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ABSTRACT: Within an established seabird colony the choice of where to settle can be influenced by
site fidelity, natal philopatry or public information. To form a new colony individuals must choose
before philopatry has been established or public information is available. We explored the intracolony dynamics of common murres Uria aalge, specifically the formation and persistence of new
subcolonies within a larger colony complex composed of numerous contiguous groups. We investigated the effects of (1) environmental conditions that influence the prey base, (2) predator disturbance, and (3) population size change on colonization patterns and modeled the persistence of
recently colonized murre subcolonies as a function of their starting population sizes. Marine environmental conditions in the 2 winters previous to the breeding season had more influence than demographic and predator factors on whether subcolony colonizations occurred. The number of murres in
the first year of colonization helped to explain the persistence of the subcolony, regardless of the
amount of available nesting habitat within a subcolony area. Subcolonies that started out larger were
more likely to persist. The results support the theory that the proportion of the entire murre population that attempts to breed in a given year is higher in years with favorable environmental conditions
prior to the breeding season. Increased knowledge of murre colony formation may help scientists and
managers understand the potential for recolonizations after colony extirpations or better predict the
success of management actions such as social attraction or habitat modification.
KEY WORDS: Common murre · Uria aalge · Population dynamics · Top-down forcing · Bottom-up
forcing
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INTRODUCTION
Colonial breeding is seen across diverse taxa
(Danchin & Wagner 1997) and is common in marine
mammals and seabirds (Robson et al. 2004, Antolos et
al. 2006). The evolution of coloniality in seabirds has
received much attention, although it is still an unresolved topic (Wittenberger & Hunt 1985, Clode 1993,
Buckley 1997, Danchin & Wagner 1997, Brown &
Brown 2001). Primary benefits of colonial breeding
include predator avoidance (Anderson & Hodum
1993), social facilitation (Pius & Leberg 2002) and an
increased ability to find food (Davoren et al. 2003),

although there can be costs manifested in intraspecific
aggression (Stokes & Boersma 2000) and parasite
transmission (McCoy et al. 2005).
Within an established colony the choice of where to
settle can be influenced by previous use of the nest site
by the individual (site fidelity) or by its parents (natal
philopatry), or by unrelated individuals (public information). Many seabirds exhibit strong site fidelity. For
example, 91 to 99% of common murres Uria aalge
return to breed in the site in which they bred the previous year (Ainley et al. 2002). Bird species that exhibit
natal philopatry, such as thick-billed murres U. lomvia,
often return to their colony of birth to breed with > 50%
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of them nesting within 3 m of their hatching site
(Steiner & Gaston 2005). On the other hand, blacklegged kittiwakes Rissa trydactyla evaluate the quality
of potential breeding sites by observing the numbers
and reproductive success of presumably unrelated
birds breeding there (public information, see review in
Valone & Templeton 2002) and choose whether or not
to settle accordingly (Danchin et al. 1998). Similarly,
very low density Arctic skua Stercorarius parasiticus
colonies attract fewer recruits than do high density,
productive colonies (Phillips et al. 1998), whereas only
colony size, not reproductive success, was found to
influence immigration in lesser kestrels Falco naumanni (Serrano et al. 2004). However, these mechanisms operate only when a colony is already occupied.
To form a new colony birds must choose before
philopatry has been established or public information
is available. Thus, additional factors may influence
colony establishment.
Common murres (hereafter referred to as murres)
nest densely within available spaces on cliff ledges
and cliff tops, such that a colony is often composed of
groups of birds (subcolonies) separated by unsuitable
habitat such as rock walls too steep for nesting. Murres
begin to breed at age 6 to 7 yr, but may prospect for
potential breeding sites for several years before settling (Halley et al. 1995, Ainley et al. 2002). Experienced breeders return to high quality sites that are
often physically protected by walls and/or surrounded
by neighboring murres, whereas lower quality or firsttime breeders tend to change sites or nest in sites
located at edges of the colony (Harris et al. 1996, 1997,
Kokko et al. 2004).
Reproductive success tends to be predictably high in
high-quality, experienced breeders, as murres can
buffer the effects of a moderately poor food supply by
adjusting their foraging behavior (Burger & Piatt 1990).
In contrast, there is evidence that lower quality or
prospecting murres may defer breeding when environmental conditions are not favorable (Halley et al. 1995,
Crespin et al. 2006a), thus influencing the proportion
of an entire population attempting to breed each year.
Demographic factors, such as immigration and productivity (Oro & Ruxton 2001), and predation pressure
(Martinez-Abrain et al. 2003) may also influence
attempts to breed, especially in new areas. We hypothesized that the colonization patterns of newly occupied
subcolonies may be sensitive to annual fluctuations in
factors that influence the proportion of birds attempting to breed because newer subcolonies may be composed of lower-quality or first time breeders (Hario
1982, Harris et al. 1997).
Murres are well studied relative to many other
seabird species. Much attention has been paid to the
population dynamics of established murre colonies

(Hatchwell & Birkhead 1991, Sydeman 1993, Crespin
et al. 2006a,b), and productivity and population trends
are well documented at the level of individual colonies
for which long time series of data exist (Ainley &
Boekelheide 1990, Harris et al. 1992, Harris & Wanless
1995). Less attention has been paid to inter-colony
dynamics and formation of new colonies (Ainley et al.
2002). In this paper, we explore intra-colony dynamics,
specifically the formation and persistence of new subcolonies within a larger colony complex composed of
numerous contiguous groups of murres. Colonization
and persistence of new subcolonies are each independent processes driven by different factors (MartinezAbrain et al. 2003); thus, we use murres to investigate
which factors may influence patterns of subcolony colonization and persistence. First, we test what factors
representing annual environmental conditions, predator disturbance and population size change may influence subcolony colonization patterns in following
years. We then model the persistence of recently colonized murre subcolonies as a function of their starting
population sizes with and without taking into account
the amount of available nesting habitat within the subcolony area.

MATERIALS AND METHODS
Tatoosh Island (48° 24’ N, 124° 44’ W) is a 6 ha complex of flat-topped rock islets 0.6 km off the northwest
tip of Olympic Peninsula of Washington State, USA.
The murre population on Tatoosh Island expanded
rapidly during the 1980s following the automation of
the lighthouse and concomitant loss of human inhabitants (Paine et al. 1990). Murre nesting areas expanded on open cliff tops, until increasing predator
disturbance due to increasing numbers of bald eagles
Halieetus leucocephalus led to abandonment of the
largest exposed cliff-top subcolony in the early 1990s
(Parrish & Paine 1996). Since then there has been a
redistribution of nesting murres, with greater proportions of murres nesting on cliff ledges than on cliff tops
and approximately 3500 are estimated to be in attendance each year.
Murres on Tatoosh Island nest in groups on cliff tops
and cliff ledges around the island (Parrish 1995). Subcolonies are defined as contiguous nesting groups from
which a murre would need to fly or jump to reach the
next nesting area, and are separated by approximately
1 to 30 m. The estimated mean (± SE) distance between
each subcolony and its closest neighbor is 6.1 ± 1.1 m.
From 1993 to 2004, the numbers of adults in the subcolonies were counted 1 to 92 times during the early
egg laying period through the early fledging period
(days of the year 159 to 221), with the number of counts
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depending on the accessibility of the counting location
and observation effort. Counts taken at any one time
may have included incubating or brooding adults, offduty parents and non-breeders. Regular observations
were not possible because observers were present on
the island only periodically throughout the summer.
However, there is no significant correlation (r = 0.13,
p = 0.11) between the mean number of murres counted
and the number of times counts were made. Limited
observations also occurred in 1991 and 1992, but were
not used in this study because subcolonies were not
enumerated.
Within this dataset, we defined subcolony colonization events as occurrences of murres in areas in which
they were absent during the previous year. Thus, we
considered colonizations from 1994 on, after confirming the sites had not been attended in 1993. We did not
require observations of breeding to consider an area
colonized because eggs can be laid and lost to predators within minutes; hence, failed breeding attempts
can be difficult to verify without nearly constant observations. Of the 71 subcolony sites identified on Tatoosh
Island as of 2004, 20 were founded between 1994 and
2004. However, not all have persisted. Subcolony persistence was defined operationally by murre occupation in the following year, and extinction was defined
as any year following occupation when the average
number of murres observed during the year was <1.
Given that 1 murre of a breeding pair is generally in
attendance at the nest site through a breeding season,
and single pairs of murres have been recorded nesting
removed from other pairs (J. Parrish, unpubl. data), we
considered consistent attendance of 1 murre to be the
minimum size for an extant subcolony. We were primarily interested in colonization patterns and so did
not analyze extinctions of the 24 subcolonies that were
in existence at the start of our study period and for
which we did not know the colonization year or starting population size.
Factors influencing subcolony colonizations. We
hypothesized 3 categories of factors that might have
influenced colonization patterns by acting on potential
colonizers in advance of the breeding season when
they might be in the process of settling: (1) environmental conditions acting through the prey base (i.e.
bottom-up forcing); (2) predator disturbance (i.e. topdown forcing); and (3) the pool of potential colonizers
(i.e. demographic forcing).
Murres can forage as far away as 80 km from their
colony during the breeding season (Ainley et al. 2002),
so we assumed that all of the murres nesting on
Tatoosh Island had access to the same prey resources.
Much of the diet of breeding murres is composed of
forage fish (Ainley et al. 2002), whose density offshore
of the Washington coast varies annually and seasonally
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in response to environmental conditions (Brodeur et al.
2005, Emmett et al. 2006). Murres on Tatoosh Island
consume 4 to 5 species, in 2 or more age classes, which
collectively represent ~80 to 90% of the total biomass
in their diet (J. Parrish unpubl. data). Thus, we identified a proxy to represent the annual variability in
ocean productivity that might influence the total biomass of the murres’ prey base, rather than make a specific prediction about the cohort strength of a particular species. The spring transition occurs on the date
when winter oceanic conditions dominated by high sea
level and coastal downwelling change to spring conditions characterized by low sea level and coastal
upwelling. A 1 mo delay can result in depressed primary productivity and low recruitment of rocky intertidal organisms (Barth et al. 2007). The timing of the
spring transition directly affects plankton and piscivorous fish, both of which influence forage fish distribution and abundance within a season (Emmett et al.
2006), and has been successfully used to predict coho
salmon Oncorhynchus kisutch production in the
Pacific Northwest (Logerwell et al. 2003). In addition,
the abundance of forage fishes show a 1 yr lag
between changing oceanographic conditions and increasing densities, reflecting the response of shortlived forage fish to changing ocean conditions by
changing recruitment patterns (Emmett et al. 2006). To
capture oceangraphic influence on prey fish populations, we included the spring transition immediately
preceding the breeding season (Spring transition t) as
well as spring transition in the preceding year (Spring
transition t –1) as proxies for ocean productivity. We
tested the hypothesis that bottom-up forcing might
influence colonizations such that when marine conditions were favorable, more murres would settle in new
subcolonies. In particular, we expected that earlier
transitions to upwelling conditions would promote
increased prey abundance resulting in a higher proportion of the murre population attempting to breed in
the following summers.
Murre subcolonies are likely to experience differing
levels of predator pressure due to differences in the
protection offered by the topology of the nesting areas
as well as individual predator behavior. We hypothesized that high disturbance during the previous breeding season at Tatoosh Island might discourage murres
that had been prospecting from settling in new subcolonies in the following year. We used an island-wide
measure of predator (bald eagle) disturbance because
data were not available at the level of the subcolony.
Bald eagles are the murres’ main predator at Tatoosh
Island and visit the island daily during the breeding
season from nesting and roosting locations on the mainland (Parrish et al. 2001). During any of the 8 to 10 trips
lasting approximately 3 to 5 d to the island the highest
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number of bald eagles seen at one time in each year
was recorded from late winter through summer. We
used the mean of these maximum counts collected each
year to represent annual predator pressure (Eagles).
We hypothesized that increasing numbers of murres
on the island may influence prospecting murres to settle in new subcolonies on Tatoosh Island by (1) functioning as an attractant (public information) to the
island as a whole and/or (2) fully occupying established subcolonies, leaving no space for additional
murres. Murre attendance on Tatoosh Island is estimated annually from counts, corrected for the time of
the counts and unobserved areas (Parrish et al. 2001).
We used the annual change in murre attendance from
the preceding year to represent demographic forcing
(Population growth).
For the analysis of factors influencing colonization,
we considered the colonization or lack of colonization
of an ‘available’ subcolony area each year as the
dependent variable. A subcolony was considered
available if it was known to be occupied in another
year, including a future year, but was empty in the
current year. We used general linear models (GLM)
with binomial error to test the effects of annual environmental conditions, predator disturbance and
demographics on the occurrence of colonizations.
Years in which a subcolony persisted following colonization were ignored (but see next section). Mixed
models, in which a subcolony effect was treated as a
random effect, were considered, but not used for final
analyses because the random effects were negligible
(variance = < 0.001). Candidate models were compared using Akaike’s Information Criteria (AICc) corrected for small sample sizes (Burnham & Anderson
2002).
Factors influencing subcolony persistence. We
hypothesized that the persistence of the subcolonies
established since 1994 might have been influenced by
(1) their starting population size or (2) the starting population size in relation to the amount of nesting habitat
available in the subcolony. Analyses were conducted
independent of calendar year because the sample sizes
could not support testing the influence of annualized
factors, such as environmental or predator variables,
on subcolony persistence. Therefore, we simply tested
the hypothesis that the absolute number of murres in
the year of colonization would influence persistence.
We expected that subcolonies starting out larger would
be more likely to persist because the benefits of colonial nesting increase as group size increases (the costs
of colonial nesting notwithstanding) and demographic
effects should lead to higher persistence of larger
groups in this highly site-faithful species (Clode 1993).
Alternatively, we thought that the benefits of colonial
nesting might manifest themselves differently depend-

ing on how ‘full’ the available nesting area was when
the subcolony began. Physical space available for a
new subcolony to expand into varies on Tatoosh Island
depending on the topology of the rock ledge. For
example, we thought that a group of 10 murres that
began to occupy a space that could fit only 5 pairs
might persist differently than a group of 10 murres that
began to occupy a space that could hold 50 pairs (Birkhead 1977, 1978). Thus, we tested the hypothesis that
subcolony persistence was related to how close the
starting population size was to the apparent carrying
capacity, operationally defined as the maximum
annual subcolony size across all study years, within the
subcolony area.
We treated each colonization event as independent
for the analysis of subcolony persistence regardless of
whether there were multiple colonizations over time at
a single location. For each colonization event, we
defined the starting population size as the mean number of murres counted in the year of colonization, and
the carrying capacity of the site as the greatest number
of murres counted during any of the counts in any year
in that subcolony site.
Persistence data were analyzed using regressions for
parametric survival models, specified with the survreg
function in R (R Development Core Team 2005). Survival analysis treats the time to death (in this case,
years to subcolony extinction) as the response variable.
The survival function gives the probability that a subcolony will persist past time t:
S (t ) = Pr (T > t )

(1)

where T denotes the response variable. Exponential
error distributions were chosen to estimate the survival
distribution because they produced the minimum error
deviance (Crawley 2002) when compared with
extreme, logistic and Weibull distributions. The exponential error distribution assumes that there is a constant proportion of subcolony extinctions over time t.
Subcolony survival is defined as:
S (t ) = exp { – [ exp ( –α + βx )]t }

(2)

where α and β are the estimated parameters, and x is
the starting population size or the fraction that the
starting population size is of the proxy for the carrying
capacity. Data were considered censored (sensu Venables & Ripley 1999) if the subcolony persisted through
the end of the study period and, thus, the time to
extinction was unknown. We used AICc to compare
model fits among 3 models: (1) one with an influence of
the starting population size, (2) one with an influence
of the starting population size in relation to the carrying capacity of the subcolony area and (3) a null model
that predicted average survival irrespective of starting
population size.
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Fig. 1. Uria aalge. Number of colonizations and subsequent
extinctions of new common murre subcolonies from 1994 to
2004. Previous observations in 1991 to 1993 proved that the
colonizations in 1994 were new attempts

Fig. 2. Uria aalge. Distribution of the number of common murres in subcolonies in the year they were established. Each bar
represents the total number of subcolonies of similar sizes
when grouped into 10-murre bins

RESULTS

where they had not been seen previously. Subsequent
counts confirmed that the ledge was attended regularly throughout that season. Eight colonization events
were associated with a single observation, but only 1
observation included a single murre. The mean (± SE)
number of murres counted during these events was
5.4 ± 2.1. Five subcolony areas had multiple colonization events, defined as years with no murres observed
interspersed with years with murres.

We identified 28 separate colonization events in the
20 subcolonies that were established after 1993. Colonizations occurred in every year (Fig. 1), with notable
peaks in 1995 and 2001. Extinctions also occurred,
albeit at a lower frequency. As colonizations occurred,
the number of sites we considered available for colonization decreased because sites that were colonized
in any year of our study were considered available
before colonization and following extinction.
The starting population sizes of the new subcolonies
ranged widely (1 to 212 murres) (Fig. 2). However,
most subcolonies had few murres attending in their
first year. Only 5 subcolonies had starting population
sizes of ≥20 murres. The largest colonization occurred
in 1995, when 256 murres were observed on a ledge

Factors influencing subcolony colonizations
Environmental conditions representing bottom-up
forcing best explained the observed number of subcolony colonizations (Table 1). The date of the spring
transition in the year prior to the colonization year

Table 1. Hypotheses and models for analysis of factors influencing subcolony colonization where k is the number of parameters
in the model
Hypothesis

k

ΔAICc

Bottom-up forcing as mediated through prey year class 1 (Spring transition t –1)
Bottom-up forcing as mediated through prey year classes 1 and 0 (Spring transition t –1 + Spring transition t)
Bottom-up and demographic forcing (Spring transition t –1 + Population growth)
Bottom-up as mediated through prey year class 0 (Spring transition t)
Demographic forcing (Population growth)
Top-down forcing as mediated through predator disturbance in previous year (Eagles)

2
3
3
2
2
2

0
0.1
1.9
3.8
6.3
9.6
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nization (Table 1). The addition of demographic
forcing to a model with Spring transition t –1 did
not improve the model fit markedly (Δ AICc = 1.9).
There was a positive, but not significant, correlation between the annual population growth rate
and the proportion of available sites that were colonized (r = 0.50, p = 0.12).
Finally, top-down forcing, represented by a
measure of eagle density in the year prior to colonization attempts, had essentially no support from
the data as an explanatory variable for colonization attempts (Table 1). There was no correlation
between the proportion of available sites colonized and the annualized mean of maximum
eagle counts during the previous field season (r =
0.07, p = 0.83, Fig. 3). Both peak and lowest numbers of eagles occurred preceding years of few
colonization attempts (Fig. 4).

Factors influencing subcolony persistence
Most of the subcolonies that had ≤10 murres in
their first year did not persist more than 3 yr
Fig. 3. Uria aalge. Proportion of available sites colonized in relation
(Fig. 5). All of those that started with ≥20 murres
to the predictor variables used in the general linear model: the day
persisted longer. However, the subcolonies with
of the year of the spring transition in Year t, spring transition in
Year t –1, population growth from Year t –1 and a measure of eagle
the longest persistence history showed a range of
density in Year t –1
starting population sizes (4 to 212 murres).
The mean annual persistence rate of all new
subcolonies was 0.91. However, adding the influ(Spring transition t –1) was significantly and negatively
ence of the starting population size of the new subcorrelated with the proportion of available sites that
colonies best explained the observed patterns in
were subsequently colonized each year (r = –0.74, p <
subcolony persistence (Table 2). Persistence was posi0.01, Fig. 3), supporting the notion that earlier dates of
tively related to the starting population size, but was
spring transition would promote more colonization
only marginally significant (Table 3). On the other
attempts. The date of the spring transition in the year
hand, the influence of the starting population size relaof colonization (Spring transition t) was also negatively
tive to the apparent carrying capacity of the subcolony
correlated with the proportion of available sites colowas not supported by the data (Table 2). Predicted pernized, but was only marginally significant (r = –0.54,
sistence rates of subcolonies increased with increasing
p = 0.08). Accordingly, the model with Spring transistarting population size until starting populations
tion t had less support for explaining colonizations than
reached 100, after which there was essentially no
did the Spring transition t –1 model (Δ AICc = 3.8,
effect (Fig. 6). Model predictions of persistence were
Table 1). The model that included the dates of spring
close to the observed persistence patterns, with some
transition from both the current year and the year
overprediction of the number of subcolonies that
before colonization attempts had essentially the same
started out small (1 to 10 murres) that would persist for
support as the model selected using AICc, as indicated
at least 1 yr, and underpredictions of the number of
by a ΔAICc of 0.1 (Table 1), further indicating that
small colonies that would persist at least 2 yr (Fig. 5).
Spring transition t added little explanatory power.
These results changed negligibly when colonization
events consisting of single observations were excluded
DISCUSSION
from the analyses.
Population growth rates varied from positive to negMore subcolony colonizations occurred on Tatoosh
ative almost annually (Fig. 4), with notably higher rates
Island when oceanographic conditions in the previous
of increase in the later years of the study. However,
year were characterized by earlier transitions from
demographic forcing had no apparent effect on colowinter downwelling and high sea level patterns to
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Fig. 4. Uria aalge. Number of available subcolonies with colonizations (upper
bars) and no colonizations each year (lower bars) overlaid with the values for
the environmental variables used to represent bottom-up, demographic and
top-down forcing: the day of the year of the spring transition in Year t, spring
transition in Year t –1, population growth from Year t –1, and a measure
of eagle density in Year t –1

spring upwelling and low sea level patterns. Seasonally dominated upwelling
systems, such as the California Current
System — in which Tatoosh Island is
located — are typified by high primary
productivity, which serves as the basis for
rich food webs (Mann & Lazier 1996).
Locally, earlier transition dates have been
correlated with higher marine survival of
Pacific salmon smolts (Ryding & Skalski
1999, Logerwell et al. 2003), whereas later
transition dates have been associated with
decreased primary productivity and inter-

Fig. 5. Uria aalge. Distribution of common
murre subcolonies starting population sizes for
those that persisted 1, 2, 3, 4, 5 and 6 or more
years (bars). Points represent survival model
predictions given the starting populations of
new subcolonies. Squares represent model predictions given no effect of starting population
size
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tidal invertebrate recruitment (Barth et
al. 2007). The pattern of increased murre
subcolony colonization attempts in years
following earlier dates of spring transition supports the finding of Emmett et al.
(2006) that increased ocean productivity
may have promoted strong year classes
of forage fish in the following year,
potentially creating a favorable foraging
environment for many top predators,
including murres. Weaker correlations
between transition dates and colonization attempts in the same year may be
explained by the delay in the trophic
transfer from high primary productivity
and zooplankton abundance to increased forage fish densities. However,
the highest number of colonizations occurred in the same year as the earliest
spring transition and the year following
the second earliest. In summary, marine
conditions characterized by early upwelling appeared to create an environment that encourages murres to settle in
new areas.
Seabirds, murres in particular, are
known to be susceptible to bottom-up
forcing (Ainley et al. 1995, Barrett &
Krasnov 1996, Barrett 2002, Frederiksen
et al. 2004). For example, mass mortality
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of shearwaters was observed in the Bering Sea after a
period of low euphausiid availability (Napp & Hunt
2001) and of murres in the Gulf of Alaska following
presumed reduced food availability (Piatt & Van Pelt
1997). Murre populations, and their reproductive success, behavior and phenology have been previously
associated with local and regional environmental indicators (Oedekoven et al. 2001, Sydeman et al. 2001,
Reed et al. 2006), as well as with direct measures of
Table 2. Model fits for analysis of factors influencing subcolony persistence where k is the number of parameters in the
model. The apparent carrying capacity was determined as the
greatest number of murres counted in any year at the site.
The null model calculates the average survival rates for all
new subcolonies

Factors

k

ΔAICc

Starting population
Null model
Starting population size in relation
to apparent carrying capacity

2
1
2

0
5.1
6.6

Table 3. Parameter estimates for the model representing subcolony persistence as a function of the starting population size
Coefficients
Intercept
Starting population size

Value

SE

Z

p

1.49
0.06

0.40
0.04

3.73
1.84

< 0.0001
0.07

Fig. 6. Uria aalge. Annual survival rate (persistence) of
subcolonies in their first to eighth years given their starting
population size

their food supply (Monaghan et al. 1994, Uttley et al.
1994, Zador & Piatt 1999, Kitaysky et al. 2000).
Our proxies for top-down and demographic forcing
did not explain colonization patterns to any significant
degree. However, the island-wide measure of eagle
abundance may have obscured the effects of differential predation pressure because individual murre nesting areas have varying levels of exposure to eagles
resulting from variations in cliff topology. Predation
rates are known to vary with site characteristics, and
differences can even occur on a fine scale within
ledges (Steiner & Gaston 2005). With the loss of the single largest exposed subcolony located on an open cliff
top in 1995 (extant at the beginning of our study) due
to heavy eagle disturbance (Parrish & Paine 1996),
most of the remaining cliff-ledge subcolonies afforded
some sort of physical protection from eagles via rocky
overhangs. This event coincided with the second highest number of subcolony colonizations, suggesting that
murres redistributed themselves to new cliff-side subcolonies. In addition, overall eagle abundance is probably an imperfect measure of predation pressure
because the amount of predation pressure felt by murres is influenced by both the individual eagle activity
level and overall eagle abundance, i.e. murres probably do not distinguish between repeated disturbance
by a single eagle or single disturbance events by multiple eagles (Parrish et al. 2001). The lack of a relationship between eagle abundance and colonization
attempts resulted in the top-down forcing model fitting
least well among the models we examined.
However, the relationship, albeit not significant,
between annualized murre population growth and colonizations suggests that when the population increased from the previous year, murres settled in new
areas. This relationship would be expected if either an
increase in murres required an increase in nesting
locations (a spillover effect) or if the increase in murres
provided positive public information (Valone & Templeton 2002), encouraging more conspecifics to settle
via social attraction (Serrano et al. 2004). Testing specific social attraction hypotheses, such as the influence
of differential attendance of individuals (e.g. failed
breeders or prospecting pre-breeders) within the previous breeding season, would require individually
marked birds, but may clarify the relationship between
population trends and colonizations. Nevertheless, the
use of public information is predicted to occur especially in species with high nesting density, high survival and open nests (Doligez et al. 2002, Boulinier et
al. 2008). Such processes are probably occurring
because murres show all of these traits (but see Kokko
et al. 2004).
Our analysis indicated that subcolonies initialized by
few murres were more likely to be abandoned shortly
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thereafter. In contrast, larger subcolonies are more
likely to persist. This follows the contention that nesting in groups provides some advantage, leaving small
groups at a disadvantage and, therefore, more
ephemeral (Danchin & Wagner 1997). In this study, the
predicted persistence rate of subcolonies that started
with >100 murres was almost 1. Although we observed
only one large colonization, the results of our persistence analysis remained unchanged when this subcolony was excluded indicating that the analysis was
not unduly influenced by this single event. However,
we also know that some large subcolonies do go
extinct, as was observed in the large exposed cliff-top
subcolony mentioned above. In this case, the extinction was preceded by a rapid decline in the productivity of the subcolony, attributed to increased eagle disturbance, indicating that predators can have an effect
on subcolony persistence (Parrish & Paine 1996).
We assume that the observations captured murre
attendance patterns without great bias because we
found no correlation between observation effort and
the number of murres counted. However, as attendance at new colonies can be sporadic, the ability to
establish patterns may be compromised by infrequent
observations, making detection probabilities a concern. Patch occupancy models that account for detection probabilities <1 may be promising for modeling
subcolony dynamics in future studies with robust data
collection designs that include surveying currently
unoccupied areas (MacKenzie et al. 2003). In addition,
tracking movements of individually marked birds
among multiple subcolony sites may allow for estimation of individual detection probabilities through capture–mark–recapture models (Cam et al. 1998, Oro et
al. 2004). In this study, it is unlikely that murres had
previously colonized many of the areas in which colonizations occurred after 1993. Prior to 1991, the total
murre population on Tatoosh Island was relatively
smaller than it was during this study (Parrish & Paine
1996). In addition, all of the subcolonies areas in our
analysis were available during the first 3 or more years
of observation. However, there is the potential that
some subcolonies recorded as extinct may have had
sporadic attendance that went undetected. In this case,
subcolony persistence would have been underestimated. However, observations of zero murres in a subcolony during the peak of the breeding season indicate
that no successful breeding could have taken place
and that the area was only occupied sporadically at
best.
The results of this study support the theory that the
proportion of the entire murre population that attempts
to breed in a given year is higher in years with favorable environmental conditions. Population dynamics of
southern fulmars Fulmarus glacialoides are strongly
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influenced by the variability in the proportion of
breeders, which has been linked to variability in seaice extent (Jenouvrier et al. 2005). Probabilities of individual murres returning to colonies in Scotland in a
given year have been found to be positively correlated
with the North Atlantic oscillation index (Crespin et al.
2006a). Murres use poorer quality sites in years when
population densities are higher, thereby decreasing
colony-wide mean reproductive success (Kokko et al.
2004). If we assume more sites are occupied during
years with favorable environmental conditions, increasing numbers of subcolonies may be sensitive indicators of environmental conditions. In years with unfavorable environmental conditions, we would expect
murres to continue to occupy established high quality
sites as experienced breeders are able to buffer the
effects of moderate to poor foraging conditions (Burger
& Piatt 1990, Ainley et al. 2005). Indeed, the most productive individual murre nesting sites have longer
occupation histories (Kokko et al. 2004). It is in the
newly colonized or frequently re-colonized areas
where we would most expect to see a relationship with
environmental conditions (as was seen in this analysis).
It is important to keep in mind that population processes are influenced by the relative effects of factors
affecting breeding probability, reproductive success
and annual survival and that these are known to differ
across spatial and temporal scales. For example, Parrish et al. (2001) found both direct and indirect effects
of eagle predation to be the driving factors influencing
Tatoosh Island murre population dynamics except in
occasional years when climatic effects swamped those
of predation. Similarly, successful kittiwake dispersal
strategies have been found to vary depending on temporal trends in parasitism and the response of kittiwakes to that parasitism (Boulinier & Lemel 1996).
Nevertheless, it is expected that some combination of
bottom-up, top-down and demographic forcing will
remain important influences at a variety of scales on
population processes, such as subcolony colonizations,
in coastal nesting seabirds such as murres.
The results from our study could help to better predict the success of management actions such as social
attraction or habitat modification for restoration. Murres rapidly recolonized Devil’s Slide Rock in California,
where murres had not bred for a decade, after social
attractants were deployed (Parker et al. 2007). Coincident with this success was the beginning of a phase of
cooler water, indicating that environmental conditions
may have contributed favorably to the murre recolonization (Oedekoven et al. 2001). We predict the
results of comparable management actions may vary
with marine conditions, such that planning management actions during or following years of favorable
marine conditions may enhance success. Also we pre-
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colonial bird: kittiwakes cue on neighbours. Biol Lett 4:
dict that the more murres that attempt to colonize a
538–540
new area in the initial year, the more likely it is that the
Brodeur RD, Fisher JP, Emmett RL, Morgan CA, Casillas E
➤
colony or subcolony will persist. Increased knowledge
(2005) Species composition and community structure of
of murre colony formation may help scientists and
pelagic nekton off Oregon and Washington under variable
managers understand the potential for recolonizations
oceanographic conditions. Mar Ecol Prog Ser 298:41–57
Brown CR, Brown MB (2001) Avian coloniality: progress and
after colony extirpations (Riffaut et al. 2005).
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