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Abstract Island restoration projects that address invasive species issues require measures

of invader populations before eradication or control efforts begin, especially for cryptic

species such as introduced rodents. To address this need, we tested a non-invasive tech-

nique for measuring inter-annual variation in Norway rat (Rattus norvegicus) activity at

Kiska Island, Aleutian Islands, Alaska, during 2005-2010. Snap-trapping could not be used

at a large mixed colony of small seabirds (auklets, Aethia spp.) at Sirius Point, Kiska, due

to the certainty of bird mortality. Away from the colony site at Kiska Harbour, in June

2005, we used snap-traps to measure capture rates, and found a similar corrected trap index

(8.5 captures/100 trap nights) to that recorded pre-eradication at Langara Island, British

Columbia (8.2 captures/100 trap nights). At Sirius Point, we determined the most effective

rat-monitoring method to be a series transects spanning the auklet colony, with detection

stations set at 25 m intervals, each including a baited wax block. Rat detections varied

nearly 100-fold among years, suggesting high inter-annual variability in the rat population.

We found no statistically significant relationship between our rat index and auklet breeding

success at Sirius Point with our small sample of years (n = 5, 2006–2010). Nevertheless,

we believe rat numbers were much lower at Sirius Point during 2006–2010 than observed

qualitatively during 2001–2002 when auklets experienced breeding failure. Our rat activity

index protocol is likely applicable to other situations in which introduced rodent numbers

needs to be monitored while safeguarding native fauna that could be harmed by snap-

trapping.
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Introduction

Quantifying the distribution, abundance and population variability of introduced (alien)

species is fundamental to understanding their effects on the ecology and viability of native

populations, particularly at remote oceanic islands that characteristically have endemic

species and unique ecosystems (Croll et al. 2005; Medina et al. 2014; Mulder et al. 2009).

After a relatively slow colonization period, introduced small mammals may become

abundant and widespread (i.e., invasive) in new environments and pose a threat to native

species and ecosystems (Gray et al. 2014; Moors 1990). Alternatively, alien species may

establish themselves at low population levels and either remain scarce (i.e., non-invasive)

or periodically irrupt to potentially threatening abundances. There is confusion in the

conservation biology literature and popular media about the terms ‘invasive’ and ‘alien’

species, these often being used interchangeably (Colautti and MacIsaac 2004). A more

useful practice may be to use ‘invasive’ to refer to any newly established species that are

an agent of change and threaten pre-existing biodiversity, with ‘alien’ referring to any

species occurring outside their natural range due to human transport (Colautti and MacI-

saac 2004; International Union for the Conservation of Nature 2000). Therefore, species

may be alien and invasive (urgent conservation concern) or alien but not invasive (less

conservation concern; Jones 2013). Key steps in introduced species management may be to

establish ‘invasiveness’ by obtaining baseline population estimates and measuring popu-

lation variability by implementing quantitative monitoring, both to aid the design and

increase the effectiveness of conservation and management actions (Harper et al. 2015).

Rats (Rattus spp.), including Norway rats (R. norvegicus), are widespread introduced

species able to survive and thrive in a multitude of environmental conditions. This

remarkable adaptability makes rats a major threat to insular endemic species, biodiversity

and ecosystem health worldwide. Introduced rat destruction of insular avifauna has been

well documented (Jones et al. 2008). Nevertheless, Towns et al. (2006) underlined the need

for more quantitative research documenting rat biology and impacts on native species and

ecosystems both before and after rat eradications.

Norway rats were introduced onto Aleutian Islands, Alaska as early as the 17800s (Black
1984; Brooks 1875), with more introductions during 1941–1946 (Murie 1959), and by

1990 self-maintaining populations were present at least 16 islands (Bailey 1993; Bailey

and Kaiser 1993). In Alaska, Norway rats persist as far north as Nome, with high mortality

in marginal winter conditions offset by a high rate of reproduction during the summer

(Schiller 1956). In the central and western Aleutians, Norway rats persist at Attu, Kiska,

Amchitka, Adak and Atka Islands (Ebbert and Byrd 2002), and were successfully eradi-

cated from Rat (Hawadak) Island in 2008 (Buckelew et al. 2011). Black rats are present at

Shemya Island (Taylor and Brooks 1995), and rats (either Norway, black, or both) are

present on Great Sitkin Island (Ebbert and Byrd 2002; Lack et al. 2013). At Kiska Island,

Norway rats introduced during the 1940s are ubiquitous at low elevations, appear to vary

widely in population size from year to year, and are implicated in mortality and breeding

failure of auklets (Aethia spp.) at a large mixed colony at Sirius Point (Bond et al. 2013;

Major et al. 2006, 2007, 2013; Major and Jones 2005) and extirpation of other seabirds
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from Kiska Island (Buxton et al. 2013; Jones et al. 2008). Least Auklets (Aethia pusilla)

experienced near complete breeding failure in 2001 and 2002 (the lowest breeding success

ever recorded for this species) when rats appeared to be abundant at Sirius Point (Major

et al. 2006). Auklets had normal reproductive success in other years when rats appeared to

be scarce (Bond et al. 2011), yet no quantitative rat population indexing technique was

available to measure the relationship quantitatively.

Measuring relative abundance of introduced rodents on fragile remote islands with

threatened ecosystems requires a technique that reflects the activity and numbers of the

alien invaders, while leaving relict populations of native species unharmed. After eradi-

cation efforts (e.g., rodenticide application) are complete, it is crucial to clarify whether

any target rodents have survived. Unfortunately, the most commonly used small mammal

population monitoring techniques for rats have included live-trapping and snap-trapping

that may cause incidental capture and mortality of native species, including small birds

(Dice 1931; Menkens Jr. and Anderson 1988; Waldien et al. 2004). At Sirius Point, Kiska

Island the dense breeding colony of least and crested (A. cristatella) Auklets makes

incidental captures certain with snap-trapping, and captures with live traps are equally

likely, and would likely result in individuals abandoning any breeding attempt (Piatt et al.

1990), indicating the need for an alternative rat-monitoring method (Major et al. 2006).

Here we evaluated alternative techniques that are non-destructive and do not impact non-

target species (Blackwell et al. 2002; Quy et al. 1993).

Our main objective was to identify the most effective way to monitor inter-annual

variability in Norway rat presence at Sirius Point, Kiska Island, Alaska. Three indicator

methods—wax blocks, tracking tunnels, and chew sticks—were tested to see if rats were

attracted to them, if activity was detectable, and if a combination of one or more methods

was most effective. For comparative purposes, we measured Norway rat activity away

from the auklet colony at Kiska Harbour (10 km from Sirius Point) in 2005 using a

conventional snap-trapping approach. We aimed to develop a non-invasive protocol

applicable generally to similar situations on islands with both threatened native species and

introduced rodents present. Using the perfected method, we measured baseline levels and

variability in Norway rat activity at the auklet colony site at Sirius Point during

2006–2010.

Methods

Fieldwork was conducted at Kiska Island, western Aleutian Islands, Alaska (51�580N,
177�300E), an oceanic island with no native land mammals that lies entirely within the

Alaska Maritime National Wildlife Refuge. Kiska is 39.8 km long, varies in width from

2.8 to 11 km, and has a total area of 28,177 ha. A large auklet colony occupied in 2001 by

[1 million least and crested auklets (I.L. Jones unpubl. data), encompassing 1.8 km2, is

situated on two lava domes at the base of Kiska Volcano on the northern tip of the island at

Sirius Point (52�070N 177�350E). Four other seabirds, Leach’s (Oceanodroma leucorhoa)

and Fork-tailed Storm-petrels (O. furcata), ancient murrelet and Cassin’s auklet (Pty-

choramphus aleuticus) occasionally visit Kiska at night but were extirpated as breeding

species (Buxton et al. 2013). Norway rats, likely introduced during World War II at Kiska

Harbour (Murie 1959), are most common along shorelines and in some years at the auklet

colony site at Sirius Point (Major and Jones 2005; Major et al. 2006). Little is known about

progress of the invasion of Kiska Island by rats, other than that rat sign was widespread
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after introduced Arctic foxes (Vulpes lagopus) were eradicated in 1987 (Deines and

McClellan 1987a, b). Our preliminary study site, at Kiska Harbour (51�590N 177�330E, no
seabird colonies) is surrounded by relatively gentle terrain with low grass-covered hills

based on glacially eroded Tertiary volcanic deposits (Coats et al. 1961). Our main study

site at Sirius Point included four similar habitats all overlain on recent volcanic deposits

and all with densely nesting auklets (Major et al. 2006): ‘New Lava’ is a recent (January

1962–September 1969) lava dome (Miller et al. 1998) sparsely vegetated with lichens,

‘Old Lava High’ is a c.150 year old basalt blockfield vegetated with Carex spp., Calam-

agrostis spp. and fern, ‘Old Lava Low’ at lower elevation but with similar vegetation to

Old Lava High, and ‘Glen Larry’ is a deep gully between the new and old lava fields

formed during the 1960s eruption.

Kiska Harbour tracking tunnel activity

We tested a quantitative relative abundance indexing method based on tracking tunnels

(Blackwell et al. 2002) to monitor rat activity at Kiska Harbour (central Kiska Island,

grassy lowlands) in 2005 (Fig. 1) and implemented at Sirius Point (Fig. 2) during

2006–2010.

Fig. 1 Location of rat trapping grids and tracking tunnel transects at Kiska Harbour, Kiska Island (inset
with map location), Aleutian Islands in 2005
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In 2005, we set three 450 m transect lines near Kiska Harbour, each traversing a

different elevation range. These were line TA (51�58.8050N 177�32.5130E to 51�59.0090N
177�32.7270E, 11 m elevation; lowest elevation and closest to the sea), line TB

(51�58.8860N 177�32.3960E to 51�59.0910N 177�32.6150E, 36 m elevation; middle), and

Line TC (51�58.9550N 177�32.2600E to 51�59.1570N 177�32.4740E, 74 m elevation;

highest), approximately 200 m apart, each with 10 tracking tunnels 50 m apart (Appendix

1). Tracking tunnels were rectangular black PVC plastic boxes (10 9 10 9 50 cm, open at

each end), and contained a white paper strip covering the floor of the tunnel, with a

centrally placed ink square saturated in red ink, to record foot prints as rats traversed the

tunnel. On June 15, 2005 the tracking tunnels were placed and left unbaited for 2 weeks to

reduce the effects of neophobia. Tunnels were then pre-baited with a mixture of peanut

butter, honey and oats and left unchecked for an additional 3 days, after which rat activity

was measured for two consecutive days. After the first night and again on the second day,

rat activity (bait gone, ink tracks, scratches, droppings, chewing) was recorded and ink

cards with evidence of rat activity were replaced with fresh cards. In order to test for

repeatability and/or habituation, tunnels were left in position unchecked for 2 weeks and

then rat activity measured again (July 15–18, 2005). The index of rat activity was

expressed as the percentage of tunnels visited per transect during each of the two-day sets.

Fig. 2 Location of relative abundance index transects at Sirius Point, Kiska Island (inset with map
location), Aleutian Islands, Alaska, 2006–2010
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Kiska Harbour snap-trap indexing

To obtain a one-time index of rat density at Kiska for comparison to other islands, sixteen

snap traps (Victor Professional Expanded Trigger Rat Trap) in a 4 9 4 trap grid formation,

at 20 m spacing between each trap, were established at three locations within 10 m of a

shoreline (Kiska Harbour North centered at 51�58.9570N 177�32.9370E WGS 84, elevation

17 m; Kiska Harbour South 51�57.5290N 177�32.2640E, 25 m elevation; and Moron Lake

52�00.2250N 177�31.0710E, 76 m elevation; Fig. 1) during June 26–July 4, 2005. Traps

were pre-baited with a mixture of peanut butter, honey, and oats for at least 2 days before

being set for 8 days. Rat activity at each trap was recorded each morning: bait gone, trap

sprung, rat body, blood, rat droppings and movement of the trap. Each trap was then

sprung, cleaned, and re-baited for the next night’s activity. An index of activity for each

grid was calculated per 100 corrected trap nights (CTN) (Nelson and Clark 1973). We also

tested whether capture rates in snap-traps varied by location using a binary logistic

regression. Dead rats were dissected on the day of capture and their stomach contents

examined to determine presence/absence of expected food types in their diet.

Sirius Point activity indexing

In order to index rat relative abundance at the massive auklet colony site at Sirius Point, we

deployed tracking tunnels augmented with wax blocks and chew sticks, during 2006. Eight

transects, each with ten stations consisting of a tracking tunnel, chew stick (a 15 cm long

by 1 cm diameter hardwood dowel saturated in vegetable oil placed inside tunnels), and a

wax block (a flat cylindrical 25 g block of paraffin wax dyed with red food colouring and

smeared with 1 g of peanut butter placed inside tunnels) spaced 25 m apart.

The eight transect lines encompassed the four different habitat types (two lines per

habitat) within the auklet colony at Sirius Point (Table 1; Fig. 2; Appendix 2). For safety

considerations the gully transect line was set non-linearly on the winding gully bottom based

on a level path. Tunnels were set at the closest available spot for protection from severe

weather, within 2 m of the 25 m marker along each line. Ledges, rock crevasses, and caves

were chosen in preference to open areas, and obstruction of auklet nest sites was avoided.

Two replicate 6-day monitoring trials were carried out: one in mid-June (approximate mid-

point of auklet incubation period at Kiska) and one in mid-July of each year (approximate

mid-point of auklet chick-rearing period) (Bond et al. 2011). Using a generalized linear

Table 1 Location of eight Norway rat relative abundance-indexing tunnel transects at Sirius Point, Kiska
Island in 2006–2010

Transect Start
location

End
location

Mean
elevation (m)

New lava 1 52�7.9620 N 177�35.6870 E 52�7.9720 N 177�35.4960 E 51

New lava 2 52�7.9080 N 177�35.6590 E 52�7.9080 N 177�35.6590 E 59

Gully 1 52�7.9030 N 177�35.6790 E 52�7.8200 N 177�35.5700 E 42

Gully 2 52�7.7660 N 177�35.3970 E 52�7.8200 N 177�35.2440 E 46

Old lava low 1 52�7.7680 N 177�35.5170 E 52�7.6720 N 177�35.6290 E 89

Old lava low 2 52�7.8000 N 177�35.5890 E 52�7.7080 N 177�35.7110 E 88

Old lava high 1 52�7.6220 N 177�35.6860 E 52�7.6900 N 177�35.8480 E 122

Old lava high 2 52�7.5680 N 177�35.7700 E 52�7.6430 N 177�35.9130 E 137
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model with Poisson error function, we analysed the number of stations on each plot that

detected a rat at least once, and examined differences among years (2006–2010) and periods

(early and late). Models including three-way and two-way interactions were not significant,

so they were removed, and we analyzed main effects only. We made multiple comparisons

based on overlapping 95 % confidence intervals of model-estimated parameter estimates.

Based on the 2006 data (see Results), the rat indexing protocol for 2007–2010 was modified

to include only wax blocks smeared with 1 g of peanut butter (placed in the same tracking

tunnel boxes) because of their greater frequency of rat detection (Table 2).

We compared the rat relative abundance estimates to measures of auklet productivity

made concurrently (Bond et al. 2011; Major et al. 2006).

Results

Kiska Harbour tracking tunnel activity

Rat activity was highest in transect line TA (detections at 100 % of stations, low elevation,

near the shoreline), intermediate in TB (detections at 80 % of stations, moderate elevation)

Table 2 Norway rat activity at three indicators at ten stations set on eight transect lines at Sirius Point,
Kiska Island, Aleutian Islands, Alaska in 2006

Treatment June

13 14 15 Total

w c t w c t w c t

New 1 1 1 0 3 0 0 2 0 0 7

New 2 0 0 1 0 0 0 0 0 1 2

Gully 1 3 0 0 2 0 1 2 0 1 9

Gully 2 3 2 0 1 0 0 2 0 0 8

Low 1 0 0 0 0 0 0 0 0 0 0

Low 2 0 0 0 0 0 0 0 0 0 0

High 1 0 0 0 0 0 0 0 0 0 0

High 2 0 0 0 0 0 0 0 0 0 0

Treatment July

13 14 15 Total

w c t w c t w c t

New 1 2 2 0 5 3 0 5 2 0 19

New 2 0 0 0 0 0 1 3 0 1 5

Gully 1 7 1 6 7 4 7 8 7 9 56

Gully 2 8 1 0 9 1 3 7 1 6 36

Low 1 0 0 0 3 0 2 1 0 1 7

Low 2 4 2 3 3 1 3 3 1 4 24

High 1 0 0 0 0 0 0 0 0 0 0

High 2 0 0 0 0 0 0 0 0 0 0

w wax block, c chew stick, t tracking tunnel
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and lowest in line TC (detections at 60 % of stations, high elevation; Table 3); there was a

significant difference in rat activity among transects (Wald v2 = 7.51, p = 0.023), but not

period (Wald v2 = 1.42, p = 0.23), or day (Wald v2 = 0.95, p = 0.33).

Rats chewed on wax blocks at significantly more stations on transect TA (estimated

mean ± SE: 0.97 ± 0.15; 95 % CI 0.71–1.32) than transect TC (0.45 ± 0.11; 95 % CI

0.28–0.71); transect TB did not differ from the other two (0.69 ± 0.13; 95 % CI

0.48–1.01).

Kiska Harbour snap-trap indexing

During July 5–18, 2005, 30 rats were trapped over 384 trap nights (128 per grid) from the

three grids combined, yielding a corrected trap index (CTI) of 8.46 captures/100 CTN.

Kiska Harbour North (18 traps sprung, 9 captures) had a capture index of 7.86 captures/100

CTN, Kiska Harbour South (7 traps sprung, 11 captures) 9.2 captures/100 CTN, and Moron

Lake (5 traps sprung, 10 captures) 8.26 captures/100 CTN, with no significant difference in

capture rate among sites (ANOVA, F2,45 = 0.09, p = 0.9). The odds of a false sprung trap

were 2.89 greater at Kiska Harbour North than at Kiska Harbour South and were 49

greater than at Moron Lake. False sprung traps provided a measure of bias in the different

trapping areas. Rats trapped at the Kiska Harbour grids (near the sea beach) had amphipods

(40 % prevalence), earthworms (19 %) and seaweed (17 %) in their stomachs, while those

trapped at Moron Lake (inland) had terrestrial vegetation (78 %) and insects (33 %)

predominating.

Sirius Point activity indexing

In 2006, 93 % of all detections (n = 23 cases) included chewing of the wax block

(Table 4).

During 2006–2010, we found significant differences among years (Wald v4
2 = 39.31,

p\ 0.001); there were significantly more detections in 2006 than 2008 or 2009, which in

turn had more detections than 2007 or 2010 (Table 4). Stations in the gully transects had

the most detections (112), followed distantly by the new lava (30), the low old lava (22)

and the high old lava (1), with significant differences among plots (Wald v4
2 = 51.18,

p\ 0.001); there were more detections in the Gully plot than on New Lava or Old Lava

Low; Old Lava High had the fewest detections. There were significantly more rat detec-

tions in July (auklet chick-rearing period) than in June (auklet incubation period; Wald

v1
2 = 15.62, p\ 0.001). Comparing relationships between our index of rat abundance and

hatching, fledging or overall reproductive success for Least Auklets, all relationships were

not statistically significant (all p[ 0.37, all r\ 0.25).

Table 3 Number of traps with Norway rat activity at Kiska Harbour in 2005

Transect July 4 July 5 Total July 17 July 18 Total

TA 10 10 10 9 10 10

TB 5 7 7 7 9 9

TC 0 5 5 6 7 7

Transects consisted of 10 traps each, and were repeated twice
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Discussion

We began our Norway rat study at Kiska Harbour in 2005, on terrain typical of Kiska

Island south of the volcano, where nesting seabirds were absent. In this area, both snap

traps and tracking tunnels indicated a higher rat relative abundance at lower elevations and

near the coastline where rats had better access to denser shoreline vegetation and the

marine resources of the intertidal zone. Consistent with our analysis of stomach contents,

previous rat foraging ecology studies in the Aleutian Islands have reported Norway rats

feeding on amphipods in the beach wrack and small invertebrates on fucoid algae (Kurle

2003; Major et al. 2007). Our direct observations of extensive rat tracks on beaches (in

2005 and subsequently) underlined the importance of beach habitat to Kiska rats. Our snap-

trap capture rates at Kiska Harbour were similar to rates recorded at Langara Island (8.2

captures/100 CTN at sites without seabirds) (Drever 2004) where Norway rat predation

was implicated as a major cause in decline of breeding Ancient Murrelets (Bertram 1995;

Drever and Harestad 1998; Hobson et al. 1999), and significantly higher than 3.26 cap-

tures/100 CTN on Stewart Island, New Zealand (Harper et al. 2005). At both Langara and

Stewart islands, capture rates were significantly different among habitat types. Future rat

trapping grids at Kiska could be improved by increasing the area trapped and number of

Table 4 Norway rat activity
indicated by wax blocks at tran-
sects (two each) set in four
habitats in the auklet colony at
Sirius Point, Kiska Island, Aleu-
tian Islands, Alaska during
2006–2010 (hits by tunnel, no
repeats counted)

Year Plot June July All

2006 All 13 33 46

New 4 8 12

Gully 8 18 26

Low 1 7 8

High 0 0 0

2007 All 0 0 1

New 0 0 0

Gully 0 1 1

Low 0 0 0

High 0 0 0

2008 All 7 18 25

New 0 6 6

Gully 7 12 19

Low 0 0 0

High 0 0 0

2009 All 5 16 21

New 0 0 0

Gully 2 13 15

Low 3 3 6

High 0 0 0

2010 All 3 0 3

New 1 0 1

Gully 1 0 1

Low 0 0 0

High 1 0 1
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traps used, to provide trapping rates more reflective of the entire island. Incorporating

trapping grids in other habitat types would also improve existing data on the distribution of

Norway rats at Kiska Island. However, we note that our small-scale grid study in 2005

resulted in non-target bird mortality (one Pacific Wren, Troglodytes pacificus and one

Lapland Longspur, Calcarius lapponicus), indicating that snap-traps, however useful in

measuring rat numbers, have an ethical cost. Wire mesh covers can exclude passerine birds

and scavengers from traps, but such coverings would likely be ineffective at excluding

auklets.

Our greater interest concerned Norway rat abundance (especially inter-year variability

in abundance) at Sirius Point, Kiska Island, where rats are present at a colony of[1 million

auklets. Annual measurement of rat abundance at Sirius Point using snap-traps was never

considered, as Least Auklets (mean mass: 85 g) enter all crevices and holes at the colony

site and every snap trap set was expected to kill an auklet, creating both non-target bird

mortality and interference with rat capture. As an alternative to snap-trapping, we chose to

employ a modification of the tracking tunnel technique widely used in New Zealand

(Blackwell et al. 2002). We determined that the most successful method tested in 2006,

peanut butter flavored wax blocks (used alone in black plastic tunnels), was a simple and

inexpensive method to apply in the rugged terrain of the lava flows at Sirius Point, Kiska

Island. Tracking tunnels (i.e., with ink and paper) worked adequately at Kiska Harbour but

were more labor intensive to check and maintain and judged imperfect due to the wet

conditions. Our simultaneous test of both methods in 2006 revealed that baited wax blocks

detected[90 % of tracking detections, so we used these alone for our subsequent moni-

toring. Because our primary interest was in inter-annual variability, our use of tracking

tunnels set in identical locations each year avoided the pitfall of differential habitat effects

on rat activity at tunnels (Blackwell et al. 2002). Nevertheless, comparisons in rat relative

abundance indices among our Sirius Point plots were not likely affected as micro-habitat

was very similar among plots, although the geological lava formations varied somewhat

along and among transects. We set transects to cover representative areas of a substantial

proportion of the auklet colony at Sirius Point (Fig. 2), so we assumed that detections

would reflect overall conditions. Our aim was to monitor fluctuations in rat populations

annually at the seabird colony at Sirius Point, but what exactly did rat activity detected at

our tunnels indicate? Blackwell et al. (2002) pointed out differences among snap-traps and

tracking tunnels in simultaneous measurements. Tracking tunnels are thought to indicate

rat ‘density’ although they likely reflect ‘activity’ as well as numbers, and tests of their

efficacy are sparse (Blackwell et al. 2002). We controlled for the activity effect by

counting one or more hits at a particular station as a single detection for a tracking period.

Nevertheless, we believed our approach was the best for indexing annual variation in rat

relative abundance at our auklet colony site, given the inadvisability of using snap-traps at

this location. One concern that remains is Blackwell et al. (2002) finding of less of a

correlation between tracking tunnels and other methods at low levels of rat relative

abundance (as appeared to be present during 2007–2010). This was offset by our aim to

detect peaks in rat abundance such as appeared to occur during 2001–2002 (before our rat

indexing began, and when auklets failed).

Many rodents have extreme inter-annual population fluctuations in response to climate

and food-supply factors (Boonstra and Krebs 2012; Madsen et al. 2006). Conditions at

Kiska varied among years, especially in snowfall, rainfall and spring temperatures that

likely affected parts of the ecosystem that rats are dependent on. We believed these factors

might affect Norway rat productivity. This possibility is consistent with anecdotal obser-

vations of fluctuating rat abundance at Kiska among different years (1996–2010, many
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observers, personal observations). For this reason, in future it will be important to quantify

annual variation in rat numbers in relation to other variables within this environment.

Unfortunately, our measurements during 2006–2010 (n = 5 years only) did not coincide

with either abundant rats (from observations of rat sign across the colony site as well as our

transect results) or auklet breeding failure (both occurred concurrently in 2001–2002)

(Major et al. 2006). For example, rat sign was abundant near the high transects in 2001 and

a rat cache of 38 Least Auklets was found in that area on 2 June 2001 (Major and Jones

2005), yet during 2006–2010 we recorded only a single detection on either of the high

tunnel transects (Fig. 2). We believe our wax block monitoring protocol will provide a

method to further explore this issue on Kiska and also other islands where rats and seabirds

persist together in the same habitat. In particular, our most urgent need for Kiska is to

measure the frequency of the apparently occasional years with abundant rats (such as

2001–2002, when auklets suffered breeding failure)—a key variable for a rigorous pop-

ulation viability model for least and crested auklets at the Sirius Point colony (Major et al.

2013), but a challenging proposition given the remoteness and harsh environment of this

location. Finally, a longer data series on rat relative abundance at Sirius Point, Kiska, could

be helpful for developing a predictive model for rat irruptions in the Aleutians that would

be useful for management of breeding seabirds, and for planning of rat eradication.

Non-invasive rat monitoring is likely to be important both before (Lavers et al. 2010)

and after (Taylor et al. 2000) eradication operation components of island restoration

projects. Before eradication is contemplated, this may be especially important at islands

where rats are normally scarce but have periodic ecologically damaging outbreaks for

example at Kiska (Major et al. 2006) and Shemya (Taylor and Brooks 1995) islands in the

Aleutians. After eradication measures have been implemented and are believed successful,

some studies have shown gradual recovery of native avifauna (Buxton et al. 2013; Lavers

et al. 2010), so careful non-invasive monitoring is essential to detect any surviving rats.

Our method would be most applicable to non-forested islands at all latitudes, but likely less

applicable to tropical islands with trees and native (e.g., land crabs) or non-native (e.g.,

ants) scavengers present due to interference with the baited wax blocks (Cuthbert et al.

2012). Nevertheless, given the need to avoid non-target mortality of birds and other ani-

mals vulnerable to snap traps (especially relict threatened populations persisting on rat-

infested islands), variations on our methodology are likely applicable to other systems,

keeping in mind the caveats outlined by Blackwell et al. (2002).
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