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Predation on seabird eggs by Keen’s mice
(Peromyscus keeni): using stable isotopes to

decipher the diet of a terrestrial omnivore on a
remote offshore island

M.C. Drever, L.K. Blight, K.A. Hobson, and D.F. Bertram

Abstract: We used stable isotope techniques to analyze tissues of Keen'’s Ramanlyscus keenand Townsend'’s

voles Microtus townsendii cowahiand a subset of prey items at Triangle Island, British Columbia, western Canada’s
largest seabird colony. Isotope analysis allowed us to investigate the importance of seabird prey in rodent diets in a
system where seabirds and non-introduced rodents occur sympatrically*fhgalues for terrestrial plants and terres

trial invertebrates on Triangle Island exceeded levels found in many terrestrial biomes and are typical of localities with
high inputs of marine-derived N. We used multiple-source mixing models to estimate the relative inputs of potential
prey items to vole and mouse diets. THEC and3'°N values of liver and muscle tissues of voles indicate that voles

on Triangle Island derived their protein primarily from terrestrial plants, with some contribution by terrestrial inverte
brates. In contrast, isotopic values of liver and muscle tissues of mice on Triangle Island indicated that mice-prey pri
marily on seabird eggs and terrestrial invertebrates. Our results show that egg predation on Triangle Island is a general
phenomenon in the mouse population, rather than occurring in only a few specialist feeders. Mice appear to feed on
eggs once they become available and continue to utilize seabird prey, likely in the form of abandoned eggs or carcasses
of chicks and adults, throughout the breeding season.

Résumé: Nous avons utilisé la technique des isotopes stables pour analyser les tissus de la Souris dRefidesys{

cus keeni et du Campagnol de TownsenMli¢rotus townsendii cowahiet ceux de plusieurs de leurs proies a Ille du
Triangle, Colombie-Britannique, la oliy a la plusgrande colonie d’oiseaux marins de I'Ouest canadien. L'analyse

des isotopes nous a permis d’évaluer I'importance des oiseaux marins dans le régime alimentaire des rongeurs dans un
systéme ol les oiseaux marins et les rongeurs indigénes se retrouvent en sympatrie. Les véfétipder les plan-

tes terrestres et les invertébrés terrestres de I'lle du Triangle excédent les valeurs qui prévalent dans plusieurs biomes
terrestres et sont typiques d’endroits oy ia un apport important d'azote d’origine marine. Nous utilisons des mode-

les de mixage de plusieurs sources pour estimer I'apport relatif des proies potentielles dans le régime des campagnols
et des souris. Les valeurs @&C et 85N des tissus hépatique et musculaire des campagnols indiquent que ceux-ci
prennent leurs protéines surtout dans les plantes terrestres et un peu aussi dans les invertébrés terrestres. En revanche,
les valeurs isotopiques des tissus hépatique et musculaire de la souris indiquent que les souris de I'lle du Triangle
consomment surtout des oeufs d’oiseaux marins et des invertébrés terrestres. Nos résultats indiquent que la prédation
exercée sur les oeufs des oiseaux marins de I'lle du Triangle est un phénoméne généralisé dans la population de souris
plutét que I'apanage de quelques prédateurs spécialistes. Les souris semblent se nourrir d'oeufs dés que ceux-ci devien
nent disponibles et ils continuent d’exercer leur prédation sur les oiseaux marins, probablement sous forme d’'oeufs
abandonnés ou de carcasses de jeunes ou d’adultes, pendant toute la saison de la reproduction.

[Traduit par la Rédaction]

Introduction models for management and conservation purposes. Varia

tion in seabird reproductive success is controlled by several

Understanding factors that influence reproductive succesfactors, including weather, predation risk, age and breeding
in seabirds is crucial to developing predictive populationexperience of parents, and timing and quality of available
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food (Furness and Monaghan 1987). Depredation of egg4,978; Schoeninger and DeNiro 1984). Thus, the measure
adults, and young by introduced rodents, primarily rRatius  ment of 13C can serve as a useful tracer of marine protein in
spp.), is well-recognized as playing a significant role in-seathe diet of animals (Hobson 1987; Hobson and Sealy 1991).
bird breeding success (Moors and Atkinson 1984; HobsorConversely,8°N values in marine and terrestrial organisms
et al. 1999). However, depredation mative rodents has show a stepwise enrichment that is due to the preferential
largely been ignored despite the importance of understandoss of the lighter isotope!’N, during excretion (Peterson
ing and quantifying the magnitude of such natural sources ond Fry 1987) and serve as good indicators of trophic level
mortality. The absence of native predators is thought to bef the sample organism (Minagawa and Wada 1984; Hobson
important in the evolution of island nesting in seabirdset al. 1994). Stable N isotope ratios in marine systems may
(Furness and Monaghan 1987), and while localities wheralso be typically enriched compared with terrestrial food
native rodents occur sympatrically with breeding seabirdsvebs (Schoeninger and DeNiro 1984; Wada and Hattori
appear to be rare, predation rates in these situations can 1891; Michener and Schell 1994).
high. At Triangle Island, British Columbia, egg depredation Stable isotope analysis has recently been used at another
by native Keen’s miceReromyscus keenhereinafter refer  seabird colony to examine diets of Norway raRaftus
red to as mice) occurs in up to 30% of burrows of Cassin’snorvegicu$ preying on ancient murrelets at Langara Island,
auklets Ptychoramphus aleuticusMorbey 1995; D.F. British Columbia (Hobson et al. 1999). Murrelet eggs, chicks,
Bertram, unpublished data) and in up to 34% of burrows ofand adults had stable isotope ratios greatly enriched in both
rhinoceros auklets Qerorhinca monocerataBlight et al. 5N and*3C compared with other food types available, and
1999). Native rodents also prey on seabird eggs elsewhere this allowed a direct estimate of the proportion of the rat
the world. For example, Murray et al. (1983) reported thatpopulation feeding on seabirds. We predicted that rodents
the eggs of Xantus’ murreletSynthliboramphus hypoleudus eating seabird eggs at Triangle Island would have tissues
are depredated by deer mid@efomyscus maniculatus eluyus similarly enriched in both isotopes in contrast to tissues of
on Santa Barbara Island, CaliforniReromyscussp. also those rodents eating exclusively plant-based diets. Our goals
prey on eggs of the ancient murrelésypthliboramphus in using stable-isotope analysis were to agkwhether egg
antiquug at Haida Gwaii (Queen Charlotte Islands), British depredation at Triangle Island is the work of a few individuals
Columbia (Gaston 1992). specializing on seabird prey or is a general phenomenon
At Triangle Island, only two species of rodents occur: na-among all mice andii) whether seabird eggs are also con-
tive mice (. keen) and an endemic race of Townsend's vole sumed by wvles. Although egg and chick depredation by
(Microtus townsendii cowahi Our study used stable isotope herbivorous voles do occur (Sealy 1982), it appears to be
analysis to determine the relative importance of seabird egg@re, and we hypothesized that it would be unlikely on Tri-
in the diet of rodents at this remote island colony. Tradi-angle Island. We also used stable-isotope analysis to ask
tional methods of diet analysis, such as analyses of stomadfii) whether rodent subpopulations showed dietary differ-
contents, have limited utility in determining a predator's con-ences based upon season or locality.
sumption of eggs. Eggshells are not preserved well in stomach
ac[d an_d egg yolk or albumen_can be almost impossiblgtudy site and methods
to identify a few hours after their consumption (Duffy and
Jackson 1986). Furthermore, single samples of stomach cogtydy site
tents do not take seasonal dietary variation into account. Our study took place from March to May 1997 and from April to
Analysis of stable isotope ratios in tissues of predators cirAugust 1998, at Triangle Island, British Columbia (50°52
cumvents this limitation, and when used appropriately it has29°05W; 144 ha). Triangle Island is an ecological reserve that
several advantages (Hilderbrand et al. 1996; Hobson anlies 46 km to the northwest of Cape Scott at the northern end of
Sealy 1991). The stable isotope approach provides informa/ancouver Island, British Columbia, Canada. The island is western
tion on diet integrated over various time scales, depending's‘”a‘_j"j?'S largest seabird colony and provides nesting habitat for
on th tissue chosen. For example, soopic analyses of ve 2 T b1 o 12 Shecies, rimerly fnocercs a0 Caseins
tlsgue provide information c_)n food as§|mll_at|on ovgr a Wee.k’colony in March, and laying typically begins in that month. Rhi
while analyses of muscle tissue provide information on diet),ceros auklets begin laying in mid to late April (L.K. Blight and
over about a month (Tieszen et al. 1983; Hobson and Clarkriangle Island Research Station, unpublished data). In 1997, our
1992). Thus, in contrast to conventional techniques, it is posstudy focused on three localitiesi) (West Bay, where Cassin’s
sible to derive information over ecologically relevant time auklets nest at high densityjiY Calamity Cove, where both
periods, and specialists feeding exclusively on one or twcCassin'sauklets and rhinoceros auklets nest in moderate densities;
prey types may be readily identified. and (ii) South Bay — cabin site. Burrow density for rhinoceros

BecausadSN analyses provide information on trophic level, @uklets in South Bay is high, while Cassin's auklet burrows are
whereasdt3C analyges prpovide information primar?ly on the found .there in lower numbe(s (Rodway et al. 1990). In.1998, we
source of nutrients to the diet (Peterson and Fry 1987) thesta_bhsheld t?\:\go Stufdy plitgsg;n Soutt)h Bay. Plotjl ‘l'vaszsl'tuateg ap

X : . ' " 'Broximate m from 's cabin site, and plot 2 lay about
use of these two isotopes (or more) typically provides bettekyg m to t}r/1e east of plot 1. g 4

resolution in tracing the diets of consumers and eliminates

the ambiguities that accompany the use of a single isotopigdamp"ng rodents and likely prey types

.traclzer (Pete_rson et al. 192_35). The ocean is generally enriched |, early May 1997, we set snap traps within 50 m of the shore
in 13C relative to terrestrial ecosystems (Peterson and Fryor two nights at two localities (West Bay, = 17 traps; Calamity

1987), and the relative abundance!8€ remains compara Cove,n = 9 traps). Traps were set 15 m apart under cover of vege
tively unchanged with each trophic transfer (DeNiro and Epsteiation or logs and were baited with peanut butter. Mice from the
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cabin site were collected in March—April 1997, before most of theferences ind'>N and 8°C values among prey types (Rosing et al.
egg-laying activity began. These mice were trapped for routinel998). This test treat8'°N and &°C values as spatial data and <al
hygiene measures or were found dead in the area. In 1998, pernsulates the probability that two observed samples are derived from
restrictions precluded the use of snap traps. Instead, mice wettde same population compared with the probability that samples
trapped using Sherman live traps baited with peanut butter andith the same values were generated at random. We used 10 000
euthanised using COFive mice were collected from each of our randomizations of the data to calculate probabilities. Using this ap
two study plots in South Bay between 31 May and 03 June (hereinproach ensured that prey types are bivariately and significantly dif
after referred to as early); another five mice were collected fromferent from each other (Ben-David et al. 189799), and thus
each plot in the same manner on 22 August (hereinafter referrednabled us to use dual-isotope, multiple-source mixing models to
to as late). One mouse found dead in May in South Bay was addedetermine the relative contribution of each prey type to diets of
to the plot 1 (early) samples. As we did not receive permission taodents (see below).
collect voles (red-listed in British Columbia), the samples that we We used multivariate analysis of variance (MANOVA) to test
analyzed were from three dead animals, salvaged from the thregae null hypothesis of no differences among groups of rodents in
study localities over the months of April-June. All rodents were §'°N and &C values of tissues and Tukey’s multiple comparison
sexed, weighed, and measured and their reproductive state wassts to contrast levels where factors were significant at 0.05
recorded. (Zar 1996). To avoid problems with the assumptions of multivariate
In 1998, we also carried out livetrapping in both South Bay normality and homogeneity of variances necessary for MANOVA,
study plots to estimate mouse population density. A total of 45 livewe used a permutation analysis to calculate the significance of
traps (25 in plot 1 and 20 in plot 2) were placed on a grid patternwilks’ A statistics (Hobson et al. 1999). We generated 10 000 per
10 m apart. Trapping was carried out over 3 nights between 28 Maynutations of the data, randomly assigning each bivariate point to a
and 01 June, and for 3 nights between 30 June and 02 Julgroup of rodents. We then analyzed each permutation separately
Trapping effort was suspended on rainy nights, and we excludednd compiled a randomization distribution of Wilky' statistics,
30 June’s trapping results for plot 2 from our analyses, owing toand calculated th® value as the proportion of randomized values
the high proportion (47%) of traps found tripped but empty on thatas extreme or more extreme than the observed value (Manly 1991).
night. Mouse collection was separated in time and (or) space from We reasoned that the variance in isotopic signals for each group
density estimate livetrapping in order not to confound our popula of rodents was analogous to inter-individual variance in diet. Thus,
tion estimates. We express all capture rates of mice in captures p@rrodents from one area had low variance, then we concluded that
100 trap-nights (C/100 TN). the group specialized in the same prey type(s). A group with a
In 1997 and 1998, we also collected samples of prey representatiVarger variance indicated a range of dietary strategies among indi-
of those available to mice and voles, including prevalent terrestriatiduals in that group.
plants, terrestrial invertebrates (1998 only), intertidal organisms,
and abandoned (i.e., eggs found cold #&rd) Cassin’s auklet eggs . L
(hereinafter referred to as CAAU eggs; 1997 only) and rhinocerog\/lumple'sm_Jrce mixing model_ . .
auklet eggs (hereinafter referred to as RHAU eggs). These items, 1° determine the relative contribution of each prey type to diets
were not meant to exhaustively represent all food items available t@f individual mice, we used a multiple-source mixing model (Kline

mice and voles, but rather represented the broad categories of pré&j a- 1990’51993; Ben-David et al. 1997.99'D). This model uses
types found on the island. the meand>N and &8°C values for each prey type (type A, B, C,

etc.) corrected for the enrichment in the tissues of the consumer
(i.e., the fractionation factor, 'AB’, C'; DeNiro and Epstein 1978,

Isotopic analyses . o 1981; Tieszen et al. 1983). These corrected values represent the
Rodents were preserved in the field at ~10°C in a propane freezeg.lsN and 8'°C values that would occur if the predator’s diet eon

Liver and muscle tissues were later sampled and freeze-dried, a@sted entirely of that prey type, and as the model uses means it

ground into powder using a Wiggle-Bug d?“ta' ama'ga”? _miII (Cres does not place undue emphasis on any extreme values for a given
cent Denta_l Manufacturing, Lyons, III|_n0|s, U'S'A').'. Lipids were prey type. We used a fractionation factor of +2%. for C when eggs
extracted via a chloroform—methanol rinse, as modified from Bligh nd plant matter were consumed and +1%. when marine and-terres
and [)Dy(irélgfi)éoe:)rlisamplis were g‘eg‘ I%adedérto tlntclu%s aNial invertebrates were consumed, based on results from feeding
combusted at-15 In a Europa Robo-Frep tlemental Ana experiments in captivity on mink and bears (Hilderbrand et al.
lyzer, using a helium carrier gas interfaced with a Europa 2020 1S01 996: Ben-David et al. 1997 1997). We used a fractionation fac
tope ratio mass spectrometer (IRMS). This continuous flow IRMS, . Of’ +3%, for 85N values of all prey types (DeNiro and Epstein

technique provided'®N and 5'°C values with errors of +0.2 and ) - - , - e
+0.3%, for C and N isotopes, respectively. Invertebrates of the1981’ Schoeninger and DeNiro 1984). The isotopic contribution of

. each prey type to the diet of each individual predator (P) is ealcu
same species were pooled and processed as one sample per SPeLIeSy as:

in each year of collection, so values of invertebrate samples-repre ’
sent a species mean. The standards used were PeeDee Belemnite
for C and atmospheric air for N. All samples were analyzed at the

Prairie and Northern Wildlife Research Centre and Department of A , . . .
Soil Science, University of Saskatchewan, Saskatoon. Wgerelells A, B or C rgmd X |$3 the Euclidean distance ¢

The isotopic composition of any tissue is expressed as a ratio o + ¥ ?) between the5*N and &'°C values of each predator (P)
the heavier to the lighter isotope relative to a standard. Commonlyand the corrected prey types. The model assumes that individual

X, = (1/PX")I(1/PA + 1/PB + 1/PC)

5 notation of parts per thousand (%o) is used where predators consume all possible types of prey, and thus tends to
overestimate the proportion of food types rarely consumed and un
8X = [(RsampldRstandard — 1] x 1000 derestimate the proportion of commonly used food items (Rosing

- 15 ) ) qan et al. 1998). Therefore, the model provides indices of food-con
?Sndéls °C and™N, andRiis the corresponding ratitC/**C and  sumption rather than actual proportions in the diet. We included all
N/*N. Thus, tissues with largedX values are enriched with the prey types (terrestrial plants, terrestrial invertebrates, intertidal ergan

heavier isotope relative to tissues with smalirvalues. isms, RHAU eggs, and CAAUggs) in examining the diet of mice
from South Bay and Calamity Cove sites, but omitted RHAU eggs
Statistical analyses of isotopic signals for mice from West Bay, since this prey type was not available at

We used &-nearest neighbor randomization test to examine dif that locality.

© 2000 NRC Canada
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Table 1. Morphometrics and population characteristics of Keen's mRerqmyscus keenand Townsend’s volesdMicrotus townsendii
cowan) from Triangle Island, British Columbia, 1997-1998.

Total length Tail to vent

Mass (g) (cm) length (cm)
Proportion
Sex ratio in breeding
Dates of capture n Mean SD Mean SD Mean SD (males:females) state
Keen’s mice
South Bay
Cabin 29 Marb — 2 April 1997 17 446 51 217 0.7 116 0.6 3.21:1 0.24
Calamity Cove 7 May 1997 7 49.6 55 224 09 11.7 04 251 0.57
West Bay 3 May 1997 9 484 65 220 06 114 04 21 0.67
South Bay
Plot 1 (early) 9 May, 31 Mg — 3 June 1998 6 38.8 7.1 209 28 111 24 0.21 0.50
Plot 2 (early) 3 June 1998 5 396 45 18.8 3.2 9.3 31 41 0.20
Plot 1 (late) 23 August 1998 5 492 45 216 15 111 0.8 0.6:1 0.00
Plot 2 (late) 23-24 August 1998 5 410 19 203 0.6 10.1 04 0.25:1 0.20
Townsend’s voles 13 April — 29 June 1998 3 67.7 506 17.7 6.1 6.2 23 21 0.66
Results types; Fig. 2), with the exception of terrestrial invertebrates
(k-nearest neighbor randomization teRtz 1.000). This lack
Sample collection of difference, however, likely resulted from the small sam

In 1997, nine mice were captured in West Bay (52.9 C/ple size ( = 2) for this prey type. Using the MANOVA and
100 TN), seven from Calamity Cove (77.8 C/100 TN), andpermutation analysis to calculate tRevalues (a procedure
17 mice were obtained from the South Bay — cabin area oveess conservative than thenearest neighbor randomization
a 5-d period. In 1998, livetrapping for mouse density intest), and Tukey’s multiple comparison tests resultedi@
South Bay yielded 64.4 C/100 TN for the May—June trappingvalues of terrestrial invertebrates differing significantly from
and 58.9 C/100 TN for the June-July trapping. No voles wereall other prey types (WilksA = 0.073,P < 0.0001, Tukey’s
captured by our livetrapping effort. Rodent samples fell intomultiple comparison tes® < 0.05).
eight groups based on species and location and time of capture:
the three groups of mice captured in 1997 (South Bay — cabinsptope analyses of rodents
Calamity Cove, and West Bay), the four groups from 1998
(South Bay: plot 1 (early) and plot 2 (early); plot 1 (late) Liver tissues
and plot 2 (late)), and the group of voles salvaged in 1998. Both &N and 3°C values of liver tissues, indicative of
Morphometrics and population characteristics are detailed ighort-term diets of about 1 week, differed significantly among

Table 1. groups of rodents (WilksA = 0.230,P < 0.001; Fig. 3y}
Voles had liver tissues wit®C values similar to those of
Isotope analyses of prey types terrestrial plants, and which differed significantly from liver

Prey types differed primarily in thei®3C values (Figs. 1 tissues of all mice groups (Tukey’s multiple comparison test,
and 2)? Intertidal organisms were most enriched wifC, P < 0.05).33C values from liver tissues of mice were-be
followed by seabird eggs, terrestrial invertebrates, and terresween 8°C values of seabird eggs and terrestrial inverte
trial plants (Fig. 1). CAAU and RHAU eggs had simild?C  brates and did not differ among mouse groups, with the
values (-19.9 and —20.2%., respectively), but RHAU eggdollowing exception:3C values of cabin mice liver tissues
were more enriched with°N. The &°N values had similar more closely resembled3C values of intertidal organisms
means among prey types, and generally showed larger varand had the greate$iC enrichment of mouse groups. Liver
ance thandC values (Fig. 2). Terrestrial invertebrates had&-3C values from cabin mice differed significantly from mice
the highest mea®°N value, although highest individual from Calamity Cove and the pooled August 1998 samples
5N values were found in terrestrial plants, particularly from South Bay (Tukey's multiple comparison teBt< 0.05;
salmonberry (Fig. 1). Differences in mealiC values pre  Fig. 3). Highest®*N values were found in vole liver tissues;
vided good segregation among prey types. Stable isotope ratitisese differed significantly from all mouse groups, except
differed significantly among prey types primarily because ofCalamity Cove. Calamity Cove mice had liver tissues with
differences ind3C values k-nearest neighbor randomization the highes®N values of all mouse groups and differed-sig
test, P < 0.001 for all pairwise comparisons among prey nificantly from &°N values of liver tissues from cabin mice

2Stable C and N isotope values for rodent prey types on Triangle Island, British Columbia, are archived at the NRC data depository. These
data may be accessed by contacting the Depository of Unpublished Data, Document Delivery, CISTI, National Research Council of Canada,

Ottawa, ON K1A 0S2, Canada (telephone: 1-800-668-1222; e-mail: cisti.info@nrc.ca).

3Mean stable C and N isotope values for rodents’ liver and muscle tissues at Triangle Island, British Columbia, are archived at the NRC data
depository. These data may be accessed by contacting the Depository of Unpublished Data, Document Delivery, CISTI, National Research

Council of Canada, Ottawa, ON K1A 0S2, Canada (telephone: 1-800-668-1222; e-mail: cisti.info@nrc.ca).
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Fig. 1. Stable C and N isotope values for prey types available to Fig. 3. Stable C and N values (mean * SE) in liver tissues of
Keen’s mice Peromyscus keenand Townsend’s volesdMicrotus
townsendii cowaniat Triangle Island, British Columbia. Terr.

plants, terrestrial plants; Terr. inverts., terrestrial invertebrates;

Keen’s mice P. keen) and Townsend’s voles\. t. cowan) col-
lected at Triangle Island, British Columbia, 1997-1998. Solid
circles denote mean valuesSE) of possible prey types adjusted

CAAU, Cassin’s auklet eggs; RHAU, rhinoceros auklet eggs; andfor fractionation effects. For the abbreviations see Fig. 1.
Intertidal, intertidal organisms.

25 T T
. @ Terr. plants
* Terr. inverts.
O RHAU eggs
20 r & CAAU eggs
* ¥ Intertidal
3
S sl o |
- ¢ o
v *
w Cg S
* ®%® s
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10 -
*
5 ’ | | |
-30 -25 -20 -15 -10
§"°C (=/00)

Fig. 2. Stable C and N isotope values (mean + SE) for sample

prey types. Numbers in parentheses are sample sizes. For
abbrevation see Fig. 1.

25 T T T
Terr. plants (10)
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N — + Intertidal (8)
< 15 - g
Z
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10 .
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(Tukey’s multiple comparison ted®, < 0.05), which had the
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*
20 - mvers, _
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S .
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5 ! L |
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the cabin group, which had a coefficient of variance of —11.9,
nearly double the largest value of other mice groups. Coeffi-
cients of variance for live®>N values for South Bay and
West Bay mice ranged from 2.9 to 4.9 and were lower than
coefficients of variance for lived'>N values for voles and
mice from the cabin and Calamity Cove, which ranged from
9.0 to 12.0.

Muscle tissues

The 8°N and&C values differed among groups of rodents
(Wilks’ A =0.193,P < 0.001; Fig. 4), and followed a similar
pattern tod°N and &°C values in liver tissues. Voles had
muscle tissues with the lowest3C values, which differed
significantly from muscle tissues of all mouse groups (Tukey’s
multiple comparison tes® < 0.05), and were similar to ter
restrial plants (Fig. 4). Cabin mice had muscle tissues with
&C values more closely resemblidfC values of intertidal
organisms (Fig. 4). These values were the highest of all
rodents’, and differed significantly from mice from Calamity
Cove and the plot 1 (late) sample (Tukey’s multiple compar
ison test,P < 0.05). Thed3C values did not differ among
muscle tissues of mice from West Bay, Calamity Cove, and
the 1998 South Bay samples (Tukey’s multiple comparison
test,P > 0.05), all of which had®3C values between those
of seabird eggs and terrestrial invertebrates.

Vole muscle tissues had the high&stN values, and dif
fered significantly from muscle tissues of all mice groups

lowestd®N values of all mouse groups. The remaining mousgTukey’s multiple comparison tesB < 0.05). Of the mice,

groups all had liver tissues with similad®N values

(Tukey’s multiple comparison tes > 0.05; Fig. 3).

Mouse groups had coefficients of variance for I\&fC

Calamity Cove mice had the higheS3fN values in muscle
tissues and differed significantly from West Bay and cabin
mice (Tukey’s multiple comparison ted®, < 0.05), which

values that ranged from —2.3 to —6.5, with the exception ohad the lowes®™°N values. The 1998 South Bay samples

© 2000 NRC Canada
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Fig. 4. Stable C and N values (mean + SE) in muscle tissues of terrestrial plants (32.0 and 39.0% for muscle and liver tissues,

Keen’s mice P. keen) and Townsend’s volesM. t. cowan) col- respectively), followed by terrestrial invertebrates (30.0 and
lected on Triangle Island, British Columbia, 1997-1998. Solid  25.0%; Table 2). The multiple-source mixing model esti
circles indicate mean value2§E) of possible prey types ad mated that seabird eggs and intertidal organisms provided
justed for fractionation effects. For the abbreviations see Fig. 1. relatively less protein for voles, but as the model forces all
05 . : prey types to be considered, it presumably overestimated the
contribution of these two prey types.
*
20 + * Invelrla - . .
@ID »{ﬂi““ Discussion
— @ .
\8 e g%@m . ntertidal Isotope analyses of prey types
& 45 L plams 8% A . Triangle Island is a varied isotopic environment, in which
Z s ‘ terrestrial, intertidal, and pelagic elements provide omnivo
© N o South Ba rous rodents with a wide range of isotopic inputs. TN
Y values for terrestrial plants and invertebrates on Triangle
© West Bay Island certainly exceeded levels found in many terrestrial
10 U Cal?m“y 7] biomes and are typical of places with high inputs of marine-
4 Cabin derived N. These include other seabird colonies (Mizutani
* Voles and Wada 1988; Cocks et al. 1998; Wainright et al. 1998),
otter latrines (Ben-David et al. 1998), and salmon spawning
5 ! | ! grounds (Kline et al. 1990, 1993). Salmonberry provides a
-30 =25 ~20 -15 -10 dramatic example: on Triangle Island, salmonberry had a
5'C (o/00) mean 3N value of 15.3%., whereas in southeast Alaska,

salmonberry had &°N value of 1.1%. at sites with no con-
tribution of marine-derived N (Ben-David et al. 1998). Ter-
restrial plants that do not fix N typically hav@°N values
that range from —8 to 10%o, depending on the isotopic com-
position of their soils (Peterson and Fry 1987). The highly
gnriched515N values of plants on Triangle Island likely re-
Sulted from N uptake from soils enriched N, owing to
incoming marine-derived N in seabird guano and by the pro-
€SS of volatilization of isotopically light ammonia from the
ppuano (Mizutani et al. 1986; Mizutani and Wada 1988). In
this situation, where two very different biomes (i.e., marine
and nonmarine) contribute to nutrient inp&iN serves as a
Multiple-source mixing model useful tracer of nutrient source but loses its utility as a

The multiple-source mixing model indicated that the- pri straightforward indicator of trophic level. On Triangle- Is

mary sources of protein for Keen's mice on Triangle Island!2nd, mice and voles feeding on primary producers (terres

were terrestrial invertebrates and CAAU and RHAU eggstrial plants) had higheB*N values than rodents feeding at

whereas terrestrial plants and intertidal organisms providea'gh?r_tmpg'c levels. In studies using stable isotopes,-char
relatively less protein (Table 2). When considered togethe,<',:1cter|2|.ngél N values of avallable_food sources is required
CAAU and RHAU eggs provided the bulk of the protein before inferences about the trophic level of a consumer can
(overall estimate is 51.0% for muscle and 43.0% for liver)P® made (Hobson 1999).

in mouse tissues. RHAU and CAAU eggs provided similar Intertidal organisms were more enrichedfiC than sea
amounts of protein in tissues for mice at sites where the twdird eggs, a pattern that reflects the gradient of decreasing
bird species occur together (19.0 and 20.0% for CAAU andbundance of*C in the ocean from the intertidal to the-pe
RHAU eggs, respectively, at Calamity Cove; 21.0 and 20.0%4agic zone (France 1995). Similarly, Hobson (1993) found
at South Bay). The cabin group was an exception, wheréhat benthic-feeding seabirds had tissues more enriched in
CAAU eggs appeared to be more important than RHAU eggs>C than those from pelagic seabirds. Although we could not
in diets of mice (Table 2). This was probably due to theused®N values to predict the rodent trophic level at Triangle
early date of collection of these animals, as Cassin’s auklettsland, stable N isotopes reliably predict seabird trophic po
begin laying before rhinoceros auklets. In addition, the CAAUSsitions, since their diets are strictly marine in origin (Hobson
eggs prey type had a larger variance relative to the other prest al. 1994); the difference we observed betw8éN values
types for mice in the cabin group, particularly in muscle tissue®f RHAU eggs and CAAU eggs reflect dietary differences
(Table 2). Little difference existed in the relative contribution of between the two seabird species (Hobson 1991). Rhinoceros
seabird eggs in diets of mice between the early South Bay samauklets primarily eat fish, while Cassin’'s auklets typically
ples and the late South Bay samples. In contrast to the micé&ed on plankton (Gaston et al. 1998), and thus have lower
voles on Triangle Island derived their protein primarily from &°N values in their eggs.

had muscle tissues with intermedi@téN values and did not
differ among each other and from the 1997 samples.

Coefficients of variance for muscli@®N and &°C values
followed the same pattern as the liver tissues. Cabin mic
had the largest variance &f°C values compared with other
rodent groups. Coefficients of variance for musaieN val-
ues were similar among South Bay and West Bay mice b
were lower than analogous values for voles and mice fro
the cabin and Calamity Cove.
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Table 2. Relative contributions (%) of prey types to diet of Keen’s mi& Keen) and Townsend’s volesM. t. cowan) on Triangle
Island, British Columbia (1997-1998), estimated using a multiple-source mixing model with isotopic data from two tissues.

Intertidal Terrestrial Terrestrial
CAAU eggs RHAU eggs organisms plants invertebrates
n Mean SD Mean SD Mean SD Mean SD Mean SD
Liver tissues
Keen's mice
South Bay
Cabin 17 36 14 21 4 17 8 11 6 15 10
Calamity Cove 7 19 10 20 8 10 3 13 4 38 22
West Bay 8 40 10 0 — 16 1 19 5 25 6
South Bay
Plot 1 (early) 6 23 10 22 6 11 2 14 3 30 16
Plot 2 (early) 5 24 5 22 2 12 1 17 2 25 6
Plot 1 (late) 5 16 1 18 4 10 1 24 6 32 2
Plot 2 (late) 5 21 6 19 2 11 2 22 5 27 6
Townsend's voles 3 13 2 14 3 9 2 39 10 25 3
Muscle tissues
Keen's mice
South Bay
Cabin 17 44 22 18 8 15 8 10 7 12 8
Calamity Cove 7 19 7 26 8 10 2 13 3 32 13
West Bay 9 45 14 0 — 16 1 16 6 23 8
South Bay
Plot 1 (early) 6 29 12 23 4 12 1 13 2 23 11
Plot 2 (early) 5 31 6 28 4 12 1 11 1 18 3
Plot 1 (late) 5 21 2 24 5 11 1 16 3 28 3
Plot 2 (late) 5 25 4 24 2 12 1 15 2 24 5
Townsend’s voles 3 13 2 15 2 10 2 32 5 30 2

Note: Refer to Table 1 for an explanation of early and late, which pertains to the capture dates of Keen’'s mice and Townsend'’s voles. CAAU, Cassin’'s
auklet eggs and RHAU, rhinoceros auklet eggs.

Seabird eggs and rodents on Triangle Island ing, although some early nesting activity by Cassin’s auklets
The 83C values and the multiple-source mixing model in at that time is likely. These mice then represent mice that are
dicated that mice on Triangle Island derive the bulk of theirleast affected by breeding bird activity in the sampled years.
protein firstly from seabird eggs and secondly from terres The 83C and 8°N values for the cabin group have larger
trial invertebrates. However, as plant prey (low protein) typi variance than other mice groups, indicative of a more di
cally enters energy metabolic pathways, and animal preyerse diet that includes marine invertebrates. However, some
(high protein) is a primary source of tissue synthesis in-conof these mice may also have had access to particles -of hu
sumers (Gannes et al. 1997; Hobson and Stirling 1997), ounan food from dishwater disposed of on the beach. Stable C
estimates of protein contribution are greater than the actuasotope ratios of mice from Calamity Cove, West Bay, and
proportion of a prey item in a rodent’s diet. In contrast to South Bay (early), trapped in the middle of the seabird breed
mice, vole tissues hav@#3C andd®°N values indicative of a ing season, had a smaller variance than the mice trapped in
largely terrestrial diet, with little marine input. This indica March, suggesting that at this time of year mice have a
tion is supported by the model and by observations of volesmaller dietary breadth and may focus on seabird eggs when
on Triangle Island feeding exclusively on terrestrial plantsthey become available. Such a phenomenon occurred at
(L.K. Blight, personal observation). Voled/{crotus sp. and Langara Island, where isotopic signals of rats feeding on
(or) Clethrionomyssp.) on St. Lawrence Island, Bering Sea, eggs and birds in the ancient murrelet colony had much
have been observed eating eggs and nestlings of nestirggnaller variances than signals of rats collected elsewhere on
auklets (Sealy 1982), although voles elsewhere are largelihe island. Since rad°N and 83C values were similar to
herbivorous and consume only small amounts (<10%) ef and®N and &°C values of ancient murrelet tissues, the small
imal protein, in the form of arthropods (Batzli 1985). variance indicated that rats fed on murrelets almost exclusively
The importance of seabird eggs in diets of mice variedDrever and Harestad 1998; Hobson et al. 1999). Similarly,
with time of year and locality at Triangle Island. TREC  rats raised on monotonous diets in the laboratory showed
and 8N values suggest that when eggs become availableninimal variance in bone collaged*C values (Ambrose
predation on seabird eggs is not the work of specialist miceand Norr 1993; although collagen is expected to have lower
but rather is a general phenomenon in the mouse populationariance as it represents a much longer-term integration of
despite local variation in diet. The cabin mice were capturedliet than muscle or liver). Mice sampled by us in South Bay
in early spring before the majority of seabirds begin breedshowed little difference between early (May—June) and late
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(August) samples. Although seabirds have finished incubatscholarship and a John K. Cooper Foundation award to L.K.B.
ing by the latter date, this lack of difference suggests thaand by NSERC operating grants to Drs. Fred Cooke and
mice continue to feed on seabird prey, as abandoned egg®ny D. Williams. Stable isotope samples were prepared by
and carcasses of chicks and adults remain available into thHe. Healy and analyzed by G. Parry at the University of-Sas

late summer. katchewan Soil Science Laboratory, Saskatoon. Daniel Ricard
provided assistance with statistical analyses and Tom Olvet
Implications for rodent populations helped with sample preparation. We also benefitted from

The acquisition of protein is crucial for growth, survival, valuable discussions with Dr. Merav Ben-David on the use
maintenance, and reproduction. Seabird eggs likely providef multiple-source mixing models. Comments by Tony Wil
the bulk of the input of protein for mouse tissues on Triangleliams improved the manuscript.

Island, yet are available only as a seasonal influx of nutri
ents. It has been proposed that reduced food availability oveﬁ f
the winter months is the limiting factor for mouse popula eterences

tions at Triangle Island (Carl et al. 1951). We suggest thahdler, G.H., and Levins, R. 1994. The island syndrome in rodent
mice there synchronize their breeding efforts to this influx of populations. Q. Rev. Biol69: 473-490.
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cedes that of seeds and invertebrates. Island populations ofrelationship of carbon isotope ratios of whole diet and dietary
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tions often eat more animal prey when breeding relative to Lambert and G. Grupe. Springer-Verlag, Berlin. pp. 1-38.
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exceptionally high density of mice on Triangle Island. In a Mammalogists, Boston. pp. 779-811.
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i ppIng 9 latrines and nutrient dynamics of terrestrial vegetation. Ecology,
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