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Annual survival of North American Razorbills (Alca
torda) varies with ocean climate indices
J.L. Lavers, I.L. Jones, A.W. Diamond, and G.J. Robertson

Abstract: According to life-history theory, survival in long-lived animals is not expected to vary greatly with environmental
conditions. However, recent studies of a number of seabirds have shown that ocean climate indices such as the Pacific Decadal Oscillation index and sea surface temperature are correlated with adult survival. Here we evaluated whether annual adult
survival of Razorbills (Alca torda L., 1758) at two breeding colonies covaried with oceanographic conditions in the North Atlantic during 1995–2006. We also examined pre-breeder survival (from fledging to age 2). The relationship between local
adult survival and the North Atlantic Oscillation and two oceanographic variables (Labrador Current temperature profile and
Bay of Fundy sea surface temperature) were evaluated using the program MARK. Capture–mark–recapture data fit the assumptions of the program MARK reasonably well with ĉ values ranging from 1.390 to 2.404. Pre-breeder survival
rates were high for Machias Seal Island (K = 0.778 ± 0.041) and low for the Gannet Islands (K = 0.482 ± 0.033),
likely the result of hunting pressure. On Machias Seal Island, constant adult survival (K = 0.967 ± 0.028) was the
best model; however, time-dependent models that included a climate covariate performed nearly as well. On the Gannet Islands, adult survival (K = 0.890 ± 0.053) was negatively correlated with Labrador Current temperature. Overall,
our results show significant differences in survival rates across sites over the same time period and highlight the importance of multisite studies and smaller scale climate indices for local populations. In addition, our study contributes
to the growing body of evidence that survival in long-lived animals may vary with environmental conditions more
than previously expected.
Résumé : D’après la théorie démographique, la survie des animaux à forte longévité ne devrait pas varier beaucoup en
fonction des conditions du milieu. Cependant, des études récentes de plusieurs oiseaux marins indiquent que des indices
du climat océanique, comme l’indice d’oscillation décennale pacifique et la température de surface de la mer, sont en corrélation avec la survie des adultes. Nous vérifions ici si la survie annuelle des adultes du petit pingouin (Alca torda L.,
1758) dans deux colonies de reproduction de l’Atlantique Nord en 1995–2006 varie en fonction des conditions océaniques.
Nous évaluons aussi la survie pré-reproductive (de l’envol à l’âge 2). Le logiciel MARK nous permet de déterminer la relation entre la survie locale des adultes et l’oscillation nord-atlantique et deux variables océaniques (profil de température
du courant du Labrador et température de surface de la mer dans la baie de Fundy). Les données de marquage et de recapture s’accordent raisonnablement bien aux présuppositions du logiciel MARK avec des valeurs allant de 1,390 à 2,404.
Les taux de survie avant la reproduction sont élevés à Machias Seal Island ( = 0,778 ± 0,041) et faibles aux ı̂les Gannet
( = 0,482 ± 0,033), sans doute à cause de la pression de chasse. À Machias Seal Island, une survie constante des adultes
( = 0,967 ± 0,028) représente le meilleur modèle, bien que des modèles dépendant du temps qui incluent une covariable
climatique fonctionnent presque aussi bien. Aux ı̂les Gannet, la survie des adultes ( = 0,890 ± 0,053) est en corrélation
négative avec la température du courant du Labrador. Globalement, nos résultats montrent des différences significatives
des taux de survie entre les sites durant une même période de temps et ils mettent en évidence l’importance pour l’étude
des populations locales des recherches faites à des sites multiples et des indices climatiques à plus petite échelle. De plus,
notre travail ajoute à la masse croissante de données qui indiquent que la survie des animaux à forte longévité peut varier
avec les conditions du milieu plus qu’on ne le croyait antérieurement.
[Traduit par la Rédaction]

Introduction
According to life-history theory, adult survival in most
long-lived seabirds has the highest elasticity, meaning that
this parameter explains the most variation in lifetime reproductive success (Croxall and Rothery 1991; Sandvik et al.

2005). Adult survival has therefore been assumed to be the
life-history trait that would be least affected by climate variability (Cairns 1987; Gaillard and Yoccoz 2003). A number
of studies reported that seabird productivity and diet were
the most sensitive to changing environmental conditions
(Nettleship and Birkhead 1985; Montevecchi 1993). How-
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Fig. 1. Map of Atlantic Canada showing the main study sites, the Gannet Islands and Machias Seal Island, as well as secondary sites in
relation to Fisheries and Oceans Canada climate stations 5 and 27.

ever, extreme weather conditions such as El Niño – Southern
Oscillation events (ENSO; Barber and Chavez 1983),
storms (Underwood and Stowe 1984; Harris and Wanless
1996), and hurricanes (Morris and Chardine 1995) have
been linked to direct and indirect adult mortality. Growing
evidence now link seabird annual adult survival and continuous variation in climate (Thompson and Ollason 2001;
Weimerskirch et al. 2001; Jones et al. 2002; Durant et al.
2004; Grosbois and Thompson 2005; Jones et al. 2007) with
similar broad trends for many aspects of marine ecosystems
(i.e., prey availability; Aebischer et al. 1990; Nakashima
1996; Alheit and Hagen 1997; Hjermann et al. 2004). The
urgent questions are now how widespread are these reported
tendencies across seabird species and populations, and what
are the mechanisms that explain patterns of covariation between survival and environmental conditions?
Ocean climate varies considerably between years and has
been characterized by indices such as the North Pacific index, Pacific Decadal Oscillation index, and ENSO index
(Trenberth and Hurrell 1994; Zhang et al. 1997). In the
North Atlantic, the most important index is the North Atlantic Oscillation (NAO), which is derived as the pressure differential between the subtropic high-pressure zone centered
over the Azores and the atmospheric low-pressure zone
over Iceland (Wallace 2000; Ottersen et al. 2001; Hurrell et
al. 2003). The NAO exerts a dominant influence on winter
sea surface temperature (SST). When the NAO index is positive, strong northerly winds over Greenland and Canada

carry cold wind southward, resulting in decreased SST over
the northwest Atlantic (Hurrell and Dickson 2004). Since
the 1980s, the NAO has been in a mostly positive phase,
resulting in colder and stormier winters (Hurrell and Dickson 2004). Such changes in surface temperature (and related
changes in rainfall and storm frequency) can have significant impacts on marine organisms, including seabirds. Here
we examine the relationship between climate covariates
such as the NAO and adult survival in a long-lived seabird,
the Razorbill (Alca torda L., 1758), over a 12-year period at
two breeding colonies, which extend over almost their entire North American breeding range. The aims of our study
were (i) to quantify annual adult and pre-breeder (from
fledging to age 2) survival of Razorbills at two representative colony sites in the western Atlantic during 1996–2006,
(ii) to examine whether adult survival covaried with climate
indices, and (iii) discuss possible mechanisms for any patterns observed.

Materials and methods
Study sites
Fieldwork was conducted at the Gannet Islands, Labrador,
Canada (53856’N, 56830’W), and Machias Seal Island, New
Brunswick, Canada (MSI; 4483’N, 67806’W; Fig. 1). The
Gannet Islands cluster includes six islands (GC1–GC6),
which support the largest colony of Razorbills in North
#
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America (~9800 breeding pairs; Chapdelaine et al. 2001).
The Gannet Islands represent one of the most northerly major
Razorbill breeding colonies in North America. In contrast,
MSI is located at the southern extent of the Razorbill’s
breeding range and supports 592 pairs (Grecian 2005).

Table 1. Mean values of environmental covariates
used in the analyses from March of the previous year
to February of the current year.

Capture – mark – recapture or resight
Razorbill adults and chicks were banded with size 5 US
Fish and Wildlife Service triangular stainless steel leg
bands. Banding of Razorbills on MSI and the Gannet Islands
began in 1995 and 1996, respectively, and continued until
2006. Since 1995, 7039 birds (mostly chicks) have been
banded. Banding effort varied between years on MSI, ranging from 20 to 270 individuals per year; however, effort on
the Gannet Islands was relatively constant. Nine bands were
replaced on MSI and two on the Gannet Islands during this
study owing to wear and erosion of the bands caused by the
birds walking over rough terrain (Lyngs 2006). Adult Razorbills were captured on MSI and GC2 and GC4 from May to
early August using noose carpets or barrel traps on prominent display rocks (adjacent to the breeding sites) where
birds gathered daily to socialize. Razorbill chicks were captured on MSI and GC2 by hand or with a small net when
they were about 10 days old. This was the preferred age for
banding because the chicks were able to thermoregulate, but
had limited mobility and could be captured on steep cliffs
with minimal disturbance.
Razorbill resighting was conducted from blinds and cliff
ledges on the Gannet Islands and MSI from 1998 to 2006
using a spotting scope. In July 2005, we also visited the
Herring Islands (54820’N, 5787’W), located 70 km northwest
of the Gannet Islands, to look for Razorbills originally
banded on the Gannet Islands that were breeding on the
Herring Islands. We also sought evidence for Razorbill dispersal from MSI. Resighting data for Razorbills on Petit
Manan Island (44823’N, 67849’W), Seal Island, and Matinicus Rock (approximately 44823’N, 67849’W) in the Gulf of
Maine were provided by US Fish and Wildlife Service and
National Audubon Society personnel. An individual bird
was not considered confirmed or entered into the database
until it had been resighted at least twice from 1998 to
2006. This would likely reduce the chance of band reading
errors (Lavers 2007), but unavoidably cause the omission of
individuals that were correctly resighted only once. On the
Gannet Islands, 101 birds banded as chicks and 13 adults
were seen only once during the study period. On MSI, 34
birds banded as chicks and 22 adults were also only seen
one time. These birds were excluded from the data set.
Protocols specifying the minimum amount of daily resighting effort were not implemented until 2000; therefore
data collected during the early years of the study, specifically from 1995 to 1998, were sparse. For example, on
MSI, only 15 adults were banded and 4 resightings recorded
from 1995 to 1998. The removal of this small amount of
data (resightings made during 1995–1998) resulted in improved fit of the models and more accurate parameter estimates. On the Gannet Islands, adult resighting was initiated
on one plot only in 1998 and was included in the analyses.
However, no birds banded as chicks were observed that
year; therefore the pre-breeder survival data set began in
1999.

Year
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

North Atlantic
Oscillation
(NAO)
0.67
–0.27
0.02
–0.15
–0.37
0.52
–0.03
–0.05
0.00
0.08
0.23

Station 27
(Labrador
Current, 8C)
0.80
0.85
1.51
0.94
1.03
1.35
1.17
1.27
1.08
1.43
1.62

Station 5
(Bay of
Fundy, 8C)
7.36
6.56
6.67
6.67
6.85
7.43
7.44
6.97
7.28
6.39
5.89

Environmental covariates
To test the hypothesis that Razorbill annual survival covaried with oceanographic variability we looked for a correlation between survival and three North Atlantic climatic
indices (Table 1): (1) NAO, (2) the Labrador Current as indicated by the ocean temperature profile (to a depth of
175 m) from Fisheries and Oceans Canada (DFO) station
27 (Fig. 1), and (3) sea surface temperature (to a depth of
1 m) for the Bay of Fundy provided by DFO station 5
(Fig. 1). We used mean values from March of the previous
year to February of the current year (i.e., the 12 months leading up to the start of the current breeding season; M–Ft–1), as
well as the mean of the previous November to March (i.e.,
the 5 winter months leading up to the start of the current
breeding season; wintert–1), mean of the current year (i.e.,
January to December of the current year), and the mean
of November to March of the current year (i.e., the winter
months immediately following the current breeding season;
wintert).
Model selection
Apparent survival (K) and recapture probabilities (p) were
estimated using capture – mark – recapture or resight
(CMR) models (Lebreton et al. 1992) with the program
MARK (White and Burnham 1999). For birds banded as
chicks, there was significant variation in recapture rate for
all cohorts in all years at both study locations. Variability in
resighting rate is known to create problems in estimating
survival (Martin et al. 1995; Prévot-Juilliard et al. 1998), so
we evaluated models with a different recapture rate parameter for each year and cohort until birds reach adulthood at
age 3 (i.e., complete time dependence; p(cohort)) and with
recapture rate parameters that were pooled across similar
years (i.e., p(pooled)).
Since our marking technique was known to catch both
nonbreeding and breeding adult birds, we expected that
some individuals (‘‘prospectors’’) might show lower site fidelity, and hence lower local survival rates, after their first
capture (Pradel et al. 1997; Prévot-Juilliard et al. 1998; Bertram et al. 2000). We allowed survival rates in the year after
the initial capture to be modeled independently of survival
in subsequent years. Structurally, this is similar to age mod#
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els (Lebreton et al. 1992). In these models, apparent survival after the 1st year of capture is a combined estimate of
true survival and permanent emigration rates (because the
sample of marked individuals includes transient birds),
while survival in subsequent years (of resident individuals)
is a better approximation of true survival (Pradel et al.
1997). In summary, for our global model for adults, we
used a two age class survival model with time dependence
in all years after initial capture and time dependence in recapture probability.
Since most juvenile Razorbills do not return to the colony
to prospect or breed until at least 2 years of age (Lloyd and
Perrins 1977) and are therefore not available to be resighted,
it was not possible to estimate annual survival during their
1st year of life. Instead, we estimated survival from fledging
to age 2 (y0–y2), referred to as pre-breeder survival. These
models were similar to models for adults in that apparent
survival from first capture until age 2 was a combined estimate of true survival and permanent emigration.
The goodness of fit of the global model to the data was
determined using the parametric bootstrap approach described in Cooch and White (2001). From these bootstraps,
we extracted a mean of the model deviance and a mean ĉ.
The parameter ĉ is a measure of overdispersion, or extrabinominal variation, in the data. It arises when some model
assumptions are not met, such as variation in survival or
recapture rates among individual animals (Burnham and
Anderson 1998). The observed deviance and ĉ were divided by the mean of bootstrapped values, and the higher
of the two values was taken as an estimate of ĉ (Cooch
and White 2001). We restricted our candidate models to
the global model, plus a series of reduced parameter models, to assess whether age structure was appropriate. We
did not construct every reduced parameter model, as this
would have led to a large number of models, many of
which had poor fit. Instead, we used the approach described in Lebreton et al. (1992) by first modeling recapture rates to determine the best structure and then
modeling survival rates.
We modeled the climate covariate with survival only after
the initial capture period, as we were not interested in the
influence of oceanographic conditions on birds not resident
in the study area.
Model selection was based on comparison of the QAICc
(quasi Akaike’s information criterion corrected for small
sample sizes), where the models with lowest QAICc values
suggest the best compromise between good fitting models
and models with relatively fewer explanatory variables
(Burnham and Anderson 1998). QAICc, instead of AICc,
was used to rank models to acknowledge the extra-binomial
variation in the data set, which is represented by ĉ
(Burnham and Anderson 1998). QAICc weights were also
calculated, as they provide a relative measure of how well
a model supports the data compared with other models
(Burnham and Anderson 1998). For all models we used notation similar to Lebreton et al. (1992), where the parameterization of each class was explicitly described (y1, 1st
year class; y2, 2nd year class; y3+, all subsequent year
classes) using t for time (year) effects. We used year classes
instead of age classes, since the age of birds banded as
adults is not known.
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Results
Dispersal of Razorbills
Survival rates were inferred from resightings of marked
individuals. Because fidelity of adult Razorbills to breeding
sites is high (Gaston and Jones 1998), we expected little permanent emigration and assumed our approach provides a
close approximation to true survival. However, philopatry
(birds banded as chicks) on the Gannet Islands was relatively low (Lavers et al. 2007) and dispersal of individuals
outside the study area was a concern. We attempted to account for this by including resightings of birds that had dispersed to other islands (i.e., these birds were marked as
alive). Resighting was conducted on three islands in the
Gulf of Maine and on the Herring Islands to look for birds
that dispersed from the island where they were banded. We
found a total of 5 birds that had dispersed from the Gannet
Islands to the Herring Islands and 12 from MSI that had dispersed to another island in the Gulf of Maine (all banded as
chicks; Lavers et al. 2007). In addition, three birds banded
on the Gannet Islands (one as an adult) were later resighted
on MSI and one bird banded as an adult on MSI was resighted on the Gannet Islands. Only 4 of the dispersal birds
were known to be breeding on their new island; it is possible that the remaining 17 birds are vagrants and may be attending both colonies (3 birds were seen on both the Gannet
Islands and MSI and 1 bird was seen on Matinicus Rock and
Seal Island). These birds were included in the CMR data set
even though they had moved outside of the main sampling
area.
Gannet Islands: adult survival
A total of 311 Razorbill adults were captured on GC2 and
GC4, of which 191 were resighted at least twice. The data
provided a good fit to our global model with two age
classes. After constructing reduced parameter models, it was
clear that the recapture rate was best modeled without complete time dependence, but instead with seven time parameters that included three groups of years with similar
recapture rates (very low: 1998; moderate: 2000; high: 2002
and 2004). Therefore only this parameterization (pooled)
was used in building subsequent models. From the parametric bootstrap, ĉ was calculated to be 1.390, suggesting the
presence of some but not major amounts of extra-binomial
variation. This value of ĉ was used to adjust all QAICc values. Models with two age structure were well supported by
the data (Table 2a), and models with time-dependent survival rates 2 years after initial capture (denoted as y1,
y2+  t) were ranked higher than models with constant survival. Therefore, we used survival rate after the first interval
and recapture in three groups of years to model climatic covariates.
The most parsimonious model for birds banded as adults
at the Gannet Islands in the candidate model set was a two
age class model in which survival covaried with the Labrador Current (station 27) climate index during the preceding
March to February (K(y1, y2+  Stn27 M–Ft–1) p(pooled);
Table 2a, Fig. 2). The relationship between survival and the
Labrador Current was negative ( = –5.04 ± 0.85 (mean ±
SE); 95% CI = –7.03 to –3.06; note that the 95% confidence
limits do not bound zero). This model was four times better
#
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Table 2. Summary of the top five models for Razorbills (Alca torda) banded from 1996 to 2006 as (a) adults on Gannet
Islands GC2 and GC4, and (b) chicks on Gannet Island GC2.
Model

QAICc

(a) Adults from GC2 and GC4 (ĉ = 1.390)
K(y1, y2+  Stn27 M–Ft–1) p(pooled)
K(y1, y2+  Stn27 wintert–1) p(pooled)
K(y1, y2+  Stn5 M–Ft–1) p(pooled)
K(y1, y2+  Stn5 wintert–1) p(pooled)
K(y1, y2+  Stn27t) p(pooled)

955.26
958.22
959.23
959.23
960.93

(b) Chicks from GC2 (ĉ = 2.404)
K(y0–y2, y3+) p(y1, y2, y3+  t)
K(y0–y2, y3, y4+) p(y0–y2  t, y3+  t)
K(y0–y2, y3+) p(y1–y3  t, y4+  t)
K(y0–y2, y3, y4+) p(y1–y3  t, y4+  t)
K(y0–y2, y3+) p(y0–y2  t, y3+  t)

736.44
738.17
738.60
748.86
764.99

DQAICc

QAICc weight

Likelihood

#Par

QDev

0.00
2.96
3.97
4.27
5.67

0.621
0.141
0.085
0.073
0.036

1.000
0.228
0.137
0.118
0.059

10
10
10
10
10

250.55
253.51
254.52
254.82
256.22

0.00
1.72
2.16
12.41
28.55

0.567
0.240
0.192
0.001
0.000

1.000
0.423
0.340
0.002
0.000

14
15
15
16
29

106.52
106.19
106.63
114.82
103.92

Note: Models are sorted by increasing QAICc (quasi Akaike’s information criterion corrected for small sample sizes) value, with the
most parsimonious model at the top. Factors in the model are as follows: K, survival parameter; y, year class (i.e., y1, 1st year since banding); p, resighting probability; ‘‘pooled’’, years with similar recapture probability are pooled; t, time; M, March; F, February; and ‘‘winter’’,
November to March. #Par is the number of estimable parameters.

Fig. 2. Adult Razorbill survival (K) on the Gannet Islands, Labrador, in relation to station 27 Labrador Current sea surface temperature (SST; 8C) during 1998–2005.

supported than the next best model (0.621/0.141 = 4.404). It
is possible to provide a mean survival rate after first capture
for this model; however, the estimate would be constrained
by the covariate. Instead, we used the variance components
method to take into account annual variance and sampling
variance in survival rate (based on the model K(y1, y2+ 
t) p(pooled)). Our mean estimate of Razorbill adult survival
at the Gannet Islands during 1996–2006 was 0.890 ± 0.053
and recapture probability was 0.514 ± 0.129.
Gannet Islands: pre-breeder survival
No birds banded as chicks in 1996–1998 were resighted
until 2001. To ensure that the pre-breeder data set did not
include any birds that would have already achieved adult
status (age 3+) when first sighted in 2001, we excluded
birds banded in 1996–1998. A total of 885 chicks were
banded on the Gannet Islands (island GC2 only) from 1999
to 2006, of which 157 were resighted at least twice. The
data provided a reasonably good fit to our global model

with two age classes and time dependence in survival rate
and time variance in recapture rate. From the parametric
bootstrap, ĉ was calculated to be 2.404. This value of ĉ was
used to adjust all QAICc values.
After constructing reduced parameter models, it was clear
that recapture rate was best modeled with years with similar
probabilities pooled together. This parameterization was
used in building subsequent models. The most parsimonious
model for birds banded as chicks in the candidate model set
was one with constant survival for ages 0–2 and 3+, and
constant, pooled recapture probabilities for the 1st and 2nd
age classes followed by time dependence for the age 3+
class (K(y0–y2, y3+) p(y1, y2, y3+  t); Table 3b). This
model was more than twice as well supported as the next
best model (0.567/0.240 = 2.362). The mean estimate of Razorbill pre-breeder survival on the Gannet Islands from 1996
to 2006 was 0.482 ± 0.033 and was 0.970 ± 0.030 once the
birds were 3 years of age and older. Mean recapture probability was 0.113 ± 0.039.
Machias Seal Island: adult survival
A total of 274 adult Razorbills were banded on Machias
Seal Island from 1999 to 2006, of which 193 were resighted
at least twice. The data provided a reasonably good fit to
our global model with two age classes and time dependence
in survival rate and time dependence in recapture rate. From
the parametric bootstrap, ĉ was calculated to be 1.671.
The most parsimonious model for birds banded as adults
was a two age class model with constant survival in the intervals following first capture and time dependence in recapture
rate (K(y1, y2+) p(t); Table 3a). This model was only slightly
better supported than the next nine best models, all of which
included a climate covariate (Table 3a). Models incorporating
station 5 SST did not rank in the top five best models. Local
adult Razorbill survival on MSI in the year of banding is estimated at 0.752 ± 0.054 and all subsequent years is 0.967 ±
0.028 and recapture probability was 0.395 ± 0.063.
Machias Seal Island: pre-breeder survival
The pre-breeder survival data set (601 birds were banded
#
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Table 3. Summary of the top five models for Razorbills banded and resighted as (a) adults and (b) chicks on Machias
Seal Island from 1999 to 2006.
Model
(a) Adults (ĉ = 1.671)
K(y1, y2+) p(t)
K(y1, y2+  Stn27 wintert–1) p(t)
K(y1, y2+  NAO wintert) p(t)
K(y1, y2+  Stn27 M–Ft–1) p(t)
K(y1, y2+  Stn27 wintert) p(t)
(b) Chicks (ĉ = 1.492)
K(y0–y2, y3+) p(y1, y2, y3+  t)
K(y0–y2, y3+) p(cohort)
K(y1, y2+) p(cohort)
K(y1, y2, y3+) p(y1, y2, y3+  t)
K(y0–y2, y3, y4+) p(y1, y2, y3+  t)

DQAICc

QAICc weight

Likelihood

# Par

QDev

738.65
739.49
739.50
739.70
739.79

0.00
0.84
0.85
1.06
1.14

0.145
0.095
0.095
0.086
0.082

1.000
0.657
0.654
0.589
0.566

9
10
10
10
10

110.75
109.50
109.51
109.72
109.80

1085.94
1087.17
1087.55
1087.57
1088.05

0.00
1.23
1.61
1.62
2.10

0.296
0.160
0.132
0.131
0.103

1.000
0.541
0.447
0.444
0.349

20
30
30
21
21

72.52
52.37
52.75
72.03
72.51

QAICc

Note: Models are sorted by increasing QAICc (quasi Akaike’s information criterion corrected for small sample sizes) value, with the
most parsimonious model at the top. Factors in the model are as follows: K, survival parameter; y, year class (i.e., y1, 1st year since
banding); p, resighting probability; t, time; M, March; F, February; ‘‘winter’’, November to March; and ‘‘cohort’’, complete time and
age dependence in recapture probability. #Par is the number of estimable parameters.

as chicks, 225 of which were later resighted at least twice)
provided a reasonably good fit to the global model with two
age classes and time dependence in survival rate and time
dependence in recapture rates. From the parametric bootstrap, ĉ was calculated to be 1.492.
Machias Seal Islands pre-breeder model structure was
very similar to that of the Gannet Islands with the most parsimonious model having two age classes and time independence for survival during the first 2 years following capture
and pooled recapture probabilities for similar years (K(y0–
y2, y3+) p(y1  t, y2  t, y3+  t); Table 3b). However,
several models performed nearly as well (Table 3a), their
QAICc weighting deviating by less than two from the optimal model. The survival estimates for the top model were
0.778 ± 0.041 for age class 0–2 years and 0.912 ± 0.052 for
all subsequent years (3 years of age and older). Mean recapture probability was 0.176 ± 0.056.

Discussion
Our best fitting models for local survival and recapture
rate indicated that after initial capture some individuals
(transients) permanently left the trapping area, and that adult
survival at the Gannet Islands varied with the Labrador Current index. Local adult survival during the first interval after
marking was 0.634 ± 0.038 for the Gannet Islands and
0.752 ± 0.054 for MSI, while survival thereafter was
0.890 ± 0.053 and 0.967 ± 0.028, respectively. These estimates suggest that 21%–25% of newly marked adults were
transients. Given the propensity for Razorbills to visit
arena-like gathering areas (Wagner 1992), the capture of
nonresident birds was not surprising. The survival estimates
for birds age 3+ years from the known-age (i.e., banded as
chicks) data set were higher on the Gannet Islands (0.970 ±
0.030) than the estimates generated using birds banded as
adults, but were lower for MSI (0.912 ± 0.052; Table 4;
Fig. 3). We speculate that the slightly lower adult survival
rate from birds banded as chicks on MSI may be due to the
classification of possibly pre-breeding or inexperienced birds
as adults. For example, birds age 3–5 are considered to be

adults but may not be breeding (Harris and Wanless 1989).
If these young birds show slightly lower survival or site fidelity compared with the rest of the adult population, then
lower survival rates are expected. Since the majority of
chicks banded on MSI were banded between 1999 and
2006, most of the birds making up the known-age adult
sample were 3–6 year olds. Band wear was detected on
both study areas, with an indication that this was more prevalent at MSI, but this was not considered to be frequent
enough to significantly modify the survival estimates.
Our adult survival estimates for Razorbills from the Gannet Islands fall within the range reported for Europe and
Quebec (Lloyd 1974; Harris and Wanless 1989; Chapdelaine
1997; Poole et al. 1998; Sandvik et al. 2005; Table 4). However, among all studies, we found MSI to have the highest
reported adult and pre-breeder survival rates (Table 4,
Fig. 2). This suggests there were differences in environmental conditions, mortality (e.g., hunting), or disturbance pressures such that the Gannet Islands population experienced
lower true survival rates and (or) higher rates of permanent
immigration than the MSI population. However, there is little reason to suspect that the Gannet Islands would experience a higher rate of permanent emigration. Because
breeding habitat is not limiting on the Gannet Islands
(Lavers 2007), there would appear to be no pressure for individuals to leave the area. At MSI, habitat may be limiting
owing to the small size of this single, isolated island, so permanent emigration might be expected to be higher. Disturbance by researchers is controlled at both sites; however, MSI
likely experiences higher disturbance overall because of the
30 tourists permitted on the island per day during June and
July (C. MacKinnon, personal communication (2007)).
Taken together, these points suggest that it would have
been higher at MSI (opposite to what is suggested by our
local survival estimates) if there was a difference in permanent emigration.
Mortality would appear to be a better explanation for the
difference in local survival rates between the Gannet Islands
and MSI. Razorbills from the Gannet Islands are shot illegally during the annual Newfoundland Murre (genus Uria
#
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Resight (metal bands)a

Band recoveries and resightings (metal
and color bands)a,b

Machias Seal Island

Quebec, Canada

Resight (color bands)a
Resight (metal and color bands)a

1971–1977
1995–2003
1923–1971

1982–1987
1963–1973

0.921e
0.919±2.5f
0.570±4.8g
0.890±1.0g
0.888±0.05
0.180e
0.890±6.1f

Adult
Adult
Pre-breeder (0–4 years)
Adult

0.895±0.03

Adult

1925–1995

1999–2006

1996–2006

Years

Adult
Adult
Pre-breeder (0–4 years)

0.482±0.033
0.970±0.030
0.890±0.053
0.778±0.041
0.912±0.052
0.967±0.028
0.380±0.04

K (mean ± SE)

Pre-breeder (0–2 years)
Age 3–11 years
Banded as adult (3+ years)
Pre-breeder (0–2 years)
Age 3–8 years
Banded as adult (3+ years)
Pre-breeder (0–5 years)

Age class

b

Survival probabilities estimated using CMR analysis.
Pre-breeder survival estimated indirectly using adult survival rate, age at first breeding, and breeding success.
c
Band type (metal or color) not reported.
d
Survival rates estimated using return rates (i.e., by dividing the number of marked individuals encountered in year i + 1 by the number marked in year i).
e
Variation not reported.
f
Value is mean ± SD.
g
Value is a percentage (mean ± SD).

a

Isle of May, Scotland
Skokholm, Wales

Resighta,c,d
Resight (metal and color bands)a
Band recoveries (aluminum and monel
bands)d

Resight (metal bands)a

Western Atlantic
Gannet Islands

Eastern Atlantic
Shiant Islands, Scotland
Hornoya, Norway
Britain and Irish Sea

Method

Colony

Harris and Wanless 1989
Lloyd and Perrins 1977

Steventon 1979
Sandvik et al. 2005
Lloyd 1974

Chapdelaine 1997

Present study

Present study

Source

Table 4. Mean Razorbill survival estimates (K) and their variability for the Gannet Islands and Machias Seal Island and other colonies across their breeding range.
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Fig. 3. Adult Razorbill survival rates (K) on the Gannet Islands
(*; K(y1, y2+  t) p(pooled)) and Machias Seal Island (*) during
1998–2005, with 95% confidence limits. The best model for Machias Seal Island was one with constant survival (K = 0.967±
0.028). Here we present the time-dependent survival estimates from
the global model (K(y1, y2+  t) p(t)) for comparative purposes.
Factors in the model are as follows: K, survival parameter; y, year
class (i.e., y1, 1st year since banding); p, resighting probability;
‘‘pooled’’, years with similar recapture probability are pooled; and
t, time).

Brisson, 1760) hunt (Elliot 1991; Chapdelaine 1997), with
28 banded birds (4 shot as adults) occurring as recoveries
since 1996 (Lavers 2007), suggesting that hunting alone
could account for the lower survival rate. Ship, offshore oil
and gas, and gill nets off Newfoundland are other sources of
mortality that could affect the Gannet Islands population
(Piatt and Nettleship 1987; Wiese 2002). Regardless of the
cause, the survival difference has important population implications, especially for the Gannet Islands.
The best adult survival model for the Gannet Islands incorporated a climate covariate (Table 2a), but MSI did not.
This may be due partly to the shorter term data set for MSI
(1999–2006, six occasions excluding the beta estimate for
2005–2006 year) compared with the data set for the Gannet
Islands (1996–2006, nine occasions). Lack of correlation between climate and survival on MSI may also have been due
to the high adult survival estimate (K = 0.967), which exhibited little interyear variation. However, models incorporating climate covariates performed nearly as well as the
top model, suggesting that it may be possible with more
years of data to detect a correlation between annual survival
and climate at MSI.
In the northeastern Atlantic, warm water currents such as
the Slope and Norwegian Coastal Currents draw warm
waters up from the south (McCartney and Talley 1982;
Sherwin et al. 1999). Warm water is normally associated
with reduced ocean productivity and poor feeding conditions
for seabirds (e.g., Hatch 1987; Bertram et al. 2001; Gjerdrum et al. 2003), so it was not surprising that adult survival
in Norway in three alcid species, including Razorbills, was
found to be negatively correlated with Norwegian Sea SST
and positively correlated with prey abundance (Sandvik et
al. 2005). Our results suggest that adult Razorbill survival
at the Gannet Islands was negatively correlated with Labrador Current temperatures, a dominant cold system in the
northwest Atlantic, during the year leading up to the current
breeding season (i.e., M–Ft–1). This suggests that conditions
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throughout the year (not just during the harsh winter
months) influence survival. We speculate that adult Razorbills wintering in Newfoundland waters (like those from the
Gannet Islands) have higher survival when the Labrador
Current is cold because of increased primary productivity
and recruitment of their prey resulting from cooler conditions (Sundby 2000; Hirst and Kioboe 2002). However,
there likely exists a limit beyond which cold temperatures
lead to reduced survival, because it is anomalous cold years
for the Labrador Current that cause poor growth and recruitment of marine organisms which seabirds prey on (Nakashima 1996; Dutil et al. 1999). None of these anomalous
cold years occurred during the time span of our study, but
this phenomenon could have been important in the late
1980s and early 1990s immediately preceding our study
(Montevecchi and Myers 1997).
Pre-breeder survival on the Gannet Islands (K = 0.482)
was significantly lower than on MSI (K = 0.778). This could
have resulted either from higher rates of permanent emigration from the Gannet Islands by pre-breeders, or from a
greater mortality rate. Band recoveries of juvenile birds shot
illegally are consistent with the latter process (88% of Razorbills from the Gannet Islands shot in the hunt are prebreeders; Lavers 2007). Unlike Razorbills from MSI, which
winter primarily in the Bay of Fundy (Chapdelaine et al.
2001; Huettmann et al. 2005), Razorbills that bred on the
Gannet Islands must migrate south through ice-free waters
south of Newfoundland (Brown 1985; Huettmann et al.
2005). The timing and migration route of Razorbills from
Labrador overlap significantly with the timing and zones set
out for the annual Newfoundland and Labrador Murre hunt
(Elliot 1991; Chapdelaine 1997). It is illegal to shoot Razorbills (except for Labrador Inuit, who are permitted to legally
hunt Razorbills under the Migratory Birds Convention Act;
Chardine et al. 1999), but many Razorbills are shot accidentally during the hunt because of their close physical resemblance to Murres (Elliot 1991; Chapdelaine 1997; Chardine
et al. 1999). The number of Razorbills shot is not known,
but recoveries of banded birds suggest that many hundreds
to thousands may be shot each year (Elliot 1991; Chapdelaine 1997). Mortality from the hunt likely accounts for
some (perhaps most) of the 27.8% difference in Razorbill
pre-breeder mortality between the Gannet Islands population
(which is affected by the hunt) and the MSI population
(which is not).
By including observations of Razorbills on the Herring Islands and Gulf of Maine islands in the CMR data set, we
attempted to partly account for the negative bias in the prebreeder survival estimates that result from dispersal of birds
outside the sampling area. However, resighting effort on the
Gulf of Maine islands from 2004 to 2006 was significantly
greater than at the Herring Islands. Dispersal thus from the
Gannet Islands was likely underestimated.
A number of seabird studies have shown that the NAO
explains a larger portion of the variability in adult survival
than smaller scale indices such as local SST (Grosbois and
Thompson 2005; Votier et al. 2005). Our data on survival
and climate suggest that in some cases SST values provide
a better predictor of adult Razorbill survival than large-scale
climate indices like NAO. This may be due in part to the
Razorbill’s relatively limited and coastal range compared
#
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with other seabirds like the Northern Fulmar (Fulmarus glacialis (L., 1761)), which are wide ranging and would be
more likely to be influenced by climate at a larger scale
(Frederiksen et al. 2004). However, station 27 does represent
temperature from the relatively large Labrador Current while
station 5 did not rank in the top five models for MSI despite
its close proximity to the study site and received little support from the Gannet Islands (DQAIC > 2). The lack of a
relationship with station 5 temperatures was unexpected
given that both populations are thought to winter in the Bay
of Fundy (Huettmann et al. 2005); however, it does suggest
that climate at a larger scale (Atlantic Canada) has more of
a role in influencing Razorbill survival. Overall, these results underline the need for further long-term detailed investigations into seabird demography and the influence of
climate.
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