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Dedication
I dedicate this dissertation to all of you who have had your vision obscured by the
beating of a thousand tern wings, have had your ears filled with their boisterous incessant
calls, have held a pipping egg to your ear and a downy chick in your hand, and have had
the reverie of island life broken by a sharp thwack on the head from a beak to remind you
that even though you are working in their interest, you are only a visitor in their world.

i

Abstract
The Gulf of Maine offers a unique opportunity to examine the population
dynamics of seabirds at a metapopulation scale. Approximately half of the estimated
12,800 pairs of Arctic Terns breeding in eastern North America nest in the Gulf of Maine
and over 90% of these pairs nest on only four islands. Building on existing monitoring
programs and recognizing that terns, like many species, do not recognize political
boundaries, this study established a long-term project to fill gaps in the understanding of
the population dynamics of Arctic Terns, using 1953 adults and 3891 chicks banded and
observed on four islands in the Gulf of Maine between 1999 and 2003.
Two discriminant functions identified the head-bill and bill depth of adults as the
best measurements to separate the sexes. These functions correctly classified 73-74% of
terns. A non-linear equation fitted through a plot of the probability of classifying an
individual and the discriminant scores provides a way for researchers to calculate the
probability of sexing any Arctic Tern.
Approximately 50% of adults and 8% of chicks banded on Machias Seal Island
(MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) were reencountered. Probability of re-encountering adults ranged from 0.16-0.74, depended on
year and colony, and was generally highest on Matinicus Rock. Probability of reencountering terns banded as chicks ranged from 0.003-0.336, depended on age and
colony, and was highest for 4-year olds from Seal Island. The probability of survival for
adults when controlled for transient individuals was 0.77 (SE=0.028) the first year
following banding and 0.97 (SE=0.027) for subsequent years. Probability of survival for
terns banded as chicks was age-specific ranging from 0.55 (SE=0.189) from fledging to
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1-year and 0.83 (SE=0.181) for those terns > 1 year old. Mean age of first breeding for
109 terns was 2.8 yrs (SE=0.08). Probability of breeding dispersal ranged from 0.00.025; emigration was highest from PMI. Probability of natal dispersal ranged from
0.01-0.07; emigration was highest from MR. A population viability analysis indicated
that current trends in productivity, survival and dispersal may lead to the doubling of the
regional tern population within 50 years.
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1.0 Birds Crossing Borders: Metapopulation Study of Arctic Terns
1.1 Introduction
Imagine a walk by the ocean without the sound or sight of any gulls, terns or any
seabird at all. As we share our piers (and sometimes stolen sandwiches) with gulls and
avoid closed portions of beaches dedicated to nesting terns or plovers, this is difficult to
imagine. Yet, at the turn of the 19th to 20th century, a coast without seabirds was nearly
the fate of the eastern seaboard of North America. The exploitation of nesting colonies
for eggs, use of outer islands by fisher-folk, and plume hunting driven by the millinery
trade led to the local extirpation of many species of seabirds (including gulls and terns) in
North America (Drury 1973; Doughty 1975; Drury 1998; Anderson and Devlin 1999).
The signing of the Migratory Bird Treaty Act in 1916, ensuing legislation, and
conservation efforts by the Audubon Society and other like-minded groups in the United
States and Canada enabled many seabird species to regain population numbers (Drury
1973; Drury 1974; Kress et al. 1983; Kohm 1991; Kress and Hall 2004). Further changes
in fishing practices, closing of open landfills and changes in the uses of outer islands have
influenced seabird populations and colony locations throughout the 20th and into the 21st
century (Anderson and Devlin 1996). Some species have never fully regained the peak
population numbers once observed and are currently classified as species of concern or
endangered by federal and provincial or state governments in Canada and the United
States.
This dissertation grew out of my interest in the fate of seabirds in the Gulf of
Maine and the Bay of Fundy region and the need to develop clearly defined, long-term
studies that can make use of and test the population analytical methods that have been
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developing rapidly since the early 1990‟s (Clobert and Lebreton 1991; Lebreton and
Clobert 1991; Wooller et al. 1992; Beissinger and McCullough 2002; Williams et al.
2002; Akçakaya et al. 2004a). These analytical methods have been applied to many
species of animals. Many of the analysis techniques were developed by researchers
working with birds and fish because of access to pre-existing long-term banding data
(Brownie et al. 1985; Hestbeck et al. 1991; Lebreton et al. 1992; Brownie et al. 1993;
Lindberg and Sedinger 1998), but there are studies on a number of different organisms
(Pollock et al. 1995; Dreitz et al. 2002; Bennetts et al. 2001; Kohlmann et al. 2005;
Labonne and Gaudin 2005; Stenhouse and Robertson 2005). This project focuses on
seabird demographics; however, the modelling approaches used are widely applicable.
It is often considered risky to begin demographic projects because the recapture
probability of marked individuals can be too small to allow researchers to estimate
demographic parameters and to draw inferences about the population biology of a
species. However, building on pre-existing collaboration among seabird biologists for
the conservation of terns in the Gulf of Maine and the Bay of Fundy (including the
Atlantic Cooperative Wildlife Ecology Research Network (ACWERN) through the
University of New Brunswick, Canadian Wildlife Service (CWS), the National Audubon
Society (NAS), and the U. S. Fish and Wildlife Service (USFWS)), I coordinated the
development of a metapopulation study of Arctic Terns (Sterna paradisaea) nesting in
the region. This study complements other long-term studies of terns (Common Terns, S.
hirundo, and Roseate Terns, S. dougallii) that are being conducted in the U.S. (Nisbet et
al. 1984; Spendelow et al. 1995; Galbraith et al. 1999; Nisbet and Spendelow 1999;
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Nisbet and Cam 2002; Nisbet 2002; Spendelow et al. 2002; Lebreton et al. 2003; Arnold
et al. 2004; Tims et al. 2004).
In this chapter, I will introduce some key themes to put the subsequent chapters
into the historical context of seabird demography and population biology theory. I will
follow the themes with a species account of the Arctic Tern, a description of the study
area and a summary of the thesis objectives and topics covered in each chapter.
1.2 Background and Population Biology Context
1.2.1 Seabird Life History and Demography
In a general sense, seabirds are defined as those birds “living in and making their
living from the marine environment, which includes coastal areas, islands, estuaries,
wetlands, and oceanic islands” (Schreiber and Burger 2002b:1). Seabird species include
members of the orders Charadriiformes (gulls, terns and allies), Procellariiformes (tubenosed seabirds), Pelecaniformes (pelicans and allies), and Sphenisciformes (penguins).
Weimerskirch (2002) further clarified this by defining seabirds as species that not only
breed along the seashore, but also rely on marine resources while breeding and raising
young. This definition excludes some species of gulls, terns, herons, and cormorants,
which may spend a part of their lives at sea, but reside primarily in freshwater habitats
(Schreiber and Burger 2002b; Weimerskirch 2002).
Seabirds are typically referred to as K-selected species that generally have fairly
stable populations adapted to exist at, or near, carrying capacity in relatively stable
habitats (MacArthur and Wilson 1967; Croxall and Rothery 1991; Harris and Wanless
1991). Seabirds usually have a smaller clutch size, lower breeding frequency, lower
breeding success, breed at an older age and have higher adult survival than other birds
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(Weimerskirch 2002). The opposite extreme would be an r-selected species that tends to
have a smaller body size, produce many more offspring at a time and a shorter life-span
(MacArthur and Wilson 1967).
The majority of seabirds have a clutch size of one; however, there are species
(including many Charadriiformes) that generally have 1-3 eggs per nest (rarely 4 or
more). Usually seabirds breed once in a calendar year, although there are exceptions to
this rule. The White-headed Petrel (Pterodroma lessonii) and Wandering Albatross
(Diomedea exulans chionoptera) breed every other year (Weimerskirch 2002; Inchausti
and Weimerskirch 2004b), and Magnificent Frigatebird (Fregata magnificens) males
breed annually and females every other year (Diamond 1973). Black Noddies (Anous
minutus) and White Terns (Gygis alba) sometimes have more than one brood per year
(Niethammer and Patrick 1998; Gauger 1999). The age of first breeding of seabirds is
generally between 2-5 years, although some Procellariiformes (including some albatross,
fulmars, and petrels) breed for the first time between 5-12 years of age (Weimerskirch
2002). The survival rate of young seabirds is generally low; however, once reaching
adulthood, survival is often 90% or higher and life-span can range from 20-30+ years
(Hudson 1985; Schreiber and Burger 2002a).
Most seabirds nest in colonies (Coulson 2002). The social stimulation of living in
a group can lead to synchronized or nearly synchronized nest initiation and egg laying.
Colonial living can also lead to a group defence against predators which is often
displayed by mobbing (Coulson 2002). The ability to examine the population
demographics of long-lived seabirds is limited by their highly pelagic existence and the
logistics of accessing sometimes remote nesting areas (Croxall and Rothery 1991).
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However, in spite of the challenges, there are many long-term studies of seabirds, some
where the birds live as long as or longer than a researcher‟s career, such as Dunnet‟s 43year study of Northern Fulmars (Fulmarus glacialis) in Scotland (Dunnet 1992) or
Coulson‟s work with Black-legged Kittiwakes (Rissa tridactyla) in England (Coulson and
Thomas 1985; Coulson and Fairweather 2001).
The stability and viability of a population are determined by a combination of the
survival, dispersal and fecundity of a species (Akçakaya and Sjögren-Gulve 2000).
Survival can be determined by following marked individuals throughout their lifetime. It
is a common belief that seabirds are highly philopatric and will, in time, return to the
location where they hatched to breed (Coulson 2002). However, there is usually some
degree of dispersal. Dispersal refers to both the breeding dispersal of adult individuals
changing breeding locations throughout their life and natal dispersal of young individuals
moving away from their place of birth when breeding for the first time (Greenwood and
Harvey 1982). Fecundity is measured by a combination of clutch size, breeding
frequency, breeding success, and the survival of the young produced (Akçakaya and
Sjögren-Gulve 2000; Weimerskirch 2002). Given that seabirds are generally long-lived,
there are usually many opportunities for breeding and the raising of enough young
leading to a gradual population increase. However, changes in any one of the variables
(survival, dispersal or fecundity) can lead to changes in the stability and viability of a
population. This will be discussed further in the section on population viability analysis.
1.2.2 Metapopulations
The limits of a seabird colony are usually easily identified by the distance
separating groups or islands. In general, a „local population‟ or „population‟ is defined as
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“a set of individuals that live in the same habitat patch and therefore interact with each
other” (Hanski and Simberloff 1997). A “patch” is defined as “a continuous area of
space with all necessary resources for the persistence of a local population and separated
by unsuitable habitat from other patches (at any given time, a patch may be occupied or
empty” (Hanski and Simberloff 1997). A local population of seabirds could easily be a
colony of seabirds nesting on an island, remote beach or marsh. The term
metapopulation refers to a “set of local populations within some larger area, where
typically migration from one local population to at least some other patches is possible”
(Hanski and Simberloff 1997). Seabird species often have a natural metapopulation
structure due to the distribution of suitable nesting habitat that is both predator- and
disturbance-free (Buckley and Downer 1992).
The definition of a metapopulation given above does not quantify the amount of
movement that is necessary for a group of populations to be called a metapopulation. It
merely states that movement must be possible. This avoids the problem of drawing a line
between a population and a metapopulation as two separate concepts. This is the
definition that I will use for the remainder of this dissertation. The key part of the
definition of a metapopulation is the concept of movement between patches that are
occupied by a given species. This can be measured in terms of breeding dispersal and
natal dispersal (Greenwood and Harvey 1982).
The study of metapopulation dynamics has become a common approach in the
study of population biology (Hanski and Gilpin 1997; Hanski 1999; Akçakaya et al.
2004a). Andrewartha and Birch (1954) suggested the ecological theory behind
metapopulation biology in their discussion of animal population dynamics. They viewed
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local population extinction and re-colonization as common events, especially in insect
communities. However, their ideas did not become part of mainstream population
biology until MacArthur and Wilson (1967) proposed the theory of island biogeography,
which linked species richness on islands with the population processes of dispersal and
extinction. Levins (1969; 1970) used the term metapopulation dynamics in relation to
invertebrate pest migration and extinction rates.
Levins (1970:105-106) defined a metapopulation as “a population of populations
which go extinct locally and re-colonize. A region is suitable for a metapopulation if the
extinction rate is less than the migration rate. Thus a species can survive even if it does
not form a part of any stable local community.” He used the term migration as a way of
describing the immigration and emigration of insects between locations and not as the
annual travelling that some species do between breeding and non-breeding ground. The
assumptions of a „classic‟ Levins metapopulation were, 1) space is discrete and it is
possible to clearly distinguish between patches that are suitable for a species and the rest
of the environment (such as islands for seabird nesting colonies separated by the ocean;
islands are suitable for nesting on and although seabirds use the ocean‟s resources, it is
not suitable nesting habitat); 2) habitat patches must have equal areas and isolation; 3) the
population dynamics within each patch are independent of the dynamics in other patches;
4) the “exchange rate of individuals is so low that migration has no real effect on local
dynamics in the existing populations” (Hanski and Simberloff 1997). No species
completely satisfies all these assumptions (Hanski et al. 1996; Hanski and Simberloff
1997). Some of Levins‟ conditions (especially the second) can be relaxed without
changing the general concept of the metapopulation. Since Levins‟ theory of
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metapopulation dynamics was published, there has been considerable development of the
subject through theoretical modeling and an increasing number of studies test these
models using empirical data (Gilpin and Hanski 1991; Spendelow et al. 1995; Hanski and
Gilpin 1997; Hanski 1999; Esler 2000; Akçakaya et al. 2003; Barbraud et al. 2003;
Lebreton et al. 2003; Akçakaya et al. 2004b; Zalewski 2004). The metapopulation
approach to examining regional populations of seabirds is an area of research that is
rapidly becoming common and currently includes, but is not limited to, studies of
penguins, albatross, gulls, terns and alcids (Spendelow et al. 1995; Ainley et al. 2003;
Akçakaya et al. 2003; Lebreton et al. 2003; Cam et al. 2004b; Cam et al. 2004a;
Inchausti and Weimerskirch 2004a; Breton et al. 2005a, b).
When Levins first presented his theory of metapopulations, he was fully aware of
the role of genetics and gene flow in the population dynamics of organisms (Levins 1969;
1970). He was interested primarily in the control of insect pests and much of his
discussion focused on the prediction of the potential extinction rate of pest populations
based on the distribution of gene frequency over populations. The dispersal of organisms
that is implied in metapopulation theory can be tracked by following marked individuals,
but dispersal can also be documented and monitored by examining the genetic relatedness
of different populations. Source populations (sensu Pulliam 1988) can be identified as
well as the direction of gene flow. As genetic techniques and methods have been
developed, this type of genetic research has increasingly been applied to the study of
population dynamics since the mid-1980‟s (Schaal et al. 1991; Parker et al. 1998;
Whitlock 2001).
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There has also been development in the theoretical modeling of dispersal using
genetic tools (Hastings and Harrison 1994; Hedrick 2002) and an increasing amount of
development in the study of the metapopulation dynamics of dispersal through the
genetic analysis of many different organisms including, but not limited to, invertebrates
(Palo et al. 1995; Arnaud and Laval 2004; Palo et al. 2004), amphibians (Newman and
Squire 2001), fish (Bernatchez et al. 1999; Roques et al. 1999; Tessier and Bernatchez
1999; Bernatchez and Duchesne 2000; Dufresne et al. 2002; Campbell et al. 2003), birds
(Burson 1990; Ellegren 1992; Ibarguchi et al. 2000; Roeder et al. 2001; Dearborn et al.
2003; Estoup and Clegg 2003; Hansson et al. 2003; McDonald 2003; García-Moreno
2004), mammals (Girman et al. 2001; Callahan et al. 2005) and plants (Chauvet et al.
2004; Snäll et al. 2004). Classic metapopulation theory (sensu Levins 1969; 1970) has
traditionally been applied to non-migratory species. However, it is increasingly being
applied to migratory species that may spend part of the calendar year in the same region,
but another part of the year in separate regions (Esler 2000; Akçakaya et al. 2003;
Lebreton et al. 2003; Cam et al. 2004b; Fu et al. 2004; Inchausti and Weimerskirch
2004a; Ruckelshaus et al. 2004; Smedbol and Stephenson 2004).
In this dissertation, although I do not use the classical metapopulation definition
sensu Levins (1969;1970), I do examine the regional population demographics of
seabirds in the Gulf of Maine and Bay of Fundy region with a metapopulation approach
(Hanski 1999). I have focussed on documenting and estimating dispersal probabilities
among colonies as well as modeling regional population dynamics viewing each colony
as subpopulation. This is in the spirit of much of the recent analyses of population
viability (Akçakaya et al. 2004a; Akçakaya et al. 2004b).
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1.2.3 Capture-Mark-Recapture / Re-encounter
Methods of tracking individual animals have long been a part of biological
research. If there are no easily distinguishable markings on an animal, then a
supplementary mark or tag is attached for identification purposes. Most frequently used
are small tags with an identification number made of a durable plastic or metal that will
last for the duration of the animal‟s life. The banding of birds has been used in North
America since the early 1900‟s (Gustafson et al. 1997). The term capture-mark-recapture
/ re-encounter (CMR) refers to the analysis of data collected about an animal after it has
been captured, tagged (marked), released and then re-encountered.
The early analyses of marked animals were used to estimate population sizes.
The Lincoln-Peterson method was developed independently from studies of fish by
C.J.G. Peterson in 1889, studies of waterfowl by F.C. Lincoln in 1930, and studies of
insects by C.H.N. Jackson in 1933 (Nichols 1993). However, as data on multiple
encounters with marked animals accumulated, different types of analyses were needed to
handle and aid in their interpretation. The capture histories of animals can be
summarized as binomial encounter histories. For example, an animal with an encounter
history of 11011, was marked on the first occasion, seen on the next, missed on the
following and subsequently seen twice in a row. The amount of time between visits can
be hours, days, weeks, months or even years.
In studies of short duration, a closed model can be used. Closed models assume
that there are no births or deaths nor emigration or immigration of animals during the
time period and measure the ratio of marked to unmarked animals (White et al. 1982).
However, for studies of longer duration, it is reasonable to assume that there will be some
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changes either through births and deaths or emigration and immigration of the animals in
a population (Pollock et al. 1990; Williams et al. 2002). These types of models are open
models (Burnham et al. 1987; Nichols 1993).
The mathematical modeling and analysis of the data collected about marked
animals has been developing rapidly since the 1960‟s. Early formulae focused on the
calculation of survival and population size for open models (Cormack 1964; Jolly 1965;
Seber 1965). These early models were developed independently and are referred to
jointly as the Cormack-Jolly-Seber model (CJS). These models allow the capture and
survival probabilities of different cohorts to vary over time periods. There is not one type
of model that is used to calculate capture and survival of animals, but there are many
different ways of describing the dynamics of a population; see Lebreton et al. (1992) and
Williams et al. (2002) for detailed reviews of the development of population models.
Additional advances in population modeling included the incorporation of dispersal
(emigration and immigration) between/among multiple populations (Hestbeck et al.
1991; Spendelow et al. 1995) and recent advances in computer programs have helped
promote the use of capture-mark-recapture / re-encounter analyses (e.g. Burnham et al.
1987; Pradel and Lebreton 1993; Hines 1994; White and Burnham 1999; White et al.
1999; Choquet et al. 2003; 2004 and see discussion of programs in Pradel et al. 1995 and
Williams et al. 2002).
1.2.4 Population Viability Analysis
Population viability analysis has become an important tool for wildlife managers
in the identification and conservation of species of concern, threatened and endangered
species. The analysis of the viability of individual populations is broadened when one
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examines a species at a regional scale, especially if it meets the definition of a
metapopulation as described above (Akçakaya et al. 2004a). This type of analysis
incorporates several different kinds of data including population demographics (survival
and fecundity), environmental and demographic stochasticity, density dependence,
dispersal, habitat suitability and genetic diversity to evaluate the current status of a
species in a particular region (Morris and Doak 2002; Akçakaya et al. 2004a). The
results of the population viability analysis for a species are usually presented in terms of
the time to extinction or the probability of decline (Grimm and Wissel 2004). These
calculations are often used to define the status category for a species (e.g., critically
endangered, endangered, vulnerable, near threatened or least concern; Akçakaya et al.
2000; Gärdenfors et al. 2001).
A main advantage of population viability analysis is that it can allow wildlife
managers to project what might happen to the population of a species if certain
management routes (such as improving fecundity or removing all predation events) are
taken (Beissinger and McCullough 2002; Morris and Doak 2002; Akçakaya et al. 2004a).
Critics advocate caution in using population viability analysis (Beissinger and
McCullough 2002; Ellner et al. 2002; Lindenmayer et al. 2003; McCarthy et al. 2003).
One danger is that the data that are used to generate the population model may be
incomplete or dated, or some key data about a species may be missing entirely and
guesswork is used to fill in the gaps. Estimates may be from decades ago, or measured in
another part of the species‟ range. Survival estimates of species are often difficult to
generate, because they involve the tracking of many animals over time to generate
accurate estimates. Another danger is that the results of this type of analysis could be
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interpreted as predicting the exact future of what will happen, when in fact they project
only one of several possible outcomes. Nevertheless, population viability analysis is an
important tool, especially if it is not abused, and if models are created, tested over time
and updated with new data as they become available.
This type of analysis has been applied to many different species of animals and
plants including: California Least Terns (S. antillarum browni) (Akçakaya et al. 2003),
the Bog Fritillary Butterfly (Proclossiana eunomia) (Mennechez et al. 2004), Beluga
Whale (Delphinapterus leucas) (O'Corry-Crowe et al. 1997), Northern Spotted Owl
(Strix occidentalis caurina) (Akçakaya and Raphael 1998), Sage Grouse (Centrocercus
spp.) (LaMontagne et al. 2002), seed banks (Doak et al. 2002). For additional species
accounts see Akçakaya et al. (2004a). The tools used for the analysis of population
viability have evolved rapidly over the last 20 years. Several different software packages
are available to aid in the analysis including VORTEX (Lacey et al. 2003), INMAT
(Mills and Smouse 1994) and RAMAS (Akçakaya 2002a,b).
1.3 Study Species: Arctic Terns
The Arctic Tern is a medium sized, delicate looking seabird usually weighing
between 90-120 grams. Its wings are long and pointed, shaped for aerodynamic and
acrobatic flight. Wingspan ranges from 65-75 cm and total length is 28-39 cm (Hatch
2002). Their upper wing covert feathers are grey and the primary feathers have a dark
grey or black leading edge. The underside of the wing is white which blends into a grey
body. They have a distinctive black cap that is common to many species of terns. The
tail is deeply forked with long pointed outer rectrix feathers. During the breeding season
the bill and legs are red. In the non-breeding season, the plumage changes; the black cap
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recedes leaving a white patch on the forehead and the bill and legs are often black or
darkly coloured. Males and females of this species look alike, and it is difficult to tell
them apart unless time is spent observing courtship behaviour or careful morphometric
measurements are made.
1.3.1 Distribution and Status
Arctic Terns have the longest migration route of all birds. Individuals migrate
from a circumpolar breeding range to the waters around South Africa and Antarctica
(Salomonsen 1967; Cramp 1985; Berthold 1993; Villaseñor and Phillips 1994; Elphick
1995; Bourne and Casement 1996; Hatch 2002; Monaghan 2002). Colony size generally
ranges from 10-1,000 pairs, less frequently from 1,000-17,500 pairs (Cramp 1985;
Anker-Nilssen et al. 2000; Kondratyev et al. 2000; Hatch 2002; Monaghan 2002;
Ratcliffe 2004). Wide dispersal of nesting colonies and the changing of colony locations
due to predation or habitat loss makes the estimation of population levels difficult
(Ratcliffe 2004). Current estimates of the world-wide population range from 1-2 million
breeding pairs (Hatch 2002; Ratcliffe 2004). In North America, approximately 12,800
pairs nest in the northeast and approximately 5,700 of those pairs nest within the Gulf of
Maine (Hatch 2002; Hall 2004). The Gulf of Maine marks the southern edge of its
breeding range and the nesting colonies are easily accessible by researchers in contrast to
the nesting colonies in the Arctic. Although the Arctic Tern is not listed as federally
endangered in either the U.S. or Canada, it is listed by the state of Massachusetts as a
species of concern (www.mass.gov, 6 February 2005), by the states of New Hampshire
and Maine as threatened (www.wildlife.state.nh.us; www.state.me.us, 6 February 2005),

14

and by the provinces of New Brunswick and Nova Scotia as sensitive (Canadian
Endangered Species Conservation Council (CESCC) 2001).
1.3.2 Life History
There are several published accounts of the general life history and behaviour of
Arctic Terns (Cramp 1985; Hatch 2002; Monaghan 2002). These terns typically breed
for the first time between the ages of 2-5, lay 1-3 eggs (rarely 4) and raise only one brood
per year (Hawksley 1950; Cullen 1957; Hawksley 1957; Hatch 2002). Incubation time is
approximately 21 days. Both members of a pair incubate and care for young. Chicks
usually remain near the nest site, but can move upwards of 30-60 meters away from the
nests (personal observation; Pettingill 1939). Chicks are adult-sized and able to fly
between 21-30 days after hatching (Pettingill 1939; Hawksley 1957). In late July and
August the chicks and adults begin their migration and arrive at the coast of Africa and
the ice shelves of Antarctica by October-November (Diamond, A.W. unpublished
banding data; Salomonsen 1967; Cramp 1985; Bourne and Casement 1996; Hatch 2002;
Monaghan 2002).
Mortality of eggs and young at the nest is often attributed to weather; however,
predators including Herring and Great Black-backed Gulls (Larus argentatus and L.
marinus) and Black-crowned Night-herons (Nycticorax nycticorax) can destroy a clutch
of eggs or a brood of chicks. Predators of adults at the breeding colonies can include
Peregrine Falcons (Falco peregrinus), Merlins (Falco columbarius), Gyrfalcons (Falco
rusticolus), Great Horned Owls (Bubo virginianus), and Mink (Mustela vison). Most
mortality of adult individuals is assumed to occur away from the breeding ground and
factors affecting the survival of adults are largely unknown (Hatch 2002). Survival of
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adult individuals is reported to range between 82-87% based on studies conducted in
Great Britain in the 1950‟s and 1960‟s (Cullen 1957; Coulson and Horobin 1976). The
oldest recorded breeding adult was 34 years old (Hatch 1974).
Terns feed primarily on prey items located at the surface of water, captured by
shallow dives (no more than 10-20 cm) or dips (Hatch 2002). Prey items include a wide
variety of small or juvenile fish from the families Clupeidae (herring), Gadidae (cods,
hakes, pollocks), Ammodytidae (sandlances or sandeels), and Osmeridae (capelin,
smelts) (Hatch 2002). Invertebrates such as amphipods and euphasiids are also retrieved
from the surface of the water. Terns also capture insects such as ants, dipterans, moths
and beetles (Hall et al. 2000; Hatch 2002; Maranto 2002).
1.4 Objectives
The main question that this thesis began with was: “are the colonies of Arctic
Terns in the Gulf of Maine and Bay of Fundy region demographically independent?” I
hypothesized that the tern colonies were part of a regional metapopulation and sought to
estimate survival and dispersal among colonies from birds banded as chicks and adults.
Another goal was to project the future viability of the regional population. I originally
proposed to fulfil these goals by combining a banding study of individuals with an
analysis of the genetic relatedness of terns nesting on different colonies. The banding
study was geared towards revealing short-term year-to-year survival and dispersal
information, and the genetic analysis was to reveal the effects of mixing in the
populations of terns nesting on different islands over a longer time scale.
I arranged for the manufacturing of a field-readable incoloy band that was to be
placed on the tern‟s leg opposite the standard band issued by the U.S. Bird Banding
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Laboratory. These field-readable bands are the same size as the standard bands, but have
an alphanumeric code of two letters printed above two numbers instead of a 9-digit
numerical series. The field-readable bands were made by Lambournes, Ltd. (later
Porzana, Ltd.) UK. In 1998, I met with project collaborators from the National Audubon
Society, the U.S. Fish and Wildlife Service and the Canadian Wildlife Service, who
decided to support the banding study subsequently begun in 1999.
Determining the sex of individuals is important when developing demographic
analyses. I developed a method to use DNA extracted from feather samples and
morphometrics to sex terns. The sexing analysis and the demographic analysis of
survival and dispersal of banded birds are key components of our ability to project the
future viability of the Arctic Terns nesting in the Gulf of Maine and Bay of Fundy region.
Due to complications beyond my control, I put the population genetic analysis on
hold. I spent three winters and one summer in the laboratory attempting (unsuccessfully)
to locate microsatellite markers with which I planned to compare the genetic structure
and diversity among colonies. I am in contact with three other laboratories also working
to locate microsatellite markers in other species of terns. Each lab has experienced the
same or additional difficulties. A researcher in Australia (Anna Lasko) also put her quest
for locating microsatellite markers on hold (after 5 years of lab work) and another
researcher in Brazil (Patrícia Faria) is currently still attempting to locate enough loci to
conduct a population analysis. A third researcher in Massachusetts (Patricia Szczys) was
able to locate a small number of microsatellite markers and successfully tested some of
my samples (Szczys et al. in press). Unfortunately, I did not receive the results of the
tests in time to include a further genetic analysis in this study.
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1.5 Study Location and Historical Populations
Research for this dissertation was carried out in the Gulf of Maine and Bay of
Fundy. There is a long history of terns nesting here. Although there are some records of
terns nesting in the region before 1900, numbers were often estimated by visual scans of
flying birds and sometimes the difference between Common and Arctic Terns was not
clarified. Figure 1.1 illustrates the numbers of tern pairs nesting between the southern
coast of Maine and Grand Manan, New Brunswick from 1900 to 2004. Prior to 1973, the
species ratios (number of nesting Arctic and Common Terns) of colonies were
extrapolated from available field notes by Drury (1973). Since 1984, tern species ratios
have been measured directly during nest counts on each colony.
Figure 1.2 illustrates the locations of currently active tern colonies in the Gulf of
Maine and Bay of Fundy region. Most of the islands where terns nest in the Gulf of
Maine are co-operatively protected and/or managed by the National Audubon Society
(through the seabird restoration program), the Canadian Wildlife Service (CWS) as
Migratory Bird Sanctuaries (MBS) and the United States Fish and Wildlife Service
(USFWS) as part of National Wildlife Refuges (NWR). On managed islands, predators
such as Mink and Great Horned Owls are removed and, depending on the size of the
island, other potential predators, such as Herring Gulls and Great Black-backed Gulls, are
restricted to nesting in certain areas, harassed using non-lethal tactics or, if necessary,
killed (Anderson and Devlin 1996; 1999; Kress and Hall 2004). The research for this
dissertation was conducted on the four largest Arctic Tern nesting colonies in the region:
Machias Seal Island (MSI), Petit Manan Island (PMI), Matinicus Rock (MR) and Seal
Island (SI). Approximately 95% of the Arctic Terns in the region breed on these four
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islands. The remaining 5% of the Arctic Terns breeding in the region nest primarily on
three islands (Stratton, Metinic and Eastern Egg Rock). Figure 1.3 illustrates the
numbers of pairs of Arctic Terns nesting on these islands from 1983-2004 (records for
nesting population numbers for the years prior to 1983 were unavailable).
1.5.1 Machias Seal Island
MSI (44˚ 30‟N, 67˚ 06‟ W) is located on the border between Canada and the
United States at the mouth of the Bay of Fundy approximately 18 km southwest of Grand
Manan Island. It is disputed territory between the two countries.
There have been terns nesting on the island since at least the early 1800‟s (Kress
et al. 1983). In the early 1900‟s the population numbers were low (1-300 pairs);
however, the colony has never been abandoned completely and is thought to be a possible
source for the colonization of other islands in the region (MacKinnon and Smith 1985).
Figure 1.4 illustrates the numbers of pairs of terns nesting on MSI from 1900-2004.
There have been many studies of terns on this island in the past including
Pettingill (1939), Hawksley (1950, 1957), Newell (1985), Bunin and Boates (1994). The
Atlantic Cooperative Wildlife Ecology Research Network (ACWERN) through the
University of New Brunswick has been conducting seabird research on the island since
1995 and studies of terns have included Morrison (1996), Amey (1998), Gagnon (2001),
Paquet (2001), Diamond and Devlin (2003), MacIntosh (2004) and Charette (2005).
Studies of alcids have included Grecian (2005) and Breton (2005). There are several
current studies of seabirds nesting on MSI including those by A. Black (M.Sc. thesis
examining feeding areas of Arctic and Common Terns breeding on MSI), L. Minich
(M.Sc. thesis examining intra-seasonal and inter-seasonal variability in feeding of four
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Atlantic seabirds) and A. Bond (M.Sc. thesis examining the mercury dynamics in the
seabirds nesting on MSI). This work was the first established to combine the research of
terns on MSI with studies on other islands.
The island covers approximately 9.5 ha and several species of seabirds nest there
between April-September each year. Currently there are approximately 2100 pairs of
Arctic Terns and 1000 pairs of Common Terns (Black et al. 2005). It is the largest tern
colony in the region and the largest concentration of nesting Arctic Terns that is known in
North America. Other nesting seabirds include Atlantic Puffins (Fratercula arctica),
Razorbills (Alca torda), Common Murres (Uria aalge), Laughing Gulls (Larus atricilla),
Common Eiders (Somateria mollissima) and Leach‟s Storm-petrels (Oceanodroma
leucorhoa). Large gulls, including Great Black-backed Gulls and Herring Gulls, are
discouraged from nesting on the island by hazing with noise-makers.
1.5.2 Petit Manan Island
PMI (44˚ 22‟ N, 67˚ 52‟ W) is part of the Maine Coastal Islands NWR complex
and is managed by the USFWS. It is located 3 km south of Petit Manan Point,
Washington County, ME. Between the early 1930‟s and 1970‟s PMI was an important
nesting colony for terns (Drury 1973; Drury and Melvin 1990), with over 1000 nesting
pairs. Figure 1.5 illustrates the number of pairs of terns nesting on PMI from 1900-2004.
The island was abandoned by terns in the mid-late 1970‟s-early 1980‟s following the
automation of the lighthouse, the cessation of human occupation and the subsequent
increase in nesting Great Black-backed and Herring Gulls (Anderson and Devlin 1996).
In the early 1980‟s a tern restoration program was begun and terns returned to nest PMI
(Anderson and Devlin 1999).
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PMI covers approximately 7 ha with approximately 910 nesting pairs of Arctic
Terns and 1310 of Common Terns (Hall 2004). Other nesting seabirds include Atlantic
Puffins, Black Guillemots (Cepphus grylle), Laughing Gulls, Common Eiders, Leach‟s
Storm-petrels and a small number of Roseate Terns. Great Black-backed Gulls and
Herring Gulls are discouraged from nesting on the island by active elimination.
1.5.3 Seal Island
SI (43˚ 53‟ N, 68˚ 44‟ W) is approximately 26 ha in area and is located in the
outer part of Penobscot Bay, ME. Between the 1940‟s and 1960‟s the island was used as
a bombing target by the Navy. Ownership of the island was transferred from the United
States Navy to the USFWS in 1972. It is managed by the USFWS as part of the Maine
Coastal Islands NWR complex. Nesting seabirds on SI are managed cooperatively by the
USFWS and the National Audubon Society Seabird Restoration Program (U.S.Fish and
Wildlife Service 2004).
Historically, SI was an important nesting colony for seabirds (Borzik 1989),
Figure 1.6 illustrates the number of tern pairs that have nested on the island since 1989. I
am aware of no historical accounts of terns nesting on this island in the literature, but
minutes from a meeting of the Gulf of Maine Tern Working group in 1989 indicate that
there were terns reported nesting on SI in the 1940‟s and 1950‟s (Borzik 1989). Terns
nesting on the island were displaced in the 1950‟s by growing nesting populations of
Great Black-backed and Herring Gulls (U.S.Fish and Wildlife Service 2004). Beginning
in 1985, The National Audubon Society spent 6 summers using a combination of gull
control, tern decoys and recordings of tern colony sounds to attract terns to the island
(Borzik 1989). Arctic and Common Terns began nesting on SI in 1989 (Borzik 1989).
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Currently SI has approximately 1172 nesting pairs of Arctic Terns and 1167 of Common
Terns (Hall 2004). Other nesting seabirds include Atlantic Puffins, Razorbills, Black
Guillemots, Common Eiders, Great Cormorants (Phalacrocorax carbo), Double Crested
Cormorants (P. auritus), Leach‟s Storm-petrels, Great Black-backed Gulls and Herring
Gulls. Given the size of the island, only a part of SI is kept clear of Great Black-backed
and Herring Gull nests and reserved for nesting terns. Gull nests found within the ternmanaged area are removed.
1.5.4 Matinicus Rock
MR (43˚ 47‟ N, 68˚ 51‟ W) was formerly owned by the United States Coast
Guard, but was transferred to the USFWS in 1999 and is part of the Maine Coastal
Islands NWR complex. The island is approximately 11 ha in area and is an historical
seabird nesting colony for terns and other seabirds. The seabirds are managed
cooperatively by the USFWS and the National Audubon Society. Arctic Terns have
nested on this island since at least the 1870‟s (Kress et al. 1983). Although this was one
of the islands visited by plume hunters in the late 1800‟s and early 1900‟s, it was never
completely abandoned by nesting terns (Drury 1973; Kress et al. 1983). Figure 1.7
illustrates the number of tern pairs reported to nest on the island between 1900-2004.
Currently there are approximately 830 pairs of Arctic Terns and 120 of Common
Terns nesting on MR. Other nesting seabirds include Atlantic Puffins, Razorbills, Black
Guillemots, Laughing Gulls, Common Eiders, and Leach‟s Storm-petrels. There has
been at least one recent study of terns on MR (Maranto 2002) and there are several other
current studies of seabirds by the National Audubon Society including a Common Murre
attraction study and a study of Laughing Gull behaviour.
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1.6 Overview of Chapters
This dissertation is presented in Articles format. Chapters 2-5 are written as
papers that have either been published or will be submitted for publication by the time of
my defense. A certain amount of repetition between chapters is unavoidable; species
names are given in each, and each chapter includes separate acknowledgements and
literature cited sections. However, the substance of each chapter is different. Each paper
is co-authored by several people. The design of the project, most of the data gathering,
all of the data compilation, analysis and interpretation were completed independently.
The roles of the co-authors are explained at the start of each chapter. Most often the role
of a co-author was that of supplying data for colonies (where I could not be
simultaneously) and in editorial comments.
Chapter 2, „Sexing Arctic Terns in the field and laboratory,‟ was published in the
journal Waterbirds in 2004 (Devlin et al. 2004). This chapter explains how the sex of
Arctic Terns can be determined using a combination of genetics and morphometrics. It
establishes the sexing technique necessary for exploring sexual differences in survival
and movement in subsequent chapters. In chapter 3, „Metapopulation analysis of the
survival and breeding dispersal of adult Arctic Terns nesting in the Gulf of Maine,‟ I
analyze and interpret the capture-mark-re-encounter data of Arctic Terns banded as
breeding adults between the years 1999-2003. In chapter 4, „Survival and dispersal of
Arctic Terns banded as chicks in the Gulf of Maine,‟ I analyze and interpret the capturemark-recapture data of Arctic Terns banded as chicks between the years 1999-2003. The
age of first breeding is also described in chapter 4. Chapter 5, „Population viability
analysis of Arctic Terns nesting in the Gulf of Maine,‟ uses survival and dispersal
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information generated in chapters 3 and 4 to project the future of the Arctic Tern species
in the Gulf of Maine region. Chapter 6 re-iterates the main themes of chapters 2-5 and
the significance of these studies. There are two appendices. The first is a letter of
permission given by the editor of the Waterbirds journal, Dr. John Coulson, to include the
paper as a chapter in this dissertation. The second is a protocol for the continuation of the
Gulf of Maine Arctic Tern metapopulation project.
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Figure 1.1. Total number of pairs of nesting Arctic, Common and Roseate Terns on
island colonies between the southern coast of Maine and Grand Manan, New Brunswick
from 1900 to 2004. Points indicate years when nest censuses were completed. Dotted
lines indicate data from non-consecutive years; solid lines indicate data from consecutive
years. Data are from Drury (1973), Kress et al. (1983) Folger and Drennan (1984),
Kress and Borzik (1988), Schubel (1992), McCollough (1994), Hokama et al. (1996),
Koch (1998), Borzik and Hall (2000), Boyne et al. (2000), Lord and Allen (2002), Devlin
et al. (2003), Petit Manan NWR (2003), Hall (2004), Kress and Hall (2004), and Black et
al. (2005).
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Figure 1.2. Map of the locations of the four study islands (stars) and other islands
(circles) in the Gulf of Maine where Arctic Terns were observed in 1999-2003: Stratton
(S), Eastern Egg Rock (E), Metinic (M), Matinicus Rock (MR), Seal Island (SI), Petit
Manan Island (PMI), Machias Seal Island (MSI) and the Brothers (B).
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Figure 1.3. Number of pairs of nesting Arctic Terns on Stratton Island, Metinic Island
and Eastern Egg Rock from 1983-2004. Points indicate years when nest censuses were
completed. Dotted lines indicate data from non-consecutive years; solid lines indicate
data from consecutive years. Data are from Drury (1973), Kress et al. (1983) Folger
and Drennan (1984), Drennan et al. (1986), Kress and Weinstein (1987), Kress and
Borzik (1988), Borzik (1989), Borzik and Kress (1990), Borzik (1991), Schubel (1992),
Jackson et al. (1993), McCollough (1994), Megyesi (1995), Hokama et al. (1996), Allen
(1997), Koch (1998), Petit Manan NWR (1999), Borzik and Hall (2000), Boyne et al.
(2000), Diamond et al. (2001), Lord and Allen (2002), Devlin et al. (2003), Petit Manan
NWR (2003), Hall (2004), Kress and Hall (2004), and Black et al. (2005).
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Figure 1.4. Number of pairs of nesting Arctic and Common Terns on Machias Seal
Island from 1900-2004. Points indicate years when nest censuses were completed.
Dotted lines indicate data from non-consecutive years; solid lines indicate data from
consecutive years. Data are from Drury (1973), Kress et al. (1983) Folger and Drennan
(1984), Drennan et al. (1986), Kress and Borzik (1988), Borzik and Kress (1990),
Schubel (1992), McCollough (1994), Hokama et al. (1996), Koch (1998), Borzik and
Hall (2000), Boyne et al. (2000), Lord and Allen (2002), Devlin et al. (2003), Hall
(2004), and Black et al. (2005).
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Figure 1.5. Number of pairs of nesting Arctic and Common Terns on Petit Manan Island
from 1900-2004. Points indicate years when nest censuses were completed. Dotted lines
indicate data from non-consecutive years; solid lines indicate data from consecutive
years; dashed line indicates that the colony was abandoned by terns at some time between
1979-1983 (Kress et al. 1983). Data are from Drury (1973), Kress et al. (1983) Folger
and Drennan (1984), Drennan et al. (1986), Kress and Weinstein (1987), Kress and
Borzik (1988), Borzik (1989), Borzik and Kress (1990), Borzik (1991), Schubel (1992),
Jackson et al. (1993), McCollough (1994), Megyesi (1995), Hokama et al. (1996), Allen
(1997), Koch (1998), Petit Manan NWR (1999), Borzik and Hall (2000), Boyne et al.
(2000), Diamond et al. (2001), Lord and Allen (2002), Petit Manan NWR (2003), and
Hall (2004).
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Figure 1.6. Number of pairs of nesting Arctic and Common Terns on Seal Island from
1900-2004. Points indicate years when nest censuses were completed. Dotted lines
indicate data from non-consecutive years; solid lines indicate data from consecutive
years. Data are from Borzik (1989), Borzik and Kress (1990), Borzik (1991), Schubel
(1992), Jackson et al. (1993), McCollough (1994), Megyesi (1995), Hokama et al.
(1996), Allen (1997), Koch (1998), Petit Manan NWR (1999), Borzik and Hall (2000),
Boyne et al. (2000), Diamond et al. (2001), Lord and Allen (2002), Devlin et al. (2003),
Petit Manan NWR (2003), and Hall (2004).
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Figure 1.7. Number of pairs of nesting Arctic and Common Terns on Matinicus Rock
from 1900-2004. Points indicate years when nest censuses were completed. Dotted lines
indicate data from non-consecutive years; solid lines indicate data from consecutive
years. Data are from Drury (1973), Kress et al. (1983) Folger and Drennan (1984),
Drennan et al. (1986), Kress and Weinstein (1987), Kress and Borzik (1988), Borzik
(1989), Borzik and Kress (1990), Borzik (1991), Schubel (1992), Jackson et al. (1993),
McCollough (1994), Megyesi (1995), Hokama et al. (1996), Allen (1997), Koch (1998),
Petit Manan NWR (1999), Borzik and Hall (2000), Boyne et al. (2000), Diamond et al.
(2001), Lord and Allen (2002), Devlin et al. (2003), Petit Manan NWR (2003), and Hall
(2004).
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2.1 Abstract
We examined sexual size dimorphism of Arctic Terns (Sterna paradisaea) from a
breeding colony in northeastern North America. Each bird was sexed using DNA
extracted from feather pulp. Body morphometrics recorded included mass, natural wing
chord, head-bill, tail fork, culmen, depth of bill at the gonys, and tarsus. Two
discriminant functions identified head-bill and bill depth as the best measurements to
identify the sexes. The first function included head-bill only and correctly classified 73%
of our sample. The second function included both head-bill and bill depth, correctly
classified 74% of our sample and increased our ability to correctly sex individuals within
a pair. We provide a way for researchers to calculate the probability of sexing Arctic
Terns. This is done by fitting a non-linear equation through a plot of the probability of
classifying an individual and the discriminant scores. Male Arctic Terns were generally
larger in head-bill and bill depth than female Arctic Terns; however, we did not find
evidence for assortative mating. With some species, morphometrics alone can be used to
distinguish the sexes but for species such as Arctic Terns, with a high degree of overlap
between the sexes, we recommend a combination of morphometrics and genetic analysis
to obtain the highest accuracy in sexing individuals correctly. Comparison of the
morphometrics of northeastern North American and British populations of Arctic Terns
suggests that these discriminant functions can be applied to both.

Key words: Arctic Tern, sex determination, discriminant function, genetic analysis,
assortative mating
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2.2 Introduction
Most seabirds are sexually monochromatic and it can be difficult to sex
individuals without intensive behavioral observations, dissection (laparotomies or
necropsies), or DNA analysis (Coulson et al. 1983; Jodice et al. 2000). Discriminant
functions developed from morphological measurements have been useful in determining
the sex of many members of the family Laridae (Coulson et al. 1983; Evans et al. 1993;
Fox et al. 1981; Hanners and Patton 1985; Jodice et al. 2000; Mawhinney and Diamond
1999; Ryder 1978; Shugart 1977; Threlfall and Jewer 1978; Torlaschi et al. 2000) and
some members of Sternidae (Chardine and Morris 1989; Coulter 1986; Fletcher and
Hamer 2003; Quinn 1990; Stern and Jarvis 1991). For several gull species, the distance
from the back of the head to the tip of the bill (hereafter „head-bill‟), can distinguish the
sexes in 90-98% of individuals (Coulson et al. 1983; Hanners and Patton 1985;
Mawhinney and Diamond 1999). Chardine and Morris (1989) found that Brown Noddies
(Anous stolidus) could be sexed with 88-90% accuracy using a discriminant function
based on head-bill and wing chord. Black Terns (Chlidonias niger), Caspian Terns
(Sterna caspia), Common Terns (S. hirundo), and Arctic Terns (S. paradisaea) have also
been sexed by body morphology; however, these attempts have not been able to classify
correctly as many individuals as with other Charadriiformes. Stern and Jarvis (1991)
found that head-bill and culmen could be used to sex 78-89% Black Terns, while Quinn
(1990) found that morphometrics could sex 77% of a sample of Caspian Terns. Coulter
(1986) found that bill measurements (culmen, bill depth and bill width) could be used to
correctly classify 80% of Common Terns. Craik (1999) found that head-bill size was the
best discriminating feature for small samples of Common and Arctic Terns. Most
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recently, Fletcher and Hamer (2003) found that head-bill and tail fork measurements
were best able to classify 73-86% of Common and 72-84% of Arctic Terns nesting in
Britain. However, the length of the tail feathers can vary with age (Voelker 1997), so the
difference in tail fork length between the members of a pair found by Fletcher and Hamer
(2003) is potentially confounded by age.
We developed a discriminant function to sex Arctic Terns nesting in northeastern
North America from a sample of birds that we sexed by genetic analysis of feathers.
Using our discriminant function we calculate the probability of sexing any individual. In
the future these calculations can be used to determine whether genetic sexing of
individuals is necessary based on the desired probability of correct classification.
2.3 Methods
Arctic Terns were captured at nests using modified Weller treadle traps (Weller
1957) on Machias Seal Island in the Bay of Fundy, Canada (44˚ 30‟N, 67˚ 06‟W) in mid
June 1999. To minimize nest abandonment trapping began during the second week of
incubation. Mass was measured to the nearest 1.0 g using a 300 g Pesola spring balance.
Morphological characteristics measured were the natural wing chord (W) from the bend
in the wrist to the tip of the longest primary without flattening the wing, depth of tail fork
(difference in length between rectrices 6 and 1), head-bill length (HB) (the distance from
the back of the head to the tip of the bill), culmen (C), bill depth (BD) at the gonys, and
tarsus (T) (the diagonal distance from the middle of the joint between the tibia and
metatarsus to the junction of the metatarsus with the base of the middle toe). All
measurements were taken to the nearest 0.1 mm with dial calipers except wing, which
was measured to the nearest 1.0 mm using a stopped wing rule. Four or five breast
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feathers were pulled from each bird and frozen for DNA analysis. Sexual size
dimorphism was calculated following Weidinger and van Franeker (1998; see also Smith
1999 and Fletcher and Hamer 2003).
Arctic Terns were sexed from DNA extracted from feather pulp samples. For
DNA extraction, the feather pulp from 2-3 breast feathers per individual was chopped and
placed in a solution of 10 μL buffer (0.1 M NaCl, 0.05 M Tris-HCl, 0.01 M Na2EDTA,
pH 8.0), 1 μL 10% Tween and 1 μL Proteinase K (20 mg/ml; Fisher BP-1700-50).
Samples were placed in a 65˚C water bath for two hours (mixed and spun at ca 20 minute
intervals). To denature the Proteinase K following the initial incubation, samples were
placed in a 95˚C water bath for 10 minutes and then allowed to cool to room temperature
(Sambrook et al. 1989). Sexing of birds followed the procedures described by
Fridolfsson and Ellegren (1999). This method uses a pair of PCR primers that
consistently amplify different size introns from a gene (CHD1) on each of the W and Z
sex chromosomes. PCR products were size-fractionated in 1.6% agarose gels,
electrophoresed in TAE buffer, stained with ethidium bromide and visualized under UVlight (Sambrook et al. 1989). Individuals with a single band were scored as male, those
with two bands as female (Fridolfsson and Ellegren 1999). We tested the accuracy of
sexing terns using this method by cross-examining the DNA of three individuals sexed by
dissection and by comparing results of 17 individuals with a second method of DNA
analysis that was developed for sexing Roseate Terns (S. dougallii) by Sabo et al. 1994.
In our cross-examination of DNA the Fridolfsson and Ellegren (1999) method
correctly sexed three known sex individuals and 13 of 17 individuals that were sexed
following Sabo et al. (1994). The method used by Sabo et al. (1994) amplifies markers

51

for the W-sex-chromosome and gives a positive result for females and a negative result
for males. This method relies on a positive internal molecular control to confirm that the
test worked successfully for males and was not the result of a failed test. Sabo et al.
(1994, p 1026) acknowledged that the internal control that they developed for their
system did not work for feather samples. We used feathers as a source of DNA and our
own attempts to develop a positive internal control were not successful (data not shown).
Without a positive control for the Sabo et al. (1994) method, a negative result may
represent a male or an unsuccessful test result. Consistent with this, the four individuals
that provided contradictory results between the two methods used were all females
characterized as males under the Sabo et al. (1994) method. We therefore consider that
the method described by Fridolfsson and Ellegren (1999) is an improvement because it
amplifies markers for both sexes (i.e., is a positive test for both sexes).
Craik (1999) calculated the 95% confidence intervals around mean head-bill
length for four male and five female Arctic Terns in Scotland. He determined that Arctic
Terns with head-bill < 69.6 mm were female and > 72.0 mm were male, and any birds
falling in between could not be sexed. We first applied these criteria to our sample.
Then using our data, we re-calculated the 95% confidence intervals for head-bill length.
A forward stepwise discriminant function analysis (DFA) was used to determine
the best measurements to identify the sex of Arctic Terns (SPSS 1999). Only five
morphological measurements were included in the analysis (HB, BD, C, W, and T).
Mass was excluded from the analysis because it can vary during the breeding season and
between years (Croxall 1995; Devlin unpublished data) and the goal of this study was to
produce a function that could be applied at any time, in any year. The length of tail fork
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was also excluded because the length of tail feathers varies with the age of a bird
(Voelker 1997). Data were validated by a jackknife (leave-one-out) statistical procedure
(Lachenbruch and Mickey 1968; Tabachnick and Fidell 1996). The posterior probability
of an individual‟s classification was calculated in SPSS following Phillips and Furness
(1997; see also Chardine 2002). We also looked for possible assortative mating by
plotting correlations in measurements between birds of 59 nests at which we trapped both
members of the pair.
2.4 Results
We captured 166 Arctic Terns, including 59 pairs, on Machias Seal Island in mid
June 1999. Genetic sexing following Fridolfsson and Ellegren (1999) identified 88
females and 78 males.
Four researchers took part in measuring terns. We considered any differences to
be within measurement error and did not attempt to correct for differences among
observers when calculating the discriminant functions. Since 1999, 40 of the original 166
Arctic Terns have been recaptured at least once. In comparing the measurements, headbill showed the least amount of inter-year variation and differed by a maximum mean of
0.9 mm representing an error of 1.3%. Bill depth differed by a maximum mean of 0.3
mm representing an error of 4.6%. The tail fork measurement showed the most amount
of variation among years with a mean maximum difference of 6.3 mm representing an
error of 6.7%. There will be a certain amount of variation among all researchers.
Including this variation in the data used to create the discriminant functions will better
reflect field conditions in which other researchers may use the function and so increase
the general applicability of the functions.
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There was a high degree of overlap in most characteristics between female and male
Arctic Terns; however, five of the seven characteristics measured differed
significantly between the sexes. Head-bill showed the least amount of overlap (Table
2.1).
Craik (1999) classified with 95% confidence Arctic Terns with head-bill of 72.0
mm and above as male and those with 69.6 mm and below as females. Those birds with
a head-bill between 69.6-72.0 mm were excluded from classification. These criteria,
applied to Machias Seal Island birds, correctly identified 51%, but excluded 35% of the
total sample (N = 166). When Craik‟s method for calculating 95% confidence
classifications is applied to Machias Seal Island data, but values are adjusted for a larger
sample size, Arctic Terns with head-bill measurements of 73.6 mm and above can be
classified as males and those 69.3 mm and below as females with 95% confidence. Birds
with a head-bill between 69.3 and 73.6 mm are excluded from classification. In our
sample of 166 known-sex Arctic Terns, this calculation successfully classified only 39%
and excluded 55% of the sample.
When a step-wise discriminant function was applied to five morphological
measurements 2 equations best separate the sexes of Arctic Terns. The first discriminant
function generated, using only the head-bill measurement, was:
Equation 1: D(Function 1) = Head-bill(0.47) – 33.56
This equation assumes a posterior probability of being either male or female of 0.5 and
results in the cut-off point of 0.039 (Figure 2.1; Phillips and Furness 1997). This function
correctly classified 73% of 166 adults of known sex. A jackknifed “leave-one-out” crossvalidation test also correctly classified 73% of the sample (Lachenbruch and Mickey
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1968; Tabachnick and Fidell 1996). If this equation is applied to pairs only and the
individual with the larger discriminant score is classified as male, then 51 of 59 pairs
(86%) are classified correctly.
The second equation that best separates the sexes of Arctic Terns included both
the head-bill and bill depth measurements.
Equation 2: D(Function 2) = Bill depth(1.22) + Head-bill(0.36) – 34.22
Based on these measurements, there is still overlap between the sexes (Figure
2.2). This equation assumes a posterior probability of being either male or female of 0.5
and results in the cut off point of 0.043 (Phillips and Furness 1997). This function
correctly classified 74% of 166 adults of known sex. A jackknifed cross-validation test
also correctly classified 74% of the sample (Lachenbruch and Mickey 1968; Tabachnick
and Fidell 1996). When this equation was applied to pairs only and the individual with
the larger discriminant score was classified as male, then 53 of 59 pairs (90%) were
classified correctly.
The relationships between the discriminant function scores and the posterior
probability values of classifying individuals are shown in Figure 2.1 (Chardine 2002;
Phillips and Furness 1997). By fitting a non-linear curve to the points in Figure 2.1 we
generated the following equation to calculate the probability of classifying the sex of
Arctic Terns.
Equation 3 for Function 1: Probability = 1/1+e (1.30*discriminant score) - 0.05
A second equation was generated for the second discriminant function:
Equation 4 for Function 2: Probability = 1/1+e (1.44*discriminant score) - 0.06
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Using these equations, a researcher can calculate the probability value for classifying the
sex of any sample of Arctic Terns (assuming minimal geographic variation and interobserver measurement differences).
Within mated pairs, a t-test confirmed that male terns are longer in wing length,
tail fork, head-bill, bill depth and culmen (Table 2.2). There was no evidence for
assortative mating by size. Correlations between the sexes for all measurements were not
statistically significant (r57=0.071-0.209, n.s.) except in tarsus length, which was
significantly correlated within a pair (r57=0.43, P < 0.01).
2.5 Discussion
There are overall size differences in certain characteristics between male and
female Arctic Terns, but there is much overlap which reduces discrimination between the
sexes (Table 2.1). In several gull species and Brown Noddies it has been shown that
within a pair males are generally larger than females (Chardine and Morris 1989; Fox et
al. 1981). In our sample of 59 Arctic Tern pairs, the male was generally larger. In 8690% of the pairs measured, the larger bill depth and head-bill measurements alone could
correctly identify males within a pair (Table 2.2). While these measurements could be
used if both members of a pair are captured, the discriminant functions we developed are
more flexible and can be applied to individual birds not associated with a mate.
The discriminant functions calculated in this study correctly classify a higher
percentage than the method use by Craik (1999), which used 95% confidence intervals.
Fletcher and Hamer (2003) used a discriminant function to classify correctly 52 of 71
Arctic Terns (73%) breeding in the United Kingdom. Using within-pair comparisons in
combination with a discriminant function score (within a pair the larger DF score was
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classified as male) they were able to increase their classification to 84%. However, the
function that Fletcher and Hamer (2003) used relies on the measurement of tail fork as an
important component. Voelker (1997) found that the length of tail feathers is associated
with age. Because some of our Arctic Terns breed at two years old (Devlin unpublished
data), and the tail fork measurement showed the highest inter-year variation (6.7%), we
suggest that any differences between the sexes based on tail fork may be confounded by a
potential difference in age. Fletcher and Hamer (2003) also found that the tail fork
measurement was the least repeatable between observers and one of the most variable
between years. Until this measurement is closely examined using a group of known-aged
Arctic Terns we do not recommend using the tail-fork measurement as a sexdiscriminating variable.
There was very little difference between the overall correct classification ability
of the two discriminant functions we created. The first function included the
measurement of head-bill and had an overall correct classification of 73% and reduces
the potential for added variation in measurements. The second discriminant function
included both the head-bill and bill depth measurements. An overall correct
classification of 74% does not greatly increase the accuracy in correctly sexing the terns.
The measurement of bill depth at the gonys can be hard to replicate and in some species
bill depth is highly variable (Evans et al. 1993). Additionally, Coulson et al. (1981)
found an age-related difference in the bill depth of Herring Gulls. Although there is no
evidence that bill depth varies with age in Arctic Terns, this needs to be examined (Hatch
2002).
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By using the discriminant function scores within pairs to determine sex, we were
able to increase our correct classification to 86% for the first discriminant function
(including head-bill only) and 90% for the second discriminant function (including headbill and bill depth). While in the field it would be preferable to make within-pair
comparisons to sex individuals, this is not always possible; in such cases, a researcher
could collect a sample of feathers for later genetic analysis. The researcher could then
calculate the probability of correctly sexing any particular tern by substituting the
discriminant score of that individual into equation 3 or 4 (depending on which
discriminant function is used). If one wished to increase the probability of correctly
sexing terns, a new cut off point could be calculated. For example, using the first
discriminant function we developed, increasing the posterior probability of an individual
being either female or male to 75% gives new cut off points at discriminant scores of +
0.809 (Figure 2.1). Those individuals with a discriminant score < - 0.809 would be
classified as female and those > 0.809 would be classified as male. Those individuals
with discriminant scores between would remain unclassified. If applied to our sample of
166 this results in 84% of 89 individuals correctly classified and leaves 77 unclassified
(Figure 2.1). If this were applied to a new group of individuals, then any birds falling
between the cut off points could be sexed genetically at the discretion of the researcher.
Coulter (1986) found assortative mating among Common Terns based on bill size;
however, Fletcher and Hamer (2003) found no evidence for assortative mating in either
Common or Arctic Terns. We did not observe evidence for assortative mating in Arctic
Terns. In our sample of 59 Arctic Tern pairs even though the male was generally larger
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(Table 2.2), these trends were not reflected in a correlation analysis of body
measurements. Only tarsus length was correlated between males and females.
Caution should be used when applying any discriminant function to a new group
of birds due to local morphological variations. There is evidence for an increase in body
size for birds found in more northern regions such as Scandinavia, Greenland and East
Bay, Nunevut, Cananda, (Cramp 1985; Hatch 2002; Devlin unpublished data).
However, based on the measurements of 59 pairs in this study and 37 pairs in Fletcher
and Hamer (2003), the Arctic Terns nesting on both sides of the Atlantic Ocean are
similar in morphology (females: tarsus, t94=0.47, n.s., head-bill, t94=0.00, n.s., tail fork,
t94=0.48, n.s.; males: tarsus, t63=0.99, n.s., head-bill, t97=1.55, n.s., tail fork, t94=0.52,
n.s.). Although further careful testing is needed, it appears that the discriminant functions
developed here could be applied to other colonies in northeastern North America and
Britain.
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Table 2.1. Mean (x), standard deviation (SD) of body measurements, student t-test, level
of significance and sexual size dimorphism (male:female SSD) of female and male Arctic
Terns on Machias Seal Island, Bay of Fundy, Canada in 1999.

Measurement
N
Mass (g)
Tarsus (mm)
Wing (mm)
Tail fork (mm)
Culmen (mm)
Bill depth (mm)
Head-bill (mm)

Female
x (SD)
88
112 (6.9)
16.4 (0.89)
267 (6.7)
103 (9.5)
31.9 (1.41)
6.9 (0.62)
70.2 (2.03)

Male
x (SD)
78
111 (6.6)
16.6 (0.85)
271 (6.4)
111 (9.6)
33.6 (1.55)
7.3 (0.67)
73.0 (2.24)

t-value
df = 164

P

SSD (%)

1.65
1.34
3.73
5.20
7.66
6.23
8.32

n.s.
n.s.
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

0.9
1.2
1.5
7.8
5.3
5.8
4.0

Table 2.2. Size differences in 59 pairs of Arctic Terns nesting on Machias Seal Island,
Bay of Fundy, Canada in 1999.

Measurement

Mass
Tarsus
Wing
Tail fork
Culmen
Bill depth
Head-bill

Females
larger than
males
31
25
17
16
12
6
8

Females
and males
the same
size
7
2
1
1
0
0
0

Males larger
than females

Paired t-test
df = 58

P

21
32
41
42
47
53
51

1.74
1.39
4.13
4.19
7.28
7.12
8.39

n.s.
n.s.
<0.001
<0.001
< 0.001
< 0.001
< 0.001
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Figure 2.1. The probability of being female in relation to the discriminant score from
Function 1. Cut-off points indicate using the probability of being female at 0.50; all
Arctic Terns with a discriminant function score < 0.039 are classified as female and >
0.039 are classified as male. If the probability of being sexed were to be set at 0.75 then
all birds with a discriminant function score < –0.809 are classified as female and > 0.809
are classified as male (this leaves those between as not classified). Note: some data
points overlap.
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Figure 2.2. The discriminant function using head-bill length and bill depth to sex female
(below line) and male (above line) Arctic Terns. Line is defined as DF Score 0.043 = bill
depth (1.22) + head-bill (0.362) – 34.222. Note: some data points overlap.
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2.8 Addendum
Subsequent to the publication of this chapter my attention was drawn to a study
by Helfenstein et al. (2004) published in the same issue of Waterbirds as my article.
Helfenstein et al. (2004) examined sexual size dimorphism and assortative mating in
Black-legged Kittiwakes (Rissa tridactyla). They found that pairs showed a strong
pattern of assortative mating on tarsus length, but not on any other measurement (n=18
pairs, r16=0.87, p<0.0001). Helfenstein et al. (2004) cite work by Rising and Somers
(1989) that identified the measurement of the tarsus as the “best approximation to
multivariate body size” in a study of Savannah Sparrows (Passerculus sandwichensis).
Rising and Somers (1989) recommended that this measurement, or any other
measurement of leg length, be used when examining body size of birds.
In our analysis of the morphometrics of Arctic Terns we stated that there was no
evidence of assortative mating based on the observation that even though males were
generally larger (Table 2.2), these trends were not reflected in a correlation analysis of
measurements from breeding pairs (n=59 pairs). However, we also note that of all the
measurements examined, tarsus length was correlated between males and females
(r57=0.434, p<0.001; Figure 2.3). Although our correlation results support the findings of
Helfenstein et al. (2004), I feel it is important not to make the assumption that statistical
significance automatically leads to a significant biological interaction. Unfortunately, I
do not have the corresponding data to back up this assertion. I believe it would be worth
revisiting and testing the observed correlation between the tarsus length of male and
female Arctic Terns with a larger sample size.
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Helfenstein et al. (2004) found a strong correlation between the tarsus
measurements of pairs of Black-legged Kittiwakes and the male tarsus was on average
5.3% larger than female tarsus. Although we found a significant correlation between the
tarsus measurements of Arctic Terns, we did not find a significant difference in the tarsus
size of male and female pairs of Arctic Terns (T 59=1.39, p = n.s.; Table 2.2). The male
tarsus was on average only 1.2% larger than the female tarsus (within a pair) and in 25 of
59 pairs the female‟s tarsus was larger than the male‟s (in 32 pairs the male was larger
and in 2 pairs the female‟s tarsus were the same size as the male‟s; Table 2.2). It may be
that the tarsus size is the best approximation of body size in birds, but in Arctic Terns it
does not appear to aid in the discrimination between the sexes and although statistically
significant, weakly supports assortative mating.
2.8.1 Literature Cited
Helfenstein, F., E. Danchin, and R. H. Wagner. 2004. Assortative mating and sexual size
dimorphism in Black-legged Kittiwakes. Waterbirds 27:350-354.
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Figure 2.3. Correlation between male and female Arctic Tern tarsus length (mm)
measured from 59 pairs nesting on Machias Seal Island in 1999.
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3.1 Abstract
We use a capture-mark-recapture / re-encounter analysis of a metapopulation to estimate
the probability of survival, re-encounter and dispersal of Arctic Terns nesting in the Gulf
of Maine and the Bay of Fundy. Approximately 45% of the North American breeding
population of this species nests in the Gulf of Maine region, and 95% of the Arctic Terns
nesting in the region nest on the four islands studied. Re-encounter observations of 1953
adult terns banded on these four key islands from 1999 to 2003 were collected. An
information theoretic approach was used to determine the model best describing the tern
population dynamics of the region. Prior to this study, there were only a few anecdotal
accounts of breeding dispersal and the only estimates of survival for this species were
calculated in the 1950‟s and 1960‟s in the United Kingdom. Models using program
MARK suggested survival of adult terns was 0.97 (SE=0.026) on all colonies when
transient individuals were accounted for. Re-encounter probabilities were generally low,
ranging from 0.16-0.74 depending on colony and year. Fidelity to previous breeding
colonies was high, ranging from 0.96-1.0. Distances among islands, size of colony and
clutch size were not correlated with breeding dispersal; however, there was some
evidence that productivity was correlated with movement. There was no difference
between male and female terns in survival, re-encounter or breeding dispersal.
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3.2 Introduction
3.2.1 Metapopulation Dynamics
Since 1990 there has been a surge in population analysis using a metapopulation
modeling approach (Gilpin and Hanski 1991; Hanski 1991; Spendelow et al. 1995;
Hanski and Gilpin 1997; Hanski 1999; Esler 2000; Beissinger and McCullough 2002;
Morris and Doak 2002; Akçakaya et al. 2003; Barbraud et al. 2003; Lande et al. 2003;
Akçakaya et al. 2004; Zalewski 2004). Metapopulations can be generally defined as a
“set of local populations within some larger area, where typically migration from one
local population to at least some other patches is possible” (Hanski and Simberloff 1997).
While this differs from a classical Levins (1969; 1970) definition of a metapopulation,
which includes estimates of local extinction and re-colonization, it allows a
metapopulation approach to a study of multiple subpopulations within a larger region
(Hanski 1999).
Seabird species often have a natural metapopulation structure due to the
distribution of suitable nesting habitat that is both predator- and disturbance-free
(Buckley and Downer 1992). The ability to examine the population demographics of
long-lived seabirds is limited by their highly pelagic existence and the logistics of
accessing sometimes remote nesting areas (Croxall and Rothery 1991). In spite of this,
there have been many long-term studies of seabirds including, but not limited to,
albatross (Inchausti and Weimerskirch 2004a), boobies (Osorio-Beristain and Drummond
1993), fulmars (Dunnet 1992), puffins (Harris and Wanless 1991; Breton et al. 2005a,b),
murrelets (Cam et al. 2003a), gulls (Coulson and Thomas 1985; Aebischer and Coulson
1990; Coulson 2002; Cam et al. 2003b; Oro et al. 2004; Cam et al. 2004a) and terns
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(Burger and Gochfeld 1991; Spendelow et al. 1995; Nisbet and Spendelow 1999; Nisbet
2001; Lebreton et al. 2003). However, there is still a need for empirical data regarding
the patterns and processes that may drive dispersal or movement among populations of
different types of organisms (Coulson 1991; Clobert and Lebreton 1991; Wooller et al.
1992; Walters 2000; Hamer et al. 2002; Pollock 2002; Weimerskirch 2002; Lebreton et
al. 2003). “Dispersal rates may be among the most important parameters to estimate,
because dispersal among subpopulations will determine whether a metapopulation
dynamic is occurring” (Hatfield 2004, see also Cam et al. 2004b). These types of
empirical data are also needed to test and support modeling techniques recently
developed (Nichols and Kaiser 1999; Bennetts et al. 2001; Pollock 2002).
Dispersal is typically defined in two ways, depending on the age of the
individuals that are dispersing. Natal dispersal refers to the movement of young away
from the place where they were born or hatched to the place where they first reproduce.
Breeding dispersal refers to movement of adult individuals between successive breeding
attempts (Greenwood and Harvey 1982; Clobert and Lebreton 1991; Clobert et al. 2001).
Natal dispersal is more common than breeding dispersal, and has been found often in
seabirds (Lebreton et al. 2003). In this chapter we focus on the breeding dispersal of
Arctic Terns (Sterna paradisaea) in the Gulf of Maine and Bay of Fundy region and have
sought to test certain a priori hypotheses about some of the variables that may drive
breeding dispersal. The life history and historical population dynamics of Arctic Terns
nesting in this region are described in detail in Hatch (2002) and in Chapter 1.
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3.2.2 Study Goals
One of the original goals of this study was to determine if the Arctic Terns nesting
on different colonies within the Gulf of Maine region were part of a regional
metapopulation, using the criterion of inter-colony movement. The goals of the study
evolved to include quantifying the rate of movement by terns among colonies, and
estimating the survival and probability of re-encountering individuals. The models we
examine here were geared towards finding the model that was best able to describe the
life history patterns that we observed through observing banded adult Arctic Terns. We
have sought to test specific a priori hypotheses about Arctic Terns and factors that could
influence breeding dispersal. The modeling methods used are widely applicable to other
studies of marked individuals. Recent work exploring the population dynamics of
endangered Roseate Terns (S. dougallii) (Nichols et al. 1990; Spendelow et al. 1995;
Nisbet and Spendelow 1999; Spendelow et al. 2002; Lebreton et al. 2003) has been a
model for this study of Arctic Terns.
3.2.3 Hypotheses and Predictions
3.2.3.1 Survival and Probability of Re-encounter
Seabirds are typically “K-selected” species that raise few young at a time, live
longer and have a higher adult survival than other species (MacArthur and Wilson 1967;
Weimerskirch 2002). In contrast, “r-selected” species tend to raise many young, have a
high mortality of young and are short lived (MacArthur and Wilson 1967). Survival of
adult seabirds is often 90% or higher and life-span can vary from 20-30+ years (Hudson
1985; Schreiber and Burger 2002). Prior to this study, the only estimates of adult
survival for Arctic Terns were from the 1950‟s and 1960‟s which estimated 82-87%
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survivorship in Great Britain (Cullen 1957; Coulson and Horobin 1976). Survivorship of
Roseate Terns can vary from 74-84% depending on the specific colony, and “because
birds from all colony sites migrate to the same wintering areas, we know of no plausible
biological reason why adults that nested at GG [one colony in the study] would be less
likely to survive than adults nesting at the other three sites” (Spendelow et al. 1995). We
assumed that all Arctic Terns migrate to the same wintering areas (Hatch 2002), and had
no reason to believe that individual colonies might have different survival rates. We
predicted that the survival rate of Arctic Terns nesting in the Gulf of Maine would fall
within the 75-95% range observed for other Charadriiformes and would not differ among
colonies in the study (Schreiber and Burger 2002).
Spendelow et al. (1995) found that the mean probability of re-encounter varied
from 0.20-0.86 among the colonies in their metapopulation study of Roseate Terns.
Based on historical studies and casual observations of banded birds we expected to reencounter many banded Arctic Terns in this study. Special field readable bands were
designed and put on Arctic Terns in this study. We set a goal of re-sighting as many
banded individuals as possible, but were unable to predict the probability of re-encounter
for Arctic Terns in this region (Devlin 2000).
3.2.3.2 Breeding Dispersal
In general there is a common belief that seabirds display high fidelity to breeding
colonies (Bried and Jouventin 2002; Coulson 2002; Weimerskirch 2002); however, this
may not be the case for all colonies (Danchin and Monnat 1992; Danchin et al. 1998;
Cam et al. 2004b; Oro et al. 2004). We predicted that there would be high fidelity to
colonies by Arctic Terns that were banded as breeding adults. However, because

74

movement by adult terns among colonies had been demonstrated in the past (Chapter 1;
Drury 1973; Drury 1974; Kress et al. 1983; Borzik 1989; Borzik and Kress 1990;
Anderson and Devlin 1996; Anderson and Devlin 1999; Kress and Hall 2004), we
predicted that there would be some movement by breeding Arctic Terns among colonies.
Nesting in colonies can lead to competition for nesting sites and food resources.
Larger colonies may experience increased competition. However, the social attraction
provided by other terns may act as a strong pull and attract individuals to change colonies
(Kress 1983; Bried and Jouventin 2002; Coulson 2002). We hypothesized that social
attraction influences inter-colony movement and predicted that larger colonies would
attract more immigrants than smaller colonies. If the social attraction provided by terns
attracts individuals to change nesting colonies, we also predicted that colonies closer
together would show higher rates of exchange than colonies further apart.
Part of the theory behind “classical” metapopulation dynamics suggests that
subpopulations that experience low productivity and low survival rates will also be
subpopulations at risk of extinction (Levins 1969; 1970). This theory is supported by the
preliminary results of a study of Black-legged Kittiwakes in Norway where, in
experimentally manipulated nests, birds with higher rates of nest failure did not return to
the same nest sites in the following year (Boulinier et al. 2002). We hypothesized that if
Arctic Terns responded to the breeding experiences of the nesting colony as a whole, then
terns would be more likely to leave a colony with a lower clutch size and lower
productivity and move to a colony with higher productivity.
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3.2.3.3 Sex, Survival and Breeding Dispersal
Many female seabirds (e.g. Kittiwakes and most other bird species except
waterfowl) have higher survival and often show higher rates of dispersal than males
(Coulson 2002). Although female Roseate Terns have higher survival than males, there
is no apparent difference in survival by sex for Common Terns (Nichols et al. 2004;
Nisbet and Cam 2002). Sex related dispersal in terns has not been examined. We had no
reason to suspect that either sex of Arctic Tern would show higher fidelity to nesting
colony or higher survival. Using the method developed by Devlin et al. (2004) to sex
Arctic Terns, we assessed both survival and movement parameters by sex.
3.3 Methods
3.3.1 Study area
This study focuses on the Arctic Terns breeding in the Gulf of Maine and Bay of
Fundy. Over 95% of the Arctic Terns nesting in this region nest on four colonies:
Machias Seal Island, (hereafter MSI; 44˚ 30‟N, 67˚ 06‟ W), Petit Manan Island (hereafter
PMI; 44˚ 22‟ N, 67˚ 52‟ W), Seal Island (hereafter SI; 43˚ 54‟ N, 68˚ 48‟ W), and
Matinicus Rock (hereafter MR; 43˚ 47‟ N, 68˚ 51‟ W). Detailed descriptions of these
four main colonies can be found in Diamond and Devlin (2003), Anderson and Devlin
(1999) and Chapter 1. There are four other colonies in the region where small numbers
of Arctic Terns nested (< 120 number of nesting pairs on each colony from 1984-2002,
Folger and Drennan 1984; Kress and Borzik 1988; Schubel 1992; McCollough 1994;
Hokama et al. 1996; Koch 1998; Borzik and Hall 2000; Lord and Allen 2002) and field
crews were stationed during the study: Stratton Island (43˚ 30‟ N, 70˚ 19‟ W), Metinic
Island (43˚ 50‟ N, 69˚ 05‟ W), Eastern Egg Rock (43˚ 52‟ N, 69˚ 23‟ W) and the Brothers
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(43˚ 36‟ N, 65˚ 50‟ W). Figure 3.1 illustrates the location of the colonies and Table 3.1
the distances among the four study colonies. The populations of Arctic Terns nesting on
the four study colonies from 1983-2004 are described in Chapter 1, and recent nesting
numbers are summarized in Table 3.2. These islands support a diverse group of nesting
seabirds including Arctic Terns, Common Terns, Roseate Terns, Atlantic Puffins
(Fratercula arctica), Razorbills (Alca torda), Common Murres (Uria aalge), Laughing
Gulls (Larus atricilla), Common Eiders (Somateria mollissima) and Leach‟s Stormpetrels (Oceanodroma leucorhoa).
3.3.2 Field methods
3.3.2.1 Trapping and Banding
Terns were trapped using modified Weller treadle traps (Weller 1957; Appendix
II) beginning in the second week of incubation. Most trapping was done early in the
nesting season, ceasing once peak hatching of young occurred (Appendix II). This may
have led to a bias in the sampling of terns towards older breeding individuals (Arnold et
al. 2004); however, the ages of most of the birds captured are not known so we cannot
test for this. On MSI and PMI, terns were trapped in all parts of the islands in all years of
the study. This method ensured that the sample of terns in this study would not be biased
towards birds nesting near research blinds or in specific areas of the islands. In each year
of the study, different groups of terns on SI and MR were targeted for trapping. In this
case, sampling of the terns that were banded early in the study may have been biased
towards those that were easy to re-sight. In 2002 and 2003, trapping on these islands was
expanded to include all parts of the islands. Terns were banded with standard Bird
Banding Laboratory bands and in addition were banded (on the opposite leg) with an
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incoloy field-readable band with an alphanumeric code repeated twice (bands
manufactured by Lambournes Ltd. (later Porzana Ltd.), UK.
3.3.2.2 Re-Encounters
Each year the field crews attempted to re-sight as many banded individuals as
possible. On MSI, most of the terns nest in the interior of the island in the vegetation,
and were often difficult to resight. Various methods were used to enhance resighting
probability including building artificial perches or small platforms for the terns to land,
and banded birds were searched for in all parts of the colonies. The bands were often
read from distances of 10-40 m using high-powered spotting scopes (e.g. Kowa TSN824). The majority of Arctic Terns resighted were observed between late May and mid
June each year. We recorded breeding status where possible, but assumed that birds
observed at this time were breeding on the islands where they were observed.
3.3.2.3 Nest Monitoring
During the nesting season, each island had a team of researchers living on the
island to monitor the terns. These researchers conducted a census of nesting terns and
determined the species composition of each colony (annually on all islands except MSI,
where bi-annual). Subsets of the nests on the islands were tracked to record egg laying
dates, clutch size, hatching, and fledging. In the Gulf of Maine, Common and Arctic
Tern chicks are considered as “fledged” when they reach 15 days even though they
cannot fly until 25-30 days. After day 15, chicks become more mobile and difficult to
track. Any chicks found dead after day 15 are subtracted from the final estimate of
number of chicks fledged per nest (Kress and Hall 2004).
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3.3.3 Analytical Modeling Methods
3.3.3.1 Encounter Histories and Parameter Definitions
The encounter histories of banded Arctic Terns were summarized and imported
into the program MARK for analysis (White and Burnham 1999). There were 4 reencounter opportunities from 1999-2003 for terns banded in 1999. There were
progressively fewer opportunities to re-encounter terns banded later.
In single-site models, such as the Cormack-Jolly-Seber model (CJS model;
Lebreton et al. 1992; Pledger et al. 2003; Williams et al. 2002), two main parameters are
estimated. These are the probabilities of survival (Фi) and re-encounter (pi) during period
i (Lebreton et al. 1992; Williams et al. 2002; Pledger et al. 2003). In our study, a
survival parameter could be calculated for each transition period between years (19992000, 2000-2001, 2001-2002, 2002-2003) and a re-encounter parameter for each year of
the study that a re-encounter was possible (2000, 2001, 2002 and 2003). For terns
banded in 1999, with 5 encounter opportunities, there were 4 opportunities to estimate
survival and 4 to estimate re-encounter probabilities. There were fewer opportunities to
estimate survival and re-encounter probabilities for subsequent cohorts.
In multi-site models the survival parameter,  irs , is defined as the probability of a
bird being alive and at colony s during sampling period i + 1, for a bird that was alive and
at colony r during period i. This parameter is split into two separate parameters, Sir , ψirs ,
to account for the estimation of survival on each colony and movement among pairs of
colonies. The survival parameter, S ir , is the probability that a bird at colony r in the
breeding season of i is alive and at one of the four other colonies in the breeding season
of i + 1. The movement parameter, ψ irs , is the probability that a bird at colony r in the
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breeding season of year i is at colony s in the breeding season of year i + 1, given that the
bird is alive and at one of the colonies in year i (Hestbeck et al. 1991; Spendelow et al.
1995; Williams et al. 2002). The re-encounter parameter in a general multi-site model is
similar to the re-encounter parameter, pi, in the single-site model, but is defined as pirs
and estimates the probability of re-encountering an individual in period i depends on the
colony of origin (r) and the colony where re-encountered (s). This model is described as
the „Jolly movement‟ model or JMV model (Brownie et al. 1993). Another commonly
used multi-site model is the Arnason-Schwarz model, which differs from the JMV model
only in the re-encounter parameter. In the Arnason-Schwarz model estimates of reencounter ( pir ) depend on time (period i) and the colony where an individual is originally
banded (r) (Arnason 1973; Lebreton et al. 1992; Brownie et al. 1993; Schwarz et al.
1993; Schwarz and Ganter 1995; Schwarz and Arnason 1996; Nichols and Kaiser 1999).
3.3.3.2 Models
3.3.3.2.1 Global Model
The multi-site Arnason-Schwarz model was used as the global model in
examining the breeding dispersal of terns in the Gulf of Maine region. This multi-site
model is defined as Sir , pir , ψirs . It includes estimates of survival ( Sir ), re-encounter ( pir )
and movement ( ψirs ), i indicates year, r = colony where a tern was banded and s = where
a tern was subsequently re-encountered.
When applied to the specifications of our study of Arctic Terns, the global model,

Sir , pir , ψirs , has 80 parameters. Survival accounts for 16 parameters. There are separate
survival parameter estimates for each colony (4 colonies) and each transition period
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between years of the study (4 transition periods: 1999-2000, 2000-2001, 2001-2002, and
2002-2003). Re-encounters also account for 16 parameters. There are separate reencounter parameter estimates for each colony (4 colonies) and each year that a reencounter is possible (4 years: 2000, 2001, 2002, and 2003). The estimates of movement
account for the remaining 48 parameters. There are 12 possible combinations of
movement among pairs of colonies and a parameter is calculated for each possibility
(MSI-PMI, MSI-SI, MSI-MR, PMI-MSI, PMI-SI, PMI-MR, SI-MSI, SI-PMI, SI-MR,
MR-MSI, MR-PMI, and MR-SI). These 12 possible combinations could occur between
each transition period between years of the study (4 transition periods: 1999-2000, 20002001, 2001-2002, and 2002-2003).
Knowing that there was only a small amount of breeding dispersal demonstrated
within the five years of the study, we decided to use as our starting model one that
eliminated the time variable from the movement parameter. This reduced the number of
parameters generated and the number of models that we examined. This model was
defined as Sir , pir , ψrs where r ≠ s. (Model A1) and had 44 parameters (16 survival
parameters, 16 re-encounter parameters and 12 movement parameters). We divided our
modeling analysis into 3 sets to address survival, re-encounter and movement. Our
approach to the modeling was exploratory, and we modified each parameter set
individually to determine the model that best described our data.
3.3.3.2.2 Model Set A (Survival Parameter, S)
Model A1 ( Sir , pir , ψrs ) allowed survival and probability of re-encounter to vary
according to time and colony, but allowed movement to vary only among colony pairings
and not over time. Model parameters are indicated by S: survival, p: probability of re81

encounter, and ψ : probability of moving; i indicates time, r is the colony where an
individual was originally captured, s is the colony where an individual was reencountered. The rest of the models in this set had different constraints placed upon the
survival parameter estimates (Table 3.3). Following a method described by Pradel et al.
1997 and Cam et al. (2004b) a parameter of „time since banding‟ was used to control for
transients. This involves different estimations of survival for the first time an individual
is encountered and subsequent encounters and defined in the models as τ. The reencounter (p) and movement parameters (ψ) for all models remained the same as in
model A1.
3.3.3.2.3 Model Set B (Re-encounter Parameter, p)
The models in this set allowed survival (S) to vary by „time since banding‟ to
control for transients and the movement parameter ( ψ rs , r ≠ s) varied by pair-wise
combination of colonies, where r = colony where an individual was originally captured
and s = colony where an individual was re-encountered. The re-encounter parameter
was constrained four different ways: to vary by colony and time (without interaction);
colony alone; time alone; or was constant (Table 3.4).
3.3.3.2.4 Model Set C (Covariates to Movement, ψ)
The models in this set allowed survival (S) to vary by „time since banding‟ to
control for transients. Re-encounter estimates (p) varied by colony and time. Table 3.5
summarizes the different models in this set. The probabilities of movement varied by
pair-wise combinations of colonies for all models ( ψ rs , r ≠ s) based on the observations
of movement among pairs of colonies (Table 3.6). Inter-colony distances (Table 3.1),
mean number of nesting pairs of Arctic Terns on each island from 1999-2003 (Table 3.2)
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and mean values of clutch size and productivity between the years 1999-2003 on each
colony (Table 3.7) were examined as covariates to movement.
3.3.3.2.5 Sex, Survival and Breeding Dispersal
In dividing the terns by sex, all adults that were not sexed genetically were
classified as either female or male using the discriminant function developed for the
measurement from the back of the head to the tip of the bill (DS = Head-bill (0.47) –
33.56) (Devlin et al. 2004). Discriminant score cut-off points were calculated based on
the 50% and 95% a posteriori probability of correctly sexing individuals (Devlin et al.
2004). A discriminant score of 0.039 was the cut-off point where the a posteriori
probability of correctly sexing males and females was 50%. The 95% cut-off points were
discriminant scores < - 2.164 classified females and > 2.164 classified males. The sex of
the tern was assigned based on the measurements from the first encounter, if a tern was
captured more than once over the course of the study. Table 3.8 summarizes the numbers
of birds in the analyses. Some birds were excluded because of missing measurements.
We then analysed demographic parameters using model sets A, B, and C).
3.3.3.3 Multi-site Model Assumptions
The assumptions of the Arnason-Schwarz multi-site model are (1) every marked
animal has the same probability of being re-encountered, surviving and moving among
colonies, (2) bands on individuals are not lost or overlooked and are recorded correctly
when observed, (3) sampling is instantaneous or within a short period of time, (4)
emigration away from the study area is permanent, (5) fates of individuals are
independent of each other (Hestbeck et al. 1991; Lebreton et al. 1992; Hestbeck 1995;
Williams et al. 2002; Lebreton et al. 2003).
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Assumption 1 concerns “the homogeneity of the rate parameters that underlie the
capture history data” (Williams et al. 2002:422). This assumption was addressed by
including both time and sex as variables in our analysis and examining the data for the
presence of transients. We suspected transient individuals in our data, due to the high
number of birds that were banded and not re-encountered subsequently (Table 3.9). We
tested the data for the presence of transients and tested the goodness-of-fit of the
Arnason-Schwarz model (see below).
In this study we relied on the observations of many researchers on different
islands. To address assumption 2, observers were trained by island supervisors.
Observers were also given an over-view of the research project prior to the field season
and were given a subsequent update at the end of the field season. Data were scrutinized
carefully, and any instances where only a partial band number was read were eliminated
from the analysis. Only one re-encounter per individual per breeding season was
included in the analysis.
Assumption 3 states that the sampling period should be instantaneous or short. In
our study, the short sampling period lasted from mid-May to early August and the
interval that survival was estimated was in the remaining 9-10 months of the year. The
fourth assumption that all emigration is permanent “is required for the interpretation of
estimates of capture probability” (Williams et al. 2002:423). Although we are aware of a
few (2) re-encounters of banded Arctic Terns on other islands with in the Gulf of Maine
Region, we assumed that any emigration of banded individuals outside the Gulf of Maine
was permanent. Any violations of assumptions 1-4 could lead to a bias in the estimations
of the survival, re-encounter or movement parameters. Any violation of assumption 5
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can lead to biased estimates of parameter variance (Williams et al. 2002). The variances
can be adjusted by applying an estimate of overdispersion (ĉ) to the starting model (see
below).
3.3.3.4 Goodness of Fit
In single-site models, such as the Cormack-Jolly-Seber model (CJS model), one
can test the goodness-of-fit with a χ 2 or G2 approach (Burnham et al. 1987; Lebreton et
al. 1992; Pledger et al. 2003; Williams et al. 2002). The overdispersion parameter (ĉ), a
measure of variance inflation, is calculated by dividing the deviance of the model by the
degrees of freedom (Lebreton et al. 1992; White et al. 1999; Williams et al. 2002).
When ĉ = 1.0, then the model fits the data; if ĉ > 1, then a lack of fit is indicated (White
et al. 1999). Burnham and Anderson (1998:69) explain the interpretation of ĉ as: “the
estimated overdispersion parameter should generally be 1 < c < 4. Otherwise, some
structural lack of fit is probably entering the estimate of overdispersion. If ĉ < 1, just use
c = 1.” The program RELEASE (Burnham et al. 1987; Pollock et al. 1990; Cooch and
White 2005) can be used to examine the goodness-of-fit for single-site models and to
estimate ĉ. RELEASE also has tests (Tests 2 and 3; Burnham et al. 1987; Pollock et al.
1990; Cooch and White 2005) that examine the assumptions that every marked animal
has the same probability of recapture and survival. These tests can indicate evidence of
transient individuals or trap dependence in the data. RELEASE can be run within the
program MARK (White et al. 1999).
It is more challenging to examine the goodness-of-fit and to estimate
overdispersion (ĉ) in multi-site models such as the Arnason-Schwarz model (Williams et
al. 2002; Lebreton et al. 2003; Pradel et al. 2003). We calculated a goodness-of-fit
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statistic in the program MSSURVIV (Hines 1994; Brownie et al. 1993). However,
although “the G2 goodness-of-fit statistic in programs SURVIV (White 1983) and
MSSURVIV (Hines 1994) can be used for multi-state data, the test statistic is not assured
of following a chi-squared distribution with real-world sample sizes and thus cannot be
trusted.” (Williams et al. 2002:460).
Pradel et al. (2003) proposed a new goodness-of-fit test for a multi-site model and
Choquet et al. (2003) created a program U-CARE (Utilities-CApture-REcapture) to apply
the test to data. The test analyses the goodness-of-fit of the Arnason-Schwarz model and
the „Jolly movement‟ model (JMV; Brownie et al. 1993). The U-CARE program also
includes tests for transients and a test for trap-dependence which are modifications of the
tests used in the program RELEASE for single-site models. Test 3G assumes
„behavioural equivalence‟ of marked individuals released within the same year regardless
of their past capture history. If there are transients in a sample of marked individuals,
then this assumption will not be met. Test M assumes „equivalence‟ among those marked
individuals that are eventually re-encountered. If there is evidence of trap dependence
(either „trap-happiness‟ or „trap-shyness‟) then this assumption will not be met.
Prior to the method described by Pradel et al. (2003), the only generally accepted
way to examine the goodness-of-fit for multi-site models was to gradually increased ĉ
from 1-4 and evaluated support for various models by examining the ΔQAIC c values.
ΔQAICc is the Akaike Information Criterion (AIC) corrected for overdispersion (Q) and
small sample size (c). In general, if the model ranking stays the same, then there is
empirical evidence for a good fit of the best ranked model (Cooch and White 2001).
However, this does not examine the specific overdispersion of a multi-site model. There
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is a new approach to estimating ĉ referred to as the „median ĉ‟ that can be used for both
single- and multi-site models. Cooch and White (2005) describe it as
based on a simple premise: that the best estimate of ĉ is the value for
which the observed „deviance ĉ‟ (i.e., the model deviance divided by
the model degrees of freedom) falls exactly halfway in the
distribution of all possible „deviance ĉs‟ generated (simulated) under
the hypothesis that a given value of c is the true value. As such, 50%
of the generated „deviance ĉs‟ would be greater than the observed
value, and 50% would be less than the observed value. The half-way
point of such a distribution is the „median.‟
This method was run for our starting model (A1, Table 3.3) within version 5.1 of the
program MARK (White et al. 1999). The resulting ĉ estimate was applied to the models
to adjust for overdispersion. The ranking of the models was also examined using a 1-4
range of ĉ.
3.3.3.5 Model Selection
We used an information-theoretic approach to model selection and based support
for models on the ΔQAICc values (Quasi-likelihood Akaike‟s Information Criterion
corrected for overdispersion, Q using ĉ, and small sample size, c) and Akaike weights of
the estimated models (Hurvich and Tsai 1989; Burnham and Anderson 1998; Anderson
and Burnham 1999; Johnson and Omland 2004). Estimates of QAICc are based on the
Kullback-Leibler distance between two models and are an estimate of the relative
distance between the fitted model and the actual „true‟ model or mechanism that
generated the data (Burnham and Anderson 1998). The QAIC c values of the models were
calculated within the program MARK (White and Burnham 1999). The model with the
lowest QAICc value is considered the model within the set of models run that best
describes or best fits the data examined. The larger the difference (Δi) between the bestfit model and any other model (i) the less probable that the model i is the best model
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given the data available. Burnham and Anderson (1998) give the following rules of
thumb: if Δi is 0-2, then there is substantial empirical support of the model i for being the
best-fit model; if Δi is 4-7, there is considerably less empirical support; and if > 10, there
is essentially no empirical support. It is important to note that, “it is not the absolute size
of the AIC value, it is the relative values, and particularly the AIC differences (Δ i), that
are important” (Burnham and Anderson 1998).
The program MARK also calculates the likelihood of each model within a set of
models. The likelihood represents the relative strength of empirical evidence for each
model. The Akaike weight (wi) of the model (which MARK also calculates) helps to
interpret the relative likelihood of a model. “A given wi is considered as the weight of
evidence in favor of model i being the actual Kullback-Leibler best model for the
situation at hand,” assuming that the best-fit Kullback-Leibler model is part of the set of
models run (Burnham and Anderson 1998). By examining the range of the Akaike
weights, one may notice that given the empirical evidence, the selected “best” model may
not be convincingly the best.
In calculating an evidence ratio, such as the ratio of the weight of the “best”
model (with the lowest QAIC value) to any other model, the relative likelihood of model
pairs can be evaluated. The equation for the evidence ratio is defined as: wi / wj ≡ 1/e-1/2Δj
≡e1/2Δj (Burnham and Anderson 1998). “There is a striking nonlinearity in the evidence
ratios as a function of the Δi values. In comparison of the evidence for the best model
versus the jth best model, we have the following: if Δj = 2, the evidence ratio = 2.7, if Δj
= 4, the evidence ratio = 7.4, if Δj = 8, the evidence ratio = 54.6, if Δj = 10, the evidence
ratio = 148.4, if Δj = 15, the evidence ratio = 1,808.0” (Burnham and Anderson 1998).
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The rules of thumb listed above for the evaluation of the differences between AIC values
(Δi) are, in part, justified by this reasoning. Refer to Burnham and Anderson (1998) for
more details regarding the development and interpretation of the information theoretic
method of model evaluation.
Model averaging was used to generate the parameter estimates for the probability
of survival, re-encounter and movement. This method includes model selection
uncertainty in the estimate of precision of the parameter (White et al. 1999).
3.4 Results
3.4.1 Field Results
3.4.1.1 Trapping and Banding
There are currently over 5,000 pairs of Arctic Terns nesting in the Gulf of Maine
and Bay of Fundy Region. Between 1999-2003 over 1950 individuals were captured and
banded (Table 3.2). As of 2003, approximately 20% of the estimated breeding
population on each study colony was banded (Table 3.2).
3.4.1.2 Re-encounters
Over 1300 re-encounters of individual terns after the initial trapping of the
individual were documented from 1999-2003; 73% of the re-encounters also included
observations of breeding behaviour (courtship, copulation, nest building, incubation).
Numbers of individuals re-encountered each year are summarized in Table 3.2 and the
numbers of terns that were not re-encountered during the study period are summarized in
Table 3.9. Based on observations of the behaviour of other terns (Spendelow et al.
1995), we assumed that if a tern was observed on an island early in the breeding season,
it was there to breed. In only one case was a banded tern observed on more than one
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island during the same year. This individual was observed early in the season on SI and
MR and then numerous times throughout the season on MR. Observers did not record if
the bird was breeding on either island. We decided, based on multiple sightings on the
same island, this individual was probably breeding on MR in that year of the study.
Twenty-two terns were recorded breeding on islands different from the colony
where they were originally banded as breeding adults during the years of the study (Table
3.6). One individual nested on PMI in one year, MR the next year and then in the
following year returned to PMI. No birds were recorded as having nested on SI and then
in a different year on another island. Other movements recorded were from MSI, PMI
and MR to other islands (Table 3.6). Two individuals were sighted on islands in the
region that were not included in this study (Figure 3.1). One adult of unknown breeding
status was on Metinic Island (L. Welch, USFWS, personal observation). One adult was
found killed by a mink at a nest site, on the Brothers in Nova Scotia (A. Boyne,
Environment Canada, and T. D‟Eon, Island Caretaker, personal communication). No
individuals have been encountered during the breeding season outside the Gulf of Maine
region. Since there were only 2 individuals recorded on islands other than those in the
study, we excluded the extra islands from the modeling analysis.
3.4.1.3 Nest Monitoring
The numbers of nesting pairs of terns counted each year and mean total are
summarized by island in Table 3.2. Table 3.7 summarizes the number of nests, mean
number of eggs per nest (clutch size) and mean productivity (chicks fledged per nest) on
each island for the years 1999-2003. MSI has the largest number of nesting Arctic Terns
in the region and also has the lowest mean clutch size and the lowest number of chicks
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fledged per nest. SI and MR have the highest clutch sizes and productivity estimates
(Table 3.7).
3.4.2 Modeling Results
According to the G2 approach using MSSURVIV (Hines 1994), the ArnasonSchwarz model (the global model in our analysis) described our data adequately
2
( G 84
=61.27, p=0.968). The results of the MSSURVIV analysis also indicated a better

fitting model than the fully parameterized Arnason-Schwarz model (ΔAICc=52.69). This
reduced parameter model assumes that survival and movement probabilities are constant
over time, but that capture probabilities depend on time (Hines 1994). This model had a
2
goodness of fit of G 123
=29.24, p=0.963.

However, given that the goodness-of-fit value generated in MSSURVIV cannot
be entirely trusted (Williams et al. 2002), we applied a recently described goodness-of-fit
test (Pradel et al. 2003). This test uses a „peeling and pooling‟ method to examine the
„Jolly-movement‟ model (JMV) and the Arnason-Schwarz models with the program UCARE (Choquet et al. 2003). The results from the program U-CARE indicated neither
2
the JMV nor the Arnason-Schwarz models fit the data ( Χ 39
=120.42, p<0.001,
2
Χ 73
=120.04, p<0.001, respectively). Additionally, the results of the Test 3G indicated

that there was a lack of behavioural equivalence among birds that were banded (Test
statistic=99.615, 21 DF, p<0.001). There was equivalence among birds that were
subsequently re-encountered (TestM=26.805, 18 DF, p=0.083). When a model that
controlled for the presence of transients by suppressing the first encounter was tested, the
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2
JMV model fit the data ( Χ 12
=17.10, p=0.146), but the Arnason-Schwarz model failed to

complete the test.
We used a reduced parameter model as our starting model, because the goodnessof-fit test results of the fully parameterized Arnason Schwarz model were uncertain. The
starting model (A1; Table 3.3) varied survival by colony and time, re-encounter by
colony and time and movement only by colony (not time). This model is similar to the
model that the analysis using MSSURVIV indicated as a better fit model to our data. A
median ĉ of 1.6 was calculated using this model. Model A11 ( S , pir , ψrs , r≠s) was the
best-fit model examined (Table 3.10). A second model, C4 ( S τ , pir , ψrsproductivity , r≠s) was
closely ranked (ΔQAICc=2.32). The first model that did not include a correction for
transients in the analysis was A3 ( S r , pir , ψrs , r≠s). The only difference between this
model and A11 was the parameterization of survival. There was no empirical support for
any model including sex as a variable; therefore these results are not reported. Model
A11 remained the best-fitting model when ĉ was raised incrementally to 4.0.
3.4.2.1 Parameter Estimates
Although model A11 was the best fit model, the QAIC c weight for this model was
0.758 (Table 3.10) indicating that there were other models that competed closely. There
was some support for Model C4 showing mean productivity correlated with movement.
We used model averaging to generate parameter estimates. The estimate of survival for
the first year after banding was 0.77 (SE=0.028), for all other years the probability of
survival was 0.97 (SE=0.026) (Table 3.11). Parameter estimates for the probability of reencounter ranged from 0.16-0.72 and probability of movement ranged from 0-0.025
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depending on the pairing of colonies and the direction of movement (Tables 3.12 and
3.13). In model A3 ( S r , pir , ψrs ) the survival probability was colony specific and ranged
from a low of 0.82 (SE=0.033) for MSI to a high of 0.95 (SE=0.033) for SI. Values for
PMI and MR were 0.88 (SE=0.067) and 0.87 (SE=0.031) respectively. The sex of
individuals did not improve the empirical support for the best-fit model, therefore we do
not report separate parameter estimates.
3.5 Discussion
In our analysis, we minimized the number of models by recognizing some of the
limitations of our data. The time period for this study was limited, and in keeping with
the principles of parsimony (Burnham and Anderson 1998), we reduced the number of
possible models by excluding time from the examination of breeding dispersal (intercolony movement).
The model (A11, S , pir , ψrs , r≠s) that best described our data controlled for
transients (banded birds that were not re-encountered), estimated a constant survival rate,
varied re-encounter probability by colony and year and movement probability depended
on the pairing of colonies and the direction of movement. A similar model that was
ranked closely showed a correlation between the movement among colonies and mean
productivity (model C4, S τ , pir , ψrsproductivity , r≠s). MSI had the lowest mean productivity
in the study and the only movement towards MSI by breeding individuals was from terns
that had previously nested on PMI. The most movement was observed by terns moving
to MR, which had high productivity. However, model C4 was not as strongly supported
as model A11 (Table 3.10).
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3.5.1 Survival
The survival parameter generated in this study is the first estimate of survival for
Arctic Terns breeding in North America and the first that has been modeled using modern
capture-mark-recapture techniques. We corrected our analysis to account for transient
birds in our sample. By doing this we separated the survival estimate of birds for their
first encounter from that of later re-encounters. It is not possible to determine if a
potential difference in survival between the first encounter and later encounters is due to
a trapping effect (i.e. trap avoidance in this study), individuals emigrating elsewhere,
individuals being on a colony but not seen, or if there is indeed a difference in survival.
The low estimates of the probability of re-encountering banded birds that we observed
increases the likelihood that some individuals were missed when observers were resighting or trapping. However, not accounting for transients can lead to an
underestimation of survival (Pradel et al. 1997). This is illustrated by the colony-specific
survival estimates generated by Model A3 ( S r , pir , ψrs , r≠s), which was the highest
ranked model not controlling for transients (Table 3.10). These estimates ranged from
0.82-0.95 in contrast to the survival estimate of 0.97 generated by our models accounting
for transients (Table 3.11).
The estimate of survival observed in this study was higher than that observed in
the 1950‟s and 1960‟s in the UK (range=0.82-0.87; Cullen 1957; Coulson and Horobin
1976) and indeed, the highest observed for any other species of terns and other members
of the order Charadriiformes. Documented survival from other members of this order
range from a low of 0.75 for Cassin‟s Auklet ( Ptychoramphus aleuticus) and Black
Noddy (Anous minutus) to 0.90 and higher for the Common Murre, Atlantic Puffin, South
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Polar Skua (Catharacta maccormicki) Razorbill, and Kittiwake (Hudson 1985; Croxall
and Rothery 1991; Harris and Wanless 1991; Schreiber and Burger 2002; Breton et al.
2005a,b). Large tern species, including the Caspian and Sandwich Terns (S. caspia, S.
sandvicensis), have survival estimates ranging from 0.75-0.91 (Schreiber and Burger
2002). Other species of terns including Least Terns (S. antillarum), Common Terns and
previous studies of Arctic Terns have survival estimates of 0.81-0.95 (Cullen 1957;
Coulson and Horobin 1976; Nisbet and Cam 2002; Schreiber and Burger 2002; Akçakaya
et al. 2003). Spendelow et al. (1995) estimated the mean annual survival of Roseate
Terns to range between 0.74-0.84 depending on the breeding colony. Survival rates
varied among the colonies in our study only if transients were not accounted for.
Spendelow et al. (1995) did not account for transients in their study which may in part
explain why they found colony-specific survival and why their estimates for Roseate
Tern survival are so much lower than ours for Arctic Terns.
We did not expect the survival rates to vary among colonies, given that these terns
spend only a short part of their lives at the breeding colonies. Most of their lives are
spent at sea and in migration. Roseate Terns from different colonies migrate to the same
wintering grounds and are likely subjected to the same mortality pressures (Nisbet 1984),
and Spendelow et al. (1995) were unable to cite a biological reason for the colonyspecific survival differences observed. Nisbet and Cam (2002) found age related
differences in survival but no differences between the 2 colonies of Common Terns they
examined. We assume that the Arctic Terns nesting in the Gulf of Maine migrate to the
same wintering grounds and are subject to the same mortality pressures, but very little is
known about the migration routes and wintering areas of individuals from specific
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colonies (Salomonsen 1967; Cramp 1985; Bourne and Casement 1996; Hatch 2002;
Monaghan 2002).
3.5.2 Re-encounter probability
The studies of Arctic Tern survival in Great Britain in the 1950‟s and 1960‟s
examined the return of banded individuals (Cullen 1957; Coulson and Horobin 1976).
Our study not only examined the return rates of banded individuals in the mark-recapture
analysis, but also incorporated the probability of each banded individual being reencountered as a factor in generating an estimate of survival. The results of our analysis
indicate that the probability of re-encounter was time- and colony-dependent (Tables 3.10
and 3.12).
The re-encountering of marked individuals is driven partly by the number of
banded individuals and partly by the different number of terns nesting on each colony. It
is logical to expect that when there are more terns nesting on an island, it is harder to spot
one that is banded. If this were the only possibility, based on the sizes of the colonies in
this study (Table 3.2), one would expect that the re-encounter parameters on MSI would
be the lowest and the re-encounter parameters on PMI to be the highest. However, this
was not the case. The re-encounter parameters for terns nesting on PMI were on average
the lowest observed (Tables 3.12). This may have been driven partly by the lower
number of terns banded on PMI compared to the other islands (Table 3.2). Birds banded
on MR have a higher probability of being resighted than birds banded on any other
island. This may have been due partly to a bias towards banding birds near research
blinds and/or an easier terrain for reading band numbers.
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On all islands, the majority of the resighting effort was in the early part of the
nesting season just before and after egg laying. At this time of the season, the terns have
returned to their breeding colonies and are (re)-establishing pair bonds and choosing nest
sites (Hawksley 1957; Hatch 2002). Once the terns begin laying it becomes much more
difficult to read bands that are hidden by an incubating adult or by growing vegetation. It
may be possible to increase the re-encounter probability of banded Arctic Terns if more
time is spent on each island searching for banded individuals throughout the breeding
season. The effort to re-sight banded individuals can be incorporated into models (Cooch
and White 2005); however, in the early years of this study, effort was not recorded
consistently. For example, on PMI, in 2001, only the band numbers were recorded and
the date or amount of effort that went into reading the bands were not. Since 2002, the
effort to re-sight banded individuals on all islands has been incorporated into the protocol
of the study (Appendix II). In a future analysis, effort could be included as a variable
which may help increase the fit of the models.
In their long-term metapopulation study of Roseate Terns, Spendelow et al.
(1995) found the probabilities of re-encounter ranged from 0.20 to 0.86 depending on the
island. They attributed the differences due to the “decision to use only recapture data
from the two sites” (Spendelow et al. 1995). They also expressed the view that the
variation in re-encounter probabilities provided “strong evidence of the need for
multistratum models that do not assume equal re-encounter probabilities at all sites or
during all years” (Spendelow et al. 1995). We used both re-encounter and recapture data
in our analysis. Combining the two types of data could potentially add heterogeneity to
the analysis. However, very few of the birds that were recaptured were also resighted
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within the same year and sample sizes of re-encountered individuals were increased by
combining the types of data (Table 3.2).
Cam et al. (2004b) detected and incorporated the effects trap-dependence (trapavoidance or trap-happiness) in their analysis of Audouin‟s Gulls (L. audouinii) by
modifying their data. Based on our results from the goodness-of-fit tests in the program
U-CARE, we did not find evidence of trap dependence in our study. However, we did
find that terns banded on MR were more likely to be resighted than terns nesting on other
islands.
3.5.3 Breeding Dispersal
Historical data indicated that there was a certain amount of breeding dispersal of
Arctic Terns among the Gulf of Maine colonies. We predicted that the amount of
movement among colonies would be low given the fact that most seabirds display a
strong fidelity to breeding colonies (Bried and Jouventin 2002; Coulson 2002; Inchausti
and Weimerskirch 2004a; Inchausti and Weimerskirch 2004b). We observed high rates
of breeding colony fidelity, ranging from 0.957-1.00, depending on the colony (Table
3.13). There was more empirical support for including mean productivity as a covariate
to movement than any other covariate we examined (Table 3.10). This lends some
support to the hypothesis that terns nesting on islands experiencing low productivity are
more likely to show higher rates of movement. Boulinier et al. (2002) observed more
dispersal with individuals that experienced nest failure in Black-legged Kittiwakes in
Norway than those that were successful. However, we did not link the productivity of
specific individuals with their movement patterns, but looked at a colony wide response
to average productivity on each island (Table 3.7).
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Although we observed movement of individual Arctic Terns among colonies,
islands that were closer together did not have higher rates of movement (Tables 3.6 and
3.13). Model C1 included distance as a variable in modeling movement and this model
was among those with the least apparent empirical support (Table 3.10). This was
contrary to the observations of Roseate Tern dispersal patterns observed by Spendelow et
al. (1995) who found that islands that were closer together experienced more exchange of
breeding individuals.
We hypothesized that social attraction influences inter-colony movement and
predicted that larger colonies would attract more immigrants. MSI is the largest colony
of terns in the region, but it did not attract the most immigrants. SI attracted more
immigrants and had the highest breeding colony fidelity (Table 3.13). SI is the most
recently occupied tern colony and is growing in size; in 2002 and 2003, it was the second
largest colony in the region (Table 3.6) (Borzik 1989; Borzik and Kress 1990; Kress and
Hall 2004). Tims et al. (2004) found that Common Terns breeding at a newly formed
colony were significantly younger, laid later, and had higher productivity than those
nesting at a nearby older established colony. Arctic Terns nesting on SI had larger clutch
sizes and higher productivity than the other longer-established colonies (Table 3.7). It
may be that the terns attracted to nesting on SI are younger individuals, but since the age
of birds was not known we can not determine this.
McPeek and Holt (1993) predicted an inverse relationship between colony size
and the proportion of animals dispersing from the colony. We did not find support for
this trend. Spendelow et al. (1995) also failed to find support for this prediction in their
study of Roseate Tern dispersal. They indicated that possible explanations for this result
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may be that the tern “metapopulation was not at evolutionary and demographic
equilibrium, or that fitness is not density dependent in this system.” Of the four islands
in our study, MSI has the lowest clutch sizes and lowest productivity, an indication of
density-dependent effects (Table 3.7; Erwin et al. 1981). Yet there is still a high
probability fidelity shown by adult terns to the colony (Table 3.13). There appears to be
something other than productivity attracting Arctic Terns to MSI. While the superstimulus of the social attraction provided by ~4000 Arctic Terns and ~2000 Common
Terns does not appear to attract more immigrants to the island it may be enough to keep
the terns returning to the island (Kress 1983). Some seabirds leave colonies if
productivity is low for a number of years (Bried and Jouventin 2002), and if the
productivity on MSI continues to be low, higher rates of emigration might be observed.
In many species, higher rates of dispersal or emigration are observed with individuals
breeding for the first time, and fidelity to certain colonies or mates develops over the first
few years of breeding (Paradis et al. 1998; Bried and Jouventin 2002; Hamer et al. 2002;
Nelson and Baird 2002; Serrano and Tella 2003). Chapter 4 will address dispersal of
Arctic Terns breeding for the first time.
In most birds, females are more likely to disperse than males (with the exception
of waterfowl). Female Kittiwakes are more likely to disperse than males (Coulson 2002),
but this has not been found in terns. We found no evidence of either sex showing higher
breeding dispersal in this study. However, the number of birds banded as adults actually
dispersing were low (Table 3.6) and any sex-related tendency may have been masked.
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3.5.4 Conclusion
We began this study with a few basic questions about the demography of the
species and hypothesized that the Arctic Terns nesting in the Gulf of Maine were part of a
regional metapopulation. We determined the probability of adult survival, re-encounter
and breeding dispersal of Arctic Terns nesting in the Gulf of Maine from 1999-2003.
These are the first estimates for this species in North America, the first estimates for this
species since studies in the UK in the 1950‟s and 1960‟s (Cullen 1957; Coulson and
Horobin 1976) and the first estimates using capture-mark-recapture analysis. The high
estimate of adult survival that we found is the highest that has been observed for terns,
and higher than that observed for many other species. The low estimate of re-encounter
suggests that this is an area where more observational effort by the cooperating agencies
is needed. Movement of breeding adults indicates that the nesting population in the
region is dynamic and part of a regional metapopulation.
It is also very important to note that “models should be seen as constantly
developing tools, which should be periodically re-evaluated” Lebreton and Clobert 1991.
Although we have the first demographic estimates for this species in the region, because
of the high number of transients the survival estimate, although precise, may be overestimated. This represents an important lesson for other studies of marked organisms that
are long-lived and that may escape detection for many years. As the study continues, the
estimates of survival, re-encounter, and breeding dispersal will need to be re-estimated
and evaluated regularly to ensure both the precision and accuracy of the estimates.
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Table 3.1. Distances (km) among the four islands in this study: Machias Seal Island
(MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR).

PMI
SI
MR

MSI
63
151
161

PMI

SI

91
102

14
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Table 3.2. Estimated number of pairs of adult Arctic Terns nesting in 1999-2003 (based
on nest census) and numbers of adult Arctic Terns newly captured (and banded with
field-readable bands), recaptured (already banded with field-readable bands), and
identified by resighting (observed), mean number of nesting pairs, and approximate % of
breeding colony banded on four colonies in the Gulf of Maine and Bay of Fundy:
Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus
Rock (MR). Data from: Data from: Petit Manan NWR (1999), Borzik and Hall (2000),
Diamond et al. (2001), Lord and Allen (2002), and Petit Manan NWR (2003).
Year
1999

Category
Nesting Pairs
Captured
2000 Nesting Pairs
Captured
Recaptured
Observed
Recaptured and Observed
2001 Nesting Pairs
Captured
Recaptured
Observed
Recaptured and Observed
2002 Nesting Pairs
Captured
Recaptured
Observed
Recaptured and Observed
2003 Nesting Pairs
Captured
Recaptured
Observed
Recaptured and Observed
Mean Nesting Pairs (SE)
Total Banded
% of Breeding Pop. Banded
*census not conducted

MSI
*
254
1837
187
27
37
0
*
166
42
73
8
2202
103
35
102
8
1990
70
24
164
3
2010 (106)
780
19%

PMI
580
25
474
121
3
0
0
622
28
7
33
7
671
53
13
58
7
799
79
22
25
2
629 (54)
306
24%

SI
1082
108
890
101
0
71
0
860
100
8
76
2
1057
62
23
68
7
1066
79
15
136
7
991 (48)
450
22%

MR
968
103
1030
40
0
63
0
1014
100
0
79
0
999
90
10
127
9
1022
84
18
55
1
1007 (11)
417
21%
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Table 3.3. Models used to explore factors affecting the probability of adult survival
(model set A) of Arctic Terns. Survival (S) was varied by colony of origin (r), time (i)
and time since banding (τ). „Time since banding‟ controls for transients by suppressing
the first encounter. For all models in this set, the re-encounter parameter varied among
colony and time ( pis ), and the movement parameter ( ψ rs r ≠ s) varied by pair-wise
combination, where r = the colony where an individual was originally captured, s = the
colony where an individual was re-encountered.

Model
A1, Sir , pir , ψrs

Description

A2, S r i , pir , ψrs

Survival varied by colony and year (no interaction)

A3, S r , pir , ψrs

Survival varied by colony

A4, S i , pir , ψrs

Survival varied by time

A5, S , p ir , ψrs

Survival constant

A6, Sir*  , pir , ψrs

A8, Si* , pir , ψrs

Survival varied by colony, time, and „time since banding‟
Survival varied by colony, time, and „time since banding‟ (no
interaction)
Survival varied by time and „time since banding‟

A9, Si   , pir , ψrs

Survival varied by time and „time since banding‟ (no interaction)

A10, Sr , pir , ψrs

Survival varied by colony and „time since banding‟

A11, S , pir , ψrs

Survival varied by „time since banding‟

A7, Sir  , pir , ψrs

Starting model, Survival varied by colony and year
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Table 3.4. Models used to explore factors affecting the probability of re-encounter of
adult Arctic Terns (model set B). Re-encounter (p) varied by colony (r) and time (i).
Survival varied by „time since banding‟ (Sτ) and movement ( ψ rs r ≠ s) varied for different
pair-wise combinations where r = the colony where an individual was originally
captured, s = the colony where an individual was re-encountered.
Model
B1, S , p r  i , ψrs
r

B2, S , p , ψ

rs

B3, S , pi , ψ rs
B4, S , p, ψ

rs

Description
Re-encounter varied by colony and time, no interaction
Re-encounter varied by colony
Re-encounter varied by time
Re-encounter constant

Table 3.5. Models used to explore factors affecting breeding dispersal of Arctic Terns
(model set C). Distance among colonies (Table 3.1), mean size of colony (Table 3.2),
mean clutch size, and mean productivity (Table 3.7) were added as covariates to
movement among colonies (ψrs) where r = the colony where an individual was originally
captured, s = the colony where an individual was re-encountered. For all models in this
set survival estimates varied by „time since marking‟ (τ) and re-encounter estimates
varied by colony (s) and time (i).

Model
C1, S τ , pir , ψrs
distance

Description
Movement varied by distance between colonies

C2, S τ , pir , ψrs
size

Movement varied with colony size

rs
C3, S τ , pir , ψclutch

Movement varied with clutch size

C4, S τ , pir , ψrsproductivity

Movement varied with productivity
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Table 3.6. Movement of banded adult Arctic Terns among the four colonies: Machias
Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR)
during 1999-2003.
Destination Colony
MSI PMI
SI
MR
Source Colony
MSI
PMI
SI
MR

-3
0
0

3
-0
1

4
7
-2

1
1
0
--
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Table 3.7. Estimates of mean clutch size (SE) and productivity (SE) in terms of numbers
of young „fledged‟ (survived to age 15 d) per nest at Machias Seal Island (MSI), Petit
Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) between 1999 and 2003.
Standard error data from PMI were not available for all years. Data from: Petit Manan
NWR (1999), Borzik and Hall (2000), Diamond et al. (2001), Lord and Allen (2002), and
Petit Manan NWR (2003).
Year
1999

N
Clutch Size (SE)
Fledged (SE)

MSI
34
1.82 (0.066)
0.77 (0.120)

PMI
26
1.69 (0.092)
0.50 (0.100)

SI
58
1.98 (0.030)
0.90 (0.059)

MR
74
1.78 (0.059)
1.05 (0.063)

2000

N
Clutch Size (SE)
Fledged (SE)

87
1.57 (0.056)
0.41 (0.056)

60
1.85 (0.046)
0.62 (0.083)

58
1.90 (0.047)
0.92 (0.051)

83
1.93 (0.048)
0.90 (0.061)

2001

N
Clutch Size (SE)
Fledged (SE)

125
1.53 (0.045)
0.74 (0.063)

60 (*37)
1.78
0.81

59
1.86 (0.045)
1.00 (0.034)

75
1.77 (0.049)
0.80 (0.067)

2002

N
Clutch Size (SE)
Fledged (SE)

285
1.54 (0.030)
0.57 (0.035)

27
1.90
1.41 (0.069)

53
1.83 (0.059)
1.19 (0.072)

70
1.93 (0.042)
1.36 (0.084)

2003

N
Clutch Size (SE)
Fledged (SE)

62
1.52 (0.068)
0.70 (0.089)

22
1.72
1.21

52
1.69 (0.065)
0.98 (0.080)

68
1.78 (0.055)
0.84 (0.102)

1.79 (0.023)

1.85 (0.049)

1.84 (0.051)

0.91 (0.084)

1.00 (0.059)

0.99 (0.074)

Mean Clutch Size (SE)
1.60 (0.053)
(1999Fledged (SE)
0.64 (0.073)
2003)
*Sample size for clutch size estimate
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Table 3.8. Number of females and males per colony included in the mark-recapture
analysis for each colony. The tallies include those sexed by genetics (n=310) and by the
discriminant function cut-off values of 50% and 95% probabilities of correctly sexing
individuals.

Colony
Machias Seal Island
Petit Manan Island
Seal Island
Matinicus Rock
Total

50%
F
M
387 390
118 160
201 246
194 222
900 1018

95%
F
M
120 110
24
26
22
33
39
19
205 188

Table 3.9. Number of individuals banded from 1999-2002 on Machias Seal Island (MSI),
Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) that were not reencountered at least once between 2000-2003 on any of the four main islands in the
study.

1999 Banded
Not Re-Encountered
2000 Banded
Not Re-Encountered
2001 Banded
Not Re-Encountered
2002 Banded
Not Re-Encountered
Total Banded
Total Re-Encountered

MSI PMI SI
MR Total
254 25 108 103 490
117 14
15
18
164
187 121 101 40
449
98
54
31
16
199
166 28 100 100 394
98
13
64
38
213
103 53
62
90
308
79
44
37
74
234
710 227 371 333 1641
382 125 147 146 810
54% 55% 40% 44% 49%
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Table 3.10. Models, estimated QAIC c (Akaike‟s Information Criterion corrected for
overdispersion, Q (ĉ=1.6), and small sample size, c), ΔQAIC c, Akaike model weight,
model likelihood, number of parameters (K), and model deviance. Models are listed
according to ΔQAICc. Model A11 was the best-fit model. See Tables 3.3, 3.4 and 3.5
for model descriptions.
ΔQAICc

Akaike
Weight

Model

QAICc

Likelihood

K

Deviance

A11
C4
A9
A6
A3
A5

3300.23
3302.55
3310.49
3318.74
3319.20
3320.81

0.00
2.32
10.27
18.51
18.98
20.59

0.7581
0.2372
0.0045
0.0001
0.0001
0.0000

1.0000
0.3129
0.0059
0.0001
0.0001
0.0000

30
30
35
56
32
29

163.72
166.05
163.72
128.39
178.60
186.36

A10
A8
A4
A7
A2

3323.82
3325.59
3326.94
3343.68
3343.95

23.59
25.37
26.71
43.46
43.72

0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000

36
35
32
56
44

174.99
178.82
186.33
153.34
178.60

A1
C3
C1
B3
B1
B2

3355.28
3361.59
3380.09
3384.92
3409.39
3425.65

55.05
61.36
79.87
84.69
109.17
125.42

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

44
30
30
18
30
18

189.92
225.09
243.59
272.89
272.89
313.61

B4
C2

3435.88
3828.03

135.66
527.80

0.0000
0.0000

0.0000
0.0000

15
30

329.93
691.52
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Table 3.11. Probability of survival of adult Arctic Terns controlling for transient


individuals ( Ŝ  ) and standard errors ( SE ) generated by model averaging. The time since
banding is symbolized by τ and was divided between 1 and > 1 year after banding.

Time since Banding
1 yr
> 1 yr

Ŝ 



SE
0.77 0.028
0.97 0.027

Table 3.12. Colony- and time-specific estimates of Arctic Tern re-encounter probabilities


( p̂ir ) and their standard errors ( SE ) generated by model averaging. Model components
defined in Table 3.3.
Re-encounter probability


Year

p̂ir

MSI

2000
2001
2002
Mean*

0.33
0.32
0.28
0.31

SE
0.047
0.037
0.031
0.04

PMI

2000
2001
2002
Mean*

0.16
0.24
0.49
0.29

0.109
0.054
0.067
0.08

SI

2000
2001
2002
Mean*

0.74
0.46
0.35
0.52

0.059
0.049
0.041
0.05

Colony

MR

2000
0.73
2001
0.72
2002
0.70
Mean*
0.72
*Arithmetic mean for 2000-2002

0.062
0.060
0.054
0.06
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Table 3.13. Colony specific estimates of Arctic Tern movement probabilities (ψ̂rs ) and
their standard errors generated by model averaging. Model components defined in Table
3.3. Colonies are Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI)


and Matinicus Rock (MR); ellipses indicate that no estimate of standard error ( SE ) was
possible when movement probability was set to 0.0 or 1.0 (for SI-SI).

Movement probability
Transition

rs



(r to s)

ψ̂

MSI-MSI
MSI-PMI
MSI-SI
MSI-MR

0.991
0.004
0.004
0.001

0.0042
0.0031
0.0026
0.0013

PMI-MSI
PMI-PMI
PMI-SI
PMI-MR

0.014
0.957
0.025
0.004

0.0104
0.0166
0.0122
0.0047

SI-MSI
SI-PMI
SI-SI
SI-MR

0.000
0.000
1.000
0.000

…
…
…
…

MR-MSI
MR-PMI
MR-SI
MR-MR

0.000
0.003
0.005
0.992

…
0.0042
0.0043
0.0060

SE
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Figure 3.1. Map of the locations of the four study islands (stars) and other islands in the
Gulf of Maine where Arctic Terns were observed in 1999-2003 (circles): Stratton (S),
Eastern Egg Rock (E), Metinic (M), Matinicus Rock (MR), Seal Island (SI), Petit Manan
Island (PMI), Machias Seal Island (MSI) and the Brothers (B).
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4.1 Abstract
We report the first estimates of survival, philopatry and natal dispersal for Arctic
Terns in North America, from birds banded as chicks on four islands in the Gulf of Maine
from 1999-2003. Survival was estimated as 0.55 (SE=0.19) from fledging to 1 year and
0.83 (SE=0.181) for those older than 1 year. Probability of re-encounter estimates ranged
from 0.003-0.336 depending on colony and increased with age. Mean age of first
breeding for 109 terns was 2.8 yrs (SE=0.08), younger than previously thought.
Philopatry estimates were colony-specific and ranged from 0.86-0.93. Natal dispersal
was colony-specific; Machias Seal Island and Petit Manan Island had the highest
probabilities of immigration (net immigration = 0.032 and 0.046, respectively), while
Matinicus Rock and Seal Island had the highest probabilities of emigration (0.047 and
0.030, respectively). The colonies with highest mean productivity (Seal Island and
Matinicus Rock) had higher probabilities of emigration than islands with lower
productivity.

Key words: Arctic Tern, birds banded as chicks, survival, re-encounter, philopatry, natal
dispersal,
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4.2 Introduction
The survival of young birds before the age of first breeding is lower than that of
birds that have nested more than once (Weimerskirch 2002). The survival of young
seabirds between the time they first fly and the time they first breed is difficult to
measure because most seabirds have delayed sexual maturity and generally do not breed
in the first year after hatching.
Age at first breeding varies from 2-5 years for penguins, tropicbirds, alcids, gulls
and terns and 8-11 years in albatrosses and some petrels (Chabrzyk and Coulson 1976;
Lloyd and Perrins 1977; Hudson 1985; Ollason and Dunnet 1988; Burger and Gochfeld
1991; Harris and Wanless 1991; Croxall and Rothery 1991; Schreiber and Burger 2002).
Dispersal, like survival, typically differs between young birds and those of
breeding age. Natal dispersal refers to the movement of young away from the place
where they were born or hatched to the place of first reproduction (Greenwood and
Harvey 1982; Clobert and Lebreton 1991; Clobert et al. 2001). Breeding dispersal refers
to movement of adult individuals between successive breeding attempts (Greenwood and
Harvey 1982; Clobert and Lebreton 1991; Clobert et al. 2001). Natal dispersal is more
common than breeding dispersal, and has been found often in seabirds (Lebreton et al.
2003). Studies measuring the survival and dispersal of seabirds to the age of first
breeding are rare, because they require monitoring populations over several years and
also several different locations. Seabird colonies are often difficult to reach and are often
in remote locations. In this chapter, we focus on the survival and natal dispersal of Arctic
Terns (Sterna paradisaea) on four colonies in eastern North America.
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4.2.1 Study Goals
One of our goals was to establish the age of first breeding with a large sample of
birds banded as chicks on different colonies in the Gulf of Maine. We also sought to test
specific a priori hypotheses about factors that may influence breeding dispersal. We
used a mark-recapture/re-encounter analysis of terns banded as chicks to determine the
multi-site models that best describe the patterns of survival, dispersal and philopatry
within the Gulf of Maine region. Very little is known about the patterns of survival and
dispersal of this species and much of our analysis was exploratory. Recent work has
explored the population dynamics of endangered Roseate Terns (S. dougallii) (Nichols et
al. 1990; Spendelow et al. 1995; Nisbet and Spendelow 1999; Spendelow et al. 2002;
Lebreton et al. 2003); this long-term metapopulation study has been a model for this
study of Arctic Terns. In this paper we summarize the first five years of a long-term
study of Arctic Terns banded as chicks within the Gulf of Maine. Our results have
implications for other studies of long-lived animals.
4.2.2 Hypotheses and Predictions
4.2.3.1 Survival and Probability of Re-encounter
To date the only published estimates of survival are from Britain in the 1950‟s
and 1960‟s which estimated 82-87% adult survival (Cullen 1957; Coulson and Horobin
1976). In Chapter 3 we estimated the survival of terns banded as adults to be 97% and
had low probabilities of re-encounter (0.29-0.72); however, the first year of life for a
young animal is the most hazardous, and survival during the first year is lower than later
in life. At least two studies of terns have documented that the survival of juvenile terns to
the age of first breeding is lower than the survival of breeding adults (Nisbet and Cam
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2002; Lebreton et al. 2003). Currently there are no estimates of the survival of these
terns to the age of first breeding. We hypothesized that Arctic Terns would show similar
trends as other tern species, and predicted that the survival to the age of first breeding
would be lower than in breeding adults (Chapter 3). We did not expect to find any
differences in survival among terns hatched on different colonies.
4.2.3.2 Age of first breeding
Arctic Terns, like other long-lived seabirds delay breeding for several years
(Schreiber and Burger 2002; Weimerskirch 2002). Hatch (2002) gave the age of first
breeding as 3 or 4 years, rarely 2, based on Hawksley (1950; 1957) and Cullen (Cullen
1957). Hawksley (1950) documented the plumages of nesting birds and believed that at
least one nesting Arctic Tern, with what he defined as immature plumage, was two years
old, though he did not have banding data to support this (Hawksley 1950:139). Hawksley
(1950:212) cited Austin‟s (1945) work with Common Terns and wrote: “considering the
facts known for the Common Tern, it is probable that most Arctic Terns do not breed or
have full breeding plumage until three years old.” In writing about longevity in breeding
Common Terns, Austin (1945:24) wrote, “of the survivors of a season‟s hatch only 1.6
percent breed the following year, 15.7 percent the second, less than [1] out of five before
the third” (note: number in brackets added; there seems to be a missing number in the
quote). Cullen (1957) recorded 6 Arctic Terns aged three (n=4) and four (n=2) nesting
on the Farne Islands, Britain, and cited Austin‟s work with Common Terns (Austin 1945)
and Hawksley‟s reported observation of a breeding 2 year old Arctic Tern (Hawksley
1950) to document the age of first breeding for the species. Coulson and Horobin (1976)
reported very few two year old Arctic Terns breeding on the Farne Islands, Britain, and
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most of their nesting observations were of birds age 3 and older (n=416, 9% were 3 years
old, 21% 4 years old). These estimates are similar to those for Common and Roseate
Terns (Nisbet 2002; Lebreton et al. 2003); however, the proportion of Arctic Terns that
may breed before the age of three has not been documented until this study. Based on the
published accounts of Hawksley (1950), Cullen (1957), and Coulson and Horobin (1976),
we predicted we would re-encounter most of the Arctic Terns we banded as chicks at
ages three and four.
4.2.3.3 Dispersal
However, it is also common for young birds to disperse to colonies other than
their natal colonies (Jouventin and Weimerskirch 1991; Weimerskirch 2002; Breton
2005). We hypothesized that Arctic Terns would show more natal dispersal than
breeding dispersal. After the terns have nested at least once, we expected fidelity to
breeding colonies to increase. However, at the time of first breeding, which we expected
to capture within this study, we expected the young terns to show less philopatry than the
fidelity to breeding colonies shown by older terns (Chapter 3).
Nesting in colonies can lead to competition for nesting sites and food resources.
Larger colonies may experience increased competition. However, the social attraction
provided by other terns may act as a strong pull and attract individuals to change colonies
(Kress 1983; Bried and Jouventin 2002; Coulson 2002). As in our study of breeding
adult terns, we hypothesized (a priori) that social attraction influences inter-colony
movement and predicted that larger colonies would attract more immigrants than smaller
colonies. If the social attraction provided by terns attracts individuals to change nesting

128

colonies, we also predicted that colonies closer together would show higher rates of
exchange than colonies further apart.
“Classical” metapopulation dynamics suggests that subpopulations that
experience low productivity and low survival rates will also be subpopulations at risk of
extinction (Levins 1969; Levins 1970). As in our study of adult terns, we hypothesized
(a priori) that if Arctic Terns responded to the breeding experiences of the nesting colony
as a whole, then terns would be more likely to leave a colony with a lower clutch size and
lower productivity and move to a colony with higher productivity.
4.3 Methods
4.3.1 Study Area
This study focuses on the Arctic Terns breeding in the Gulf of Maine and Bay of
Fundy. Over 95% of the Arctic Terns nesting in this region nest on four islands: Machias
Seal Island, (hereafter MSI; 44˚ 30‟N, 67˚ 06‟ W), Petit Manan Island (hereafter PMI;
44˚ 22‟ N, 67˚ 52‟ W), Seal Island (hereafter SI; 43˚ 54‟ N, 68˚ 48‟ W), and Matinicus
Rock (hereafter MR; 43˚ 47‟ N, 68˚ 51‟ W). Detailed descriptions of these four main
islands can be found in Anderson and Devlin (1999), Diamond and Devlin (2003) and
Chapter 1. There are four other colonies in the region where small numbers of Arctic
Terns nested (< 120 number of nesting pairs on each colony from 1984-2002, Folger and
Drennan 1984; Kress and Borzik 1988; Schubel 1992; McCollough 1994; Hokama et al.
1996; Koch 1998; Borzik and Hall 2000; Lord and Allen 2002) and field crews were
stationed during the study: Stratton Island (43˚ 30‟ N, 70˚ 19‟ W), Metinic Island (43˚ 50‟
N, 69˚ 05‟ W), Eastern Egg Rock (43˚ 52‟ N, 69˚ 23‟ W) and the Brothers (43˚ 36‟ N, 65˚
50‟ W). Figure 4.1 illustrates the location of the islands and Table 4.1 the distances
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between the four study islands. The populations of Arctic Terns nesting on these islands
from 1983-2004 are summarized in Table 4.2. These islands support a diverse group of
nesting seabirds including Arctic Terns, Common Terns, Roseate Terns, Atlantic Puffins
(Fratercula arctica), Black Guillemots (Cepphus grylle), Razorbills (Alca torda),
Common Murres (Uria aalge), Laughing Gulls (Larus atricilla), Common Eider Ducks
(Somateria mollissima) and Leach‟s Storm-petrels (Oceanodroma leucorhoa).
4.3.2 Field Methods
4.3.2.1 Nest Monitoring and Banding
During the nesting season, each island had a team of researchers living on the
island to monitor the terns. These researchers conducted a census of nesting terns and
determined the species composition of each colony. Subsets of the nests on the islands
were tracked to record egg-laying dates, clutch size, hatching, and fledging. Chicks were
banded with standard Bird Banding Lab (BBL) bands within 1-2 days of hatching. On all
islands, once Arctic Tern chicks reached approximately 10 days, an incoloy fieldreadable band with an alphanumeric code repeated twice was placed on the leg opposite
the BBL band (bands manufactured by Lambournes Ltd., later Porzana Ltd., UK).
Since the colonies in this study have both Arctic and Common Terns, the species
of chicks were identified prior to banding. Species was determined by direct observation
of parental attention or if the natural wing chord of the chick was > 60 and the tarsus < 19
mm, the chick was identified as an Arctic Tern, and if the tarsus was > than 19 mm, the
chick was classified as a Common Tern (A.W. Diamond, unpublished data).
In the Gulf of Maine, Common and Arctic Tern chicks are considered as
“fledged” when they reach 15 days even though the young birds cannot fly until at least
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25-30 days (Hawksley 1957; Hatch 2002). This is because after day 15, chicks become
more mobile and can be difficult to track. Any chicks found dead after day 15 are
subtracted from the final estimate of chicks fledged per nest (Kress and Hall 2004). In
our analysis, we considered any chicks with field-readable bands, and not found dead, as
fledged, and therefore included them in our mark-recapture/re-encounter analysis.
4.3.2.2 Re-encountering Banded Birds and Age of First Breeding
Each year the field crews attempted to re-sight as many banded individuals as
possible. On MSI most of the terns nest in the interior of the island in the vegetation and
were often difficult to re-sight. Various methods were used to enhance re-sighting
probability, including building artificial perches and small platforms for the terns to land
on. All parts of the colonies were searched for banded birds. The bands were often read
from distances of 10-40 m using high-powered spotting scopes (e.g. Kowa TSN-824).
Most birds re-sighted were observed between late May and mid June. Because some
terns are known to visit colonies before they breed for the first time (Lebreton et al.
2003), we used only known breeders.
Additional birds were re-encountered during annual trapping of adult terns at nest
sites. Adult terns were trapped using modified Weller treadle traps (Weller 1957)
beginning in the second week of incubation. Most trapping was done early in the nesting
season, ceasing once peak hatching of young occurred (Appendix II).
4.3.3 Analytical Methods
4.3.3.1 Encounter Histories and Parameters
The encounter histories of banded Arctic Terns were summarized and imported
into the program MARK (Franklin 1999; White and Burnham 1999; White et al. 1999).
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During this study, there was a series of 4 opportunities for encountering terns banded in
1999, and one fewer opportunity to encounter terns banded in each subsequent year.
Chapter 3 (Metapopulation analysis of the survival and breeding dispersal of adult Arctic
Terns nesting in the Gulf of Maine) explains the specific differences between single
stratum and multi-site models. Knowing that our data were limited by the short-term
nature of the study, and because we were interested in the survival and re-encounter of
terns at different ages, we grouped the survival estimates by age instead of by year as
done in the analysis of banded adults (Chapter 3).
A variation of the multi-site Arnason-Schwarz model was used as the global
model in examining natal dispersal (Arnason 1973; Lebreton et al. 1992; Brownie et al.
1993; Schwarz et al. 1993; Nichols and Kendall 1995; Schwarz and Ganter 1995;
Spendelow et al. 1995; Nichols and Kaiser 1999; Williams et al. 2002). When age is
added as a variable to a multi-site analysis, without including a variable for time (year),
r
the survival and movement parameters are defined as Sage
, ψrs
age . The re-encounter
r
parameter is defined as page
. In this model, the specific parameters are: survival (S),

probability of re-encounter (p), and probability of moving ( ψ ); age indicates the age of
the terns, r is the colony where an individual hatched, s is the colony where an individual
was re-encountered.
4.3.3.2 Models
Using Arctic Terns banded as chicks, our estimate of dispersal was an estimate of
natal dispersal.

r
r
rs
Our global model was: Sages
F -1,1- 2,2 - 3,3- 4 , pages 1,2,3,4 , ψages F -1,1- 2,2 - 3,3- 4 ,

where age was divided into four age groups (1, 2, 3, and 4 years old). This model has
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80 parameters. Survival accounts for 16 parameters. There are separate survival
parameter estimates for each island (4 islands) and each transition period between age
groups (4 transition periods: fledging to 1 year old, 1 to 2 years, 2 to 3 years and 3 to 4
years old). Similarly, re-encounter accounts for 16 parameters: there are separate reencounter parameter estimates for each island (4 islands) and each age that a re-encounter
is possible (4 ages: 1, 2, 3 and 4). The estimates of movement or dispersal account for
the remaining 48 parameters. There are 12 possible combinations of movement options
between islands and a re-encounter parameter is calculated for each possibility (MSIPMI, MSI-SI, MSI-MR, PMI-MSI, PMI-SI, PMI-MR, SI-MSI, SI-PMI, SI-MR, MRMSI, MR-PMI, and MR-SI). These 12 possible combinations could occur between each
transition period between age groups (4 transition periods: fledging to 1 year old, 1 to 2
years, 2 to 3 years and 3 to 4 years old).
Knowing that there was only a small amount of dispersal demonstrated within the
five years of the study for the different age groups, we decided to use as our starting
model one that also eliminated the age variable from the movement parameter. This
reduced the number of parameters generated and the number of models that we
r
r
rs
examined. This starting model was defined as Sages
where r ≠
F -1,1- 2,2 - 3,3- 4 , pages 1,2,3,4 , ψ

s. No subscript is given in the model for the movement parameter because it is held
constant for age. This model (A1) had 44 parameters (16 for survival, 16 for reencounter and 12 for movement). We also reduced the number of models tested by
dividing our modeling into different sets to address the probabilities of survival, reencounter and movement. Our approach to the modeling was exploratory, and we
modified each parameter individually within a model set to determine the one that best
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described our data. We also tested covariates to movement including distance between
islands, size of colony (in terms of number of nesting pairs of Arctic Terns), mean clutch
size and productivity for each colony.
4.3.3.2.1 Model Set A (Survival Probability, S)
For all models in Set A (Table 4.3), changes in the constraints put on the survival
parameter (S) were made by varying the grouping of ages (fledgling to 1 year, 1-2 years,
2-3 years, 3-4 years; fledgling to 1 year, 1-2 years and > 2 years; fledgling to 1 year, > 1
year; or constant for all ages) and by using either colony-specific (r = natal colony) or
constant survival for all colonies. The parameters for the probability of re-encounter and
r
rs
movement remained the same as in the starting model ( pages
1,2,3,4 , ψ where r ≠ s; r =

natal colony, s = re-encounter colony).
4.3.3.2.2 Model Set B (Re-encounter Probability, p)
Model Set B (Table 4.4) constrained re-encounter parameters (p) to allow for
r
variation among both colonies and age groups (e.g. pages
1,2,3,4 ), only among colonies

(e.g. p r ), or only among age groups (e.g. pages 1,2,3,4 ). For models B1-B7, survival ( S )
was held constant for both colony and age. For models B8-B11, survival ( Sages F -1,1 )
was held constant for colony, but age was divided into two groups (fledge to 1 year old
and > 1 year). For all models in Set B, the movement parameter remained the same as in
the starting model ( ψ rs where r ≠ s; r = natal colony, s = re-encounter colony).
4.3.3.2.3 Model Set C (Covariates to Movement, ψ)
For all models in this set (Table 4.5), the movement parameter remained the same
as in the starting model ( ψ rs where r ≠ s; r = natal colony, s = re-encounter colony);
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however, covariates to movement were added including: inter-colony distance (Table
4.1), mean number of nesting pairs of Arctic Terns on each island from 1999-2003 (Table
4.2) and mean clutch size and productivity for 1999-2003 on each colony (Table 4.6).
Similar to model set B, in models C1-C4 the survival parameter ( S ) was held constant
for both colony and age. For models C5-C8 the survival parameter ( S ages F -1,1 ) was held
constant for colony, but age was divided into two groups (fledge to 1 year old, and > 1
year). For all models in this set the re-encounter parameter ( pages 1,2,3 ) did not vary
among colonies, but varied among three age groups (1, 2 and > 3 years old).
4.3.3.3 Multi-site Model Assumptions
The assumptions of the Arnason-Schwarz multi-site model are (1) every marked
animal has the same probability of being re-encountered, surviving and moving between
colonies, (2) bands on individuals are not lost or overlooked and are recorded correctly
when observed, (3) sampling is instantaneous or within a short period of time, (4)
emigration away from the study area is permanent, (5) fates of individuals are
independent of each other (Hestbeck et al. 1991; Lebreton et al. 1992; Hestbeck 1995;
Williams et al. 2002; Lebreton et al. 2003, see also Chapter 3).
Assumption 1 concerns “the homogeneity of the rate parameters that underlie the
capture history data” (Williams et al. 2002:422). This assumption was addressed by
including age as a variable in our analysis, and if possible, by recognizing other sources
of heterogeneity among individuals (such as bias in trapping locations or re-sighting
locations). We suspected that many individuals may appear to be transient individuals,
because not many terns banded as chicks have been re-encountered. However, there was
a steady increase in the percentage of terns re-encountered in each cohort as the cohorts
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aged (Table 4.7). We tested the data for the presence of transients and tested the
goodness-of-fit of the Arnason-Schwarz model (see below).
In this study we relied on the observations of many researchers on different
islands. To address assumption 2, observers were trained by island supervisors.
Observers were also given an overview of the research project prior to the field season
and were given a subsequent update at the end of the field season. Data were scrutinized
carefully, and any instances where only a partial band number was read were eliminated
from the analysis. Only one re-encounter per individual per breeding season was
included in the analysis.
Assumption 3 states that the sampling period should be instantaneous or short. In
our study, the short sampling period lasted from mid-May to early August and the
interval that survival was estimated was in the remaining 9-10 months of the year. The
fourth assumption that all emigration is permanent “is required for the interpretation of
estimates of capture probability” (Williams et al. 2002:423). Although we are aware of a
few recaptures of banded Arctic Terns on other islands with in the Gulf of Maine Region,
we assumed that any emigration of banded individuals outside the Gulf of Maine was
permanent. Any violations of assumptions 1-4 could lead to a bias in the estimations of
the survival, re-encounter or movement parameters. Any violation of assumption 5 can
lead to biased estimates of parameter variance (Williams et al. 2002). The variances can
be adjusted by applying an estimate of overdispersion (ĉ) to the starting model (see
below).
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4.3.3.4 Goodness of Fit
As discussed in Chapter 3, it is challenging to examine the goodness-of-fit and to
estimate overdispersion (ĉ) in multi-site models such as the Arnason-Schwarz model or
modified versions of this model (Williams et al. 2002; Lebreton et al. 2003; Pradel et al.
2003). We used the „peeling and pooling‟ method described by Pradel et al. (2003) and
used in the program UCARE (Choquet et al. 2003) to examine the goodness of fit.
Additionally we examined the fit of the models using an adjusted ĉ, calculated with the
median ĉ method described in Chapter 3.
4.3.3.5 Model Selection
We used an information-theoretic approach to model selection and based support
for models on the ΔQAICc values (Quasi-likelihood Akaike‟s Information Criterion
corrected for overdispersion, Q using ĉ, and small sample size, c) and Akaike weights of
the estimated models (Hurvich and Tsai 1989; Burnham and Anderson 1998; Anderson
and Burnham 1999; Johnson and Omland 2004).
Model averaging was used to generate the parameter estimates for the
probabilities of survival, re-encounter and movement. This method includes model
selection uncertainty in the estimate of precision of the parameter (White et al. 1999).
4.4 Results
4.4.1 Field Results
4.4.1.1 Nest Monitoring
Table 4.6 summarizes the number of nests observed, mean number of eggs laid
per nest and mean productivity (chicks fledged per nest) on each island for the years
1999-2003. MSI has the largest number of nesting Arctic Terns in the region (Chapter 1)
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and also generally has the lowest mean clutch size and the lowest number of chicks
fledged per nest. SI and MR have the highest clutch sizes and productivity estimates.
4.4.1.2 Banding and Re-encountering Banded Birds
The numbers of nesting pairs of Arctic Terns counted each year and the mean
totals are summarized by island in Table 4.2, which also summarizes the numbers of
Arctic Tern chicks banded and how many of these terns were subsequently reencountered between 1999-2003. The highest numbers of chicks were banded on MSI
(Table 4.2). A total of 254 chicks of the 3891 that were banded with field-readable bands
were re-encountered at least once by 2003. Sixty-one terns were observed on an island
different from the island where they were banded (Table 4.8). One hundred ninety-three
of the re-encountered terns were observed on their natal island. Of the terns observed
breeding, 28 were found breeding on an island different from their natal island, 81 were
on their natal island (Table 4.9). Six terns of unknown breeding status were observed on
islands in the region that were not included in this study (Figure 4.1), five on Metinic
Island and one on Eastern Egg Rock (Table 4.8). Because there were so few of these reencounters, they were not included in the modeling analysis.
4.4.1.3 Age of First Breeding
At this time, the oldest Arctic Terns banded in this study are four years old. Of
the 255 individuals re-encountered, 109 were recorded as breeding at least once. We
assumed that the first documented breeding was the first time that individuals bred.
Table 4.9 summarizes the numbers of Arctic Terns that were seen for the first time and
recorded as breeding at each age. By the age of 3 years, of the terns we recorded as
breeding for the first time, 80% were breeding (Table 4.10).
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4.4.2 Modeling Results
Neither the JMV (Jolly-Movement) or the Arnason-Schwarz models fit our data
2
2
( χ13
=89.34 p<0.001, χ 67
=104.14 p=0.002 respectively) according to the peeling and

pooling analysis of goodness-of-fit outlined by Pradel et al. (2003) and implemented by
Choquet et al. (2003). This analysis also indicated evidence of transients and trap
dependence (trap avoidance) in our data (Test 3Gdf=7=74.36, p<0.001; TestMdf=6=14.98,
p=0.020). When the data were controlled to account for transients and trap dependence,
the JMV and the Arnason-Schwarz models still failed to fit our data. It is possible that
the sparseness of the data caused this; recall that only 255 individuals of the 3891 terns
banded were re-encountered. We simplified our modeling analysis and eliminated the
parameter of time from our models. Unfortunately there is no technique available (that
we are aware of) that allows for a goodness-of-fit test for models without a time
parameter. This is still an area of rapid develop in the theory behind mark-re-capture
r
r
rs
analysis. Our starting model A 1 ( Sages
F -1,1- 2,2 - 3,3- 4 , pages 1,2,3,4 , ψ ), was quickly replaced

by models with fewer parameters. Table 4.11 lists the models run according to their
ranking by ΔQAICc with a ĉ = 1.9. Refer to Tables 4.3, 4.4. and 4.5 for model
descriptions. Overdispersion (ĉ) of the models was estimated by the median ĉ approach.
Three models (B 8 S ages F -1, 1 , p rage 1, 2, 3, 4 ,ψrs , C 8 S ages F -1, 1 , p age 1, 2, 3 ,ψrsproductivity and B
r
rs
1 S , pages
1,2, 3 , ψ ) were closely ranked (ΔQAIC c < 2.5, Akaike model weights 0.1400-

0.4274). There was some empirical support showing that islands with the highest mean
productivity (Seal Island and Matinicus Rock) had more emigrants than islands with
lower productivity (Tables 4.6 and 4.14). When higher values of ĉ (>2.5 to < 4.0) were
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applied to the analysis, models B 12 ( Sages F 1,1 , pages 1,2,3 , ψrs ) and B 5
( S , pages 1,2,3 , ψrs ) became the best fit models, but there were several models including B
4 ( S , pages 1,2,3,4 , ψrs ), B 8 ( S ages F -1, 1 , p rage 1, 2, 3, 4 ,ψrs ) and B 11
( Sages F -1,1 , pages 1,2,3,4 , ψrs ) that were closely ranked (ΔQAIC c < 2.5, Akaike model
weight 0.0701-0.3183).
4.4.2.1 Parameter Estimates
The survival, re-encounter and movement (dispersal) parameters were estimated
using model averaging. This method allows for the inclusion of model selection
uncertainty in the estimate of precision of the parameter (White et al. 1999). There were
age-specific estimates for probability of survival, dividing the terns into two groups:
fledgling-1 year old and those > 1 year (Table 4.12). Estimates of the probability of reencountering banded terns was age- and colony-specific ranging from 0.003-0.336 (Table
4.13). Terns that were 1 year old had the lowest probability of re-encounter. Natal
dispersal depended on the colony of origin and destination ranging from 0.010-0.070
(Table 4.14). Philopatry was highest in terns hatched on MSI and lowest in those hatched
on MR.
4.5 Discussion
In this study we were able to estimate survival of Arctic Terns from fledging to 1
year and for those terns older than 1 year. This is the first study to do so for this species.
In our analysis, we minimized the number of models by recognizing some of the
limitations of our data. We did find more than one assumption of homogeneity violated.
We attempted to control for the lack of homogeneity by accounting for different aged
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terns, yet this did not improve the fit of the Arnason-Schwarz general model. We
continued to examine our data using models without a time parameter component but
were unable to formally assess the goodness-of-fit of these models to our data. Our
estimates of survival for terns older than 1 year are likely underestimates, because of the
delayed sexual maturation of terns; not all Arctic Terns banded as chicks have returned as
breeding adults to the breeding colonies. Not every bird in our sample has the same
likelihood of being re-encountered; younger birds are less likely to be re-encountered
than older birds.
There is a need for further development of software and analysis techniques to
handle the type of data we collected. Alternatively, once more data are collected and
more terns are re-encountered some of the problems of data heterogeneity may solve
themselves.
The models that best described our data depend upon the estimate of the
overdispersion of the model and data (ĉ). When the estimate of overdispersion is
increased, the selection of models becomes more conservative and tends to favour those
models with fewer parameters (Cooch and White 2001). In general, if the model ranking
stays the same, then there is empirical evidence for a good fit of the best ranked model
(Cooch and White 2001). We estimated ĉ = 1.9 based on the median ĉ technique. With
this level of overdispersion there were several models that were closely ranked
(ΔQAICc<2.5, Akaike model weights 0.1400-0.4274). The best-fit models (Table 4.11)
share survival estimates that are constant for all colonies and have either 1 or 2 age
groups (all or fledging to 1 yr and > 1yr). The re-encounter estimates of these models are
more variable showing 3-4 age divisions and are either colony-specific or constant for all
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colonies. There is some empirical support for the correlation of colony productivity and
natal dispersal. Colonies that have higher productivity have more emigrants than
colonies with lower productivity. When higher estimates of overdispersion were
examined there was more variation in the best-fit models and less support for any one
model in particular. This illustrates and emphasizes the heterogeneity in our data.
Lebreton et al. (2003) assumed “full adult reproductive propensity” of Roseate
Terns at age 6 years “i.e. all surviving pre-breeders are recruited between age 5 and 6.”
Since our study tracks individuals between the ages of 1-4 only, conclusive examination
of the survival and dispersal of young terns is not possible until more age groups and
cohorts can be analysed. As more cohorts are added to the analysis it is possible that
differences in annual survival and dispersal may arise due to stochastic events, such as
hurricanes, as has been observed in Roseate Terns (Lebreton et al. 2003). Additionally,
confidence in the general survival trends of different age groups will increase. It would
be wise to consider the results presented here as preliminary, and repeat this study later
when more terns banded as chicks have been re-encountered..
4.5.1 Survival
The estimates of survival calculated in our mark-recapture/re-encounter analysis
from model averaging were age-dependent (Table 4.12). Between fledging and the first
year, probability of survival was estimated as 0.55 (SE = 0.189), increasing to 0.83 (SE =
0.181) after the first year. The large standard errors reflect of the low precision of these
estimates. These estimates are lower than our estimate of adult survival (0.97, SE=0.027)
(Chapter 3), supporting our prediction that the survival of young, inexperienced terns,
often breeding for the first time, would be lower than that of older terns. A similar trend
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has been observed in other seabirds (Bradley et al. 1989; Harris et al. 1994; Nisbet and
Cam 2002; Lebreton et al. 2003). Our observed survival rates for young terns are within


the ranges observed for Common (0.52, SE =0.017, for birds aged 2-3 yrs, Nisbet and
Cam 2002) and Roseate Terns (0.31-0.59 in years 1-2, Lebreton et al. 2003). In the
future, it will be possible to examine the survival of known-aged Arctic Terns over time
as Lebreton et al. (2003) have done for Roseate Terns.
4.5.2 Re-encounter and Age of First Breeding
Re-encounter probabilities are low overall, but that is to be expected with the
young ages of the terns in this study. Our estimates of the probability of re-encounter are
closely tied to the age at which Arctic Terns begin to breed. We found that, regardless of
the model, re-encounter increased with age (Table 4.7 and 4.13). Part of this effect is
driven by the fact that as the terns aged, more returned to breed for the first time. Our
study may be biased towards early breeders and therefore towards “putatively higherquality individuals” (Nisbet and Cam 2002), because the focus of our re-sighting and
trapping efforts was early in the breeding season. Often, as has been found with Arctic
Terns, Common Terns and Black-legged Kittiwakes, earlier breeders are older and more
experienced than birds that breed later (Coulson and Horobin 1976; Coulson 2002; Nisbet
and Cam 2002). However, we were surprised by the number of young Arctic Terns (1-2
years old) that returned and attempted to breed (Table 4.10). Although the age at first
breeding is generally believed to be between three and four (Hawksley 1950; Cullen
1957; Coulson and Horobin 1976), of the 109 breeding individuals banded as chicks
encountered in this study, 5% (5) were 1 year old and 32% (35) were 2 yr old (Table
4.10). We also observed an additional 13 one-year olds and 64 two-year olds of
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undetermined breeding status at the colonies. More young birds may return to the
breeding colonies prior to breeding for the first time. Although Hawksley (1950)
presumed that there was at least one breeding two-year old, he did not have the banding
data to prove it. Cullen (1957) recorded the absence of one-year old Arctic Terns and the
presence of five two-year olds at the breeding colonies on the Farne Islands, Britain.
Likewise, Coulson and Horobin (1976) recorded the absence of one-year old Arctic Terns
and the presence of seven two-year old Arctic Terns at the breeding colonies on the same
breeding colonies in the 1960‟s, and noted that these birds did not breed.
Our results could be interpreted in several different ways: 1) the age of first
breeding in North America is lower than in Britain; 2) the age of first breeding, if not
different than in Britain, has decreased, 3) with a large sample size of banded juveniles
on several colonies we are more likely to observe and document the breeding of banded
terns. There have been recent studies on sexing, nest site characteristics, brood sizes,
reproductive success, daily energy expenditures and the prey of Arctic Terns (Monaghan
et al. 1989; Monaghan et al. 1992; Uttley et al. 1994; Suddaby and Ratcliffe 1997;
Brindley et al. 1999; Hall 1999; Hall et al. 2000; Robinson et al. 2001a; Robinson et al.
2001b; Maranto 2002; Fletcher and Hamer 2003; Devlin et al. 2004), but none have
focused on the age of first breeding. We are undoubtedly underestimating the age of “full
breeding” (when all birds within the sample breed or attempt to breed), but as our sample
of banded Arctic Terns ages we will be able to refine our estimates of the age of first
breeding.
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4.5.3 Dispersal
Measuring dispersal is a key part of understanding the demographics of any
species (Clobert and Lebreton 1991; Hestbeck et al. 1991; Lebreton and Clobert 1991;
Hanski 1999; Bennetts et al. 2001); it is also one of the most challenging aspects of
demography to measure (Nathan 2001). Previous knowledge of the natal dispersal of
Arctic Terns throughout their breeding range is limited. Aside from a few reports of
individuals travelling between eastern and western Greenland and between western
Russia and Greenland and some dispersing as far as 1000 km from their natal colonies in
Britain (Hatch 2002; Monaghan 2002), not enough data have been gathered to make
“sufficient or quantitative conclusions” (Hatch 2002). One of the reasons that natal
dispersal is difficult to document is the requirement of studying multiple colonies for
long periods of time. Although many seabirds display high levels of philopatry, “in
others an appreciable proportion move and are recruited into other colonies” (Coulson
2002). These “other” seabird species include Sandwich Terns (S. sandvicensis), Black
Guillemots, Razorbills, Puffins, Fulmars (Fulmarus spp.), and Boobies (Sula spp.) (Lloyd
and Perrins 1977; Harris 1983; Hudson 1985; Harris and Wanless 1991; Bried and
Jouventin 2002; Coulson 2002; Hamer et al. 2002; Nelson and Baird 2002; Weimerskirch
2002; Breton 2005). Although our analysis is preliminary, we are able to see some trends
emerging in the natal dispersal of Arctic Terns in the Gulf of Maine.
Our main interest was in determining the natal dispersal among colonies and
examining covariates to dispersal. We knew from a preliminary analysis of our recapture data (Tables 4.8 and 4.9) that there was unevenness in dispersal among islands.
Therefore we did not examine countless variations of the dispersal parameter (e.g.
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holding the probability of movement among colonies constant or equal probability of
movement between colony pairings (movement from MSI to PMI = from PMI to MSI)).
The ranges of natal dispersal among colonies observed in this study were
generally higher than the breeding dispersal of adults (Chapter 3), but are within the
range of natal dispersal observed by Lebreton et al. (2003) in Roseate Terns (0.0040.370). This is consistent with the generalisation that natal dispersal rates are higher than
breeding dispersal rates (Greenwood and Harvey 1982).
In a study of Audouin‟s Gulls, Cam et al. (2004b) reported that
movement probability was higher from the smaller colony to the larger, and
from the colony with lower breeding success in year t to the more
productive one. This provides slight support for two nonexclusive
hypotheses about habitat selection (conspecific attraction and conspecific
success attraction).
Although we did not find empirical evidence for a correlation between colony size and
dispersal, there is some preliminary evidence for supporting the first hypothesis, but not
the second. The largest colony, MSI, attracted the second highest net immigration (total
immigrants – total emigrants = 0.032) and the most philopatry (0.93 + SE 0.027; Table
4.14); however, confounding this hypothesis is that the smallest colony, PMI, actually
attracted the largest proportion of total immigrants (total immigrants – total emigrants =
0.046; Table 4.14).
Part of the theory behind “classical” metapopulation dynamics suggests that
subpopulations that experience low productivity and low survival rates will be at risk of
extinction (Levins 1969; Levins 1970). Although we were not able to link individual
quality with dispersal as Cam et al. (2004a) could in Black-legged Kittiwakes, we did
measure the mean clutch size and productivity of each colony. Given that MSI had the
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lowest clutch size and the lowest productivity of the islands (Table 4.6), one might expect
that more juvenile terns would seek other places to nest (Bried and Jouventin 2002; Cam
et al. 2004b). There was empirical support showing correlations between productivity
and dispersal; SI and MR had both the highest mean productivity (1.0 + SE 0.059, 0.99 +
SE 0.074; Table 4.6) and the highest net emigration (total emigration – total immigration
= 0.030 and 0.047 respectively; calculated from values in Table 4.14). However,
contrary to the expectation that birds from colonies with low productivity would also
show low philopatry, the island with the lowest productivity (MSI) had the most
philopatry (0.93 + SE 0.027; Table 4.14). The terns from colonies with the highest
productivity showed the least philopatry (0.86 + SE 0.048, 0.87+ SE 0.065; Table 4.14).
These findings contrast with those of Danchin and Monnat (1992) who reported that
Black-legged Kittiwakes nesting on a “flourishing colony were more faithful in later
years and young born in the flourishing colony were more philopatric when sexually
mature.”
We hypothesized that social attraction influences inter-colony movement and
predicted that larger colonies would attract more immigrants than smaller colonies. If the
social attraction provided by terns attracts individuals to change colonies, we predicted
that closer islands would show higher rates of exchange than islands further apart.
Lebreton et al. (2003) found that Roseate Tern colonies that were closer together had
more exchange of individuals both in natal dispersal and breeding dispersal. However,
we did not find empirical support for this prediction.
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4.5.4 Conclusion
One of the most interesting and exciting parts of this study is that we have
documented not only the arrival of young Arctic Terns (< 2 years of age) at the breeding
colonies, but we have also documented a higher proportion of Arctic Terns aged 1-2
years breeding than has been found before (Hawksley 1950; Cullen 1957; Coulson and
Horobin 1976).
The population modeling was limited by the sparseness of data caused by the
time-lag between banding Arctic Terns as chicks and waiting for those individuals to return to the nesting colonies as breeding adults. In spite of the low precision of our
estimates and limitations in evaluating the goodness-of-fit of models without a time
parameter, we succeeded in estimating the first probabilities of survival, re-encounter and
natal dispersal for Arctic Terns banded as chicks in North America. As expected,
survival of young terns is lower than that of adults and natal dispersal is greater than
breeding dispersal. It is important to recognize the limitations of data collected on
organisms that are both long-lived and have delayed breeding maturity. This study serves
as an example of the kind of information that can be gleaned from the first 5 years of a
long-term study. As our study continues, we will be able to refine our estimates and the
issues of data heterogeneity may solve themselves as the trend of increasing probability
of re-encounter with age continues.
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Table 4.1. Distances (km) among the four islands in this study: Machias Seal Island
(MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR).

PMI
SI
MR

MSI
63
151
161

PMI

SI

91
102

14
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Table 4.2. Estimated number of pairs of adult Arctic Terns nesting in 1999-2003 (based
on nest census) and numbers of terns captured and banded as chicks (with field-readable
bands), recaptured (already banded with field-readable bands), and identified by
resighting (observed) on the four main colonies in the Gulf of Maine and Bay of Fundy:
Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus
Rock (MR). Numbers of terns observed or recaptured include those banded on a
different island. Data from: Petit Manan NWR (1999), Borzik and Hall (2000), Diamond
et al. (2001), Lord and Allen (2002) and Petit Manan NWR (2003).

Year
1999
2000

2001

2002

2003

Mean

Category
Nesting
Captured
Nesting
Captured
Recaptured
Observed
Recaptured and Observed
Nesting
Captured
Recaptured
Observed
Recaptured and Observed
Nesting
Captured
Recaptured
Observed
Recaptured and Observed
Nesting
Captured
Recaptured
Observed
Recaptured and Observed
Nesting Pairs (SD)

Total
Banded
*no nesting census was conducted

MSI
*
335
1837
332
0
0
0
*
222
1
5
0
2202
282
2
29
0
1990
195
3
52
0
2010
(183)
1366

Colony
PMI
SI
580 1082
61
151
474
890
52
229
0
0
0
0
0
0
622
860
156
253
0
0
1
6
0
0
671 1057
210
223
1
0
14
18
0
799 1066
71
204
0
1
7
77
0
1
629
991
(120) (107)
550 1060

MR
968
188
1030
161
0
0
0
1014
158
0
3
0
999
197
0
29
1022
211
0
18
0
1007
(24)
915
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Table 4.3. Models used to explore factors affecting probability of survival of Arctic
Terns banded as chicks (model set A). Survival (S) varied by natal colony (r) and by 4
different age groupings: (1) Fledging to 1 year, 1-2 years, 2-3 years and 3-4 years; (2)
Fledging to 1 year, 1-2 years and > 2 years (3) Fledging to 1 year and > 1 year or (4) all
ages constant. For all models in this set the re-encounter parameter varied among colony
r
rs
and four age groups ( pages1,2,3,
4 ), and the movement parameter ( ψ r ≠ s) varied by pair-

wise combination, where r = natal colony and s = re-encounter colony.

Model

r
r
rs
A2, Sages
F -1,1- 2, 2 , pages1,2,3,4 , ψ

Description
Starting model, Survival varied by colony and 4 age
groups
Survival varied by colony and 3 age groups

r
r
rs
A3, Sages
F -1,1 , pages1,2,3,4 , ψ

Survival varied by colony and 2 age groups

r
rs
A4, S r , pages1,2,3,
4,ψ

Survival varied by colony only

r
r
rs
A1, Sages
F -1,1- 2,2 - 3,3- 4 , pages 1,2,3,4 , ψ

A5,

r
rs
Sages F -1,1- 2,2-3,3-4 , pages
1,2,3,4 , ψ

Survival varied by 4 age groups

r
rs
A6, Sages F -1,1- 2, 2 , pages
1,2,3,4 , ψ

Survival varied by 3 age groups

r
rs
A7, Sages F -1,1 , pages
1,2,3,4 , ψ

Survival varied by 2 age groups

r
rs
A8, S , pages
1,2,3,4 , ψ

Survival constant
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Table 4.4. Models used to explore factors affecting probability of re-encounter of Arctic
Terns banded as chicks (model set B). Re-encounter (p) was modeled with and without
variation by colony (r) and by 4 age groupings a) ages 1, 2, 3, 4 yrs, b) 1, 2 >3 yrs, c) 1,
>2 yrs, or d) age constant. The survival parameter was either constant for all colonies
and ages (S) or varied by two age groups (fledging to 1 year and > 1 year; Sages F-1,>1).
Movement (ψrs, r ≠ s) varied for different pair-wise combinations of colonies where r =
natal colony and s = re-encounter colony.

Model

B3, S , p r , ψrs

Description
Survival constant, re-encounter varied by colony and 3
age groups
Survival constant, re-encounter varied by colony and 2
age groups
Survival constant, re-encounter varied by colony only

B4, S , pages 1,2,3,4 , ψrs

Survival constant, re-encounter varied by 4 age groups

B5, S , pages 1,2,3 , ψrs

Survival constant, re-encounter varied by 3 age groups

B6, S , pages 1, 2 , ψrs

Survival constant, re-encounter varied by 2 age groups

B7, S , p , ψ rs

Survival constant, re-encounter constant
Survival varied among 2 age groups, re-encounter varied
by colony and 4 age groups
Survival varied among 2 age groups, re-encounter varied
by colony and 3 age groups
Survival varied among 2 age groups, re-encounter varied
by colony and 2 age groups
Survival varied among 2 age groups, re-encounter varied
by 4 age groups
Survival varied among 2 age groups, re-encounter varied
by 3 age groups
Survival varied among 2 age groups, re-encounter varied
by 2 age groups
Survival varied among 2 age groups, re-encounter
constant

r
rs
B1, S , pages
1,2, 3 , ψ
r
rs
B2, S , pages
1, 2 , ψ

B8, S ages F -1, 1 , p rage 1, 2, 3, 4 , ψrs
B9, S ages F -1, 1 , p rage 1, 2, 3 , ψrs
B10, S ages F -1, 1 , p rage 1,  2 ,ψrs
B11, Sages F -1,1 , pages 1,2,3,4 , ψrs
B12, Sages F 1,1 , pages 1,2,3 , ψrs
B13, Sages F -1,1 , pages 1, 2 , ψrs
B14, Sages F -1,1 , p , ψrs
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Table 4.5. Models used to explore factors affecting natal dispersal of Arctic Terns
banded as chicks (model set C). Distance between colonies (Table 4.1), mean size of
colony (Table 4.2), mean clutch size (Table 4.6), and mean productivity (Table 4.6) were
added as covariates to movement among colonies (ψrs) where r = the colony where an
individual was originally captured, s = the colony where an individual was reencountered. This set included 2 variations of the survival parameter (S = constant and
Sages F-1, >1) and the re-encounter parameters varied by 3 age groups (1, 2, >3 yrs).

Model
C1, S , pages 1,2,3 , ψrs
distance , r ≠ s
C2, S , pages 1,2,3 , ψrs
size , r ≠ s
rs
C3, S , pages 1,2,3 , ψclutch
size , r ≠ s

C4, S , pages 1,2,3 , ψrsproductivity , r ≠ s
C5, S ages F -1, 1 , p age 1, 2, 3 , ψrs
distance , r ≠ s
C6, S ages F -1, 1 , p age 1, 2, 3 ,ψrs
size , r ≠ s
rs
C7, S ages F -1, 1 , p age 1, 2, 3 ,ψclutch
size , r ≠ s

C8, S ages F -1, 1 , p age 1, 2, 3 ,ψrsproductivity , r ≠ s

Description
Survival constant, re-encounter varied
among 3 age groups, pair-wise movement
where r = s
Survival constant, re-encounter varied
among 3 age groups, movement constant
Survival constant, re-encounter varied
among 4 age groups, pair-wise movement
where r = s
Survival constant, re-encounter varied
among 4 age groups, movement constant
Survival varied between 2 age groups, reencounter varied among 3 age groups, pairwise movement where r = s
Survival varied between 2 age groups, reencounter varied among 3 age groups,
movement constant
Survival varied between 2 age groups, reencounter varied among 4 age groups, pairwise movement where r = s
Survival varied between 2 age groups, reencounter varied among 4 age groups,
movement constant
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Table 4.6. Estimates of mean clutch size (SE) and productivity (SE) in terms of numbers
of fledged young (survival to age 15 days) per nest at Machias Seal Island (MSI), Petit
Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) between 1999 and 2003.
Standard error data were not available from PMI for all years. Data from: Petit Manan
NWR (1999), Borzik and Hall (2000), Diamond et al. (2001), Lord and Allen (2002) and
Petit Manan NWR (2003).
Year
1999

N
Clutch Size (SE)
Fledged (SE)

MSI
34
1.82 (0.066)
0.77 (0.120)

PMI
26
1.69 (0.092)
0.50 (0.100)

SI
58
1.98 (0.030)
0.90 (0.059)

MR
74
1.78 (0.059)
1.05 (0.063)

2000

N
Clutch Size (SE)
Fledged (SE)

87
1.57 (0.056)
0.41 (0.056)

60
1.85 (0.046)
0.62 (0.083)

58
1.90 (0.047)
0.92 (0.051)

83
1.93 (0.048)
0.90 (0.061)

2001

N
Clutch Size (SE)
Fledged (SE)

125
1.53 (0.045)
0.74 (0.063)

60 (*37)
1.78
0.81

59
1.86 (0.045)
1.00 (0.034)

75
1.77 (0.049)
0.80 (0.067)

2002

N
Clutch Size (SE)
Fledged (SE)

285
1.54 (0.030)
0.57 (0.035)

27
1.90
1.41 (0.069)

53
1.83 (0.059)
1.19 (0.072)

70
1.93 (0.042)
1.36 (0.084)

2003

N
Clutch Size (SE)
Fledged (SE)

62
1.52 (0.068)
0.70 (0.089)

22
1.72
1.21

52
1.69 (0.065)
0.98 (0.080)

68
1.78 (0.055)
0.84 (0.102)

Mean
(19992003)

Clutch Size (SE)
Fledged (SE)

1.60 (0.053)
0.64 (0.073)

1.79 (0.023)
0.91 (0.084)

1.85 (0.049)
1.00 (0.059)

1.84 (0.051)
0.99 (0.074)
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Table 4.7. Number of Arctic Terns banded as chicks from 1999-2002 on Machias Seal
Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) reencountered at least once between 2000-2003 on any of the four main islands in the
study. Totals summarize the number and percentage of individuals in each cohort reencountered.

1999 Banded
Re-Encountered
2000 Banded
Re-Encountered
2001 Banded
Re-Encountered
2002 Banded
Re-Encountered

MSI PMI SI MR Total
%
335 61 151 188 735
45
7
22 22
96 13.1%
332 52 229 161 774
30
9
33 19
91 11.8%
222 156 253 158 789
5
5
41 11
62
7.9%
282 210 223 197 912
0
1
4
1
6
0.7%

Table 4.8. Philopatry and natal dispersal among islands of Arctic Terns banded as chicks
from 1999 to 2003 (n=255) on Machias Seal Island (MSI), Petit Manan Island (PMI),
Seal Island (SI), Matinicus Rock (MR), Metinic (T) and Eastern Egg Rock (E).
Destination Colony
MSI PMI SI MR T
Source Colony
MSI
PMI
SI
MR

62
3
4
-

4
15
6
6

10
1
80
9

4
1
7
36

1
2
2

E
1
-
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Table 4.9. Philopatry and natal dispersal of Arctic Terns banded as chicks and recorded
as breeding from 1999 to 2003 (n = 109) on Machias Seal Island (MSI), Petit Manan
Island (PMI), Seal Island (SI), Matinicus Rock (MR), Metinic (T) and Eastern Egg Rock
(E).
Destination Colony
MSI PMI SI MR
Source Colony
MSI
PMI
SI
MR

36
3
2
-

2
11
6
6

4
27
4

1
7

Table 4.10. Ages of Arctic Terns first observed on four islands in the Gulf of Maine, age
of first recorded breeding and respective cumulative percentages.

Age (years)

No. First Seen

Cumulative %

1
2
3
4
Total

18
99
98
38
253

7%
46%
85%
100%

No. Recorded
Breeding
5
35
47
22
109

Cumulative %
5%
39 %
82 %
100 %
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Table 4.11. Models, estimated QAIC c (Akaike‟s Information Criterion corrected for
overdispersion, Q (with ĉ=1.9), and small sample size, c), ΔQAIC c, Akaike model
weight, model likelihood, number of parameters (K), and model deviance. Models are
listed according to ΔQAIC c. Models B 8, C 8 and B 1 (in bold) were the best-fit models.
See Tables 4.3, 4.4 and 4.5 for model descriptions.
Models QAICc

ΔQAICc

B8
C8
B1
B 12
B4
A8
B5
C1
B 11
A4
C5
B 13
B9
A3
A7
B2
A5
B6
C4
A6
A2
A1
B 14
B3
B7
B 10
C6
C2
C3
C7

0.00
1.08
2.23
4.68
4.68
5.12
5.72
6.23
6.43
9.30
11.26
12.20
12.98
13.39
17.64
20.20
21.42
21.59
24.23
24.79
79.95
87.50
112.22
114.85
117.69
144.35
1263.59
1264.47
2905.14
2931.79

1362.75
1363.84
1364.99
1367.43
1367.43
1367.88
1368.47
1368.99
1369.18
1372.05
1374.02
1374.95
1375.73
1376.14
1380.39
1382.95
1384.17
1384.35
1386.98
1387.55
1442.71
1450.25
1474.98
1477.60
1480.45
1507.11
2626.35
2627.22
4267.90
4294.54

Akaike
Weights
0.4274
0.2488
0.1400
0.0413
0.0411
0.0330
0.0245
0.0190
0.0172
0.0041
0.0015
0.0010
0.0007
0.0005
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Model
Likelihood
1.0000
0.5821
0.3275
0.0965
0.0962
0.0772
0.0573
0.0443
0.0402
0.0096
0.0036
0.0022
0.0015
0.0012
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

K

QDeviance

26
25
25
17
17
29
16
25
18
32
26
16
22
36
30
21
32
15
26
31
40
44
15
17
14
18
26
25
25
26

164.38
167.50
168.65
187.30
187.31
163.40
190.37
172.65
187.03
161.47
175.65
196.85
185.48
157.39
173.88
194.73
173.59
208.26
188.61
179.00
215.76
215.10
298.89
297.47
306.38
324.96
1427.98
1430.88
3071.56
3096.17
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Table 4.12. Age-specific estimates of Arctic Tern survival probabilities ( Ŝ age ) and


standard errors ( SE ) generated by model averaging.

Age

Ŝ age
SE
(yrs)
F-1 0.55 0.189
> 1 0.83 0.181

Table 4.13. Colony- and age-specific estimates of Arctic Tern re-encounter probabilities


( p̂age ) and standard errors ( SE ) generated by model averaging.
Age
(yrs)
1
2
3
4

0.003
0.050
0.211
0.223

SE
0.0035
0.0262
0.0724
0.0880

PMI

1
2
3
4

0.014
0.096
0.118
0.124

0.0109
0.0462
0.0767
0.0875

SI

1
2
3
4

0.016
0.175
0.320
0.336

0.0106
0.0605
0.1177
0.1339

MR

1
2
3
4

0.011
0.116
0.180
0.191

0.0089
0.0475
0.0839
0.0991

Colony
MSI

p̂age
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Table 4.14. Colony-specific estimates of Arctic Tern movement probabilities (ψ̂rs ) and


their standard errors ( SE ) generated by model averaging. Model components defined in
Table 4.3. Colonies are Machias Seal Island (MSI), Petit Manan Island (PMI), Seal
Island (SI) and Matinicus Rock (MR).

Transition
(r to s)
MSI-MSI
MSI-PMI
MSI-SI
MSI-MR

0.933
0.023
0.028
0.016

SE
0.0265
0.0198
0.0147
0.0135

PMI-MSI
PMI-PMI
PMI-SI
PMI-MR

0.064
0.904
0.011
0.021

0.0567
0.0676
0.0186
0.0299

SI-MSI
SI-PMI
SI-SI
SI-MR

0.024
0.049
0.873
0.054

0.0206
0.0342
0.0478
0.0304

MR-MSI
MR-PMI
MR-SI
MR-MR

0.010
0.070
0.058
0.861

0.0144
0.0532
0.0304
0.0650

ψ̂ rs
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Figure 4.1. Map of the locations of the four study islands (stars) as well as other islands
in the Gulf of Maine where Arctic Terns were observed in 1999-2003 (circles): Stratton
(S), Eastern Egg Rock (E), Metinic (M), Matinicus Rock (MR), Seal Island (SI), Petit
Manan Island (PMI), Machias Seal Island (MSI) and the Brothers (B).
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5.1 Abstract
Arctic Terns in the Gulf of Maine are part of a structured regional population,
with nesting colonies concentrated on a few managed islands. Previously we used
capture-mark-recapture analysis of banded individuals from 1999-2003 to develop and
examine the first estimates of survival and dispersal of Arctic Terns banded as chicks and
as adults in North America (Chapters 3 and 4). Probabilities of survival estimates from
terns banded as chicks were 0.55 (fledging-1 year) and 0.83 (>1 year), probability of
survival estimates from terns banded as adults was 0.97 (when the first encounter was
suppressed to account for transient individuals). Dispersal depended on colony and
direction. Probability of natal dispersal ranged from 0.01-0.07, and probability of
breeding dispersal ranged from 0.00-0.025. Using these data and estimates of fecundity
calculated from island- specific productivity (number of chicks fledged per nest),
proportion breeding at ages 1-4 and survival from fledging to 1 year, we examined the
viability of the population. Our analysis projects if current trends in productivity,
survival, and dispersal continue, the regional population will reach twice the current
number of terns nesting in the region within the next 10 years. If adult survival is lower
(i.e. 0.83, as estimated from terns banded as chicks), then regional population will still
increase, but not double in size and the distribution of terns on the islands may change.
Two potential catastrophes were also modeled, representing reproductive failure and
increased adult mortality due to predation. The catastrophes increase the risk of a
population decline only if combined with lower adult survival.
Keywords: Arctic Tern; population viability analysis; capture-mark-recapture; fecundity;
survival; dispersal
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5.2 Introduction
Population viability analysis has become an important tool for wildlife managers
in the conservation of species at risk. Many different components can be incorporated
into a population viability analysis including: demographics (survival and fecundity),
environmental and demographic stochasticity, density dependence, dispersal, habitat
suitability and genetic diversity (Akçakaya and Sjögren-Gulve 2000; Beissinger and
McCullough 2002; Morris and Doak 2002; Reed et al. 2002). These analyses can be
used in the examination of metapopulations (Johst et al. 2002; Mennechez et al. 2004),
the evaluation of species status (Brook and Kikkawa 1998; Akçakaya et al. 2000; Elphick
et al. 2001; Gärdenfors et al. 2001), habitat suitability (Akçakaya 2000) and the
evaluation of management techniques (Ludwig and Walters 2002; Mills and Lindberg
2002; Ralls et al. 2002; Reed et al. 2002; Akçakaya et al. 2004). Results of population
viability analyses are usually presented in terms of time to extinction or probability of
decline (Grimm and Wissel 2004).
Population viability analysis has been used for many different species of animals
and plants including California Least Terns (S. antillarum browni) (Akçakaya et al.
2003a), the Bog Fritillary Butterfly (Proclossiana eunomia) (Mennechez et al. 2004),
Beluga Whale (Delphinapterus leucas) (O'Corry-Crowe et al. 1997), Northern Spotted
Owl (Strix occidentalis caurina) (Akçakaya and Raphael 1998), Sage Grouse
(Centrocercus spp.) (LaMontagne et al. 2002), and seed banks (Doak et al. 2002). For
additional species accounts see Akçakaya et al. (2004). The tools used for the analysis of
population viability have evolved rapidly over the last 20 years. Several different
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software packages are available including VORTEX (Lacey et al. 2003), INMAT (Mills
and Smouse 1994) and RAMAS-Metapop (Akçakaya 2002).
As with any modeling, it is easy to generate results, but the quality of results is a
direct product of the quality of the data used and critics advocate caution in using
population viability analysis (Beissinger and McCullough 2002; Ellner et al. 2002;
Lindenmayer et al. 2003; McCarthy et al. 2003).

It is important to incorporate

environmental and demographic stochasticity into the models (Brook et al. 2002; Ellner
et al. 2002; Lande 2002; Sæther and Engen 2002). Demographic stochasticity is “caused
by random variation in individual fitness that is independent among individuals” (Lande
2002). This type of stochasticity can be incorporated into population viability models by
“sampling the number of survivors from a bionomial distribution and number of offspring
from a Poisson distribution” (Akçakaya 1991; Akçakaya et al. 2003a). “Environmental
stochasticity caused by changes in physical or biological factors affects the fitness of all
individuals in a population in a similar fashion” (Lande 2002) and can be incorporated
into modeling by including variation in fecundity and survival, and local or regional
catastrophes.
In 1998, a collaborative study to examine the demographics of Arctic Terns
within this region was begun by the Atlantic Cooperative Wildlife Ecology Research
Network (ACWERN) at the University of New Brunswick, the U.S. Fish and Wildlife
Service (USFWS) at the Maine Coastal Islands National Wildlife Refuge (NWR), the
Canadian Wildlife Service (CWS) and the Seabird Restoration Program of the National
Audubon Society (NAS). In this study we use current estimates of productivity, survival,
and dispersal to project the viability of Arctic Terns within the Gulf of Maine and Bay of
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Fundy region. The distribution and life history of Arctic Terns within this region are
described in Chapter 1 and in Hatch (2002). Since the early 1980‟s, the population of
terns nesting in the Gulf of Maine region has risen to approximately 9,200 pairs of
Common Terns and 5,500 pairs of Arctic Terns (Figure 5.1; Hall 2004). Approximately
95% of the Arctic Terns nest on four managed islands in Maine and New Brunswick
including the largest known colony in North America (Figures 5.1, 5.2).
Age of first breeding was previously estimated to be 3-4 years with a few
breeding at age 2 (Hawksley 1957; Hatch 2002); however, current studies indicate that
the average age of first breeding is between 2-3 years with a few breeding at 1 year
(Chapter 4). Most adult mortality is assumed to occur away from the breeding ground
and factors affecting the survival of adults are largely unknown (Hatch 2002). Current
estimates of survival are based on a mark-recapture analysis of Arctic Terns banded as
chicks or adults between 1999-2003 (Chapters 3, 4).
5.2.2 Study Goals
In this study, a metapopulation model was used to estimate the status and viability
of Arctic Terns nesting in the Gulf of Maine region, and to project how the status of the
species may change over the next 50 years (population viability analysis). A
metapopulation is a “set of local populations within some larger area, where typically
migration from one local population to at least some other patches is possible” (Hanski
and Simberloff 1997). Estimates of survival, reproductive success, and dispersal
previously estimated (Chapters 3 and 4) were used to project the trajectory of the
metapopulation under current trends. The model also examined how years with
reproductive failure or increased mortality may affect the viability of the species within
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the region. Observers on some tern colonies have seen an increase in the number of
predators including, Mink, Peregrine Falcons (Falco peregrinus) and Great Horned Owls
(Petit Manan NWR 1999; Borzik and Hall 2000; Diamond et al. 2001; Lord and Allen
2002; Petit Manan NWR 2003; Hall 2004). Accordingly we wished to assess the
possible effects of increased predation on the viability of Arctic Terns nesting in this
region.
5.3 Methods
5.3.1 Modeling Approach
In this analysis of Arctic Terns nesting in the Gulf of Maine, the metapopulation
was restricted to include only those colonies for which detailed information on survival,
productivity and inter-colony movement (dispersal) was available. In the metapopulation
model, each colony was defined as a population. For each population, the dynamics of
population change were modeled with a stochastic, age-structured matrix model. The
model allowed for year-to-year changes in vital rates (survival and fecundity) due to
demographic and environmental stochasticity. The metapopulation model was used to
simulate future changes in the number and composition of the Arctic Tern population in
the Gulf of Maine. Model results are summarized in terms of the risk of population
decline (e.g., the probability that the population of Arctic Terns nesting in the Gulf of
Maine region will decline by 30-50% in the next 50 years). Results of simulations under
different scenarios, including local or regional environmental catastrophes that could
affect fecundity (reproductive failure due to weather and lack of prey) and increased
predation pressure on nesting adults, were compared. The program RAMAS Metapop
version 4.0 was used for the analysis (Akçakaya 2002).
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5.3.1.1 Parameter Sensitivity
An estimate of parameter variability was included in the analysis by adding the
standard deviation of estimates for survival, fecundity and inter-colony movement.
Analyzing each scenario with estimates of low, medium and high parameter values
assessed the sensitivity of the model results (Akçakaya et al. 2003a). This type of
sensitivity analysis is also referred to as “perturbation” and is a recommended part of
population viability analyses (Mills and Lindberg 2002).
5.3.2 Geographic Limits and Spatial Structure
The study area extended from mid-coast Maine to the Bay of Fundy and the
southern shore of Nova Scotia. Although Arctic Terns have been recorded breeding at 718 colonies since 1984, over 95% of the Arctic Terns nesting in this region currently nest
on four islands: Machias Seal Island, (hereafter MSI; 44˚ 30‟N, 67˚ 06‟ W), Petit Manan
Island (hereafter PMI; 44˚ 22‟ N, 67˚ 52‟ W), Seal Island (hereafter SI; 43˚ 53‟ N, 68˚ 44‟
W), and Matinicus Rock (hereafter MR; 43˚ 47‟ N, 68˚ 51‟ W). During 1999-2003, there
were four other islands in the region where Arctic Terns nested (< 120 number of nesting
pairs on each colony from 1984-2002, Folger and Drennan 1984; Kress and Borzik 1988;
Schubel 1992; McCollough 1994; Hokama et al. 1996; Koch 1998; Borzik and Hall
2000; Lord and Allen 2002; Chapter 1). These islands included: Stratton Island (43˚ 31‟
N, 70˚ 19‟ W), Metinic Island (43˚ 50‟ N, 69˚ 05‟ W), Eastern Egg Rock (43˚ 52‟ N, 69˚
23‟ W) and the Brothers (43˚ 36‟ N, 65˚ 50‟ W). Figure 5.3 illustrates the location of the
islands and Table 5.1 the distances among the four study islands.
These islands support a diverse group of nesting seabirds including Arctic Terns,
Common Terns, Roseate Terns (S. dougallii), Atlantic Puffins (Fratercula arctica),
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Razorbills (Alca torda), Common Murres (Uria aalge), Laughing Gulls (L. atricilla),
Common Eiders (Somateria mollissima) and Leach‟s Storm-petrels (Oceanodroma
leucorhoa). Specific observations of banded terns were made at these colonies from
1999 to 2003 (chapters 3, 4). Movement among colonies between years was modeled as
dispersal.
5.3.3 Population Demographics
The demographic model is based on research and surveys conducted
collaboratively by several federal, state and private organizations under the aegis of the
Gulf of Maine Seabird Working Group. The annual number of nesting Arctic Terns in
the region is determined by nest census surveys conducted during 12-22 June each year
(alternate years on MSI). This time period is generally 1-2 weeks after the peak egglaying period of terns in this region. This may have led to a bias in the sampling of terns
towards older breeding individuals which tend to nest earlier in the season (Arnold et al.
2004); however, the ages of the majority of nesting birds are not known so this cannot be
tested. Figure 5.1 illustrates changes in the nesting population of Arctic Terns in the
region from 1983 to 2004.
5.3.3.1 Stage Matrix
The within-population dynamics were modeled with an age-structured matrix
model. The model had a time step of 1 year and included only females. The matrix was
parameterized according to a pre-breeding census (meaning that although the population
was estimated by a nest count, it was done before young of the year were raised, therefore
breeding for the year was not yet completed) and had four age groups: 1, 2, 3 and > 4
years. The following parameters were defined:
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m: the maternity or number of female fledglings per female
Px: the proportion of x-year old females that breed
Sx: the survival rate of x-year olds
In this model, fecundity (Fx) is the product of maternity (m; see section 5.3.3.2), the
proportion of the age class breeding (P x; see section 5.3.3.3) and the number of fledglings
that survive until the next census per individual counted in the current census (S 1; see
section 5.3.3.4) (Akçakaya et al. 2003a; Lande et al. 2003). The stage matrix had the
following structure (the first row indicates fecundity; other rows indicate survival):

F1
S2
0
0

F2
0
S3
0

F3
0
0
S4

F4
0
0
S4

5.3.3.2 Maternity
Representatives from the Gulf of Maine Seabird Working Group have tracked the
breeding productivity of nesting terns in the Gulf of Maine since 1984. Subsets of the
nests on the islands are tracked to record egg-laying dates, clutch size, hatching, and
fledging. Chicks are banded with standard Bird Banding Lab (BBL) bands within 1-2
days of hatching. In the Gulf of Maine, Common and Arctic Tern chicks are considered
“fledged” when they reach 15 days (even though the young birds cannot fly until at least
25-30 days) because after day 15, the chicks become more mobile and difficult to track.
Any chicks found dead after day 15 are subtracted from the final estimate of chicks
fledged per nest (Diamond et al. 2002; Kress and Hall 2004). The productivity of terns is
reported annually by the Gulf of Maine Seabird Working Group.
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To determine the maternity variable, we assumed one female per nest, a 50:50 sex
ratio at fledging, and calculated the number of female fledglings produced per female as
one half of the annual number of fledglings per nest reported (Clobert and Lebreton 1991;
Akçakaya et al. 2003a). Although there are a few records of more than 2 birds attending
a single nest, this is generally infrequent (Cullen 1957; Devlin, C.M. unpublished data – 4
occurrences of 3 adults attending a single nest in 11 years of observation). Table 5.2
summarizes the number of fledglings per nest from 1995 to 2004 on each island. We
used the mean number of fledglings per nest between 1995-2003 for the analysis. In
2004, some islands experienced virtual failure in reproductive success (< 0.05 chicks
produced per nest); this year was excluded from the overall mean, but incorporated into
the model by adding a probability of reproductive failure catastrophe as one form of
environmental stochasticity.
Sensitivity of the model to this parameter was examined by using low and high
values of fecundity.

In the low fecundity scenario, fecundity was calculated using the

lowest number of fledglings per nest observed from 1995 to 2003 (Table 5.2; fledglings
per nest =0.33 (SE=0.065)). This value was used for all islands. The high fecundity
scenario used the highest number of fledglings per nest observed from 1995 to 2003 (i.e.,
1.5 (SE=0.141)). Table 5.3 summarizes all fecundity values.
5.3.3.3 Age at First Breeding
The proportion of Arctic Terns breeding at each age (Px) was determined by a
study of birds banded as chicks (chapter 4). In this study, of 109 known-age breeding
Arctic Terns, 5 were 1 year old, 35 were 2 years old, 47 were 3 years old, and 22 were 4
years old. These numbers give the proportion breeding at each age P1 = 5%, P2 = 37%,
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P3 = 80%, P>4 = 100%. These data indicate that the average age of first breeding is 2.8
yrs (SE=0.08).
5.3.3.4 Survival
A mark-recapture analysis was conducted using the program MARK and used to
generate survival estimates from data collected between 1999-2003 (Chapters 3 and 4,
Franklin 1999; White et al. 1999; White and Burnham 1999). Survival of Arctic Terns
banded as chicks and adults was determined separately from the best fit model using
Akaike‟s Information Criterion (AIC) (Burnham and Anderson 1998; Anderson and
Burnham 1999; Johnson and Omland 2004). The probability of survival of Arctic Terns
banded as chicks on all islands increased with age (Chapter 4); 0.55 (SD=0.189) from
fledging to 1 year; 0.83 (SD=0.181) from 1-4 years. If transient individuals were not
accounted for the probability of survival of terns banded as adults was different on four
colonies. MSI had a probability of adult survival of 0.82 (SD=0.026), PMI = 0.88
(SD=0.053), SI = 0.95 (SD=0.026), MR = 0.87 (SD=0.024). When transients were
accounted for (by suppressing the first encounter), the survival of terns banded as adults
was 0.97 (SD=0.027) (Chapter 3). Within the stage matrix described above, for each
island we assigned 3 classes of survival values: S1 = 0.55, S2 =0.83, S3 = S4 = Sa = 0.97
(Table 5.4). Sensitivity of the survival parameter was analyzed by using low (0.83) and
high (0.97) values of survival for terns > 1 yr old. We also used island-specific adult
survival estimates to examine additional sensitivity of this parameter.
5.3.4 Demographic and Environmental Stochasticity
Demographic stochasticity was incorporated into the population viability analysis
by sampling the number of survivors from a binomial distribution and number of
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offspring from a Poisson distribution (Akçakaya 1991; Akçakaya et al. 2003a). Annual
fecundity and survival are affected by environmental stochasticity. Annual fluctuations
in these parameters were added to the population viability analysis by adding estimates of
standard deviation for fecundity and survival. The standard deviations of the survival
estimates were calculated from the variances reported for the best fit mark-recapture
models calculated in the program MARK (chapters 3, 4). Table 5.4 summarizes the
means and standard deviations for survival estimates.
The standard deviation of fecundity was more complicated to calculate because
fecundity is the product of maternity, survival of terns to age 1 and the proportion of terns
breeding at each age class. “The approximate variance of the product of two random
numbers (Var1x2) is a function of their means (Mean1, Mean2), variances (Var1, Var2) and
covariance (Cov1,2)” (Akçakaya and Raphael 1998). This relationship can be
summarized in the following equation: Var1x2 = Var1 (Mean2)2 + Var2 (Mean1)2 +2
Mean1 Mean2 Cov12 (Akçakaya and Raphael 1998). Table 5.3 summarizes the calculated
means and standard deviations for fecundity.
5.3.4.1 Catastrophe 1: Reproductive Failure
Additional stochastic environmental influences on the vital rates of Arctic Terns
were examined by modeling the effects of 2 “catastrophes.” In 2004, MSI experienced
reproductive failure of virtually all terns nesting on the island (< 0.05 fledglings per nest;
Table 5.2) due apparently to the combined effects of weather and lack of prey (Black et
al. 2005). In 2004 other islands in the study also had low productivity (the lowest
observed between 1995-2004; Table 5.2), though not as severe as on MSI.
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The experience of local reproductive failure was added to the population viability
analysis. The probability of this local catastrophe happening was set at 0.10 based on the
observation that in 10 years of research on MSI, reproductive failure was observed once.
We also examined the effects of this catastrophe happening with a low probability of 0.01
and a high probability of 0.20.
5.3.4.2 Catastrophe 2: Increased Adult Mortality
Several tern colonies in the region have experienced increased predation by
various predators. On all four islands, the number of visits by Peregrine Falcons
increased during the study. During the breeding seasons, PMI has been visited regularly,
often daily, by Peregrine Falcons since the re-establishment of the nesting tern colony in
the mid-1980s (Drennan et al. 1986; Anderson 1997; Rogan 2003). Peregrine Falcons
have been seen on MSI in increasing numbers in the last 6 years (3 days in 1999, 8 in
2000, 8 in 2001, 48 in 2002, 35 in 2003, and 36 in 2004 including some days with 2-3
Peregrines at a time; C.M. Devlin and A.W. Diamond, unpublished data). Visits by
Peregrine Falcons to MR and SI have been fewer, but also appear to be increasing (MR: 5
days in 2002, 4 in 2003, 14 in 2004; SI 4 days in 2002, 36 in 2003, 6 in 2004 (minimum
numbers only, as crews are not present on 4-5 days early in the season, C.S. Hall and
S.W. Kress, National Audubon Society, unpublished data). Peregrine Falcons do not
necessarily kill terns on each visit, and currently the number of Arctic Terns lost to
predation is very small compared to the total number of nesting terns. However, we were
interested in exploring how many terns would have to be lost to predation during the
breeding season to have an effect on the number of terns in the population (not taking
into consideration the disturbance caused by predator visits to colonies).

181

Given the probability of future increases in the predation of terns by Peregrine
Falcons, we decided to model the potential impact on the Arctic Tern metapopulation
under increasing mortality pressure. Five levels of mortality were used: 10, 20, 50, 100
and 150 adults per year per island. The four islands potentially have 3 species of terns
nesting on them (Arctic, Common and Roseate Terns). We assumed an equal likelihood
of any breeding tern in a colony being killed, regardless of age, species or sex. In order
to incorporate the probability of only female Arctic Terns being taken, the level of
predation was converted to a percentage of the total number of terns (all species)
available in each colony. This proportion was the level each population decreased in
each year of the simulation. The probability of this catastrophe happening each year on
each colony was set at 1.0.
5.3.5 Initial Abundances and Age Distribution
The initial abundance of females on each island was based on the number of
nesting pairs in 2004, assuming one female per nest (Diamond 2004; Hall 2004). These
were the most recent estimates of numbers of breeding pairs in the region. These
estimates were divided among the age classes assuming a stable age distribution (Begon
et al. 1996; Akçakaya 2002).
5.3.6 Density Dependence
There was a significant negative correlation between number of fledglings per
nest and the number of terns nesting on the four colonies (Figure 5.4; r57 = 0.536, p <
0.001). Even when additional data from other colonies in the Gulf of Maine region
(including Eastern Egg Rock, Stratton Island and Metinic) were added to the analysis,
this negative correlation persisted (Figure 5.5; r82 =0.219, p=0.046). Therefore we set a
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limit or “ceiling” (carrying capacity) on the number of terns that could nest on an island
and linked the reaching of this “ceiling” to the productivity of the terns.
Following Akçakaya et al. (2003), density dependence was modeled using a
“ceiling” population (carrying capacity) set at twice the maximum number of pairs
observed at each colony (Table 5.5). Sensitivity of this parameter was modeled using
low and high values of carrying capacity (1.5 and 2.5 times the maximum number of
pairs).
Sutherland (1996) defined Allee‟s principle as “at very low population density,
the rate of survival and reproduction may decline.” Although the colonies included in
our analysis are large (>600 pairs of Arctic Terns), colonies with < 10 pairs of Arctic
Terns are also common within the region (Hall 2004). However, we did not include any
of the small colonies in our analysis and it is unlikely that the population size of the
colonies included will decline to these levels; therefore we did not include this parameter
in the population viability analysis.
5.3.7 Dispersal
Dispersal in the population viability analysis referred to the movement of Arctic
Terns among breeding colonies from one census to another. The program RAMAS
Metapop (version 4.0; Akçakaya 2002) allows relative dispersal among age groups to
account for differences between natal and breeding dispersal (Greenwood and Harvey
1982; Clobert and Lebreton 1991). However, the program assumes that the ratio between
natal and breeding dispersal is the same for all colonies in the model. Our previous
analyses indicate that these ratios are different among colonies (Chapters 3 and 4, Tables
5.6, 5.7). The dispersal values used in this analysis were taken from a re-analysis of
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capture-mark-recapture data using the program MARK as in previous chapters (White et
al. 1999; chapters 3 and 4). These data grouped dispersal information from terns banded
as chicks and as adults and no age related divisions were made to estimate the probability
of total dispersal among colonies (Table 5.6). Unfortunately we know that there are
different dispersal ratios among islands for terns of different age groups, this is a problem
in the analysis program that will need to be addressed.
We attempted to examine the range of responses of the metapopulation model to
dispersal by using six different approaches. Total dispersal values were replaced by 1)
values observed for natal dispersal (Table 5.6, chapter 4), 2) values observed for breeding
dispersal (Table 5.6, chapter 3), 3) applying the lowest inter-colony dispersal estimate
observed to all inter-colony combinations, 4) applying the highest inter-colony dispersal
estimate observed to all inter-colony combinations, 5) applying a relative dispersal
estimate of 0.12 for age groups > 1 year to the estimates of total dispersal (Table 5.6), and
6) applying a relative dispersal estimate of 0.12 for age groups > 1 year to the values
observed for natal dispersal (Table 5.6, chapter 4).
5.3.7. Dispersal-distance relationship
In our analysis of population dynamics the distance among islands was not
correlated with dispersal (chapters 3 and 4). Therefore, no correlation between dispersal
and distance was used in the population viability analysis.
5.3.7.2 Density dependence in dispersal
Although one might expect the dispersal of colonial birds to increase as
population size increases (Akçakaya et al. 2003a), there was no evidence of a correlation
between dispersal and population size (chapters 3 and 4). Therefore, no correlation
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between dispersal and density of population (as defined by the total number of nesting
pairs per colony) was used in the population viability analysis.
5.3.8 Spatial Correlations
It is likely that colonies within a certain range of each other will be subject to
similar environmental stochastic events, and that these events will have a similar impact
on vital rates (e.g., a storm in a region at the same time that the young are most
vulnerable will affect the reproductive success of all colonies). Following Akçakaya et
al. (2003), correlations of productivity between islands were calculated (Table 5.8) using
data from the four islands (Tables 5.2). The individual correlations were then used to
examine the relationship between productivity and distance. Since this correlation was
not significant (r5=0.023, p = 0.966), spatial correlations between productivity and
distance between islands were not incorporated into the population viability analysis.
5.3.9 Management Actions
Population viability analysis usually involves the evaluation of different
management techniques. Management of Arctic Terns in the Gulf of Maine currently
consists of 1) protecting the terns from ground predators and larger gulls (i.e. exclusion of
nesting Herring and Great Black-backed Gulls from tern nesting areas, removal of
“problem” gulls and the relocation of other aerial predators such as owls); 2) monitoring
the number of nesting pairs, productivity, and prey items brought in to young; and 3)
restriction of human access to tern colonies. Rather than test the effects of alternative
management strategies, the relative risk of a population decline based on two different
scenarios of environmental stochasticity (catastrophe) under the current management
strategies was examined.
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5.3.10 Simulations
The analysis described above was conducted using a series of 50-year simulations
for each scenario described. Each simulation had 1,000 replications. Figure 5.6
illustrates an example of the population trajectories given by 5 replications of a model
simulation under current trends and under modified trends. This shows some of the
results of the variation in values that were incorporated into the full analysis. The results
are given as summaries of the model replications. In order to consider the sensitivity of
each parameter, 12 simulations were run for each scenario. The numbers of individuals
in every stage and numbers of dispersers were always integers. The model calculations
followed the algorithm described in Akçakaya (2002).
5.4 Results
5.4.1 Metapopulation Viability and Model Sensitivity to Uncertainty
The metapopulation of Arctic Terns nesting in the Gulf of Maine has been
increasing slowly over the last 2 decades (Figure 5.1) at a mean bi-annual growth rate (λ)
of 1.06 (SD = 0.098) with a total growth rate of 1.68 between 1984-2004. Bi-annual
growth rate was calculated because the nest census on MSI has historically only taken
place every 2 years. If current trends continue in productivity, survival and dispersal, for
the regional population, the population viability analysis projected an average annual
growth rate of 1.02 (SD = 0.050) but a total growth rate of 2.29 in the next 10 years and
2.31 in 50 years (Figure 5.7). The rapid regional population growth under current trends
will be attributed to the rapid growth of all colonies (Figures 5.8, 5.9, 5.10, 5.11, 5.12).
There is a negligible risk of a population decline within the next 50 years under current
trends (Figure 5.13).
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The sensitivity analyses indicated that the stage matrix (in particular the estimates
of survival) has the most influence on the results of the population viability analysis. Our
analysis projects that under low adult survival levels (S=0.83) and current fecundity
estimates, the projected population size will be lower (Figure 5.7) and the distribution of
the population among colonies will change (Figure 5.14). Even though the overall
metapopulation is projected to increase, there will be a higher annual probability of a
decline in the nesting population within the next 50 years than if a higher level of adult
survival (S=0.97) used in the model (Figure 5.13). The wide range of variability in these
results is due to a high variation in the survival estimate depending on if it is derived
from terns banded as chicks or terns banded as adults.
The amount of dispersal that has been observed by Arctic Terns in the Gulf of
Maine has been low (Table 5.6). The population viability analysis was not sensitive to
the changes in the amounts of dispersal we examined; there was no probability of a
decline in the population size regardless of the approach to modeling the sensitivity of
this parameter.
The effects of density dependence are difficult to measure. In this model, we
added the potential effects of density dependence by placing a ceiling on how large the
population could grow. Defining a carrying capacity for a species is difficult. Instead of
trying to calculate exactly how many terns could nest on each island, for a medium
ceiling level we chose to use twice the highest number of terns that has been recorded on
each island between 1983-2004 (Table 5.5). To examine the model sensitivity to this
parameter, the models were run with low and high ceiling values. Although the low
ceiling level value generated a regional population that was smaller than the models with
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a higher ceiling, there was no probability of a decline of any colony population within the
next 50 years.
5.4.2 Effect of decreased reproductive success (Catastrophe 1)
Increasing the probability of reproductive failure in any year from 0.1 to 0.2 did
not increase the risk of a population decline under the current trends in productivity,
survival and dispersal (Figure 5.15). Increased fecundity in years without the catastrophe
could counteract the effects of years with the catastrophe.
5.4.3 Effect of increased mortality (Catastrophe 2)
The number of visits by Peregrine Falcons to tern colonies in the Gulf of Maine is
increasing. With an increasing number of visits, the probability of an increase in the
number of terns lost to predation events by Peregrine Falcons increases. The effects of
increased predation were modeled by incrementally increasing the number of terns lost
on each colony. An increase in mortality from 10 to 150 terns per island per year did not
decrease the size of the metapopulation of Arctic Terns in the region if the current trends
in productivity, survival and dispersal continue. However, if adult survival is low (0.83)
then the increasing the number of terns lost on each colony will have an effect on the
regional population. Under low adult survival the probability (risk) of a decline in the
annual population increases during the next 50 years (Figure 5.16)
5.5 Discussion
The population viability analysis projects that the population of Arctic Terns in
the Gulf of Maine will increase rapidly if the current trends of survival and productivity
continue. There is no risk of a significant decline in the population (> 30%) within the
next 50 years (Figures 5.7, 5.12). This rapid population increase is surprising given that
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the population has been increasing slowly since the mid-1980‟s. There will be a change
in the distribution of terns on the islands only if adult survival is low (Figure 5.13, 5.14).
This difference emphasizes the importance of an accurate and precise assessment of the
survival of the terns in the region. If we rely on the study of terns banded as adults
(chapter 3) estimated survival is much higher and more precise than if we rely on the
study of known-aged terns (chapter 4).
Given the sensitivity of the population viability analysis to adult survival, we need
to place future research priorities on gaining a better understanding of it. The short term
studies that have been completed (chapter 3 and 4) at best offer only preliminary
estimates of adult survival. The probabilities of survival of terns banded as chicks (0.550.83) are most likely an underestimate, because of the small number of re-encountered
terns the estimates are based on. The survival estimate (0.97) of adult terns may be an
over-estimate because of the influence of birds classified as „transient‟ that may actually
not be „transient‟, but nesting and not observed. Without the „transient‟ characteristic in
the model, the probabilities of survival of adult terns differs among colonies (0.82-0.95),
which does not seem biologically plausible. A „true‟ estimate of adult survival probably
lies between the ranges of estimates we have generated for terns banded as chicks and as
adults. Longer term studies will reveal more reliable estimates.
Mortality rates for adult terns fall within a continuum of values across bird
species and demographic patterns vary according to species. “At equilibrium, the number
of young surviving (per pair) to breed must equal twice the annual adult mortality”
(Perrins 1991). At one extreme is the Blue Tit (Parus caeruleus) that has an annual adult
survival rate of approximately 30%, at the other extreme are the Sooty Albatross
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(Diomedea fusca) and Fulmar (Fulmarus glacialis) that can have survival rates as high as
97-98% (Perrins 1991). For populations of these species the number of young that must
survive to breeding age for the population to remain stable ranges from 1.4 young per
pair per year for Blue Tits to 0.06 young per pair per year for Albatross (Perrins 1991).
With adult survival potentially ranging between 0.83-0.97, Arctic Terns would need 0.060.34 chicks per pair per year to survive to breed in order to maintain a stable population
within the Gulf of Maine. Based on the measurements in this study (and in Chapters 3
and 4) there are currently 0.23-0.44 chicks per pair per year produced on colonies in the
region. Arctic Terns are long-lived seabirds (the oldest known Arctic Tern was 34 years
old; Hatch 1974), and even with the probability of reproductive failure as high as 0.2 in
any given year, if the survival rate is high or productivity is high in other years, the
lifetime reproductive success of individuals would still lead to a stable or increasing
population size.
5.5.1 Philopatry and Dispersal
Many colonially nesting birds show high rates of philopatry (Ainley et al. 1995);
however, not all colonially nesting seabirds show philopatry (Coulson 2002). There is
often a strong difference between the philopatry of young birds and the site fidelity
shown by older breeding individuals (Coulson 2002). Dispersal of Herring Gulls can
include up to 50% of the individuals surviving to breed (Chabrzyk and Coulson 1976).
Puffins will often disperse to sites other than their natal colony, but once they breed for
the first time, they rarely, if ever, change sites (Harris and Wanless 1991; Breton et al.
2005a). Several species of alcids including Razorbills, Atlantic Puffins, Black
Guillemots (Cepphus grylle) have not been recorded as changing colony sites as breeding
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adults, although movement of immature birds has been recorded (Hudson 1985; Harris
and Wanless 1989; Harris and Wanless 1991; Breton et al. 2005a,b). Common Terns
nesting in Massachusetts display a relatively conservative site selection behaviour
(Austin 1949; Austin and Austin, Jr. 1956; McNicholl 1975; Tims et al. 2004). Older
birds that remained at a colony site experienced a reduction in breeding success rather
than move to a “better” colony site (where there appeared to be more prey available and
more habitat available for nesting) (Tims et al. 2004). Caspian Terns (S. caspia) have
shown a significant preference for a colony where they had successfully raised young in a
previous year, but moved to a new colony if they had been unsuccessful in raising young
(Cuthbert 1988).
If current conditions continue our population viability analysis projects that the
population of Arctic Terns nesting in the Gulf of Maine will increase. However, if trends
change, the current dispersal trend will result in a change in the distribution of terns on
different islands (Figure 5.14). This mirrors what has been found with other seabirds and
supports current ecological theory that projects that individuals should move from less
suitable sites to more suitable sites. However, the mechanisms causing individual Arctic
Terns to move from one site to another remain unclear.
5.5.1.1 Population Increase
A number of seabird colonies have recorded rapid population increases. The
Atlantic Puffin population on the Isle of May increased from 5 to about 3000 breeding
pairs within only 16 years (Harris 1983; Hudson 1985). In this study of Arctic Terns,
Seal Island has increased from 16 nesting pairs in 1989 to 1172 pairs in 2004 (Figure
5.2). In both cases, immigration of immature individuals can account for some of the
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population size increase. However, at least in the case of the Arctic Tern, productivity in
the region cannot account for all of the population increase on Seal Island. In this study,
we have documented the breeding dispersal of 22 banded adult individuals; 13 of these
immigrated to Seal Island. In the Isle of May puffin population some of the increase was
due to the immigration of failed breeders from neighbouring islands (Harris 1983;
Hudson 1985). Although this could easily occur in the Gulf of Maine, we have not
focused research on documenting this type of movement and re-nesting among Arctic
Terns.
The population increase within the next 10 years projected by the population
viability analysis is driven by the high estimate of adult survival. Our sensitivity analysis
showed that this response would be modified if survival was lower. The population
viability analysis does not show what might happen as a behavioural response to
increasing population numbers on each island. If populations continue to increase,
additional dispersal to other tern colonies may become more evident. Already in 2003
and 2004 there has been an increase in Arctic Terns nesting on Metinic Island (not one of
the key colonies in this study, chapter 1). We know which colonies some of the terns are
from (Petit Manan, Seal Island and Matinicus Rock), and suggest that a future population
viability analysis include this island and other smaller colonies in the analysis in order to
get a clear view of the entire regional metapopulation.
5.5.1.2 Habitat Stability
In areas where habitats are stable, colonially nesting birds show high fidelity to
natal and breeding sites (Bried and Jouventin 2002). Lesser Snow Geese (Chen
caerulescens caerulescens) are highly site faithful; however, in a colony where numbers
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have increased rapidly, the nesting habitat of the geese has deteriorated, and a long-term
study of marked individuals has detected shift in the colony location due to a small
amount of movement by adult individuals and the settlement pattern of young birds
(Ganter and Cooke 1998). Many species of terns including Least Terns (S. antillarum),
Gull-billed Terns (S. nilotica), Caspian Terns and Common Terns show strong fidelity to
natal and breeding colonies unless the habitat becomes unstable (Nisbet 1973; McNicholl
1975; Atwood and Massey 1988; Burger and Gochfeld 1991; Erwin et al. 1998). These
species sometimes nest on sandbars or shell piles that shift in location or in marshes
where nests can easily flood, forcing the birds to find other locations to nest. Other forms
of habitat instability come from human disturbance. Burger and Gochfeld (1991) discuss
the relocation of Common Terns after the laying of a sewer outfall pipe disrupted a
colony in New Jersey. In the year immediately following the disruption, no birds nested
in the area of the beach where construction had taken place. Banded individuals that had
previously nested there were found in colonies on adjacent beaches and marshes.
Recently, approximately 9,000 pairs of Caspian Terns nesting in the Columbia River
estuary were relocated from one island to another by resource managers in an effort to
change the diet of the terns away from juvenile salmonids to other available prey (Roby
et al. 2002). Within three breeding seasons this large colony was relocated using a
combination of social attraction to the new colony site and measures to discourage terns
from nesting on the old site (Roby et al. 2002).
Within the Gulf of Maine, specific islands have been set aside for nesting terns
and there are plans for the creation of additional tern refuges. Resource managers are
working to maintain adequate nesting habitat through vegetation management such as
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controlled burns on Petit Manan Island. It is unlikely that Arctic Terns in this region will
be forced to abandon nesting colonies due to habitat degradation.
5.5.1.3 Disturbance
Although most tern colonies in the Gulf of Maine are closed to visitors during the
breeding season, Machias Seal Island does allow visitors. On MSI and on other tern
colonies the disturbance caused by either the tourists walking through part of the nesting
colony or the seabird researchers has little or no detectable effect on the productivity of
the terns (Morrison 1996; Nisbet 2000; Gagnon 2001). Additional disturbances are
caused by predators or potential predators visiting the islands.
Herring Gulls and Great Black-backed Gulls have been known to displace nesting
terns and Laughing Gulls (Drury 1973; Nisbet 1973; Drury 1974; Kress et al. 1983).
These large, aggressive gulls “usurp nest sites by breeding earlier than most other species
and also prey on the young of other species” (Erwin et al. 1981). The large gulls nesting
on the tern colonies in the Gulf of Maine are managed and if necessary, gulls preying on
terns are culled. However, the tern colonies are subject to disturbance from other
potential avian predators such as Peregrine Falcons, Merlins, and Great Horned Owls.
The impact of frequent disturbance by a predator on a colony of nesting terns varies
among colonies and often depends on whether the disturbance occurs during the day or
night (Burger 1984; Atwood and Massey 1988; I.C.T. Nisbet, personal communication).
In a study of Least Terns nesting in California in the early 1980‟s, an American Kestrel
(Falco sparverius) was responsible for the loss of approximately 60% of the colony‟s
total chick production for the year; however, the fidelity of the terns to the breeding
colony was apparently not affected. In the following year, 86% of the colony (18 of 21
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banded individuals) returned to nest (Atwood and Massey 1988). However, in situations
where a colony is threatened by a nocturnal predator, such as Mink or owls, a colony of
any species may be more likely to abandon (Kress and Hall 2004). Nocturnal predators
have caused reproductive failure and in some cases abandonment of colonies in the Gulf
of Maine (Hall 2004). The colonies most affected by nocturnal predators have been
inshore islands and have mostly Common Terns nesting on them (Hall and Kress 2004).
The four colonies in this study have not experienced nocturnal disturbances but have had
an increase in the number of daytime visits by predators such as Peregrine Falcons. Our
modeling examined the potential impact on nesting tern numbers under increased
mortality. The results indicated that there would have to be 50 or more terns taken on
each colony every year in combination with lower annual adult survival for there to be a
significant impact on the numbers of Arctic Terns in the region. However, our analysis
does not address the potential for increased mortality to change the dispersal behaviour of
terns; we do not know what threshold of tolerance the terns may have before they choose
to leave a colony site.
5.5.2 Density Dependence
The population viability analysis was sensitive to the assumption about carrying
capacities in that once the limits were reached the populations remained at that limit. In
this model, the carrying capacity for Arctic Terns represented the maximum expected
size of the population on each island. The carrying capacity of the islands was initially
defined as twice the highest number of nesting terns recorded on those islands from 1983
to 2004. We also examined the sensitivity of the model to low and high carrying
capacities of 1.5x and 2.5x the highest number of terns recorded nesting on those islands
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from 1983 to 2004 respectively. Under the low estimated carrying capacity, the projected
population size was lower, but there is no risk of population decline within the next 50
years.
The definition of carrying capacity incorporates density-dependent factors such as
food limitation and the availability of nesting resources. There is very little information
about the effects of density-dependent factors on Arctic Terns. There are very few Arctic
Tern colonies of the sizes in this study in the rest of North America; typical colony size
for this species in northern North America ranges from about 10 to a few hundred pairs,
but large colonies are common in other parts of the world (Cramp 1985; Anker-Nilssen et
al. 2000; Kondratyev et al. 2000; Monaghan 2002; Ratcliffe 2004). Although very little
information has been documented for most aspects of northern North American
populations (Hatch 2002), the results of our work are likely to reflect how the species
may respond in general.
The fact that Arctic Terns in the Gulf of Maine region are concentrated on a few
islands is due to management by conservation organizations that maintain predator-free
islands as refuges for nesting terns. One indication that there may be a density-dependent
effect is that the largest colony, Machias Seal Island, has consistently had the lowest
productivity in most years between 1995-2004 (Table 5.2). This relationship drives the
significant correlation between the number of fledglings produced per nest and the size of
colony (Figures 5.4, 5.5). “Low reproductive success in seabirds is often associated with
declining colony size or abandonment of colony sites” (Erwin et al. 1981). Although the
size of the Arctic Tern colony on MSI appears to be stable (Figure 5.2), the population
viability analysis indicates that it may not be if adult survival declines (Figure 5.14). Seal
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Island was established as a tern colony in 1988 and has been growing ever since; it is the
only colony to reflect a negative correlation between colony size and productivity (Figure
5.4). If this trend reverses in the next few years as the colony size continues to grow, it
may be a clear example of the range of a density-dependent response.
5.6 Conclusion
Like many seabirds, Arctic Terns respond to the social stimulus provided by large
numbers of nesting terns (Bried and Jouventin 2002). We have made safe havens for
terns by excluding predators such as gulls and ground predators from nesting colonies.
This has been very successful in attracting terns to islands and keeping them there.
However, there are also costs to concentrating the birds in a few areas. Having terns
concentrated on a few islands makes them vulnerable to environmental disasters, such as
oil spills, which is why there is a management plan to attract terns to more islands within
the region (Drury and Melvin 1990; U.S.Fish and Wildlife Service 2004). Many birds
together may increase competition for resources such as nesting space and food.
Although living in a colony has many benefits such as increased protection from
predators (the mobbing effect of hundreds or thousands of terns can drive away predators
and decrease each tern‟s chance of being eaten), there are also costs; resources may
dwindle through competition and lead to a reduction in survival and productivity.
Machias Seal Island is the largest Arctic Tern colony in the study area, but it has the
lowest productivity. Our analysis of the population viability of Arctic Terns in the Gulf
of Maine indicates that the metapopulation will continue to increase; as a result of this
increase the colonies may experience more of the effects of density dependence in the
future.
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The exact path of the future cannot be forecast by this analysis; it only shows a
potential path. It is very important to note that “models should be seen as constantly
developing tools, which should be periodically re-evaluated” (Lebreton and Clobert
1991). We have been able to make some projections about the population of terns in this
region, but continued monitoring and regular re-evaluation of the models is needed to
both test and improve our projections. The fact that we have very different estimates of
adult survival from our two banding studies indicates a need for continued re-evaluation
of survival. Even though our model was not sensitive to changes in dispersal, there does
need to be a way to easily include in an analysis the differences in dispersal ratios among
islands or sub-poulations for natal and breeding dispersal. We are fortunate that the
population projection for this species is increasing and that there is a negligible risk of a
population decline according to the parameters we have examined; it gives us more time
to learn about the dynamics of the species without the fear that it may be experiencing a
decline toward extinction.
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Table 5.1. Distances (km) between pairs of islands: Machias Seal Island (MSI), Petit
Manan Island (PMI), Seal Island (SI), Matinicus Rock (MR).

PMI
SI
MR

MSI
63
151
161

PMI

SI

91
102

14

Table 5.2. The number of Arctic Tern fledglings produced per nest and (where available)
the number of nests followed (n), on four islands in the Gulf of Maine between 19952004: Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI), Matinicus
Rock (MR). Data are from Megyesi (1995), Hokama et al. (1996), Allen (1997), Koch
(1998), Petit Manan NWR (1999), Borzik and Hall (2000), Diamond et al. (2001), Lord
and Allen (2002), Petit Manan NWR (2003) and Hall (2004).

Year
MSI
PMI
SI
MR
1995
0.65 (31)
1.5 (22)
1.3 (42)
1.2 (61)
1996
0.33 (53)
0.5 (27)
0.7 (51)
0.6 (65)
1997
0.59 (39)
1.1 (14)
1.1 (56)
1.1 (64)
1998
0.41 (41)
1.0 (30)
0.9 (60)
0.4 (72)
1999
0.56 (34)
0.50 (26) 0.90 (58) 0.87 (61)
2000
0.38 (87)
0.62 (60) 0.92 (60) 0.90 (83)
2001
0.58 (125) 0.81 (60) 0.95 (56) 0.80 (75)
2002
0.50 (285) 1.41 (27) 1.11 (56) 1.31 (72)
2003
0.50 (100) 1.03 (22) 0.96 (52) 0.85 (73)
2004
*0.05 (68) 0.77 (38) 0.82 (57) 0.38 (28)
Mean (1995-2003)
0.50
0.92
0.97
0.84
SE
0.036
0.111
0.053
0.099
*excluded from mean and included in analysis as local catastrophe
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Table 5.3. Mean (SD) of fecundity (Fx=m*Px*Sx, m=maternity, Px=proportion breeding
at age x, Sx= survival of x-year olds) for Machias Seal Island (MSI), Petit Manan Island
(PMI), Seal Island (SI), and Matinicus Rock (MR). Calculations of low and high
fecundity used in the sensitivity analysis used values of m = 0.165 (SD = 0.238) and 0.75
(SD = 0.33) fledglings per nest respectively (values from Table 5.2 *0.5). See section
5.3.3.1 for explanation of Fx calculation.

Fecundity
F1
F2
F3
F4

MSI
0.007
(0.0028)
0.076
(0.0233)
0.194
(0.0419)
0.243
(0.0523)

PMI
0.013
(0.0067)
0.141
(0.0639)
0.361
(0.1431)
0.451
(0.1789)

SI
0.013
(0.0052)
0.149
(0.0421)
0.380
(0.0683)
0.475
(0.0854)

MR
0.012
(0.0058)
0.135
(0.0532)
0.345
(0.1094)
0.432
(0.1368)

Low
0.005
(0.0078)
0.050
(0.0781)
0.128
(0.1849)
0.160
(0.2312)

High
0.021
(0.0100)
0.228
(0.1045)
0.582
(0.2563)
0.728
(0.3203)

Table 5.4. Estimates of survival (S) and standard deviation (SD) used for all islands for 3
age groups (Fledging-1 year, 1-2 years, > 2 years old.). Low and high estimates of
survival > 2 yrs from previous analysis (Chapters 3 and 4).

Survival
SF-1
S1-2
S>2

All
0.55
(0.189)
0.83
(0.181)
0.97
(0.027)

Low
0.55
(0.189)
0.83
(0.181)
0.83
(0.181)

High
0.55
(0.189)
0.97
(0.027)
0.97
(0.027)
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Table 5.5. Initial abundances and estimated carrying capacities. Initial abundance is the
total number of females in all age classes estimated from the most recent census of
nesting pairs assuming 1 female per nest (Diamond 2004; Hall 2004). Carrying capacity
is assumed to be 2 times the maximum estimated number of females in any year between
1983-2004.

Island
MSI
PMI
SI
MR

Initial
Abundance
2062
911
1172
830

Max # counted
1983-2004
2429
911
1172
1252

Carrying
Capacity
4858
1822
2344
2504
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Table 5.6. Estimates of the probability of total, natal, and breeding dispersal of Arctic
Terns in the Gulf of Maine for Machias Seal Island (MSI), Petit Manan Island (PMI),
Seal Island (SI) and Matinicus Rock (MR) between 1999-2003 used in the population
viability analysis. Low and High estimates used in the sensitivity analysis of dispersal.
Movement estimates (ψrs, r ≠ s) varied for different pair-wise combinations of colonies
where r = colony where banded and s = re-encounter colony.

Total
Transition

ψ̂

MSI-MSI
MSI-PMI
MSI-SI
MSI-MR

rs

Natal


ψ̂

rs



Breeding

ψ̂ rs
SE

Low High
ψ̂ rs
ψ̂ rs

0.978
0.008
0.010
0.004

SE
0.0045
0.0030
0.0028
0.0019

0.933
0.023
0.028
0.016

SE
0.0265
0.0198
0.0147
0.0135

0.991
0.004
0.001
0.004

0.0042
0.0031
0.0013
0.0026

1.0
0.0
0.0
0.0

0.93
0.07
0.07
0.07

PMI-MSI
PMI-PMI
PMI-SI
PMI-MR

0.024
0.947
0.023
0.006

0.0100
0.0136
0.0082
0.0045

0.064
0.904
0.011
0.021

0.0567
0.0676
0.0186
0.0299

0.014
0.957
0.004
0.025

0.0104
0.0166
0.0047
0.0122

0.0
1.0
0.0
0.0

0.07
0.93
0.07
0.07

SI-MSI
SI-PMI
SI-SI
SI-MR

0.007
0.011
0.971
0.012

0.0035
0.0044
0.0069
0.0042

0.024
0.049
0.873
0.054

0.0206
0.0342
0.0478
0.0304

0.000
0.000
1.000
0.000

…
…
…
…

0.0
0.0
1.0
0.0

0.07
0.07
0.93
0.07

MR-MSI
MR-PMI
MR-SI
MR-MR

0.002
0.017
0.019
0.962

0.0024
0.0065
0.0057
0.0088

0.010
0.070
0.058
0.861

0.0144
0.0532
0.0304
0.0650

0.000
…
0.003 0.0042
0.005 0.0043
0.992 0.0060

0.0
0.0
0.0
1.0

0.07
0.07
0.07
0.93
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Table 5.7. Estimates of the probabilities of natal and breeding dispersal (SE) from a
capture-mark-recapture analysis of Arctic Terns banded as chicks and adults (1999-2003)
using the program MARK (White et al. 1999). Movement (ψ) estimates from 2 models
r
are summarized here: 1) ψbanded
as chick or adult , where r = colony where bird was banded

(source) and 2) ψbanded as chick or adult , colony of origin not specified.
Movement Model
r
ψbanded
as chick or adult

ψbanded as chick or adult

Source
Colony

Total Natal
Dispersal

Total Breeding
Dispersal

Relative Dispersal
Ratio

MSI

0.021 (0.0055)

0.003 (0.0011)

0.143

PMI

0.027 (0.0133)

0.015 (0.0044)

0.556

SI

0.045 (0.0115)

0.000 (---)

0.000

MR

0.045 (0.0132)

0.003 (0.0017)

0.067

Total

0.033 (0.0044)

0.004 (0.0008)

0.121
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Table 5.8. Correlation coefficients of productivity (fledglings per pair) between pairs of
islands. Productivity data from 1995-2004 (Table 5.2). Island abbreviations are as
described in Table 5.1.

Island Pair
MSI – PMI
MSI – SI
MSI – MR
PMI – SI
PMI – MR
SI – MR

Correlation
R9 = 0.434
R9 = 0.680
R9 = 0.723
R9 = 0.868
R9 = 0.601
R9 = 0.799

p
0.211
0.030
0.018
0.001
0.066
0.006
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Figure 5.1. Number of pairs of nesting Arctic and Common Terns on colonies between
the southern coast of Maine and Grand Manan, New Brunswick from 1984 to 2004, and
total number of pairs of Arctic Terns nesting on four islands (Machias Seal Island, Petit
Manan Island, Seal Island and Matinicus Rock). Points indicate years when nest
censuses were completed. Dotted lines indicate data from non-consecutive years; solid
lines indicate data from consecutive years. Data from Folger and Drennan (1984),
Drennan et al. (1986), Kress and Borzik (1988), Schubel (1992), McCollough (1994),
Hokama et al. (1996), Koch (1998), Borzik and Hall (2000), Lord and Allen (2002), Petit
Manan NWR(2003), Diamond (2004), and Hall (2004).
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Figure 5.2. Number of pairs of Arctic Terns nesting on Machias Seal Island (MSI), Petit
Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR) 1983-2004. Points
indicate years when nest censuses were completed. Dotted lines indicate data from nonconsecutive years; solid lines indicate data from consecutive years. Data from Folger and
Drennan (1984). Drennan et al. (1986), Kress and Weinstein (1987), Kress and Borzik
(1988), Borzik (1989), Borzik and Kress (1990), Borzik (1991), Schubel (1992), Jackson
et al. (1993), McCollough (1994), Megyesi (1995), Hokama et al. (1996), Allen (1997),
Koch (1998), Petit Manan NWR (1999), Borzik and Hall (2000), Diamond et al. (2001),
Lord and Allen (2002), Petit Manan NWR(2003), Diamond (2004), and Hall (2004).
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Figure 5.3. Map of locations of the four islands included in the metapopulation model
(stars) as well as other islands in the Gulf of Maine where Arctic Terns were observed in
1999-2003 (circles): Stratton (S), Eastern Egg Rock (E), Metinic (M), Matinicus Rock
(MR), Seal Island (SI), Petit Manan Island (PMI), Machias Seal Island (MSI) and the
Brothers (B).
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Figure 5.4. Relationship between size of an Arctic Tern colony (number of nesting pairs)
and the number of fledglings per nest in the colony, 1983-2004. Colonies include
Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI), Matinicus Rock
(MR). Thick solid line indicates the overall correlation between the number of nesting
pairs and fledglings per nest. Other lines indicate the individual colony relationships
between fledglings per nest and colony size. Data from Kress and Weinstein (1987),
Kress and Borzik (1988), Borzik (1989), Borzik and Kress (1990), Borzik (1991),
Schubel (1992), Jackson et al. (1993), McCollough (1994), Megyesi (1995), Hokama et
al. (1996), Allen (1997), Koch (1998), Petit Manan NWR (1999), Borzik and Hall
(2000), Diamond et al. (2001), Lord and Allen (2002), Petit Manan NWR(2003),
Charette et al. (2004), Hall (2004) and Black et al. (2005).
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Figure 5.5. Relationship between size of an Arctic Tern colony (number of nesting pairs)
and the number of fledglings per nest in the colony 1983-2004, including data from small
colonies. Colonies include Machias Seal Island (MSI), Petit Manan Island (PMI), Seal
Island (SI), Matinicus Rock (MR), and Eastern Egg Rock, Stratton Island and Metinic
Island (other islands). Solid line indicates the relationship between colony size of 4
islands and fledglings per nest. Dashed line is the relationship between size of all
colonies and fledglings per nest. Data from Kress and Weinstein (1987), Kress and
Borzik (1988), Borzik (1989), Borzik and Kress (1990), Borzik (1991), Schubel (1992),
Jackson et al. (1993), McCollough (1994), Megyesi (1995), Hokama et al. (1996), Allen
(1997), Koch (1998), Petit Manan NWR (1999), Borzik and Hall (2000), Diamond et al.
(2001), Lord and Allen (2002), Petit Manan NWR(2003), Charette et al. (2004), Hall
(2004) and Black et al. (2005).
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Figure 5.6. Example of 2 sets of 5 modeling iterations for the population viability
analysis under current trends of dispersal and fecundity. Dashed lines show iterations of
the model with low adult survival (survival=0.83, SD=0.181), solid lines show iterations
with current estimated adult survival on all islands (survival=0.97, SD=0.027). Each line
represents a different model iteration.
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Figure 5.7. Projection of the regional population (4 islands combined) of Arctic Terns
within the Gulf of Maine generated from 2 population viability analyses 1) current trends
of fecundity, survival and dispersal and 2) low adult survival (0.83), current fecundity
and dispersal. Values generated by 1000 iterations of the population viability analysis
model. Solid circles = mean values (SD) of current trends, clear circles = minimum and
maximum values for current trends, solid triangles = mean values (SD) of trend with low
adult survival, clear triangles = minimum and maximum values with low adult survival.
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Figure 5.8. Population size projection of Arctic Terns nesting on Machias Seal Island
generated from the simulation of current trends of fecundity, survival and dispersal.
Mean values, standard deviation, minimum and maximum values generated by 1000
iterations of the population viability analysis model. Maximum carrying capacity was set
at 2 times the largest number of nesting terns recorded between 1983-2004 (Table 5.5).
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Figure 5.9. Population size projection of Arctic Terns nesting on Petit Manan Island
generated from the simulation of current trends of fecundity, survival and dispersal.
Mean values, standard deviation, minimum and maximum values generated by 1000
iterations of the population viability analysis model. Maximum carrying capacity was set
at 2 times the largest number of nesting terns recorded between 1983-2004 (Table 5.5).
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Figure 5.10. Population size projection of Arctic Terns nesting on Seal Island generated
from the simulation of current trends of fecundity, survival and dispersal. Mean values,
standard deviation, minimum and maximum values generated by 1000 iterations of the
population viability analysis model. Maximum carrying capacity was set at 2 times the
largest number of nesting terns recorded between 1983-2004 (Table 5.5).
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Figure 5.11. Population size projection of Arctic Terns nesting on Matinicus Rock
generated from the simulation of current trends of fecundity, survival and dispersal.
Mean values, standard deviation, minimum and maximum values generated by 1000
iterations of the population viability analysis model. Maximum carrying capacity was set
at 2 times the largest number of nesting terns recorded between 1983-2004 (Table 5.5).
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Figure 5.12. If current population trends continue in productivity, survival and dispersal,
the population numbers on all islands may increase rapidly over the next 50 years. The
error bars indicate the standard deviation around the means over 1000 iterations of the
modeling of current trends.
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Figure 5.13. Current trends (thick dashed line) from productivity (1995-2003) and
survival and dispersal (1999-2003) on 4 key tern colonies in the Gulf of Maine projects
no population decline within the next 50 years. If low values of fecundity (due to low
productivity = 0.33) or low adult survival (S=0.83) are introduced to the model, the
projected probability of a population decline increases.
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Figure 5.14. If current population trends continue in productivity and dispersal, but
survival drops to a low estimate (0.83), the regional population of terns will increase, but
the different colony populations will change over the next 50 years. The error bars
indicate the standard deviation around the means over 1000 iterations of the modeling of
current trends.
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Figure 5.15. Effects of Catastrophe 1: increasing reproductive failure on each colony
(low probability of occurring =0.01, medium p=0.10, high p=0.20). Current trends (thick
dashed line) from productivity (1995-2003) and survival and dispersal (1999-2003) on 4
key tern colonies in the Gulf of Maine projects no population decline within the next 50
years even with a high probability of Catastrophe 1. There is an increase in the risk of a
population decline only if reproductive failure is combined with low adult survival (0.83).
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Figure 5.16. Effects of Catastrophe 2: increasing the number of terns lost on each colony.
Current trends (thick dashed line) from productivity (1995-2003) and survival and
dispersal (1999-2003) on 4 key tern colonies in the Gulf of Maine projects no population
decline within the next 50 years. Increasing the number of terns lost only leads to an
increase risk of population decline when combined with low adult survival (0.83) on each
island.
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6.0 General Discussion and Significance of Study
I began this dissertation asking you to imagine a walk by the ocean without the
sound or sight of any gulls, terns or any seabird at all. Over 100 years of conservation
practices have prevented this from becoming a reality. Although there have been many
studies of seabirds over the years as part of those conservation practices, there are still
new things to learn about them. The main question I asked at the beginning of this
dissertation was if the Arctic Tern (Sterna paradisaea) colonies in the Gulf of Maine and
the Bay of Fundy were demographically independent. Through examining the survival
and dispersal patterns of banded individuals, I demonstrated that there is structure to the
regional population, and that according to the definition of metapopulation cited in
Chapter 1 (a “set of local populations within some larger area, where typically migration
from one local population to at least some other patches is possible” (Hanski and
Simberloff 1997), there is a metapopulation of terns in the region. At this point in the
study, I do not believe that there is strong evidence to show demographic independence
among colonies. The study has been firmly established and the continuation of it requires
the cooperation and collaboration of research teams on both sides of the Canada / U.S.
border. I have expanded what is known about Arctic Terns and explored several methods
that can be applied to other species.
6.1 Sexing Birds
In birds that are sexually monochromatic it is difficult to determine the sex of
individuals without intensive behavioural observations, dissection (laparotomies or
necropsies), or DNA analysis (Coulson et al. 1983; Jodice et al. 2000; Devlin et al.
2004). Prior to this study, the only morphometric analyses of Arctic Terns by sex were
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studies in the United Kingdom by Craik (1998; 1999) and Fletcher and Hamer (2003).
Craik‟s studies were limited by small sample sizes and Fletcher and Hamer (2003)
included a measurement of the depth of the fork in the tail feathers. Voelker (1997)
found that the length of tail feathers is associated with age. Because some of the Arctic
Terns in our study bred at ages 1-2, and the tail fork measurement showed the highest
inter-year variation, we suggested that any differences between the sexes based on tail
fork may be confounded by a potential difference in age.
A discriminant function analysis identified two measurements (head-bill and
depth of bill at the gonys) that best separate the sexes (Devlin et al. 2004 and Chapter 2).
These functions can be applied to terns nesting elsewhere. Arctic Terns nesting on both
sides of the Atlantic Ocean are similar in morphology (comparing measurements of terns
in this study with 37 pairs in Fletcher and Hamer (2003)). An advantage of this study is
the equation to calculate the probability of correctly sexing a tern. This allows
researchers to choose their own level of certainty for correctly sexing a tern if they decide
to use the discriminant functions presented here. I have also successfully applied the
genetic method of sexing birds from feather samples to samples of Common Terns (S.
hirundo), Atlantic Puffins (Fratercula arctica) and Razorbills (Alca torda) (Grecian et al.
2003; unpublished data).
6.2 Survival
Prior to this work the only published survival estimates for Arctic Terns ranged
from 82-87% based on studies conducted in Great Britain in the 1950‟s and 1960‟s
(Cullen 1957; Coulson and Horobin 1976). These estimates were calculated from the
proportion of banded birds that returned to a colony (“return rates” i.e. not incorporating

231

the probability of re-encounter). In Chapters 3 and 4 the first estimates of survival of
adult and known-aged Arctic Terns in North America are reported for Machias Seal
Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus Rock (MR).
Survival of adult terns when controlled for transients was 0.77 (SD=0.028) for the first
year after banding and 0.97 (SD=0.027) for all other years; survival of known-aged terns
was age-specific ranging from 0.55 (SD=0.189) for those from fledging to 1-year old to
0.83 (SD=0.181) for terns > 1 year old. If the survival of adults and known-aged birds
were reported by annual return rates alone, as was done prior to the development of
capture-mark-recapture modeling analysis incorporating re-encounter probabilities, then
adult survival estimates would have ranged from 0.23 on PMI to 0.48 on MR (Table 6.1).
The results are island-specific and underestimate the survival generated by the program
MARK which incorporates the probability of encountering individuals.
The survival estimates observed in this study (0.55-0.97) exceed the range
observed for other species within the order Charadriiformes. Survival estimates from
other members of the order range from a low of 0.75 for Cassin‟s Auklet (Ptychoramphus
aleuticus) and Black Noddy (Anous minutus) to 0.90 and higher for the Common Murre
(Uria aalge), Atlantic Puffin, South Polar Skua (Catharacta maccormicki) Razorbill, and
Kittiwake (Rissa tridactyla) (Hudson 1985; Croxall and Rothery 1991; Harris and
Wanless 1991; Schreiber and Burger 2002; Breton et al. 2005a,b). Large tern species,
including the Caspian and Sandwich Terns (S. caspia, S. sandvicensis), have survival
estimates ranging from 0.75-0.91 (Schreiber and Burger 2002). Other species of terns
including Least Terns (S. antillarum) and Common Terns have survival estimates of
0.81-0.95 (Schreiber and Burger 2002; Akçakaya et al. 2003). Spendelow et al. (1995)
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estimated the mean annual survival of Roseate Terns (S. dougallii) to range between
0.74-0.84 depending on the breeding colony.
It is difficult to obtain measurements of survival for seabirds that are < 2 yrs. of
age because most seabirds take 2+ years to reach breeding maturity and are often not reencountered until they begin breeding. Some such as the Short-tailed Shearwater
(Puffinus tenuirostris) can wait up to 10 years before breeding (Bradley et al. 1989).
Generally terns are reported to breed for the first time between 2-4 years of age (Dunn
and Agro 1995; Thompson et al. 1997; Gochfeld et al. 1998; Hatch 2002; Nisbet 2002).
We were able to obtain some survival estimates for Arctic Terns from fledging to 1 yr.
because there were more breeding at this age than have been recorded previously.
The estimates of survival for known-aged terns in this study are preliminary. The
study needs to continue for a longer period of time before we have complete confidence
in our estimates. Lebreton et al. (2003) used data from 10 years of banding and reencountering of known-aged Roseate Terns before examining the survival estimates.
They found that survival over the first two years of life averaged 0.38 (Lebreton et al.
2003). It is no surprise that our survival estimates of terns from fledging to age 1 was
0.55 with a large estimate of error (SD=0.189) (Chapter 4). The first years of life are the
most challenging as the birds learn to forage on their own and travel great distances.
6.3 Documenting Dispersal
“Dispersal is the glue that binds populations together” (Macdonald and Johnson
2001). Yet dispersal is one of the hardest behaviours to examine closely, because it
requires following many individuals at several different locations and the patience to wait
and see what those individuals do over the course of their lifetime. In some cases
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funding agencies are impatient and want results before it is possible to collect adequate
data.
Dispersal of Arctic Terns in Europe was summarized by Monaghan (2002). She
reported that nearly 70% of natal dispersal was recorded between colonies that were < 20
km apart and other reported dispersal distances ranged up to 1,000 km (Monaghan 2002).
In North America, there have been occasional reports of tern breeding dispersal (Hatch
2002), however, this study is the first I am aware of that documents and quantifies Arctic
Tern breeding and natal dispersal (sensu Greenwood and Harvey 1982).
6.3.1 Breeding Dispersal
We predicted that the amount of breeding dispersal of terns banded as breeding
adults among the Gulf of Maine islands would be low, given the fact that most seabirds
display a strong fidelity to breeding sites (Bried and Jouventin 2002; Coulson 2002;
Inchausti and Weimerskirch 2004a; 2004b). Total emigration was lowest from SI (0.0)
and highest from PMI (0.043). Specifically, breeding dispersal was lowest (0.0) from SI
to any other island and from MR to MSI and was highest (0.025) from PMI to SI. Islands
that were closer together did not have higher rates of movement between them. This was
contrary to the breeding dispersal pattern of Roseate Terns observed by Spendelow et al.
(1995).
McPeek and Holt (1993), in examining how patterns of spatial and temporal
variation in carrying capacities affect natural selection on dispersal, predict an inverse
relationship between colony size and the proportion of animals dispersing from a colony.
We did not find support for this trend. MSI has the lowest clutch sizes and lowest
productivity of the four islands in the study which indicate density-dependent effects
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(Erwin et al. 1981). Yet there is still a high rate of colony fidelity shown by adult terns
(0.991). Something other than productivity attracts Arctic Terns to MSI. While the
super-stimulus of the social attraction provided by ~4000 Arctic Terns and ~2000
Common Terns does not appear to attract more immigrants to the island, it may be
enough to keep the terns returning to the island (Kress 1983).
6.3.2 Natal Dispersal
Although many seabirds display high levels of philopatry, “in others an
appreciable proportion move and are recruited into other colonies” (Coulson 2002).
Many alcids and some procellarids tend to demonstrate strong philopatry to their natal
colonies. However, some individuals are often observed on colonies other than their
natal colonies prior to breeding for the first time (Harris 1983; Hudson 1985; Harris and
Wanless 1991; Osorio-Beristain and Drummond 1993; Breton et al. 2005a,b). Other
species including Sandwich Terns, Black Guillemots (Cepphus grylle), Razorbills,
Fulmars (Fulmarus spp.), and Boobies (Sula spp.) have been known to disperse to
colonies other than their natal colonies (Lloyd and Perrins 1977; Bried and Jouventin
2002; Coulson 2002; Hamer et al. 2002; Nelson and Baird 2002; Weimerskirch 2002).
Our analysis of known-aged terns is preliminary; however, we are able to see some trends
emerging in natal dispersal.
The ranges of natal dispersal observed in this study were generally higher than the
breeding dispersal of adults, are within the range (0.004-0.370) observed by Lebreton et
al. (2003) for Roseate Terns and are consistent with the general finding that natal
dispersal is higher than breeding dispersal (Greenwood and Harvey 1982). In our
analysis, the probability of dispersal ranged from 0.010-0.072 depending on the source
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and destination colony. MSI and PMI had the highest probability of attracting
immigrants (0.096, 0.145 respectively), while SI and MR the highest probability of
emigration (0.129, 0.138 respectively). This was different from the dispersal of breeding
terns where SI and MSI attracted the greatest number of immigrants (0.034, 0.014
respectively) and PMI and MSI had the greatest number of emigrants (0.043, 0.009
respectively).
Tims et al. (2004) found that Common Terns breeding at a newly formed colony
were significantly younger, laid eggs later in the breeding season, and had higher
productivity than those nesting at a nearby older established colony. In our study, SI is
the most recently occupied tern colony and is growing; in 2002 and 2003, it was the
second largest Arctic Tern colony in the region (Borzik 1989; Borzik and Kress 1990;
Kress and Hall 2004). Arctic Terns nesting on SI had higher clutch sizes and higher
productivity than the other longer-established colonies. In contrast to Tims et al. (2004)
we found that more breeding adults immigrated to SI and more young terns emigrated
from SI.
Other studies of dispersal have linked movement probability with productivity or
size of the colony. Lebreton et al. (2003) found a trend in both the breeding dispersal and
natal dispersal of Roseate Terns to move away from the least productive colony to the
closest productive colony. Additionally, in a recent study of dispersal in Audouin‟s Gulls
(Larus audouinii), Cam et al. (2004) found that movement probability varied over time
and overall movement probability was linked to the size and productivity of the colony.
In our mark-re-capture modeling, we found empirical support correlating natal and
breeding dispersal with productivity but did not find support correlating size or distance
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between colonies with either breeding or natal dispersal. However, it may be that the
duration of our study was too short to detect other trends.
6.4 Population Viability Analysis
One of the main goals of this dissertation was to establish whether the colonies of
nesting terns in the region were demographically independent by examining the survival
and dispersal of terns banded as chicks and adults. Demographic independence would be
shown if the colonies were 1) independent enough that one colony could suffer a severe
decline irrespective of the demographics of other colonies and 2) dispersal among
colonies must be frequent enough that if a colony were to decline it could be re-populated
(Esler 2000). Productivity is colony-specific and if adult survival is low the distribution
of terns on the islands could change. There are low amounts of dispersal among islands
and we know from past observations that if colonies are abandoned or the population is
decimated, they can be repopulated.
Population viability analysis has become an important tool for wildlife managers
in the conservation of threatened and endangered species and species of concern
(Akçakaya and Sjögren-Gulve 2000; Beissinger and McCullough 2002; Morris and Doak
2002; Akçakaya et al. 2004). A criticism of this type of analysis is that often the data
used to generate population projections are not current or must be estimated because the
parameters have not been measured for the species or the specific location of the study
(Ellner et al. 2002; Lindenmayer et al. 2003; McCarthy et al. 2003). In this study, we use
the results generated by our mark-re-capture analysis and estimates of productivity to
evaluate the status of Arctic Terns in the Gulf of Maine region. An advantage in our
analysis is that the data used are all current and from the same islands for which we
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evaluate and predict the species status. Our analysis indicates that based on current
productivity estimates, survival, and dispersal the population of Arctic Terns in the region
will grow at an average annual growth rate (λ) of 1.02 (SD = 0.050), and a total growth
rate of λ =2.29 in the next 10 years and 2.31 in 50 years.
The results of this analysis emphasize the importance of monitoring survival and
dispersal among all the tern colonies in the Gulf of Maine. If only one colony is
monitored, then the larger picture of the status of the species in the region is not clear. If
the estimate of survival changes the distribution of terns on the colonies will be radically
affected. MSI, currently the largest colony could decline in size and SI and MR will
become the largest colonies. Our analysis also brings to light the importance of
communication across political boundaries that the terns, like many species of animals,
ignore. Researchers from Canada and the U.S. need to continue to communicate and
work cooperatively to manage this species effectively.
6.6 Suggestions For The Future
“All models are wrong but some are useful” Box (1979). This dissertation has
relied heavily on the cooperation of several different research groups and on the
analytical modeling of data produced by these groups. We predict a rapid increase in the
regional population. However, this course of change has been predicted by the dispersal,
survival and productivity data that are currently available. As time continues, there are
sure to be fluctuations in all variables and it is very important to note that “models
should be seen as constantly developing tools, which should be periodically re-evaluated”
(Lebreton and Clobert 1991). I recommend that banding, re-encounter and productivity
data continue to be collected and evaluated annually, that the plans to build an interactive
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database for data storage are pursued, and that full-scale demographic population
analyses be done every 5 years. While the effort to do this will be great, the benefits are
also equally great. Not only will there be a benefit to population biology by the
following up of a well established long-term study, terns are an umbrella species and
when conservation efforts are focused on them, other species such as puffins, other terns,
and eiders also benefit (Anderson and Devlin 1996).
6.6.1 Research Protocol
The general protocols for trapping, banding and resighting terns that were used in
this study are summarized in Appendix II. However, in the immediate future, I
recommend that the trapping of adult terns be limited to birds whose bands cannot be
read from a distance and that more effort be directed towards the re-sighting of terns that
are already banded. It is important to keep up the current effort to band terns as chicks.
Ultimately, there are many more research questions that can be answered using a
population of known-aged birds than a population of birds of unknown age.
It is critically important to continue efforts to re-encounter as many banded terns as
possible on all islands, including the four islands where terns have been banded and the
other tern nesting islands in the region. Of all the variables, the one that can have the
most impact on the precision of the parameters is the probability of re-encounter or
capture probability. In this study, the probability of re-encounter (p) is driven by the
numbers of terns that are re-sighted and re-trapped each year. The re-encounter
probabilities estimated in this study are low compared to other studies (Spendelow et al.
1995; Cam et al. 2004). However, I expect that the resighting of marked birds will
increase now that there are large numbers of birds banded in the breeding populations of
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each island (> 20%) and the resighting of terns is firmly established in the protocols for
all research islands.
Pollock et al. (1990) explain the precision of a parameter estimate in terms of the
coefficient of variation (C.V.) which “expresses sample variability relative to the mean of
the sample. It is called a measure of relative variability or relative dispersion” (Zar
1999). The lower the C.V., the closer to the mean of a sample the data are distributed.
“A rough rule of thumb is that a study that provides a C.V. of 20% is reasonable”
(Pollock et al. 1990:70). They show that if the probability of survival ranges between
0.75 and 0.9 for a population of 50-200 individuals, in order to maintain a coefficient of
variation of approximately 0.20 then the capture probability must be between 0.40-0.60.
This means that the number of birds that are resighted on all islands needs to increase.
The number of birds re-encountered on MR has been high (Table 6.2) and in order to
maintain this level of re-encounter, more birds need to be resighted each year to keep
pace with the annual increase in the number of banded birds in the population.
6.6.2 Genetics
Due to complications beyond my control, I was unable to complete the goal of
comparing the genetic diversity of terns nesting on different colonies. Based on new
research and advances in genetic analysis techniques, this goal can now be pursued
(Szczys et al. in press). The genetic analysis will add depth to the understanding of the
demographics of the tern metapopulation (Hedrick and Gilpin 1997; Hedrick 2002).
6.7 Conclusion
Perhaps the reader cannot imagine a sky full of the beating of thousands of tern
wings; however, that is one of the visions and predictions produced by this dissertation.
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This dissertation has succeeded in its main objective to fill gaps in the knowledge of
seabird demography through the study of Arctic Terns nesting in the Gulf of Maine and
Bay of Fundy region. Devlin et al. (2004; chapter 2) explains how to sex adult Arctic
Terns from feather samples and morphometrics. This method is an improvement over
previous techniques and estimates for this species that were based on behavioural
observations, small sample sizes or body structures that can change with the age of a bird.
The techniques described can be applied to other species and the results outlined in the
paper can be applied to Arctic Terns elsewhere in their range. Prior to this analysis, the
only estimates of survival for Arctic Terns were from the U.K. in the 1950‟s and 1960‟s.
Chapters 3 and 4 use the latest mark-recapture analysis techniques available to examine
the survival and dispersal of banded terns. These estimates are the first for this species in
North America and the first anywhere using modern capture-mark-recapture techniques.
The dispersal estimates quantify and support previously anecdotal observations of tern
movement among colonies. The results of these chapters fed directly into a population
viability analysis (chapter 5) which predicts a rapid increase of Arctic Terns in the region
within the next 50 years. While this prediction is driven by a high estimated adult
survival, even if adult survival is lower, the number of terns in the region will increase,
although the distribution of terns on the colonies will change. This is the first population
viability analysis for this species and has clarified the status of the species in a region
where the species status was uncertain.
Another success of this project has been the collaboration among research parties
on both sides of the Canada / U.S. border. The adherence to protocols has been vital to
producing data that are accurate and can be used for analyses. I began with a short-term
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commitment of collaboration between researchers from ACWERN at UNB, the seabird
restoration program of the National Audubon Society and the Petit Manan National
Wildlife Refuge (USFWS). This commitment of collaboration has recently been
extended to a long-term commitment and the protocols are firmly established as part of
the research priorities for all groups.
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Table 6.1. Number of Arctic Terns banded as adults, total number of birds encountered
each year and survival of adult birds calculated from re-encounters (without
incorporating age-or year-specific and colony-specific re-encounter probabilities, Table
6.2) on Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and
Matinicus Rock (MR) from 2000-2003.
Year
2000

2001

2002

2003

Mean

Banded
Previously
Re-encountered
Survival
Banded
Previously
Re-encountered
Survival
Banded
Previously
Re-encountered
Survival
Banded
Previously
Re-encountered
Survival
Survival (SE)

MSI

PMI

SI

MR

254

25

108

103

64
0.25

3
0.12

71
0.66

63
0.61

441

146

209

143

107
0.24

33
0.23

82
0.39

79
0.55

607

174

309

243

129
0.21

64
0.37

84
0.27

128
0.53

710

227

371

333

185
0.26

45
0.20

144
0.39

72
0.23

0.24 (0.011)

0.23 (0.052)

0.43 (0.083)

0.48 (0.085)
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Table 6.2. Colony- and age- or time-specific estimates of Arctic Tern re-encounter


probabilities (p, r = re-encounter colony, i = year) and their standard errors ( SE ) from
birds banded as chicks and as adults generated by model averaging (from chapters 3 and
4).

Re-encounter probability of
Re-encounter probability of
Arctic Terns banded as chicks Arctic Terns banded as adults
Age


p̂age
Colony
Year
p̂ir
SE
SE
(yrs)
MSI
1
0.003
0.0035
2000
0.33
0.047
2
0.050
0.0262
2001
0.32
0.037
3
0.211
0.0724
2002
0.28
0.031
4
0.223
0.0880
Mean
0.31
PMI

1
2
3
4

0.014
0.096
0.118
0.124

0.0109
0.0462
0.0767
0.0875

2000
2001
2002
Mean

0.16
0.24
0.49
0.29

0.109
0.054
0.067

SI

1
2
3
4

0.016
0.175
0.320
0.336

0.0106
0.0605
0.1177
0.1339

2000
2001
2002
Mean

0.74
0.46
0.35
0.52

0.059
0.049
0.041

MR

1
2
3
4

0.011
0.116
0.180
0.191

0.0089
0.0475
0.0839
0.0991

2000
2001
2002
Mean

0.73
0.72
0.70
0.72

0.062
0.060
0.054
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Appendix II. Protocol for Arctic Tern Metapopulation Study
The Arctic Tern Metapopulation project began in 1999. Now the group
collaborating on the project is at a point in the project where it wishes to emphasize the
re-sighting of all banded birds and the banding of chicks and reduce emphasis on the
trapping and banding of adults. However, it is useful to outline all the methods and
reasons that certain approaches were taken in the first 5 years of the study. The following
protocol was used to unify the research conducted on different islands. The four islands
in the study are Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI)
and Matinicus Rock (MR). See Chapter 1 for island descriptions and histories of nesting
terns on each island.
II.I Trapping and Banding Arctic Terns
It is important to be aware of the amount of disturbance that is caused during the
nesting season. If disturbed too much, some birds will abandon their nests. I tested the
effect of trapping on the productivity of tern nests on MSI in 2002. Based on a stratified
random sample of nests throughout the colony, there was no significant effect on the
productivity of terns whether the nest was not trapped, trapping was attempted (but
failed) or if at least one tern was trapped at a nest (Table II.I; Figure II.I; see also
discussion in Devlin et al. 2003).
II.I.I Nesting Phenology
Once the terns begin to arrive on the islands, it is necessary to check closely to
determine when egg laying begins. Although each island will have individual protocols
for observations, I suggest that time be spent in blinds watching nesting areas to
determine when and where the different species are setting up nests. Arctic and Common
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Terns often cluster in discrete nesting groups (see maps of species nesting distribution on
MSI in Devlin et al. 2003; Charette et al. 2004; Black et al. 2005). It is advisable to
disturb the birds as little as possible during the courtship, nest initiation and early
incubation phase of the season, to reduce the possibility of abandonment (Walsh et al.
1995). During the time in blinds, banded birds can be identified at this time and fieldreadable or standard Bird-Banding Laboratory (BBL) bands read.
Each field assistant should be aware of how to identify Arctic Terns from
Common and Roseate Terns. The most notable markings of the Arctic Tern are the all
red bill and the streak of white under the eye. These are in contrast to the orange/red bill
with a black tip of the Common Tern and the all black bill of the Roseate Terns. The
Common and Roseate Terns are generally whiter in the face region than the Arctic Tern.
The shorter tarsus of the Arctic Tern is also evident when the bird is standing. Another
characteristic to look for is when the bird is standing the tail streamers of Arctic Terns are
longer than the tips of the wings. The calls are also distinguishable. The Arctic Tern has
a high “keer-keer” call compared to a drawling “kee-arr” (with a downward inflection) of
the Common Tern and the rasping “ka-a-ak” of the Roseate Tern (Peterson 1980;
Kirkham and Nisbet 1987; Hatch 2002; Nisbet 2002).
Nesting areas should be checked daily and each new nest marked (preferably with
a small marker such as a popsicle stick) and the date that each nest is discovered should
be recorded. The species at each nest should be identified as early as possible; however,
caution should be used to minimise disturbance. To identify the locations of new nests it
is advisable that researchers look from a blind or make a brief sweep through an area
while travelling to or from a blind. If a researcher does use a blind to scan an area for
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new nests, they should monitor the behaviour of the terns and give them plenty of time to
return to their nest sites and settle down (plan to stay in the blind for at least 2 hours).
Identify the species of as many nests as possible early in the season.
II.I.II Timing of Trapping
Incubation begins following the laying of the last egg in the clutch (Nisbet 1973).
We recommend that trapping of adults on nests should not be conducted any sooner than
7 days into incubation of a particular nest. This is approximately 8-10 days after the first
egg has been laid. Preferably, one should wait until the second week of incubation before
attempting to trap individuals. If the lay date of a nest is known, then the timing of
trapping can be calculated. If the lay date of a specific nest is not known, then begin
trapping at the start of the second week of incubation following peak egg-laying of Arctic
Terns (not the colony as a whole), based on nests sampled from throughout the colony.
The time spent observing nest initiation and identifying species can also be used to
determine if there is a difference in the laying times of the different species. On MSI, the
Arctic Terns generally begin laying eggs a week before the Common Terns. This
phenology has also been observed on other islands (S. Hall, personal communication).
It is important to plan the timing of trapping according to the nesting phenology of
Arctic Terns, not of the tern colony as a whole. Trapping should begin at the start
of the second week of incubation (after peak egg laying) in Arctic Terns.
II.I.III Trap Type and Method of Trapping
Modified Weller treadle traps (Weller 1957; Figure II.II) were used to
successfully capture adult terns at the nest in most years, but other methods such as bow
traps (Bub et al. 1991) are an alternative way that has been used successfully to capture
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terns (Jamieson 2002). Traps should be set directly over nests. A method used
successfully on Machias Seal Island is to replace the tern eggs with surrogate wooden
eggs while keeping the real eggs in an egg carton during the trapping period. When a
tern in a trap is approached there is a tendency for the bird to panic and try to escape
through hopping or struggling. Depending on the dexterity of the person removing the
trapped bird, there is a risk of breakage if the real eggs remain in the trap during this time.
The benefit of removing the real eggs is that the likelihood that a captured tern may
accidentally crack its eggs before it can be removed from the trap is eliminated.
When working with Common and Roseate Terns, Nisbet (personal
communication) uses surrogate eggs only “when a nest is on a hard substrate and I am
trapping a study bird for which it is important to my study that it hatch its own eggs.”
With Common Terns, he “experiences about 1-2% egg breakage (1 egg in 25-30 nests).”
This is considered acceptable, given “that 1 or 2 chicks generally starve in each brood.”
He finds that “Common Terns tend to bounce around in the trap when approached and try
to get out at ground level;” in contrast, “Roseates usually try to fly out of the traps and
climb the walls, so that egg breakage is extremely rare (<0.1%).” I have observed both
types of behaviour with Arctic Terns, but these behaviours have not been quantified. One
may find less egg breakage as an individual becomes more experienced and adept at
removing adults from traps. Inexperienced trappers may take more time to remove terns
from the traps and consequently there may be a higher potential for eggs to be damaged.
I recommended the use of surrogate wooden eggs when trapping terns.
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II.I.IV How long to trap
Zingo (1991) examined the response of Roseate Terns to trapping at Falkner
Island, Connecticut. He found that they took significantly longer to return following
trapping and release than those at Cedar Beach, New York (mean return times 171 min to
Falkner, 12.9 min to Cedar Beach) but took less time to return than Roseate Terns at Bird
Island, Massachusetts (median return times 134 min to Falkner Island, 180 min to Bird
Island). Common Terns on the other hand are reported to return within 20-30 minutes
after trapping (Nisbet 1981). On Machias Seal Island casual observations indicated that
trapped terns are seen back at their nest sites within 30-60 minutes of having been
handled. Additional time to be aware of is the time a bird is held in captivity. Again, on
Machias Seal Island a tern is generally held captive for 5-10 minutes while being
weighed, measured and banded. It may be useful to examine both the length of time it
takes Arctic Terns to return to their nests following trapping and the time terns are held
captive on the different islands in this study. This will quantify some of the disturbance
that our trapping activities may have.
Table II.II summarizes the amount of time that it has taken to capture terns on
MSI using treadle traps. Traps were generally pulled off nests after 1 hour if no birds
were captured (Table II.II). Tern eggs are resistant to chilling (I.C.T. Nisbet, personal
communication); however, during trapping, one should be sensitive to the amount of time
the adult terns are kept from their nests, due to the disturbance this may cause (Nisbet and
Welton 1984; Zingo 1991).
I recommend that traps be set for no longer than 1 hour on a nest. If it is necessary
to capture certain individuals, traps can be reset at a later time.
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II.I.V Weather
In 1999 we recommended that trapping take place only during good weather
conditions i.e. when the air temperature was >11C and vegetation was dry. This was
based on the guidelines for research on Machias Seal Island to avoid conducting research
within the tern colony during inclement weather.
Nisbet has found that tern eggs are resistant to chilling and that they still hatch
even when adults have left them uncovered for extended periods of time (6-7 hours each
night) in response to owl predation. The only negative effect on most of the nests, where
this sort of disturbance has occurred, is an extension of the incubation period with most
eggs hatching after 27-31 days instead of the usual 22. Nisbet (personal communication)
also reports that in his opinion,
overheating is a much more serious risk than chilling for tern eggs, and
there may be more risk of overheating than you realise in cases where
eggs are directly exposed to high sun in a sheltered nest-scrape, even when
the air temperature is low….For this reason I do not trap any terns in the
heat of the day: my rule of thumb is not to trap when more than 20% of
the sitting birds are panting. On the other hand, I do not hesitate to trap on
cool days, even foggy or drizzly days, provided there are no chicks
present. I do not trap either Commons or Roseates when the vegetation is
wet and there are small chicks present, because my activities can drive the
chicks into wet hiding places.
After discussions with I.C.T. Nisbet and examining the evidence for eggs to withstand
cooling (Nisbet and Welton 1984, I recommend that researchers avoid entering the
colony when the temperature is < 11C and the vegetation is damp only after tern
chicks have started to hatch. This will expand the times during the day and the
possible weather conditions during which trapping can take place.
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II.I.VI Whom To Trap?
In 1999, we recommended that an effort be made to trap both members of as
many pairs as possible because of a possible sex bias in trapping. Our suspicion of a sexrelated trapping bias came from an analysis of data gathered in 1998 on Machias Seal
Island. After using a molecular technique to sex the terns from DNA extracted from
feathers, we found that of 47 trapped individuals, 12 were female and 35 were male
(Paquet 2001). Based on the results of the genetic analysis we suspected that males may
be more likely to trapped first. On Machias Seal Island in 1999 we focused on capturing
as many pairs as we could. I used a different molecular method to analyse DNA
extracted from feather samples to sex 58 pairs of Arctic Terns (Fridolfsson and Ellegren
1999; Devlin et al. 2004). Of these pairs, 30 females were trapped first and 28 males
were trapped first. Based on this sample, I concluded that there is no sex bias in trapping.
I recommend that pairs not be targeted during trapping unless another project or
study is being carried out that requires the identification and therefore the
individual marking (i.e. banding) of pairs. It should be noted that the trapping of
pairs does aid in the identification of the sex of the birds (Devlin et al. 2004)
II.I.VII Location of Target Nests
Terns nesting in all parts of each colony should be sampled. Since Arctic Terns
often nest in clusters, it may be possible to locate these clusters in various parts of the
islands. Since 1999, we have trapped terns in all parts of the colony on MSI. Terns nest
in at least 81 of the island‟s 137 grid squares. In 1999 we trapped terns in 35% of the
grid squares where there was at least 1 pair of Arctic Terns nesting. In 2000 and 2001 we
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trapped in 43% and 38% (respectively) of occupied grid squares. We will continue to
expand our target areas of trapping on MSI.
I recommend that nests throughout the colonies continue to be targeted for
trapping. Not only will this target birds that may not have been targeted before, but
may also help in identifying banded birds by observing birds in all parts of the
colony. This will also provide an unbiased sample of birds nesting in all parts of the
colony.
II.I.VIII Time of Day
On MSI, trapping times can be limited by weather as well as by the timing of
visitors arriving on the island. There does not appear to be a trend for a “best” time of
day for successful trapping according to available data on any island (Figures II.III.a-e).
I recommend that the time of day that terns are captured be recorded, but that no
particular time of the day be targeted for trapping.
II.I.IX What to Measure
A discriminant function analysis indicated that the head-bill (distance from the
back of the head to the tip of the bill) and the depth of bill at the gonys were the best
measurements to identify the sex of Arctic Terns (Devlin et al. 2004). If measurements
are also made of the tail, including rectrices 1, 5 and 6 then clarification of the question
of age relatedness and tail length in this species as suggested by Voelker (1997) can be
tested. The mass of a tern can also be an indication of the condition of the bird, but this
measurement is subject to annual variation.
I recommend that at a minimum the head-bill and depth of bill at the gonys be
measured (using calipers).
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II.II Banding Chicks
Band chicks at hatching with the standard BBL band (wait until the down is dry).
When the chick is approximately 10 days old, add the field-readable band to the opposite
tarsus. If the species has not been identified, measure the natural wing chord and tarsus
of the chick at banding. If the wing chord is > 60 mm and the tarsus < 19 mm the chick
is an Arctic Tern, if the wing chord is < 60 mm and the tarsus is > 19 mm the chick is a
Common Tern (Bernard et al. 2000, p.6).
Each year approximately 700 Arctic Tern chicks have been banded with field
readable bands in the Gulf of Maine (Table II.III). As of 2003, 8% of the chicks banded
had been re-encountered at least once at the breeding colonies. The percentage of
known-age terns that are banded is expected to increase as the different cohorts grow
older and begin breeding. Coulson and Horobin (1976) found Arctic Terns on the Farne
Islands, Northumberland were recruited into the breeding population at four years.
Already there have been cases of Arctic Terns breeding at 1 year of age in the Gulf of
Maine (Chapter 4).
In a capture-mark-recapture / re-encounter analysis the data come from the
number of sources (in this study, four colonies), numbers of newly banded individuals,
re-encounters of previously banded individuals, and other covariates such as size of
colony, breeding status or productivity. Having enough data will ensure the precision of
the estimates and the number of parameters that can be examined. For example, in my
analysis of terns banded as chicks (Chapter 4) I was unable to include „year‟ as a variable
to test time-dependence in survival because the data were too sparse. Sparse data can
lead to an inability to model the population dynamics.
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I recommend that each island continue with to band as many Arctic Tern chicks as
possible with field readable metal bands. Ultimately there are many more research
questions that can be answered using a population of known-aged birds than a
population of birds of unknown age.
II.III Resighting
The variable with the most impact on the precision of the parameter estimates is
the probability of re-encounter or capture probability. In this study, the probability of reencounter (p) is driven by the numbers of terns re-sighted and re-trapped each year.
Pollock et al. (1990) explain the precision of a parameter estimate in terms of the
coefficient of variation (C.V.). The coefficient of variation (C.V.) “expresses sample
variability relative to the mean of the sample. It is called a measure of relative variability
or relative dispersion” (Zar 1999). The lower the C.V., the closer to the mean of a
sample the data are distributed. Pollock et al. (1990:70) explain “a rough rule of thumb is
that a study that provides a C.V. of 20% is reasonable”. They show that if the probability
of survival ranges between 0.75 and 0.9 for a population of 50-200 individuals, in order
to maintain a coefficient of variation of approximately 0.20 then the capture probability
must be between 0.40-0.60.
In this study, the probability of re-encounter (p) was year- and colony-dependent
in adults ranging between 0.16-0.74, and was age-dependent for known-aged terns
ranging from 0.002-0.337 (Chapters 3 and 4 respectively). In general, the estimate of p
has increased over the years (see Chapters 3 and 4) as researchers have spent more time
looking for banded terns, this can be reflected in the number of bands read each year
(Table II.IV). The number of bands read is not necessarily correlated with the amount of
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time spent searching for banded birds. The number of days that re-sighting stints have
been made has generally increased on each island over time (Table II.V), but this could
usefully be increased even more. Spreading out and increasing the number of days on
which re-sighting stints are done could increase the number of terns re-sighted.
I recommend that the islands aim to maintain a minimum probability of reencounter of 0.40-0.60. In order to do this, more banded terns need to be reencountered each year on all islands. This can be done by either increasing the
number of terns that are re-sighted or increasing the number that are re-trapped.
II.III.I Resighting Methods
The field-readable bands can often read from distances of 10-40 metres using
high-powered spotting scopes (e.g. Kowa TSN-824). Either permanent or portable blinds
can be used. The majority of Arctic Terns re-sighted were observed between late May
and mid-June each year. On MSI, most of the terns nest in the interior of the island in the
vegetation, where it is often difficult to read their bands. Various methods to improve
resighting have included building portable perches made of a long 2”x4” stud supported
on legs or pounding 2”x2” stakes into the ground for terns to stand on.
Researchers in the Roseate Tern metapopulation study use similar techniques for
resighting. On Bird Island and in other Massachusetts tern colonies a portable perch is
used. Roseate and Common Terns quickly become accustomed to the perch and a person
in a blind can read the bands of the birds that land on it (J. Hatch and I. Nisbet, personal
communication). On Great Gull Island most resighting is based on re-trapping because
of the topography of the island (Spendelow et al. 1995). While Arctic Terns will use
perches, they seem to need time (> 1 week) to become accustomed to them. Instead of
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portable perches, the stakes in the ground that are left for the entire season seem to be
used with greater frequency by terns and are more useful for reading bands. Re-trapping
can be used on all islands to increase re-encounter data.
Use high powered spotting scopes to resight banded terns. Don’t be afraid to try
different techniques such as portable perches, permanent perches or different types
of blinds (portable or permanent) to improve resighting capabilities.
II.III.II Timing of Resighting
In this study, most resighting of Arctic Terns has been done in the early part of
the field season. At this time, the vegetation is shorter and the terns spend more time
standing than sitting (until they lay eggs, at which time they spend most of their time at
the nest incubating with their legs well hidden). Most of the Roseate Terns that nested on
Falkner Island, Connecticut were present within the first two weeks of the terns arriving
on the island (J. Spendelow, personal communication). Although this has not yet been
demonstrated with Arctic Terns, I have assumed that their behaviour is similar and in my
analyses treated any adult as breeding on the island on which it was resighted. A
drawback of the data collected from 2000-2004 is that the true breeding status of
resighted terns is often unknown. If the breeding status is unknown, then only a general
survival rate can be estimated. If the breeding status is known, breeding dispersal and
natal dispersal can be estimated separately. Although I assumed that terns were breeding
on the islands where they were encountered, in the future it would be much better to have
more definite knowledge of the breeding status of all birds encountered. An analysis of
how many non-breeding adults versus number of breeding adults visit the colonies could
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then be completed and a better estimate of the total population of the species could be
calculated.
Continue to focus resighting of terns in the early part of the season when the
vegetation is still low and tern legs are easier to see; improve the identification of
breeding status on all islands.
II.IV Summary of Arctic Tern Protocol
Pre-egg-laying and Egg-laying Period (Early – Mid May):


Scan nesting areas from blinds. Identify new nests. Mark each nest and record
the date of the laying of at least 1 of the eggs. Record the date on which to begin
trapping at each nest or nest cluster (after the 7th day of incubation).



Read as many bands on adults as possible. Record the person-hours spent
checking for bands. Record the date of each reading of every band (not just the
first reading). Spend at least 10 hours a week reading bands between the time the
terns arrive and peak fledging of young.

Early Incubation (Mid – May):


Continue band-reading: at least 10 hours per week.



Middle to late Incubation (Late May – Early June):



Begin trapping. Leave traps on nests for no more than 60 minutes at a time.
Watch traps at all times. Record time trap set, time bird caught, time trap pulled
off nest. Record band numbers, weight, natural wing chord, head-bill length and
bill depth (at gonys).



Continue to read bands: at least 10 hours per week
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Hatch (Early – Mid June):


Band each chick while it is still in close association with an attended nest. Use
BBL band to identify chick at first, when chick reaches c10 days of age add the
field-readable band.



Continue to read bands: at least 10 hours per week

Fledging (Late June – Early July):


Resume checking adults for bands (pre-breeding recruits and late nesters will be
evident at this time, so new band numbers are to be expected).



Continue to read bands: at least 10 hours per week

Basic Equipment Needed:


Popsicle sticks for marking nests,



[genuinely] waterproof markers,



the usual banding equipment (including stopped wing rules and calipers),



datasheets,



high quality spotting scope.
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Table II.I. Effect of trapping on nest productivity including sample size, mean clutch size
(SE), mean number of chicks hatched per nest, mean number of chicks fledged per nest
(SE) and mean number of chicks fledged per egg (SE) from three trapping categories (not
trapped, tried to trap, but did not capture and captured). Data grouped at 2 day intervals.
Data were collected on Machias Seal Island in 2002.
Trapping
Category

Date of 1st Egg in
Nest

May 27-28
May 29-30
May 31-June 1
June 2-3
June 4-5
June 6-7
Not trapped June 8-9
June 10-11
June 14-15
June 16-17
June 22-23
June 24-25
Total
May 29-30
May 31-June 1
June 2-3
June 4-5
Tried to
June 6-7
trap
June 8-9
June 14-15
June 18-19
Total
May 29-30
May 31-June 1
June 2-3
Captured at
June 4-5
least 1
June 6-7
adult
June 8-9
June 10-11
Total

n

Clutch
Size

1
6
17
11
16
9
11
2
1
1
1
1
77
2
12
4
10
4
6
1
1
40
1
5
9
5
3
2
2
27

1.0 (-)
1.5 (0.22)
1.2 (0.11)
1.5 (0.16)
1.3 (0.11)
1.4 (0.18)
1.6 (0.15)
1.0 (0.0)
2.0 (-)
2.0 (-)
1.0 (-)
2.0 (-)
1.4 (0.06)
2.0 (0.0)
1.8 (0.13)
1.0 (0.0)
1.5 (0.17)
1.3 (0.25)
1.8 (0.17)
2.0 (-)
1.0 (-)
1.6 (0.08)
2.0 (-)
1.8 (0.20)
1.7 (0.17)
2.0 (0.0)
1.7 (0.33)
2.0 (0.0)
1.5 (0.5)
1.8 (0.08)

Chicks
Hatch per
Nest
0.0 (-)
1.0 (0.45)
0.6 (0.19)
0.7 (0.27)
0.6 (0.20)
0.7 (0.29)
0.9 (0.25)
0.5 (0.50)
2.0 (-)
2.0 (-)
0.0 (-)
1.0 (-)
0.7 (0.10)
2.0 (0.0)
1.5 (0.23)
0.0 (0.0)
0.6 (0.31)
0.8 (0.48)
0.8 (0.40)
0.0 (-)
1.0 (-)
0.9 (0.15)
2.0 (-)
1.4 (0.24)
1.2 (0.28)
1.4 (0.24)
1.0 (0.58)
1.5 (0.50)
1.0 (0.0)
1.3 (0.13)

Chicks
Fledged
per Nest
1.0 (-)
0.7 (0.21)
0.9 (0.12)
0.7 (0.19)
0.8 (0.14)
0.7 (0.17)
0.9 (0.16)
0.5 (0.50)
0.0 (-)
1.0 (-)
0.0 (-)
0.0 (-)
0.8 (0.06)
1.5 (0.50)
0.8 (0.11)
0.5 (0.29)
0.6 (0.16)
0.8 (0.25)
0.8 (0.17)
0.0 (-)
1.0 (-)
0.8 (0.08)
1.0 (-)
0.8 (0.20)
0.8 (0.15)
0.8 (0.20)
1.0 (0.58)
1.0 (0.0)
1.0 (0.0)
0.9 (0.09)

Chicks
Fledged
per Egg
1.0 (-)
0.4 (0.15)
0.7 (0.10)
0.5 (0.14)
0.6 (0.12)
0.5 (0.14)
0.5 (0.11)
0.5 (0.50)
0.0 (-)
0.5 (-)
0.0 (-)
0.0 (-)
0.6 (0.05)
0.8 (0.25)
0.5 (0.07)
0.5 (0.29)
0.4 (0.11)
0.6 (0.24)
0.5 (0.13)
0.0 (-)
1.0 (-)
0.5 (0.06)
0.5 (-)
0.5 (0.16)
0.4 (0.10)
0.4 (0.10)
0.5 (0.29)
0.5 (0.0)
0.8 (0.25)
0.5 (0.06)
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Table II.II. Mean (SE) time (min) for terns to be captured, number of nests that were
trapped successfully, average time (min) to remove a trap if no tern was captured, and
number of nests where trapping was unsuccessful. Data from Machias Seal Island, 20012004.
Minutes
to
Capture
34 (1.4)
35 (1.7)
42 (2.7)
43 (5.0)
37 (1.0)

Year
2001
2002
2003
2004
Total

n
210
141
81
47
479

Minutes trap
was on nest if
no capture
58 (1.2)
61 (1.3)
66 (1.7)
79 (5.1)
63 (0.9)

n
195
182
130
48
555

Table II.III. Numbers of Arctic Terns banded as chicks with field-readable bands on
Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI) and Matinicus
Rock (MR) from 1999-2004.
Year
1999
2000
2001
2002
2003
2004
Total
Mean (SE)

MSI
335
332
222
282
195
89
1455
243 (38.5)

PMI
61
52
156
210
71
93
643
107 (25.6)

SI
151
229
253
223
204
134
1194
199 (19.1)

MR
188
161
158
197
211
160
1075
179 (9.2)
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Table II.IV. Mean (SE) time (h:min) per banding-reading stint, total hours spent reading
bands, and total number of unique field-readable bands read on Machias Seal Island
(MSI), Petit Manan Island (PMI), Seal Island (SI), and Matinicus Rock (MR) from 20002004.

Yr
2000
2001
2002
2003
2004

Mean
h:min
1:21
(8.0)
1:44
(10.0)
1:56
(8.8)
1:37
(7.0)
1:24
(7.3)

MSI
Tot.
Hrs
39

Bands
Read
37

57

78

79

131

62

216

54

116

Mean
h:min

2:00
(8.0)
1:53
(8.6)
1:30
(5.8)

PMI
Tot.
Hrs

Bands
Read
0

Mean
h:min

34

2:24
(10.4)
2:13
(14.8)
2:20
(8.6)
2:37
(7.7)

74

72

25

32

84

143

SI
Tot.
Hrs

Bands
Read
71

Mean
h:min

44

82

31

86

84

213

84

227

2:23
(11.9)
1:30
(9.5)
1:07
(7.5)
1:35
(7.2)

MR
Tot.
Hrs

Bands
Read
63

38

82

64

156

31

73

70

213

Table II.V. Total number of days when resighting of banded Arctic Terns was attempted
on Machias Seal Island (MSI), Petit Manan Island (PMI), Seal Island (SI), Matinicus
Rock (MR) from 2000-2004. Data not available for 2000 and 2001 for PMI.
Year
2000
2001
2002
2003
2004

MSI PMI SI
MR
19
19
15
22
18
10
32
30
5
17
19
10 18
11
24
27 10
18
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Number of Chicks Fledged per Egg

Not Trapped
Tried to Trap
Trapped

1.0

0.8

0.6

0.4

0.2

0.0

May 28 May 30 June 1 June 3 June 5 June 7 June 9 June 11

Figure II.I. Mean number of chicks fledged per egg in a nest (SE) by date of first egg in
nest for each of three trapping categories on Machias Seal Island in 2002 (not trapped,
tried to trap but failed in capturing, and captured adult at nest. Sample sizes and values
are summarized in Table II.I.
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II.IIa.

II.2b.

Top Entrance
Sliding Door
Wire Door Guides
Wire Door Prop
Treadle

Figure II.IIa-b. Schematic of a modified Weller (Weller 1957) treadle trap. II.IIa
illustrates a front view and II.IIb a side view. Trap should measure approximately 30-40
cm per side, door approximately 10 cm x 10 cm. Hole in top of trap is approximately 10
cm x 10 cm. Mesh size used is approximately 2 cm x 1.5 cm, door guides and door prop
are made from stiff wire (as from a coat-hanger). Door guide-wires can be fastened to
trap using a small stick or wire lashed to the top and bottom edge (guide-wires need to
stick out far enough to allow the door to slide up and down freely). Door is fastened to
door guides with small loops of wire so that it can slide freely up and down. Treadle is
made of fine mesh (1 cm x 1 cm).
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A

B

C

D

C.M.Devlin

Figure II.IIc. A modified treadle trap in use on Machias Seal Island. Labelled structures
are A. top entrance hole (open hole), B. sliding wire door (closed), C. guide wires for
door, D. treadle (tern is standing on it). Photo by C.M. Devlin.
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Figure II.III.a. Time of day (hour block) that trapping was attempted on four islands in
the Gulf of Maine from 2001-2004. Clear bars indicated nests where trapping was
attempted, but no birds were caught (n = 1114), solid bars indicate nests where trapping
was successful (n = 1098). In each time period the count is nearly equal between
categories, indicating that at any time a trapping attempt is just as likely to be
unsuccessful as successful.
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Figure II.III.b. Time of day (hour block) that trapping was attempted on Machias Seal
Island, 2001-2004. Clear bars indicated nests where trapping was attempted, but no birds
were caught (n = 562), solid bars indicate nests where trapping was successful (n = 468).
In the morning the count is nearly equal between categories, indicating that at any time a
trapping attempt is just as likely to be unsuccessful as successful. In the afternoon
between 1500-2000 trapping attempts are more often unsuccessful than successful.
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Figure II.III.c. Time of day (hour block) that trapping was attempted on Petit Manan
Island, 2001-2004. Clear bars indicated nests where trapping was attempted, but no birds
were caught (n = 60), solid bars indicate nests where trapping was successful (n = 124).
At all time periods trapping attempts were more successful than unsuccessful.
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Figure II.III.d. Time of day (hour block) that trapping was attempted on Seal Island,
2001-2004. Clear bars indicated nests where trapping was attempted, but no birds were
caught (n = 239), solid bars indicate nests where trapping was successful (n = 267). In
the morning between 800-1100 and in the afternoon/evening between 1500-1900 appear
to be better times to successfully capture Arctic Terns.
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Figure II.III.e. Time of day (hour block) that trapping was attempted on Matinicus Rock,
2001-2004. Clear bars indicated nests where trapping was attempted, but no birds were
caught (n = 253), solid bars indicate nests where trapping was successful (n = 239). In
each time period the count is nearly equal between categories, indicating that at any time
a trapping attempt is just as likely to be unsuccessful as successful.
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