosses. This is all-the-more troubling because Gough
is effectively the last breeding site for both species. The Atlantic Petrel population is e 1.8
million pairs (Cuthbert 2004), and despite high predation rates they are in no immediate
danger of extinction. In contrast, the situation for the Tristan Albatross is particularly acute,
because adult mortality (most probably from mortality associated with fishery interactions) is
apparently severe and a population model predicted a negative trend regardless of other
parameters. The poor observed breeding success is alone also sufficient to drive decreases,
but in concert with low post-fledging survival it compounds the decrease. The total adult
population is ¢z 5400 birds, but the model predicts that with observed parameters it could

decrease to ¢z 1000 birds (equivalent to about 500 nesting attempts annually) within 30 years.

It seems likely that mice have been preying on seabitd chicks since the 1800s. Back-of-the-
envelope calculations of possible pre-predation population numbers illustrate the possible
population size to which the impacted species could recover (all else being equal). For the
Tristan Albatross, from 1612 paits in 2005 (Chapter 4) and an annual decrease of 1%, there
may have been as many as 7500 paits nesting before mice attacks began (guestimated to be
1850). For the Atlantic Petrel population, Cuthbert (2004) estimated that on Gough it was
decreasing at 1.7-3.5% per year, based on a fairly crude population model. Using the lower
rate of decrease (1.7%) and hindcasting from 1.8 mullion pairs at present yields an estimate of
22.5 million pairs in 1850. Density-dependent effects may have prevented either population

from achieving those sizes.

Key result 3: lowland mice rely heavily on seabirds but highland mice don’t

Stable isotope analyses, while confounded to a degree by an enigmatic nitrogen isotope
signature for mice, nevertheless indicate some key results. First, mice in the lowlands do

appear to rely to a significant degree on consumption of Atlantic Petrel chicks in August and

187



Chapter 7 Synthesis

September. Standard ecological theory predicts that reduction in the supply of an important
prey resource will, all else being equal, result in a concomitant reduction in predator numbers
(Begon et al. 2003). For the Atlantic Petrels, reduced densities should cause reduced
numbers of chicks being preyed upon and the petrel population should ultimately equilibrate
to a lower density at but one which can sustain low levels of mouse predation on chicks. In
contrast, the highland mice, while devastating the albatross nests in many areas, appeat to
gain relatively little nutritional reward from the attacks. In the context of a cold Subantarctic
wintet, if mice are hungty and attack chicks to sate that hunger, the number of chicks
available should be irrelevant (until they become a limiting factor), and the total number of
failures should be relatively consistent over time. The findings of Chapter 3 (that the
number of chicks available determines the number of failures) implies that albatross chicks
are not necessarily an important part of the diets of highland mice. This is in agreement with
the isotopic analysis. Thus the importance of predation in the Tristan Albatross population
dynamics is likely to diminish as the population decreases. As noted in Chapter 5, however,
diminished fertility from reduced nitrogen input as seabitd numbers decrease (e.g. Croll et al.
2005; Fukami et al. 2006) might have an ameliorating or an aggravating effect on predation
rates in the highlands.

Enigmatic results

Tristan albatross predation

Spatio-temporal vatiation in Tristan Albatross failures between 2001-2006 are very difficult
to predict, with the exception that Gonydale appears to be affected least by predation and
thus experiences consistently high breeding success. Why are the pattetns between sites not
consistent within a year, with predation going up in one year in all areas and down in another
year, relating to island-wide phenomena such as weather conditions or primary productivity?
Further, there were consistently large differences in annual failure rates between Green Hill
and Gonydale. Howevet, stable isotope analysis showed that the total marine input to the
two systems was similar, meaning that the densities of all nesting seabitds (which are
responsible for marine nitrogen in the highlands) in the two areas must be very similar, and
plant productivity from the fertilising effects of seabirds is likely to be the same. The relative
abundances of major plant groups were essentially identical, too, as one would expect from

adjacent sites at the same altitude, on slopes with similar aspect and orientation. Density
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estimates from mouse mark-recapture data from the two sites were closely matched. Why
the difference in mouse predation? I suspect that part of the answer to this otherwise
enigmatic result comes from the analysis of stable isotopes. In Chapter 5 I conclude that the
contribution that seabird consumption makes to highland mouse diets is negligible in both
Green Hill and Gonydale. This may seem surprising, however it is probable that highland
mice gain less energetically (in absolute terms) from attacking an albatross chick than
lowland mice do from attacking an Atlantic Petrel chick. This is because albatross chicks are
on the surface, and weakened birds are almost inevitably killed by Subantarctic Skuas
Catharacta antarctica and Giant-Petrels Macronectes spp., which will then consume the vast bulk
of the chick’s flesh. By contrast, Atlantic Petrel chicks mostly die underground, and unless a
Gough Moorhen Gallinula comeri scavenges the carcass (e.g. Wanless & Wilson in press), mice
will consume it entitely. Also, there are three orders of magnitude more nesting Atlantic
Petrels than Trstan Albatrosses (although the difference in biomass is less). Thus, if
albatross consumption does indeed constitute a relatively trivial part of the diet, the
incremental survival value in preying on them must also be small. Undoubtedly those mice
that do eat from wounded chicks before the scavenging birds artive will benefit from doing
so, but the evidence suggests that there is a weak pressure for mice to attack albatrosses. A
weak selective pressure could explain why the behaviour, once evolved, does not spread
~rapidly through the population and is not maintained at consistently high levels, either

spatially or temporally.

Possible explanation for the bighland patterns

How is this ostensibly variable behaviour maintained or spread through the mouse
population in the highlands? Several lines of evidence suggest that attacking albatrosses is a
learned behaviour for mice. I speculate that cultural transmission is responsible for the
observed patterns (Wanless et al. 2005). House mice are not long-lived (on Gough it is very
unlikely that any survive a second winter), are not known to engage in post-weaning parental
care and do not normally forage collectively (Bronson 1979; van Aarde & Jackson 2006).
Also, each year attacks on albatross chicks can only commence in March, when chicks hatch.
Attacks continue until late September, but appear to cease some time in October (when
chicks are almost fully grown, fully feathered and increasingly mobile). Therefore, during

summer as the mouse population increases, no young mice have the opportunity to attack

189



Chapter 7 Synthesis

albatrosses, and unless it is instinctive, they cannot possess knowledge of how to attack an
albatross successfully. That knowledge, however, may persist between years in mice that

sutvive into a second winter.

Several observations about the extent and nature of attacks give insight into the mechanism
of attacks. First, chick and adult albatrosses have an entirely inadequate response to mouse
attacks, suggesting that there is little or no danger to mice that attack chicks. Second, several
chicks had healed wounds, showing that not all attacks cause fatalities. I also found a chick
with down missing from several patches and multiple (>10) small bite marks, suggesting that
a mouse (ot mice) had attacked it repeatedly, but hadn’t relocated the previous bite marks
and eventually desisted the attack. Third, video evidence of attacks suggests that not all mice
are equally keyed-in to the resource. For example, some mice were cleatly attracted by the
ongoing attack and spent time thoroughly investigating the albatross without actually biting
it or getting any nutritional benefit. Collectively these observations suggest that the
evolution of this behaviour is complex, possibly involving several levels of ability/learned
behaviour in mice. It certainly is not as simple as learning to de-husk the seed of an
introduced plant, ot learning to dig into peat to find moth pupae. Mice may have to learn a
novel suite of behaviours before attacking an albatross chick is sufficiently rewarding to
them for the behaviour to persist. However, not all mice need learn the full suite of
behaviours. It could be that some few mice act as catalysts by attacking albatrosses and
opening up wounds, wheteas others simply leam to take advantage of the opporttunities this
created. Novel behaviours potentially include:
1. to make the direct association of a large, warm, living, moving animal with food
2. to burrow through or remove the thick down or feathers from an area before
attacking
3. to bite through the skin and concentrate the attacks to make a hole (to “access the
food™)
4. to repeatedly bite this large, mobile animal, and that persistenice pays
to understand that the bird moves when under attack, but that it is not likely to be
dangerous for them.
Variable rates of transmission/learning could produce the observed inconsistent inter-annual

predation levels. Also, the mote albatrosses there are, the more opportunities there are to
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learn and the faster the behaviour is likely to spread, which would explain the significant
positive relationship between total nesting attempts and total failures, an otherwise puzzling
result. This hypothesis is compatible with some of the major findings of the thesis. First,
the mote chicks are available, the more they get attacked. Second, the ‘local area effect’,
where nests that failed in a given month were significantly closer to the nearest nest that
failed the previous month than predicted by chance. Third, it would also accommodate the
differences between Green Hill (lots of mice know, transmission rates are high, and attack
rates are also high) and Gonydale (few mice know, so transmission rates are low and attack
rates are low), as well as the ‘random walk’ of annual breeding success in the long-term study
colony in Tafelkop (Chapter 3). The ostensible delay in the onset of attacks in the Albatross
Plain study nests was probably a coincidence. In the round-island survey of chicks done on
28-30 April, a wounded chick was found in Albatross Plain, but at the opposite (northern)
end to the study nests. Another three wounded chicks were found nearby, in an area that is
technically the Spire Crag sub-colony, but to all other intents and purposes those nests form
part of the Albatross Plain area. Thus attacks were happening in Albatross Plain from April,
but were only detected in the southern section, where the study nests were located, in May.
This finding is compatible with the cultural transmission of a learned behaviour, but is
difficult to reconcile with the alternative, that resource-limitation drove mice to attack chicks

at different times within a sub-colony.

Another explanation (which does not necessatily preclude cultural transmission) provides a
slightly more optimistic view for the albatrosses. It arises from the observation that some
chicks do not get attacked, despite being very close (<20 m) to three or four attacked nests.
Also, some chicks are attacked, but survive. Perhaps these individuals behave in a way that
discourages mice from attacking, possibly by being more active or responding more
vigotously to being climbed on or bitten, making it difficult for mice to create an open
wound and lowering the energetic returns of attacking. This raises the possibility that natural
selection can act on the albatrosses, with those that are behaviourally equipped to better
respond to attacks surviving better. If attacks have been occutring since the 1800s, as
Comer’s observations imply (Verrill 1895), then there may have been sufficient time for
natural selection to act. It is possible that chicks with increasingly precocial development of

mouse-deterring behaviours are being selected for, and thus the time-window for possible
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attacks is shortening. However, the delayed onset of attacks in Gonydale, which increased
from August, is somewhat in opposition to this theory. Perhaps attacks in Gonydale have
already pared the population down to include mostly breeders with genes for deterring

attacks, and mice regularly attempt to attack Gonydale chicks, but are mostly unsuccessful.

If the cultural transmission hypothesis is true, then the pattern of albatross chick failures
gives some hope for the diminution of attacks concomitant with decreased Ttistan Albatross
nesting densities. Chapter 3 shows that the total number of failures in a year is largely a
function of the number of nesting attempts, which suggests that if the predatory behaviour
is spread amongst mice, it is retarded at low nest densities. Thus as the Tristan Albatross
population density decreases, attacks should decrease in frequency and breeding success

should increase.

Predation on petrels

Several results from the Atlantic Petrel study are surprising. As for the Tristan Albatrosses,
some chicks did not get attacked. Oddly, mice even attempted to eat spilled food from the
down of one, but the chick was otherwise unmolested by mice. Further, why does virtually
every single Atlantic Petrel burrow get visited, if not used as a home, by mice, but only some
chicks are attacked? Why did attacks on one of the two wounded chicks in 2003 cease
before significant damage was inflicted, allowing the chick to survive and fledge? The stable
isotope data (Chapter 5) suggest that almost all mice in the lowlands prey on seabird chicks
to some extent in late winter. Although skua numbers increase in July, their densities and
the corresponding provision of seabird carcasses is too low to explain the sudden increase in
seabird consumption, and the result is interpreted as being almost entirely due to mice
attacking Atlantic Petrel chicks. If most mice are reticent to attack large chicks, then perhaps
some chicks survive because there is a temporary glut of small/young Atlantic Petrel chicks
in August and September. The pattern of attacks on Atlantic Petrel chicks in 2004 was non-
random: mice targeted the smallest preferentially (until chicks were older than about 10
days). This supports the small-chick-glut hypothesis. It also suggests that mice leatn that
smaller chicks are easier to kill, or ate more rewarding to attack for some other treason.
Exactly how mice determine the size/suitability of a chick for attack in the absolute darkness

of a burtow at night is unknown. It may be that chicks’ scent changes with age (in nature or
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in strength), which mice have learned to cue into, or that they probe a chick by nibbling and
gauge likely effort required to subdue the chick based on the strength of its reaction.

At the end of the first Atlantic Petrel study season in the lowlands I removed the burtow
cameras. Rather than leave them lying idle until the next Atlantic Petrel season in June, I
deployed them in three Great Shearwater Puffinus gravis burrows. On 9 April 2004, mice
were filmed attacking and killing one of the three chicks. This was somewhat unexpected,
because in 2001, 67 Great Shearwater nests were monitored, and fledging success
(petrcentage of eggs hatched that produced a fledged chick) was 93%, with no evidence of
mouse predation at all (Cuthbert 2005). Analysis of the percentage volume of mouse
stomachs made up by seabirds showed a strong peak in March (but almost nothing in April).
Mouse stable isotopes showed a strong peak in §°N values in April, which could have been

due to seabird consumption, but the corresponding 8"°C value was no different from other
months, militating against large-scale seabird consumption. These equivocal results
nonetheless suggest that in some yeats, some mice may prey on seabird chicks in March

and/ot Aptil, and this merits further research.

Wider relevance

Devastating impacts of predation by rats Raftus spp. on seabitds are legion, and include fatal
attacks on adult Laysan Albatrosses Phoebastria immutabilis on Kure Atoll (Kepler 1967;
Atkinson 1978; Bell 1978; Moors & Atkinson 1984; Atkinson 1985; Brooke 1995). In
Chapter 1 I review evidence of mice preying on seabirds, which amounts to reports from
just five islands. Do these differences mean that rats are naturally predatory, but mice are
not? Probably not, because on all the islands with (probable or confirmed) mouse attacks on
seabirds, mice are the only introduced mammal. This suggests instead that where mice co-
occur with rats, they are suppressed through predation (e.g. Russell & Clout 2004; Witmer et
al. 2007) and the breadth of their niche is constrained by competition. The very broad range
of habitats that house mice have invaded, from deserts to tropics and extreme-latitude
islands, which includes surviving and breeding in permanent, total darkness inside -10° C
freezers, makes them unexcelled opportunists (Laurie 1946; Bronson 1979). In retrospect it
is not that surprising that, when freed from constraints of predation and competition, their

niche broadens to encompass behaviours typically associated with rats, such as predation of
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seabird chicks (Courchamp et al. 1999). This, however, does not necessarily vitiate the

hypothesis that it is difficult for mice to learn to attack an albatross chick.

I have argued that ecologically, mice are really just small rats. Mouse predation on
procellariiform seabirds has atisen 4 movo on at least five islands (assuming the teported
impacts were genuine predation vs scavenging). On Marion Island, wounded Wandering
Albatross Diomedea exulans chicks have been found recently (pers. obs.), strongly suggesting
mouse attacks are occurring on albatross chicks for the first time, but within 20 years of the
eradication of cats (Bester et al. 2000). This points to a relatively rapid (re?)evolution of
predatory behaviour there. It is thus quite reasonable to assume that attacks on Gough
Island, especially on smaller, burrow-nesting species, began shortly after colonisation by
mice. I predict an increase in the incidence of Wandering Albatross chick mortality on
Marion Island, and also significant chick mortality on winter-breeding burrowing petrels
there. Antipodes [Wandering] Albatrosses Diomedea [exculans] antipodensis on Antipodes Island
do not appear to be vulnerable to attacks, although this has not been explicitly nvestigated,
the island has not been studied in winter in recent years and predation may have been
ovetlooked (K. Walker in litt). It serves as a closely analogous system to Gough, and a
comparative study on mouse biology and impacts would undoubtedly yield deeper insights
into the causal mechanisms that promote predatory behaviour. Similarly, etadication has
rendered mice the only introduced mammal on St Paul Island (South Indian Ocean) and
Australie Island (Kerguelen Archipelago, South Indian Ocean), and research on mouse
impacts or lack thereof would be illuminating (Micol & Jouventin 2002).

There has been an explosion of rat eradication effort in the past 10-15 years (Towns &
Broome 2003). However, for reasons that remain unclear, simultaneous eradication of rats
and mice has not yet been achieved (discussed briefly in Chapter 1). There may have been
doubt about the significance of mouse impacts ptiot to this study, but the verdict is in: mice
cannot be ignored as a conservation threat to seabirds on islands, at least where they are, ot
become through introduction or eradication of other species, the only introduced mammal

(contra Witmer et al. 2007).
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In Chapter 1 I discussed the lack of conservation attention that has been given to house
mice on islands, and speculated that part of the reason for this was a lack of dramatic, visible
impacts. Descriptions of the impacts of mice preying on island-endemic invertebrates and
causing extinctions, e.g. on Antipodes Island (Matris 2000) and Marion Island (Chown et al.
2002) or precipitating potentially irreversible changes to ecosystem functioning, e.g. Mation
Island (Smith et al. 2002), have, to the best of my knowledge, failed to generate wide
scientific, popular or conservation interest. By contrast, descriptions of conclusive proof
that mice were preying on Gough Island’s endemic seabirds (Angel et al. 2005; Wanless et al.
2005) led to substantial media interest (e.g. Marris 2005; Dangetfield 2006; Pearce 2006;
Millius 2007), an unsolicited offer of support for eradication from the New Zealand
Department of Conservation (G.M. Hilton pers. comm.) and the establishment of a
committee to raise funds and oversee a process aimed at eradicating mice (Angel & Cooper
2006). The subsequent publication describing those impacts in a peet-reviewed,
international journal (Wanless et al. 2007) led to renewed media interest. The relative
importance of conserving endemic invertebrates or plants is, in theory, the same as
conserving charismatic fauna such as albatrosses. However, the evidence suggests that in
reality, less visible fauna and flora tend not to generate sympathetic responses or to drive
island conservation actions. It is my belief that negative biodiversity impacts of mice (or
other invasive species) on any endemic island biota, either direct or indirect (such as through
changing nutrient cycles, synergy with other invasive species or changes to other major
ecosystem processes) is sufficient grounds to merit immediate remedial action.
Demonstrating negative impacts on charismatic species such as seabirds should not be a pre-
requisite for planning island conservation and restoration projects or securing funding for

such projects.
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APPENDIX 1

Srable Isotope dala {rom plants, imvertehrates and seabirds (probable dietary sources of

houwse mice Mar mscsin) on Gough Island,  Stable isalupe data are presented n
conventonal # notation, denoting pates per thousand (%),
Plant samples

Table 1. Sable isotope values of plants collected from Gough Tsland in September 20016
Ty allitucde snmples were collected from the 5T coastal platn on mense leapplng grids.

Cireen Hill and Gonvdale are hiphland sites. Analyses are presented w Chaprer 5.

Genus  Alrirude Grd/Transeet. 87N 8¢ uUN - w0
Avaena Lowa L2 1211 -30.34 30e 412
Areen Lo Bz 1065 - <3072 2095 44,10
Abarng Tivar B2 1075 N-3077 285 4527
Avgeng Lo Tz 1236 2990 3os 4439
Aceese Low B2 12249 3056 404 4178
Hissiopderis Lonw B2 1531 -Eao¥ 728 4934
Flirgiattres Low 12 1183 -26.28 G.a1 4923
{ feviaupieras Law T2 1407 2704 747 44Uy
Hirtiopieric Lo B2 1825  -2H2R 642 4971
Flivtiupteris Low 12 1237 -26.89 a2 4845
Nearfores Lo Al 1001 -24.95 1,22 4356
Soatpsti Lo Al BlOs  -26.48 1.37 4209
Seerpati Torws Al 1236 -29.102 1.56  #1.33
Seirpini Liww Al 1100 -25.65 1.24 4258
Searfuri Loww Al T.85  -ZHTG 1.08 4444
Netrpuer Lonw AZ 1239 -26.85 1,14 4140
Seirpyes Tavw Az 1457 2609 1.31 4084
Serrpuer Lo A2 1296 -28.25 103 41.54
Seirpres Lasw AZ 1207 -27.30 1.36 4263
Seirpair T A2 1324 2556 LT 4146
Seirf Liww Al o0 2547 091 4337
Neirpuer T.oww A3 474 2115 108 4454
FYeirper T A3 1265 -246.55 145 4293
Seirpsr Liwa ALt 762 2688 1.39 4373
Nedrpuer T A3 4% 2423 120 44.68
Narrpoer Low B1 i2.68  -23.25 147 4090
Fetrpie L Bl | i A ' .07 4207
Ainpaes Tocrae El 1690 2632 Las 411
Serrpuer Liwa Bl 13.89  -27728 e 41,85
Siarpus Lovar Bl 1140 2524 103 4060
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Appendix 1 Plant srable isotope data
Genus Altitude Flot/ Transect BN 8”C N BC
Sedrpiis Low Bz 11.34 -36.05 110 4432
Feerpuis Low B2 1322 3208 149 4281
Feérpay Low B3 1070 -27.26 T.2% 4304
Sedrpur Low B2 1419 -36.81 112 .60
Seirpur Low B2 1481 2701 137 43.68
Sedtpar Low B3 1214  -2685 085 4099
Scirpur Low B3 11.90  -2666 171 4062
Sedrper Low C1 833 27300 094 4382
Searpur Loww £l B47 2700 1.52  45.60
Seirpar Low c2 922 2601 121 4343
Ferpurs Low Cz 03 2748 1.11 4349
Fedrpas Low c2 631 26,11 1.67 4458
Sedrpas Low C2 B.25 - -2610 100 42468
Feerpars Low 3 1241 -36.41 139 4276
Feerpuar Low C3 wed 2077 105 4468
Fetrpaer Low C3 R.AT  -20.71 079 4523
Fetrpur Low C3 16,60  -26.64 114 4451
Neinpur Lo C3 13.26 -2830 1.26 43.6%
Acaena Green Hill A 003 -27.81 245 #4404
Asgena (reen ELl A 747 2329 245 4381
A cavna Green Hill A 217 L2840 212 4403
Avasna Cimeen Hill A -.28  -27.95 1.81  44.32
Aeaena Grreen Hill A 471 -28.31 210 45.26
_Aeacna Gireen Hill A 6.55 2856 250 44.20
Apsum Green Hilt A 039 -2797 355 4306
Apuinr Cireen Hill A .72 -2786 485 4747
A Green Hilt A 174 -26.23 373 4166
Apiti Green Hill A 203 2712 403 4379
A Careen Hill A 220 2727 313 39.04
Apta Green Hill A 263 -2804 363 41.28
Empetran (flower)  Green Hill A 613 -25.37  1.67 5096
Fnpetrnns (leaf) {rreen Hill A 402 2666 136  bHZiMd
Ferrpiss Green Hall A 740 -2569 183 4194
Seirpaes Green Hill A 967 -2557 079 40.85
Fedrpan (reen Hill A 5.87  -25.01 170 4333
Fetrpus Green Hill A 475 -2726 104 #4957
Fedrpiis Cireen Hill A v.22  -2R23 1.80 4294
Seirpisr reen Hill A 421 -26.73 .39 4334
Serrpner reen Hill A 615 -2633 162 4430
Kerpasr {sreen 1l A 405 -2487 0.62 4274
Avarena Grreen Hill B 412 -2834 211 4301
Asgenta Green Hill B 132  -28.65 187 4354



Appendix 1 Plant stable isotope data
Genus Altitude Plot/Transect 8N 8°C %N  %C
Acaena Green Hill B 888 -27.25 2.86 4378
Acaena Green Hill B 840 -2744 2.88  44.30
Acaena Green Hill B 4.04 -27.32 2.37 4363
Acaena Green Hill B 220  .28.32 1.79 4290
Apinm Green Hill B 430 -2574 218 40.22
Apium Green Hill B -3.63  -27.04 215 3520
Apinm Green Hill B 1.45 -2836 3.05 4448
Apinm Green Hill B 786 -2649 390 38.33
Apinm Green Hill B 301 .2853 337 4232
Apinm Green Hill B 575 -28.22 3.46  40.61
Empetrum (leaf) Green Hill B 242 -2645 141 4973
Empetrum (leaf) Green Hill B -1.81  -27.65 094 5204
Empetram (leaf) Green Hill B 341 -2649 1.21 53.39
Scirpus Green Hill B 11.37  -2654 193 4289
Scirpus Green Hill B 648 -24.33 112 43.37
Scirpus Green Hill B 771 -30.43 1.64 4392
Scirpus Green Hill B 472  -2617 098 44.87
Scirpus Green Hill B 999 -27.36 252  43.63
Scirpus Green Hill B 777 -24.26 1.35 43.00
Scirpus Green Hill B 629 -2750 172 4484
Scirpus Green Hill B 757 -26.82 1.27 4222
Acaena Green Hill C 438 -28.02 1.68  44.03
Acaena Green Hill C 3.60 -28.34 232 43.09
Acaena Green Hill C 1.28 2812 1.97 4383
Acaena Green Hill C 2.39  .28.17 2.94 4554
Acaena Green Hill C 0.14 -28.28 232 44.80
Acaena Green Hill C 1.28 -27.30 203 4392
Apium Green Hill C 017 -27.83 3.82 4278
Apinm Green Hill C 533 -27.59 375 3922
Apinm Green Hill C 1.62 -27.59 373 40.86
Apinm Green Hill C 271 -27.19 392 40.14
Apium Green Hill C -1.39  -28.66 296 4242
Empetrum (leaf) Green Hill C 4.69 -27.75 145 51.56
Empetrum (leaf) Green Hill C 0.98 -27.82 1.20  53.63
Scirpus Green Hill C 12.35 -26.85 1.53 4352
Scirpus Green Hill C 501 -26.14 1.55 44.34
Scirpus Green Hill C 476 -27.34 0.66 4212
Scirpus Green Hill C 881 -26.75 0.79 4174
Scirpus Green Hill C 351 2691 1.70 44.99
Scirpus Green Hill C 6.98 -27.19 1.18 4252
Scirpus Green Hill C 226 -26.77 1.86 44.64
Scirpus Green Hill C 341  -27.25 1.75  44.64
Acaena Green Hill D -1.00  -2858 205 43.05
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Genus Altitude Plot/Transect 3N 3C %N %C
Acaena Green Hill D 1.96 -28.26 1.99 4255
Empetrum (flower)  Green Hill D 052 -26.89  1.65 5143
Empetrum (flower)  Green Hill D -1.84 -2722 149 5152
Empetram (flower)  Green Hill D -257  -2634 131 5099
Enpetrum (leaf) Green Hill D -1.00  -27.92 109 5310
Empetrum (leaf) Green Hill D -3.77  -28.81 0.75 55.41
Empetrum (leaf) Green Hill D -046 -2808 097 5332
Enpetram (leaf) Green Hill D -1.09 2699 096 5412
Scirpus Green Hill D 6.02 -2658 237 4549
Seirpus Green Hill D 239 2711 216 4522
Scirpus Green Hill D 344 -2724 206 4552
Scirpus Green Hill D 548 -27.13 124 43.05
Scirpus Green Hill D 6.61 -27.50 200 45.52
Scirpus Green Hill D 603 -24.82 255 4457
Acaena Green Hill Mouse grid 419 -2945 271 43.87
Apium Green Hill Mouse grid 476 -2826 450 4450
Apium Green Hill Mouse grid =293 -2595 280 4033
Apinm Green Hill Mouse grid -1.62 -2822 376 4396
Empetrum (flower)  Green Hill Mouse grid -2.61  -27.12 135 5345
Empetrum (flower)  Green Hill Mouse grid 135 -2791 1.46  53.07
Empetrum (flowet)  Green Hill Mouse grid -045 -2644 142 5117
Nertera Green Hill Mouse grid 038 -2697  1.27 4551
Nertera Green Hill Mouse grid -3.86 -28.75 153 4230
Nertera Green Hill Mouse grid -1.26 -2917 141 45.36
Nertera Green Hill Mouse grid 175 -27.93 152 4567
Scirpus Green Hill Mouse grid 528 -26.51 1.63 4592
Scirpus Green Hill Mouse grid -0.79  -26.17 140 44.67
Scirpus Green Hill Mouse grid 360 -27.08 233 4474
Acaena Gonydale A 345 -2725 226 4282
Acaena Gonydale A 1.83 -3044  1.96 43.09
Apinm Gonydale A 306 -27.57 459 4454
Apium Gonydale A 122 2714 434 4113
Apinm Gonydale A -0.15  -27.37 425 4452
Apium Gonydale A -297 -27.25 301 4370
Empetrum (flower) Gonydale A 573 -26.81 1.39 4940
Empetrum (flower)  Gonydale A 2.66 -2659 122 51.44
Empetrum (leaf) Gonydale A 481 -27.50 144 50.83
Empetrum (leaf) Gonydale A 3.66 -2740  1.07 5184
Scinpus Gonydale A 417 -2640 142 4246
Scirpus Gonydale A 233 -206.63 1.02  43.69
Scirpus Gonydale A 437 -27.51 1.81 4240
Scinpus Gonydale A 3.06 -27.04 073 44.01
Scirpus Gonydale A 3.61 -25.04 1.07 43.68
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Genus Altitude Plot/Transect 5N 313C %N %C
Acaena Gonydale B 259 -28.11 195 43.02
Acaena Gonydale B 131 -2904 228 4274
Acaena Gonydale B 1.82 2798 254 4287
Apium Gonydale B -1.90  -27.19 225 4155
Apinm Gonydale B -0.46 -28.03 386 4470
Apium Gonydale B -1.14  -2817 279 4108
Empetrum (flower)  Gonydale B 398 -2650 126 51.06
Empetram (flower)  Gonydale B 131 -25.84 159 50.31
Empetrum (leaf) Gonydale B 5.0 -27.86  1.09 5264
Empetrum (leaf) Gonydale B -0.56 -27.26 097 52.88
Empetram (leaf) Gonydale B 274 -2842 144 5278
Nertera Gonydale B -1.11 0 -2717 159 4492
Nertera Gonydale B -225 -29.03 272 43.04
Nertera Gonydale B -1.61 -28.32 1.04 3950
Nertera Gonydale B -248 -29.92 221 4132
Scirpus Gonydale B 4.66 -28.75 1.26  44.03
Scirpus Gonydale B 331 -26.99 1.20 4398
Scarpus Gonydale B 624 -2753 236 43.55
Scinpus Gonydale B 215 -27.28  1.57 4358
Scirpus Gonydale B 290 .27.59 1.69  45.06
Acaena Gonydale C 5.37  -29.75 222 4247
Acaena Gonydale C 0.86 -2852 204 4269
Acaena Gonydale C -0.68 -30.34 1.33  45.18
Acaena Gonydale C 122 2717 254 4307
Empetrum (flower)  Gonydale C 0.18 -26.91 1.60 50.24
Empetrum (leaf) Gonydale C -2.31  -27.88 103 5346
Empetram (leaf) Gonydale C -0.05 -2827  1.34 51.9%4
Nertera Gonydale C -2.95  -2913 131 39.70
Scinpus Gonydale C 419 -26.25 122 43.06
Scirpus Gonydale C 2.66  -2537 091 4343
Scirpus Gonydale C 304 -2676 141 4219
Scirpus Gonydale C 326 -28.03 1.61 4192
Scirpus Gonydale C 346  -25.80 199 44.01
Acaena Gonydale D 254 -2933  1.63 4267
Acazna Gonydale D 262 -27.81 212 4344
Acaena Gonydale D 429 -27.84 238 4093
Acaena Gonydale D 311 -28.17 1.90 4229
Empetrum (flower)  Gonydale D 6.30 -2624  1.39 5112
Empetrum (flower)  Gonydale D 348  -2613 144 5020
Empetrum (leaf) Gonydale D 597 -2679 145 5270
Empetrum (leaf) Gonydale D 486 -27.16 1.10  51.34
Nertera Gonydale D -0.75  -28.00 1.04 4149
Scinpus Gonydale D 3.01 -27.82 1.79 4296
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Appendix 1 Plant stable isotope data
Genus Altitude Plot/Transect 3N e %N %C
Scirpus Gonydale D 549 -27.06 190 43.25
Scirpus Gonydale D 433 -2526 134 44.89
Scirpus Gonydale D 521 -26.59 1.59 43.90
Scirpus Gonydale D 7.35  -27.54 142 4410
Acaena Gonydale E 244 -2996  1.68 4493
Acaena Gonydale E 241 -2756 174 4338
Apinm Gonydale E 099 -2613 191 3825
Empetrum (flower)  Gonydale E 133 -27.70  1.06 51.90
Empetrum (leaf) Gonydale E 123 -2824 126 5259
Nertera Gonydale E -5.67 -3244 123 4046
Nertera Gonydale E -0.30  -31.03 150 40.23
Nertera Gonydale E 257 -2825 215 41.58
Scirpus Gonydale E 217 -2489 135 4215
Scirpus Gonydale E 311 -25.28 199 44.50
Scirpus Gonydale E 386 -27.25 1.39  44.20
Scirpus Gonydale E 443 -27.65 0.64 4407
Scirpus Gonydale E 6.04 -2630 145 4298
Scirpus 100 m contour 11.79  -27.51 0.81 44.86
Scirpus 150 m contour 13.76  -26.34  1.08 4239
Scirpus 200 m contour 16.05 -25.53  0.89 42467
Scirpus 250 m contour 10.77 -2946 172 44.50
Scirpus 300 m contour None -27.62 238 44.36
Scirpus 350 m contour 8.67 -25.39 1.28 4297
Scirpus 400 m contour 405 -27.18 1.90 43.90
Scirpus 450 m contour 545 -27.15 2.19 4413
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Appendix 1 Invertebrate stable isotope data

Invertebrate samples

Table 2. Stable isotope values of invertebrates collected from Gough Island November
2003-September 2006. Low altitude samples were collected from the SE coastal plain on
gtids where mice were trapped. High altitude samples were collected in Green Hill and

Gonydale. Analyses are presented in Chapter 5.

Taxon Alitade  8"N 8°C %N %C

Coleoptera High 716  -23.92 8.96  43.39
Coleoptera High 909 -24.53 912 4471
Coleoptera High 840 -24.69 1148  46.68
Coleoptera High 573 -2424 1216 4687
Earthworm High 371 -24.08 1137 4354
Moth adult High 306 -27.04 12.63  46.18
Moth adult High 282 -2572 1105 5016
Moth adult High 492 -2834 9.72  54.68
Moth adult High 620 -25.70 1319 4791
Moth larva High 206 -2637 1117 4522
Moth larva High 388 -25.56 1009 51.30

Predatoty insect  High 18.16 -1652 1252 4880
Predatory insect  High 1898 -1645 1288 4895

Spider High 881 -22.66 19.68 63.86
Coleoptera Low 10.52  -25.59 6.85 4875
Coleoptera Low 1295 -25.58 7.47  49.53
Coleoptera Low 11.58 -25.77  10.61  50.07
Coleoptera Low 1132 -2484 1012  51.82
Coleoptera Low 1290 -25.57 8.86  54.61
Coleoptera Low 1171 -25.27 1005  52.78
Earthworm Low 1351 -25.83 998 4795
Earthworm Low 1382 -2492 1052 46.57
Eatthworm Low 1276 -23.03  13.08  44.55
Earthworm Low 1165 -23.94  13.01  43.87
Earthworm Low 1202 -2390 13.82  45.63
Earthworm Low 1230 -2422 1179 45.52
Earthworm Low 1333 2272 1299  43.88
Earthworm Low 1341 -2495 1134 4379
Earthworm Low 13.32 -24.93 8.59  44.82
Earthworm Low 1334  -2419 1210 4442
Isoped Low 1517 -23.21 7.45  31.18
Isopod Low 1274 -22.60 549 2637
Isopod Low 14.03  -20.57 5.85  26.79
Isopod Low 14.28 -22.90 514 2624
Isopod Low 12.68 -24.38 729  32.86
Isopod Low 1148  -24.77 430  33.82
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Appendix 1 Invertebrate stable isotope data

Taxon Aldtude 8N 8°C %N %C

Millipede Low 1233  .23.70 485 2718
Millipede Low 13.58 -26.07 944 4344
Moth adult Low 12.89 -24.29 679  52.35
Moth larva Low 10.51  -27.46 7.88 4046
Snail Low 13.05 -21.35 595 4033
Snail Low 1313 -24.09 4.19 26.57
Spider Low 14.74 -24.24 552  54.30
Spider Low 12.80 -2525 10.07 41.40

206



Appendix 1 Seabird stable isotope data

Seabird samples

Table 3. Stable isotope values of seabird tissues collected from Gough Island in 2004.

Analyses are presented in Chapter 5.

Species Chick/Adult  Tissue 8N 8”C %N %C

Atlantic Petrel Adult Feather 1316 -17.63 1415 46.82
Adtlantic Petrel Adult Feather 12777 -1874 1346 4874
Atlantic Petrel Adult Feather 1293 -21.50 1226 54.44
Atlantic Petrel Adult Feather  13.64 -16.87 1432 47.63
Atlantic Petrel Adult Feather 1452 -17.19 1453  47.39
Adantic Petrel Adult Feather 1357 -19.13 1226 49.82
Atlandc Petrel Adult Feather  14.60 -1620 1423 46.10
Atlantic Petrel Adult Feather 1290 -18.04 1446 46.58
Atlantic Petrel Adult Muscle 1457 -1992 1206 52.89
Atlantic Petrel Adult Muscle  13.03 -20.10 1348 4991
Atlantic Petrel Adult Muscle  11.37 -18.83 1444 4815
Atlantic Petrel Adult Muscle 1301 -21.80 1237 51.28
Atlantic Petrel Adult Muscle 1292  -19.16 1499 4859
Atlantic Petrel Adult Muscle  12.80 -18.64 1429  47.68
Adantic Petrel Adult Muscle 10.83 -19.07 15.01 50.60
Atlantic Petrel Adult Muscle 1418 -1871 14.60 49.43
Atlantic Petrel Chick Feather 1329 -19.49 13.80 4870
Atlantic Petrel Chick Feather  13.86 -19.37 1376 4846
Atlantic Petrel Chick Feather  13.88 -1899 1439 4752
Atlantic Petrel Chick Feather 1458 -19.23 1414  46.78
Atlantic Petrel Chick Feather  14.00 -19.46 13.79 4847
Atlantic Petrel Chick Feather  13.69 -18.80 1442 48.82
Atlantc Petrel Chick Muscle  14.18 -18.81 1525  46.57
Atlantic Petrel Chick Muscle 1341 -1853 934  28.36
Atlantic Petrel Chick Muscle 1348 -19.17 1505 47.10
Atlantic Petrel Chick Muscle  13.08 -19.39 1499 47.02
Atlantic Petrel Chick Muscle 1342 -1921 1496 47.20
Atlantic Petrel Chick Muscle  13.02  -19.79 12.64 45.32
Broad-billed Prion Adult Feather  12.85 -15.80 1429  46.31
Broad-billed Prion Adult Feather 981 -17.84 1415 46.19
Broad-billed Prion Adult Muscle 1092 -19.17 1445 47.82
Broad-billed Prion Adult Muscle 956 -1876 1400 45.99
Kerguelen Petrel Adult Feather  11.82 -21.46 1428 4802
Kerguelen Petrel Adult Feather 1314 -17.22 1336 47.07
Kerguelen Petrel Adult Feather 922 -2451 1426  46.51
Kerguelen Petrel Adult Feather  13.64 -2216 10.12 5651
Ketguelen Petrel Adult Muscle  11.76 -20.54 1496 4634
Ketguelen Petrel Adult Muscle 1045 -1957 1393 50.99
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Appendix 1 Seabird stable isotope data

Species Chick/Adult Tissue 8N 8°C %N %C

Kerguelen Petrel Adult Muscle  10.82 -23.76 1309 51.34
Kerguelen Petrel Adult Muscle 1307 -21.31 1210 54.10
Soft-plumaged Petrel ~ Adult Feather  10.80 -19.19 1431 47.31
Soft-plumaged Petrel ~ Adult Feather ~ 9.04 -2243 1440 47.04
Soft-plumaged Petrel ~ Adult Feather  14.13 -1627 1445 4653
Soft-plumaged Petrel ~ Adult Muscle  11.50 -19.38 14.35 4849
Soft-plumaged Petrel ~ Adult Muscle  13.77 -21.64 11.76  46.10
Soft-plumaged Petrel ~ Adult Muscle 1280 -17.95 14.86 49.26
Tristan Albatross Adult Feather 1295 -1577 1204 4259
Tristan Albatross Adult Feather 1346 -1640 1172 4220
Tristan Albatross Adult Feather 1349 -16.38 11.84 4220
Tristan Albatross Adult Feather 1292 -1641 11.80 42,01
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The house mouse, Mus rmrusculus, is one of the
most widespread and well-studicd invasive
mammals an jslands. It was thought 10 pose
little risk to seabirds, but video evidence fequn
Gough Island., South Atlantic Goecan shows
bouse tnice killing chicks of two TUCN-listed
seabird species. Mouse-induced mortglity in
I was a significant cause of extremely
poot brecding success for Tristan albatrosscs,
Diomedea dabbenene (0,27 Hedglingsipair), and
Atlantic petrels, Plerodvroma incerte (0.33).
Population models show that these levels ol
prodation are sufficient to causc population
decreases, Unlike many other islanids, mice arc
the only introduced mammals on Gough [sland.
However, restoration programmes to eradicgte
ratz and other introduced muammals from
islands are increasing the nutnber of islamds
where mice are the sole alien mammals, I
these mouse populations arc released from the
ccological effcets of predators and competitors,
they oo may become predatory on seabizd chicks,

Keywords: myasive alicn specied; Adus snscufis;
island conservation; threatened scabirds

1. INTRODUCTION

Ogeandy islands represent a small fragtion of the
Larth’s land area, but hold a dispooportionale percen-
tage of zlobal avian biodiversity (BirdTale Incer-
national 20041, Many of these bird species are
susceprible to cxtineton; more than 90% of avan
crtinctiens since 1600 have becn of island specics,
mainly Jdue 1w pregdation by invasive mamenals
[Atkinsen 1985 Swadman 1993 Rats, Rame spp.,
arc the most widely introduccd minnmals on islands
anid have devastatng impacts on many bird popu-
lanons CAtkinson 19585 BirdLifc Intcrnational 20040,
lechniques are being developed to eradigate rats from
ever latger mslands, and conservation expendioare s
incrcasingly devoted to this cndeavour Chgure 13, In
contrast, mice are decmed to posc no seriows throaes
to seabirds (Atkinson 1935, Conscgucntly, cradi-
cavinn efforl for rats in 2001 -200% was 2% omes

Elecmonic supplementary snatercial @5 swaileble ut btpaleded org!
L0, 18 sl 20070 L2 o via Bupeiwsnacjournalz rayalioc. acuk.

Repegod 28 Folwuary 2007
Avccepred 20 darch 2007

grodter than moce and grew 50-fold from pre-1936
levels, wlale eradication cffocts for mice remaincd
virtually unchanged.

{rough Tslangd (407 5, ¥ W, Snuth Atlante Qocan
15 a World Heritage Sine and s globally important
seabird breeding colony {BardLile Intcrnational 20045,
It has ™wo endemic landbinds—the Gouegh moorhen
Cradlimfy comeri (vulnerable) and Gough bunting
Rursettia pomghensis fvulnerable)—and the last viahle
breeding populatons of two scabird species  the
ITistan albatross Dhesedea dabbenena [endangered)
and the Aglantic petrel Prerodrorua {ncerta (vulnerable)
(BirdLife Inteenatonal 20047, House mice wore intro-
duced there before 1838 and src the only alien
mammals present (Angel & Cooper 2008). In 20060
2001, unexpectidly high brecding failure of Tristan
alhatrosdes and Atlantic petrels was reported on
Gough (Cuthbert & Hilton 2004), and predation by
mice wis maoated. Here, we confiem that mice do
attiack ind kill chicks up to 300 times their mass. and
Tepart 4 sceond season of low breeding success among
affcctod seabirds. We argue that similar mouse preda-
tion may have beon overlooked eliewhere, and may be
most likely where mice are the sol: alicn memmal.

2. MATERIAL AND METHCDS

Research was conducted Deiwesn Tanowey wod Seplember 2004,
The breeding saccess (lcdglingsiaiel of Tristan albatross wsy
estimuled by counting all meubating aduls (Januaey) ard all lirge
shicks [Seplemvoer:, From approcdmately 360 monoated ooscs
f10% of the wlind il in four sub-colonis, 236 chicks wore
cramnined cue oo ahece fmes reoomenllb for wounds, We ueed
¥ -test o exanine whether there win sigmilicml fater—solony
varwtion in breeding supccess. Two wounded Lvistm o albaiross
vhocks wers Almed et night wsing an infraced wideo recnrdcr.
Fviiener af mcicks wt oher mes was infermed from fesh wounds
and strpprd carcasses.

Three great shearwarer Mgfines Feesd and 60 Atlantic perec)
chicks were monilored ¢ Januar-April and July-Seprembet,
rezpeceively. Infraeed carneras were deplevel 1o tioe Slanilic petrel
anl chree greac shesrwacer Dureows and accivities weee mecpnied
34 hours per dav on dme-lapase reoondam. Kears wear ilmed fooem
Tatchiny wetdl the chick had fledged, died or we had lofc che island.
Arlantic perrel nests weee checked gvery 2 5 i andd chichks wene
weiphed and measured weekir, 3 hoalthy chick s defined s ome
that did not dilfer sipnificantly from ehe expectod weighs for a given
shoeletal siee measure,

3. RESULTS
Mice were filmed attacking and killing live haalihy
chicks of all the three study specics. Both albatross
chicks filmed being attacked dicd subsequenrly. Video
evidence shows up 1o 10 mice atmacking a ¢hick,
caong from throe open wounds (fgurc Za). Mice
visited every filmed bureow, and actacked and killed
ane of the three great shearwater chicks and six ot of
oy Atlantc petrel chicks. Mo chicks displaved
appropreale behaviowral responses oo attacks, even
though mice had eaten through the body wall of one
filmed albatross chick and were consuming the
contents of the chick’s abdominal cavity (igore 2£)
Alost breeding failures in the albatross and petrels
occurred when healthy chicks cither disappearcd or
were roduced to stripped carcasscs botweon nest
cheoks, The fimt wounded albatros: chicks (zome of
which were sll being boooded) were found in March
and amacks contnued e Seprember in all sub-
colonies. Our of 256 monitorcd chicks, 19 were
found wounded (of which LT died? and 100 (399%)

Thas jourmal is & 2007 The RBoyal Seciety
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Figure 1. [sland orea clearsd of rats (Rartus ¢p.) and mice (A mogcdust. All koown efforts prior to 1986 are summed. The
cxpendituie (Ramuwe oalv? is esdmaced for individue] islands (Murtios er ol 20067 and then summed. Diata were accessed

from an ombine databave [ Howald ar of, 20015,

Figure 2, Imapes caplured from videa showing (@) 10 housg
mice arcecking & "lrvieten alherross chick and {F) mice
feeding at a hole eaten hroueh e tump of the chick, Tha
click was dead dhe following morning.

had died by late Seprember. However, cstimaced
breeding success differed significantly in sub-¢ulonies
(y3=177, p=-0.001, range 0.12-0.80), lsland-wide
brecding success in 2004 was 0,27, identical tw 200].
Autacks on Atlanta petrel chicks commenced at
hatching i July, and by Scptember, 20 out of 410
maonitored chicks (33.3%) sutvived.

Chicks were all apparently healthy (a5 defined
previouslyy when atacked, wheteas we found threc
desd'moribund chicks without wounds. Mice do not
appeat [0 [avgel weak or sick individuals. e conclud:
that the unusually gh chuck mortality i both species
can be aseribed 10 touse atacks with confidence,

4. DISCUSSION

An annual breeding suceess a5 low as 37% s
unprecedented amoag MDMomedeg albatrosses (wypically
a0 75%; ep. Croxall e of, 1990 Weimerskireh 1992,
Elliote & WWalker 20031, Cuthbeer e @l [2004)
reported 4 28% decredse nothe Tristan albarross
populacion over 46 vears and their populaiien model
identificd low chiclt survival as a significant drver.
Similarly, a popuistion mudel for the Adantic petrel
predicts a decresse, wven the ohserved low chick
prodecticn (Cuthberr 20043 Mice appear 10 be
largcily responsible for high rates of chick mortalior in
bioth the species on Gough. and ncgative population
trenids are probahble unless predamon 15 redaced,

Hief Lerr, ¢2007)

This 15 the first wneguivoca] proot’ that bouse mice
are significant predators of healthy scabird chicks.
Three publshed records of possible house mousc
prodatnon (Fugler et al 1987 Manley a0 al 1994,
Canipos & Granadoiro 1993 were all on amall chicks
fless than 50 gr and could have been the resule of
mics scavenging/lilling moribund chicks or taking
abandomed eggs. Gough mice are relatively large
cotnparcd with naturd] popuigons clsewhere (Berty
ef ed, E379), Mevertheless, they are ruwch stnaller than
rats and it s astomishing that they can successfully
armack Tristan albatress chicks that are mote
than 300 titmes heavier. Tristan aibatross chiclos
thwarl maan predators such as sub-Ancarcoc slmas,
Catharagcta anianctics, und southern mant petrels
Macronseter gmganteus, Why then arc heaithy, well-
doveloped albacross chicls, weightng more than 8 ke,
incapable of deofending themselves agatnse such
diminutive predators? Island birds are particudarly
vulberable o attacks foin novel predalors because
they lack approptiate bohanoural rosponses [Kepler
1967; Atlanson 1985%. Also, not all attacks were fatal,
Adbairass chiclks typically tools several duvs te dic,
during wihich time the mics fod repeatedly on them,
often opentng muldple wounds. In some ways, rhis is
closer oo parasitism than o predacions, gnalogous 1o
finches m Galapugos pecking A rail feathers of seabird
chicks and drmbang their hiloed (Grany 1984,
althourh, 10 that ¢ase, the chick seldom dies.

This i the first record of widespread and devastat-
ing prodacion by bouse mice on scabicd chicks, dospite
mice having been intreduced o many seabird 1slands,
Hlas i0 been overlonked? Oy is there somerhing peculiar
aho Gough Island® The climace and native biota are
nor unusual, and it zeems unidizely thac somic other
condition, as yet endefined, could have given rise to
predacoty behaviour. Perhaps of more importance is
that smong 385 mlands with bird species known o be
ECOEINYVE to Invaslve spocics, only six, including
Gougly, hive house mice 45 the only imvasive mammal
(Brooke & TTileen 20027, We suspect thal where house
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mice are part of a complex of invasive mammals, the
effects of dominance, competition ond predation by
larger species mender mice less of a threat to natdve
vertebrates (Courchamp er af. 1999). Recent events oo
Marion Island {46° S, 37" B} support this hypothesis.
House mice became the scle imtroduced mammal
following rthe eradicadon of caws, Feffs cgius, in the
19908 (Bester e af. 20000, Singe 2004, several wander-
ing albamoss Duriedea exnions chicks have sucoumbed
o wounds consigtent with mouse atacks. This is the
first time in over 20 years of iorensive study that
wounds of this natare have been recorded (Pecer G
Eyan, unpublished daca).

These findings are significant for both Gough and
Marion islands and, more generally, for island con-
servation and the emerging discipline of invasion
hiology, On Gough, unmitigated predation by mice
could contribute to the local extinction of Tristan
albatosses and Atlantic petrels. The winter timing of
attacks makes grey pewels, Frocalludia sfwerea, and
great-winged petrels, Prerodroma masroptera, both
wanter-breeding, burrowing species, likely 1o expeni-
ence mouse predation. The Gough buntng popu-
lation is likely to heve decreased as a result of mest
predation by mice {(Cuthbert & Hilton 2004), I
attacks om albamosses are confimed on Marion
Island, several other spectes (c.g. winter-breeding,
burrowing petrels) are likely to be subject to mouse
predation there.

In a broader conteXi, the conservaton status of
seabirds brecding on islands where mice are the sole
inttoduced mammals needs (o be studied, We predict
that this phenomenon is more widespread then has
been documented. In addition, eosdy mamneal eradi-
cations are premised on projected conservation
bepefitzs (Krajick 2005). Our Oodings support the
mesopredator release  and compedtor ceolease
hypotheses (Courchamp e ol 1999 Caut e gl
in press) that the value of eradicating compettors and
predators of mice {e.g. rats and caw) would be greatly
enhanced nlso by eradicating mice. Conversely, some
long-term benefits could be compromised if they are
not. In light of these results, the prioritization given
to mouse eradications il island cestorafion projocts
should be reviewed.

Invasion bindogists seek o predict the risks and
consequences of alien species introductons. Islands
are often studied to understand the genernl principles
of imvasive patterne and processea. It i3 surprising that
tnajor dizcoveries canl stll be made about the
behaviour of & well-smedied speeics with g history of
imvasion siretching back seversl centuries. Qur find-
gz reveal how the characteristics of invasive species
can be context specific and thus difficult to predict. In
a more posidve vein, they also generare testable
predictions and suggest avenue: for rescarch inw
ecologicpl internctons, which will benefit mvasion
biology theory and conservation practice.

Rescarch at Geugh Tsland way conducted with permiision
from the Adminisitator and Island Council of Trstan da
Cunha, Punding was provided by the UK [orcign and
Commonwealth Office, the Roval Society for the Protection
of Birds and the University of Cape Town, with logistical

Biod, Lem. (20071

suppoel feom the Soorh Afriean Depanment of Eovirmon-
mental Affairs and Tourism through the South African
Madonal Antavens Peopramme, B MW way suppocted by
an MNRF Presiigious Scholarship. Anonymous reviewars
improved an earlier deaft,
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