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Abstract
Nest survival for shorebirds breeding in the arctic varies dramatically among species and
years, but our understanding of this variation has been largely speculative. By finding
and monitoring 1314 nests of 14 shorebird species, I have been able to assess patterns in
nest survival that were unexplored. I tracked the timing of shorebirds' arrival and
breeding over 11 years at four sites in the eastern Canadian Arctic. Although timing of
arrival was relatively invariant, I found strong effects of local conditions on timing of
breeding, with greater snow cover leading to delayed nesting, and a higher abundance of
predators resulting in earlier nesting. Using logistic-exposure analyses, I found that the
large variation in nest survival among years was related to the local abundance of
predators. The pattern in nest survival among species was modelled most parsimoniously
by distinguishing between species with uniparental and biparental incubation, with the
former group having consistently lower rates of nest survival. For all species, nest
survival was typically lowest in the middle of the nesting season but this pattern was not
explained by the high densities of shorebird nests available at this time. Predators' access
to other diet items, in addition to shorebird nests, may instead determine these temporal
trends. I found that species with biparental incubation defended older nests more
aggressively, and this may have contributed to the increase in nest survival with nest age
that I observed. Finally, through nearly 800 days of behavioural observation on 11
species in arctic Canada and Siberia, I showed that more frequent breaks from incubation,
or leaving the nest unattended for longer periods of time, increased the risk of nest
predation. Total nest attendance explained 83% of the variability in nest survival among
these 11 species, and incubation recesses and restless movements on the nest were more
numerous at nests that would eventually fail versus those that were successful. Together,
iii
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these findings significantly advance our understanding of patterns in shorebird nest
survival, and I conclude by discussing how this work can be used to better monitor
shorebird populations.

iv
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Chapter 1. General introduction

1
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Birds lay eggs, and this trait is as fundamental as it is obvious. The delicate embryo is
furnished with the nutrients needed for development, suspended in a protective gel and
shrouded in a calcareous shell. Then it is laid. From the elaborate and intricately woven
nests of the weavers, to the simple dirt-pit of the White-rumped Sandpiper, birds
invariably lay their eggs somewhere. By externalizing their embryos, birds are freed
from the weighty burden of a pregnancy. However, in order for the eggs to hatch,
embryos must still be provided with the appropriate conditions for development and
protected from harm. When and where the eggs are laid, and how they are cared for once
in the nest, form the basic features of avian reproductive ecology. This thesis examines
how these decisions influence the success of a bird's nesting attempt.
Nest survival is a key component of fitness, and selection to maximize it should
be strong (Ricklefs 1969, Martin 1992). However, maximizing nest survival does not
necessarily maximize fitness; increasing parental investment yields benefits to current
reproductive success, but may come at a cost to fitness over the life of the individual
(e.g., Martin 1995, Wiebe and Martin 1998, Ghalambor and Martin 2001). An adaptive
strategy must therefore balance investment in the current nesting attempt with risks to
future attempts. Intra- and interspecific variation in how this balance is struck contributes
to variation in rates of nest survival, and the strategy employed to mitigate the risk of egg
loss may in fact underlie much of the variation in the life history of birds (e.g., Martin
1995).
Predation is the primary cause of nest failure in almost all bird species studied to
date (e.g., Ricklefs 1969, Martin 1993). The best means of increasing nest survival is
therefore to reduce the risk of predation. For many birds, predators that threaten the
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clutch also pose a risk to incubating adults. Consequently, some traits that enhance nest
success, such as aggressive nest defence or a concealed nest site (with compromised
visibility), may be risky for adults (Brunton 1986, Wiebe and Martin 1998). Similarly,
behaviours that reduce the likelihood of predation may bear energetic costs (Sasvari and
Hegyi 2000). In broad terms, the risk of nest predation can be influenced by at least five
factors: nest habitat, nest distribution, the crypsis of eggs and incubators, the behaviour of
parent birds, and the abundance and behaviour of predators.
Across a wide range of species, and at a variety of scales, studies have shown that
nest habitat is selected non-randomly (e.g., Colwell and Oring 1990, Rodrigues 1994,
Clark and Shutler 1999). It is assumed that these nest site preferences are adaptive, yet
explicit tests of this assumption are rare. Studies demonstrating effects of habitat on
reproductive success typically take place where nest sites are limiting (e.g., Martin 1988).
In the montane forests of Arizona, for instance, optimal nest sites are limited and nest
sites in non-preferred microhabitats suffer higher predation (Martin 1998). In contrast,
tundra breeding birds select nest sites on a relatively simple landscape that lacks the
structural complexity of forests. For tundra breeding shorebirds, suitable nest sites are
not limited and variation in nest predation is not explained by variation in nest habitat
(Smith et al. 2007a). Here, variation in the microhabitat of occupied nests may simply
reflect different strategies to optimize fitness under a variety of selective pressures.
When studying nest site selection, it is important to recognise that nests are placed
not only in a habitat type, but also in a location with respect to neighbours. The spatial
distribution of nests could affect reproductive success through a variety of mechanisms.
If predators concentrate search effort in areas where they have found clutches previously,
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selection may favour hyperdispersion of nests (e.g., Tinbergen et al. 1967, Page et al.
1983). Alternatively, aggregations of nests can result in a lower rate of predation through
a "predator swamping" effect (Clark and Robertson 1979). For species with aggressive
nest defence, colonial nesting may facilitate coordinated group response or early
detection of predators (e.g., Andersson and Wiklund 1978, Larsen et al. 1996).
Aggressive species may also affect the nest site selection of timid species. Many birds
nest near more aggressive species in apparent protective associations (Durango 1949,
Dyrcz et al. 1981, Haemig 2001, Smith et al. 2007b). Several nesting associations have
been reported for tundra breeding birds, with protector species ranging from large
shorebirds (e.g., Paulson and Erckmann 1985) to Snowy Owls (Nyctea scandiaca; e.g.,
Summers et al. 1994).
Birds may also attempt to go unnoticed by matching the colouration or visual
pattern of their surroundings. Camouflage as an adaptation to reduce predation is
common throughout the animal kingdom, and especially prevalent in the plumage and
eggs of ground nesting birds (Tinbergen et al . 1962, Montevecchi 1976, Bertram and
Burger 1981, Solis and de Lope 1995, Yahner and Mahan 1996, Lloyd et al. 2000). The
muted colours and mottling of the eggs and adult plumage of many shorebirds may serve
to conceal them from visual predators.
My previous work on the reproductive ecology of arctic breeding shorebirds
focussed on the factors above. I found clear evidence that nest sites were not selected
randomly. That is, habitat of nest sites differed significantly from random sites, and from
the nests of other species (Smith et al. 2007a). In some cases, this site selection acted to
increase the visual match between the eggs and the nest site (J. Gobin, unpublished).
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However, there was no evidence that variation in habitat or nest camouflage contributed
to variation in nest success. Habitat did not differ between successful and failed nest
sites, and artificial nest experiments suggested that interspecific patterns of nest predation
are not related to habitat-specific risk. Similarly, the distribution of nests played no role
in determining nest fate; nests in high-density areas did not have different rates of
survival than those in low-density areas (Smith et al. 2007a). By nesting near aggressive
Sabine's Gulls, some shorebirds were able to increase their rates of nest survival (Smith
et al. 2007b), but this strategy was employed by relatively few individuals.
Despite my initial failure to find its source, variation in nest survival in this
system was dramatic (Smith et al. 2007a, chapter 3). Nest survival varied more than 6fold among species and across years. My previous work served to discount some of the
possible sources of this variation, and building on this foundation, I defined a new set of
hypotheses to test. In the chapters that follow, I present these hypotheses and
demonstrate how they collectively explain a large proportion of the interspecific and
interannual variation in the survival of shorebird nests.
Objectives and outline

The primary objective of this study was to identify the sources of variation in shorebird
reproductive success. This objective is broad, and research projects addressed this theme
both directly and indirectly. I began by evaluating the timing of shorebird breeding and
the factors that influence it, because when to breed is among the first decisions made by
individuals upon their return to the breeding grounds. I then assessed patterns in nest
survival from broad interspecific or interannual scales to a finer, inter-individual scale. I
organized my lines of inquiry into five chapters, based on the following questions:
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1) What determines the timing and synchrony of shorebird nest initiation? What role
do predators play in determining timing of breeding?
2) How does nest survival vary among species and years? How is this related to
interspecific differences in the behaviour of shorebirds and interannual
differences in the behaviour or abundance of predators?
3) How does nest survival vary within the season? Are patterns related to seasonal
changes in the abundance of predators, or seasonal changes in the defence
behaviours of shorebirds?
4) How does incubation behaviour differ among species and individuals, and how do
shorebirds adjust incubation behaviour in response to environmental conditions?
5) After controlling for these effects of weather, does incubation behaviour influence
the risk of predation?

Shorebirds in the arctic are faced with a comparatively short window of
opportunity for breeding, bounded on both ends by freezing temperatures and snow
covered ground. When they choose to breed can have important energetic consequences
but also important consequences for nest survival, as demonstrated later in this thesis. In
chapter two, I examine the variability among species and years in the timing of arrival,
and the timing and synchrony of breeding. I then relate this variability to factors such as
weather, snow cover and the abundance of predators to determine whether timing of
breeding is driven by energetic needs and physiological constraints, or whether it is

influenced by local conditions that could impact nest survival.
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In chapter three, I evaluate patterns in nest survival among species and years,
knowing a priori that variability was large (e.g., Smith et al. 2007a). I predicted that the
abundance of predators would have an overriding effect on nest survival, and in this
chapter I contrast predator effects with those of environmental factors such as weather
and snowmelt. The arctic system studied here comprises relatively few species, and
presents a unique opportunity to quantify the relationship between the abundance and
activity of predators and the survival of the nests upon which they prey. My past work
suggested that interspecific differences in nest survival might be related to incubation
system. Here, I use modern analytic techniques and a large, long-term set of nest survival
data to test whether uniparental species suffer higher nest predation than sympatric,
biparental species.
Past studies of nest survival have faced a severe analytic limitation; nest survival
was assumed to be constant through time because techniques to model temporal variation
did not exist. In chapter four, I use Program Mark to assess the variation in nest survival
within a breeding season, I compared models to identify the most parsimonious temporal
trends, and used information on seasonal patterns in weather, predators, nest density and
nest defence behaviour to determine the source of these trends. I predicted that nest
survival would be lowest mid-season when the density of active shorebird nests was
highest, due to a functional response of predators. I also predicted that nest survival
might be higher for older nests, because the intensity of nest defence increases with nest
age in a wide range of taxa.
In my previous work, I found preliminary evidence for a relationship between
incubation behaviour and the risk of nest predation. However, incubation behaviour is
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known to vary greatly in response to factors such as weather and the age of the nest (e.g.,
Tulp and Schekkerman 2006). In order to fully assess the relationship between
incubation behaviour and nest survival, it was first necessary to understand the variation
in my sample of behavioural data. In chapter five, I describe patterns in incubation
behaviour within and among days, and assess how weather conditions influence these
patterns. I quantify how incubation behaviour differs between species with uniparental
and biparental incubation, and contrast the ways in which the behaviour of each group is
influenced by weather conditions.
Incubation behaviour is highly variable even within species, and could influence
nest survival. Secretive behaviour can decrease the detectability of the nest (Wiebe and
Martin 1997, Martin et al. 2000), while conspicuous activities such as incubation feeding
can serve as visual cues for predators (e.g., Lyon and Montgomerie 1987, Martin and
Ghalambor 1999). Among shorebirds, uniparental species are energetically obligated to
take more breaks from incubation than species with shared incubation. The added
activity around the nest could increase the risk of predation, and this hypothesis is the
foundation of chapter six. I used the understanding of incubation behaviour achieved in
chapter five to control for confounding sources of variation, and tested whether metrics of
behaviour such as the rate and duration of incubation recesses were related to the survival
of nests. I examined the effects of behaviour within and among species, to determine the
extent to which behaviour could account for the observed variation in shorebird nest
survival.
These five research projects collectively explain a large proportion of the
variation in nest survival among shorebird species and years, and provide a significantly
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clearer understanding of these patterns than was available previously. In the final
chapter, I synthesise the results of this work. I describe the trade-offs faced by shorebirds
during the breeding season, and how these trade-offs could shape the evolution of life
histories. This work was funded by Environment Canada, and the ultimate goal of these
studies was to understand shorebird nest survival so that this understanding could be
applied to the management of shorebird populations. I conclude by suggesting how
insights gained here could be used to refine monitoring programs, and how this deeper
understanding of nest survival could shed new light on the causes of shorebird population
declines,
Study sites

My research was carried out primarily at two sites in the eastern Canadian arctic: Coats
Island and East Bay, Southampton Island, Nunavut (see Fig. 2.1). In chapter two, I
include information from a site at Prince Charles Island, Nunavut, and a second camp at
East Bay. The research described in chapter five was carried out with colleagues from
Europe, and here, data are included from a site at Medusa Bay on the Taimyr peninsula of
arctic Siberia. Details of the sites are provided in the chapters in which they appear.

Shorebird species and their predators

Interpreting interspecific variation in rates of predation is often difficult, because of
confounded interactions with life history, nest habitat and predator guild. Tundra
breeding shorebirds offer a unique opportunity to control variation in some of these
factors, because many basic features of reproductive ecology are shared by all species.
All species typically lay four eggs in a simple scrape, incubate for roughly three weeks
and are exposed to the same guild of nest predators. As they nest on the ground, in
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structurally simple habitats, variation in nest habitat is also limited. While many basic
nesting features are similar, tundra breeding shorebirds show considerable variation in
mating system, incubation behaviour and rates of predation (Smith 2003, Smith et al.
2007a, this study).
A total of 15 shorebird species are considered in the various chapters of this
thesis, with 10 species well represented in terms of nests found and monitored. These are
the Semipalmated Plover (Charadrius semipalmatus), Black-bellied Plover (Pluvialis
squatarola), American Golden-Plover (Pluvialis dominica), Red Phalarope (Phalaropus
fulicarius), Ruddy Turnstone (Arenaria interpres), Dunlin (Calidris alpina), Curlew
Sandpiper {Calidris ferruginea), Semipalmated Sandpiper {Calidrispusilla), Whiterumped Sandpiper {Calidris Juscicollis), and Little Stint {Calidris minuta). A detailed
review of the reproductive ecology of each is not appropriate here, but some brief details
are provided below.
Semipalmated Plovers are monogamous, territorial and both parents incubate
(termed 'biparental'; Nol and Blanken 1999). They are highly vigilant, and both parents
take part in distraction displays or scolding (Sullivan Blanken and Nol 1998). On the
breeding grounds, they feed primarily on dipteran larvae and adults (Baker 1977).
The Black-bellied Plover is large, territorial and monogamous, with both parents
incubating and caring for chicks (Paulson 1995). They are highly vigilant and defend
their nests aggressively from predators through aerial attack and distraction displays
(Drury 1961, this study). They are visual foragers and peck invertebrates off the
substrate, especially dipterans, beetles and spiders (Paulson 1995).
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The American Golden-Plover is somewhat smaller than its Black-bellied
congener, but is also territorial, monogamous and biparental (Johnson and Connors
1996). Their diet is similar to that of the other plovers, but may include a larger
proportion of berries. They are also highly vigilant, but engage less in aggressive attacks
of aerial predators than the larger Black-bellied Plover (Byrkjedal 1989).
The Red Phalarope exhibits facultative polyandry. Males are the sole incubators.
They show no territoriality, distraction displays or aggression towards predators (Tracy et
al. 2002). Red Phalaropes feed on a variety of aquatic and terrestrial invertebrate prey on
the breeding grounds, especially the larvae and adults of chironomids and tipulids
(Kitchinski and Chernov 1973, in Tracy et al. 2002),
The Ruddy Turnstone is monogamous and territorial. Incubation is shared, but
the male's contribution varies geographically and seasonally (Nettleship 2000).
Turnstones are highly vigilant and aggressively pursue predators. They feed primarily on
dipterans, which they pick from the substrate or find by overturning stones (Macdonald
andParmelee 1962).
Dunlin are common across the circumpolar arctic; the race found in the eastern
Canadian arctic is known as Calidris alpinahudsonia. They are monogamous and share
the duties of incubation equally but only males care for chicks (Warnock and Gill 1996).
They defend territories of variable size, through conspicuous flight displays and song.
They feed primarily on adult and larval chironomids and tipulids by pecking them off the
substrate or by probing with their long bill.
The Curlew Sandpiper is a bird of the old-world arctic, breeding primarily
between the Yamal and Chuckchi peninsulas (Lappo and Tomkovich 2006). It has
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uniparental incubation; males depart the breeding grounds by mid-season, leaving
females to carry out all duties of incubation and chick rearing. Curlew sandpipers prefer
to nest in drier areas or on slopes. They probe for tipulids early in the season, but later
switch to surface-dwelling arthropods.
Semipalmated Sandpipers are common in the eastern Canadian arctic at low- to
mid-latitudes. They are monogamous and have biparental incubation (Gratto-Trevor
1992). During the breeding season, they do not probe for food as much as some other
sandpipers, and feed upon chironomids and arachnids. They often exhibit elaborate
distraction displays, such as the "rodent run", when predators approach the nest.
White-rumped Sandpipers are polygynous and territorial; only females provide
parental care (Parmelee 1992). They feign injury when predators approach and select
well concealed nest sites to avoid detection (Parmelee et al. 1968). They feed primarily
by probing in moss for larvae (especially tipulids), but may also take spiders, beetles and
adult tipulids from the substrate (Parmelee 1992).
The Little Stint is found across the full breadth of the old world arctic, and is
locally abundant. Incubation is uniparental, and the mating system is unique. After
laying a clutch for the male to incubate, the female typically moves farther north to lay a
second clutch, which she will incubate (Tulp et al. 2002). They exhibit an amusing array
of distraction displays, with various forms of jumping, squeaking and scurrying (Tulp
2007).
Potential nest predators are abundant at the study sites, but across the circumpolar
arctic it is widely believed that predation on shorebird nests is carried out primarily by
Parasitic Jaegers (Stercorariusparasiticus) and arctic foxes (Alopex lagopus) (Erckmann
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1981, Schekkerman et al. 2004, Liebezeit and Zack 2008, this study). Potential predators
observed regularly at the sites include Long-tailed Jaegers (Stercorarius longicaudus) and
Herring Gulls (Larus argentatus), while Pomarine Jaegers {Stercorariuspomarinus),
Glaucous Gulls (Larus hyperboreus), Sandhill Cranes (Grus canadensis), Peregrine
Falcons (Falcoperegrinus), Common Ravens (Corvus corax) and ermine (Mustela
erminea) were observed infrequently.

Declaration

A project of this size requires many collaborators, and although I was responsible for all
aspects of the study design, I did not collect all data myself. I oversaw data collection at
East Bay and Coats Island until 2006. The field team in 2007 was led by Darryl
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Gilchrist, Karel Allard and the East Bay field team. Those from Medusa Bay, analysed in
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Table 1.1. Body mass, social mating system, and incubation behaviour for the 10 shorebird species that are the focus of this thesis.
Data are from this study, Thomas et al. (2006), Tulp (2007), and references therein.

Body Mass
(g)

Social Mating System

Incubation
System

Incubating
Sex

Semipalmated Plover (Charadrius semipalmatus)

47

monogamous

biparental

m&f

Black-bellied Plover (Pluvialis squatarola)

209

monogamous

biparental

m&f

American Golden-Plover (Pluvialis dominica)

147

monogamous

biparental

m&f

Red Phalarope (Phalaropus julicarius)

45

polyandrous/monogamous

uniparental

m

Ruddy Turnstone (Arenaria interpres)

113

monogamous

biparental

m&f

Dunlin (Calidris alpina)

58

monogamous

biparental

m&f

Curlew Sandpiper (Calidris ferruginea)

58

polygynous

uniparental

f

Semipalmated Sandpiper (Calidris pusilla)

28

monogamous

biparental

m&f

White-rumped Sandpiper (Calidris fuscicollis)

44

polygynous

uniparental

f

Little Stint (Calidris minuta)

29

double-clutching

uniparental

m or f

Species

Chapter 2. Inter-annual variation in the breeding chronology of arctic
shorebirds: effects of weather, snow melt and predators

15
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Abstract

Arctic breeding shorebirds travel thousands of kilometres between their wintering and
breeding grounds, yet the period over which they arrive and begin to initiate nests spans
only several weeks. I investigated the role of local conditions such as weather, snow
cover and predator abundance on the timing of arrival and breeding for shorebirds at four
sites in the eastern Canadian arctic. Over 11 years, I monitored the arrival of 12 species
and found 821 nests. Weather was highly variable over the course of this study, and the
date of 50% snow cover varied by up to three weeks between years. In contrast, timing
of arrival varied by one week or less at the sites, and was not related to local conditions
such as temperature, wind, or snow melt. Timing of breeding was best predicted by the
date of 50% snow melt, with later snow melt resulting in delayed breeding. Higher
predator abundance resulted in earlier nesting than would be predicted by snow cover
alone. I hypothesise that when predation risk is high, the value of potential renesting
exceeds the energetic risks of early breeding. Synchrony of breeding was not related to
local weather conditions, but was significantly higher in late breeding years. These
results suggest a relatively fixed date for the termination of nest initiation, after which
nesting is no longer profitable.
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Introduction

The breeding schedule of shorebirds nesting on the arctic tundra is bounded by extremes.
The snow pack does not begin to melt and expose bare ground until late May in most
arctic locations, imposing a limit on the earliest possibility for nest initiation in these
ground nesting birds (e.g., Meltofte et al. 2007a). Because shorebirds are primarily
income breeders (Klaassen et al. 2001, Morrison and Hobson 2004), limited availability
of, or access to, their invertebrate prey on the frozen tundra can further constrain their
ability to initiate nests (Meltofte et al. 2007b, but see Danks 1971). After a 2-3 month
period of favourable weather, freezing temperatures return to the arctic. For successful
reproduction, the final nests must be initiated with sufficient time for chicks to develop
and migrate south before fall weather comes (Meltofte et al. 2007a).
Within these climatic boundaries, a number of variables may more subtly
influence breeding schedules, including temperature, rate of snow melt and risk of
predation. The energetic demands of homeothermy in the arctic are substantial (Piersma
et al. 2003), and the added demands of egg production may be more difficult to meet in
cold, wet, or windy breeding years. Although both clutch size and egg size are relatively
invariant in shorebirds (Ricklefs 1984, Szekely et al. 1994), colder breeding seasons have
been linked to both smaller clutch sizes and smaller eggs in some species (Meltofte et al.
1981 andNol et al. 1997, and Sandercock et al. 1999, respectively). Increased energetic
demands of homeothermy during the pre-breeding season could also result in delayed
breeding (Morrison et al. 2005).
While total snow cover precludes nesting in some years (e.g., Mayfield 1978),
partially snow covered ground may increase the risk of predation by concentrating the
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search of predators (Byrkjedal 1980, Meltofte et al. 1981). In response to this increased
risk, shorebirds could delay nest initiation until more snow-free ground is exposed.
However, the impact of predators on timing of breeding might vary interspecifically. For
example, some species are able to defend their nests from jaegers (Stercorarius spp.),
such as the Black-bellied Plover (Paulson 1995, Drury 1961), and might therefore be less
susceptible to predation than timid species if they nested early in snow-free patches.
The risk of predation also varies dramatically between years (e.g., Smith et al.
2007a). Populations of jaegers and arctic foxes fluctuate substantially in arctic systems.
These fluctuations are in some cases known, or in most cases assumed, to be related to
cycles in the abundance of their primary prey: lemmings (Dicrostonyx spp., Lemmus
spp.). These cycles in predator abundance could play a role in determining the timing of
nest initiation. Abundant predators may cause birds to delay the initiation of nests if risk
of predation is greatest early in the nesting season, for example due to limited snow-free
ground or lower total density of nests available to predators. Alternatively, a high
presence of predators could contribute to earlier dates of nest initiation if birds attempt to
maximize the time available for successful renesting in the event of nest depredation
(Meltofte 1985, Meltofte et al. 2007a).
The decision of when to breed is made by the individual, but the synchrony in
timing of breeding can have important consequences at the level of the community (e.g.,
Clark and Robertson 1979). Synchronous breeding increases the density of nests
available to predators, potentially diluting risk to the individual (but see Brown and
Brown 2001), and facilitates group defence in species exhibiting mobbing behaviour
(such as the Ruddy Turnstone, Nettleship 2000). While synchronous breeding could be
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the product of social cues, it could also reflect the limited time available between the
appearance of snow free land, and the latest possible opportunity for successful hatching
and fledging of young prior to the onset of extreme weather. If time constraints
determine synchrony, it should be greatest in years when the initiation of nests is most
delayed (e.g., Green et al. 1977, Nol et al. 1997, Meltofte 2007b). Alternatively, if
synchrony is constrained by the ability to access food and produce eggs, early years
might facilitate synchronous breeding by masking differences in individual condition
(Nol et al. 1997).
It is also important to consider how timing of arrival to the breeding grounds
constrains the timing of nest initiation. Shorebirds nesting in the Canadian arctic are
highly migratory, travelling thousands of kilometres from non-breeding areas as far south
as Tierra Del Fuego. Because shorebirds require time to gather nutrients (Morrison and
Hobson 2004), and a minimum interval of approximately 1 week for the development of
eggs (Roudybush et al. 1979), the timing of shorebirds' breeding could be related to the
timing of their arrival on the breeding grounds (e.g., Schamel and Tracy 1987, Schamel et
al. 2002, Schekkerman et al. 2004). Arrival, in turn, could be influenced by climatic or
other conditions encountered en route, and/or could be based on long-term averages of
conditions in the arctic (Piersma et al. 1990). The timing of shorebird arrival, and how
this relates to timing of breeding, has received little attention (Meltofte 1985, Morrison et
al. 2005).
Few studies have tested explicitly for factors that influence the chronology of
shorebird breeding because multi-year data sets are rare in the arctic (Nol et al. 1997,
Meltofte et al. 2007a, Meltofte et al. 2007b). An understanding of long-term factors that
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influence the timing of breeding in shorebirds is important for predicting how they might
respond to future environmental change. Despite the relevance, I know of no community
level analyses of nesting chronology for Nearctic shorebirds. Here, I present data for the
timing of arrival and breeding at 4 sites, for 12 shorebird species and up to 9 years. I
relate the timing of arrival, and both the timing and synchrony of nest initiation to factors
such as snow melt, temperature and the abundance of predators.
Methods

Study areas
Research was conducted at four sites in the eastern Canadian arctic, spread across 700 km
and 6° of latitude. The southernmost site was Coats Island, Nunavut (approximately
5500 km2), at the north end of Hudson Bay. Exposed outcroppings of Precambrian
metamorphic rock dominate the northeast corner, while the remainder of the island is
composed primarily of lowland tundra and exposed Palaeozoic sedimentary rocks
(Heywood and Sanford 1976). Smaller areas of upland heath tundra, as well as raised
beach deposits from the Holocene are also common across the island. Work at Coats
Island was conducted from the beginning of June until the end of July, 2004-2006, at a
camp located atN62° 51' W82° 29' (Fig. 2.1).
Two sites were located on the Northeast side of Southampton Island, Nunavut.
This portion of the island consists of extensive tracts of coastal lowland tundra, and large
expanses of unvegetated sedimentary rock farther inland. Raised beach deposits are very
common as a result of substantial isostatic rebound, following the retreat of the
Pleistocene ice sheets (Innes et al. 1968). Work in the area of East Bay, Southampton
Island was conducted annually from the beginning of June until the end of July from
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1999-2007, at a camp located at 63° 59'N 81° 40'W (Hereafter 'East Bay Mainland', Fig.
2.1). Habitat details and descriptions of the shorebird community at this site appear in
Smith (2003) and Smith et al. (2007a).
Approximately 7 km away from this site, a research camp on a small island
(hereafter 'East Bay Island', 64° 01'N 81° 47'W) was operated annually from late May
until mid-August, 1999-2007. Shorebirds do not breed on this small island (24 ha); it is
included in analyses because it is used heavily by shorebirds in the pre-breeding season in
some years. Snow clears from this island much earlier than tundra wetlands on the
mainland, presumably because its raised topography results in lower accumulation of
snow.
The fourth site was on the Northwest side of Prince Charles Island, at 68° 1l'N
76° 43'W (Fig. 2.1). Prince Charles Island, with an area of 9900 km2, is notably flat, and
consists of relatively young landforms also undergoing isostatic uplift (Gaston et al.
1986). The centre of Prince Charles Island is primarily unvegetated, broken shale.
Raised beach features are common, and particularly so on the west coast. Most of the
coastal area consists of lush wet tundra with numerous ponds. Work at Prince Charles
Island was carried out from 19 June until 16 July, 1996, and 24 June until 17 July, 1997.
Climate differs substantially between the sites. Summer weather at Coats Island
is comparatively mild, with climatic patterns influenced by the waters of Hudson Bay.
Only 130 km to the Northeast, the East Bay Mainland and East Bay Island sites are
dramatically colder, with a flora and climate more typical of mid-arctic regions (Edlund
1990). Summer temperatures here, and at Prince Charles Island 500 km to the North are
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depressed by the cold and ice rich waters of the Foxe Basin; landfast ice persists until
July, and coastal areas remain cool throughout the summer.
Shorebirds and their predators
Our study includes more than 3/4 of the shorebird species nesting in the eastern low- and
mid-arctic. Those best represented in the samples include the American Golden-plover,
Black-bellied Plover, Dunlin, Red Phalarope, Ruddy Turnstone, Semipalmated Plover,
Semipalmated Sandpiper, and White-rumped Sandpiper. Observational data, and in
particular nest records, are less abundant for the Baird's Sandpiper (Calidris bairdii),
Pectoral Sandpiper (Calidris melanotos), Purple Sandpiper (Calidris maritima), Red
Knot (Calidris canutus) and Sanderling (Calidris alba).
The shorebird species in this sample vary widely in a number of ecological
characteristics that could influence timing of breeding, including range, mating system,
territoriality, nest defence and foraging behaviour. While a complete review of each
species' breeding ecology is not appropriate here, some relevant details are described
below and further highlighted in the discussion. The majority of shorebird species are
monogamous (Emlen and Oring 1977), but among the eight species common in the
sample, the Red Phalarope exhibits facultative polyandry (Tracy et al. 2002), and the
White-rumped Sandpiper is polygynous (Parmelee 1992). All of these species except the
Red Phalarope defend territories to some extent, while aggressive nest defence is limited
to the American Golden-plover, the Black-bellied Plover and the Ruddy Turnstone. The
plovers (Charadriidae) are primarily visual foragers on terrestrial arthropods (Paulson
1995, Nol and Blanken 1999). In addition to gleaning terrestrial arthropods, the Red
Phalarope also feeds on a wide variety of aquatic invertebrates, the White-rumped and
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Semipalmated Sandpipers feed by probing in moss for larvae (especially tipulids,
Parmelee 1992), and the Ruddy Turnstone searches for invertebrates by overturning
stones (Macdonald and Parmelee 1962). Most of the eight species common in the sample
are within the core of their range, but the Red Phalarope is near the southern limit of its
breeding range on Coats Island, while the Semipalmated Sandpiper is approaching the
northern limit of its distribution on Southampton Island.
The most significant nest predators at all sites were Parasitic Jaegers and arctic
foxes. Herring Gulls were observed regularly, but are believed to eat shorebird eggs
infrequently (Karel Allard, pers. obs.). Long-tailed Jaegers are included in jaeger counts,
but are assumed to be of less importance than Parasitic Jaegers because they were on
average 15 times less abundant, and are thought to eat lemmings principally (Wiley and
Lee 1998). Pomarine Jaegers were encountered in both years at Prince Charles Island,
but this species is uncommon at the other three sites. Other potential predators, assumed
to be unimportant because of their scarcity, include: Peregrine Falcons, Glaucous Gulls,
Sandhill Cranes and Common Ravens.
At East Bay Mainland and Coats Island, I recorded the number of arctic foxes and
jaegers observed per person*hour, and used this as an index of relative predator
abundance between years. On most days, these observations were made between 0700h
and 1900h local time. This metric reflects both the abundance and level of activity of the
predators, but provides an adequate index of predation pressure among years (Hochachka
et al. 2000, Wilson and Bromley 2001). I also recorded the number of lemming
(primarily Dicrostonyx torquatus) encounters at East Bay Mainland, and use this to
reflect the abundance of potential alternative prey (e.g., Summers 1986, Summers and
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Underhill 1987, Bety et al. 2002). There are no lemmings on Coats Island (e g., Gaston
and Ouellet 1997).
Monitoring weather and snow melt
Weather data were collected at the camps by means of portable weather stations or hand
held instruments. Wind speed was measured at a height of 1-3 m, and was therefore
higher than that which would be experienced by shorebirds at ground level. Although a
number of weather variables were collected, I selected mean daily temperature from 10 30 June, mean daily wind speed from 10 - 30 June, and mean daily windchill low from
10 - 30 June, for use in analyses. Temperature during the pre-nesting period could affect
the availability of surface-active arthropods to shorebirds (e.g., Hodkinson 2003), while
the windchill temperature may more accurately reflect the energetic costs of
homeothermy. I selected the period from 10 June - 30 June because weather records are
sporadic before 10 June in some years, and because nearly all nests have been initiated by
30 June (see below). Snow-melt within the study sites was monitored by standing on
raised beach ridges with an unobstructed view of the landscape and making daily
estimates of the percentage of snow free ground in a fixed area (1.5 x 1.5 km).
Timing of arrival
The timing of shorebird arrival to the breeding grounds was monitored through
standardised and opportunistic means. At the East Bay Island site, the perimeter of the
island was walked once or twice daily by 1-2 observers, and all bird encounters were
recorded. Given the small size of the island, and the number of staff present, it is likely
that all shorebirds present were recorded. At the East Bay Mainland and Coats Island
sites, 100 m wide belt transects 1 km - 1.5 km in length were walked daily by 2 observers
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in locations consistent between years. Two transects were surveyed daily at East Bay
Mainland, and one at Coats Island. Transect locations were selected to encompass the
variety of habitats found at the site, and include areas that were known to melt earlier
than surrounding tundra (e.g., river banks, areas of good drainage). In addition, I
included any opportunistic sightings of arriving shorebirds. The slight differences in
methods among sites are not problematic here because the goal was to compare arrival
dates, and not relative densities, among sites.
No first sighting dates are available for Prince Charles Island, as field workers
were not present until mid June in either year. At the remaining three sites, staff were
typically present in the study areas before the arrival of any shorebird species. For the
few instances when I believed that these first sightings did not represent the arrival of the
species to the area, I omitted the sighting from analyses.
Nest finding and ageing
Workers searched for shorebird nests on foot at the East Bay Mainland, Coats Island and
Prince Charles Island sites. As mentioned, shorebirds do not nest at the East Bay Island
Site. Nests were found by observation, flushing birds while walking and by two people
dragging a 30 m length of 5 mm diameter rope. In most years, nest searching began
before shorebirds had begun to initiate nests. Search effort was not constant between
sites or years.
Timing of nest initiation (the date when the first egg was laid) was rarely
observed directly; it was usually estimated from clutch completion dates, hatch dates, or
egg flotation characteristics. When nests were found with partial clutches, I assumed that
one egg was laid per day in order to back-calculate the date of nest initiation (Sandercock
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1998). When the date of nest initiation was calculated from hatch dates, I used speciesspecific data on incubation durations, from on-site recording where available or from
literature values, if necessary. Nests that were found with complete clutches and were
depredated before hatch were aged by the egg flotation method (Liebezeit et al. 2007).
This method provides an unbiased estimate ± 4 days.
Data analysis
I limited detailed analyses to species for which I had a minimum of four nests in each
year at a given site. Typically however, the samples for common species were much
larger (Table 2.1). I recorded, for each species and year, the earliest, first quartile,
median, third quartile and latest nests. I did this because shorebirds initiating nests at
different times within the laying period may be responding to different conditions. I
defined the total length of the laying period as the time between the initiation of the
earliest and latest nests I observed, but also report the length of time between the first and
third quartiles of nest initiation as an indication of peak laying. The synchrony of nest
initiation within a species is represented by the standard deviation of nest initiation dates.
I assessed patterns in weather variables over the years of the study with linear
regression. The relationship between weather and timing of arrival was also investigated
with linear regression models and Bonferonni corrected a values for multiple tests. The
fi ve metrics of timing (earliest, first quartile, median, third quartile and latest nest
initiations) and the metric of synchrony (standard deviation of nest initiation), were
analysed separately as response variables in General Linear Models with SPSS 10.0.7
(SPSS Inc. 2000). Site was treated as a random effect, whereas species was included as a
fixed effect. These variables were included in all subsequent models if they were
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significant individually. Pearson correlation analyses revealed collinearity among some
variables. The date of 50% snow melt was correlated inversely with the early season
temperature (R = -0.67, P < 0.001, n=12 years total at East Bay Mainland and Coats
Island), daily windchill lows (R = -0.42, P < 0.01), and average wind speeds (R = -0.33, P
< 0.05). The abundance of jaegers was inversely correlated with average wind speed (R
= -0.66, P < 0.001). To account for correlations between the variables, I used a forward
stepwise approach, with Type I Sums of Squares. The strongest individual predictors
were retained at each step, until no variables contributed significantly to explanatory
power of the model. Interaction effects were considered only for variables with
significant main effects. Where appropriate, post-hoc tests were conducted with Tukey's
honestly significant difference tests. Unless otherwise noted, a = 0.05 and means are
reported ± SE.
Results

Weather and snow melt
Weather varied markedly between years at all sites (Table 2.2). Over 9 years of
observation at East Bay Mainland, the date of 50% snow cover varied by nearly 3 weeks,
from 1 June until 19 June, with a mean of 11 June.

The East Bay Island site was 50%

free of snow at least 10.4 days earlier on average (range at least 4-16 days; snow cover <
50% upon arrival in some years) than the East Bay Mainland site, despite a separation of
only 7 km. The areas surrounding these sites are predominantly tundra lowlands and
raised beach complexes. Opportunistic work suggests that the East Bay Island site is free
of snow earlier than any of the surrounding lowlands in most years, and particularly so in
years of late snow melt (P. Smith, pers. obs.).
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The Coats Island site had heavy snow cover in spring 2004, as did much of the
eastern arctic that year (Meltofte et al. 2007a). The date of 50% snow cover was 18 days
later in 2004 than in 2006, and the mean temperature between 10 June and 30 June was
correspondingly lower (Table 2.2). Prince Charles Island had exceptionally late
snowmelt in 1996, with a date of 50% snow clearance of 30 June.
I had nine consecutive years of weather data for the East Bay Mainland site,
allowing for analyses of changes in local weather over time. No significant directional
patterns were observed in dates of 50% snow melt, mean daily temperature or the mean
daily wind speed high during the time of nest initiation (10 June - 30 June, all R2 < 0.03,
P > 0.05). However, the average daily windchill low from 10 June - 30 June, an index of
the energetic cost of thermoregulation, showed a pronounced warming between 1999 2007 (Fig. 2.2, R2 = 0.85, P < 0.001). Weather patterns were similar at the East Bay
Island Site, although the mean temperatures were on average 1.0°C lower, presumably
because the small island is surrounded by ice. The time series at the Coats and Prince
Charles Island sites were not sufficiently long for analysis.
Indices of predator abundance
The abundance of predators and lemmings differed substantially between years at East
Bay, and less so at Coats Island (Fig. 2.3). No such data were available for the East Bay
Island site, and data were recorded with different methods at Prince Charles Island. At
East Bay, numbers of arctic foxes were highest in 2006, while numbers of jaegers were
highest in 2004 and 2005. There was no significant relationship between the numbers of
lemmings and the number of foxes or jaegers at this site, either directly or with a time-lag
of one year (all R values < 0.62, all P > 0.05). At Coats Island, the number of predators
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encountered by field staff were relatively stable between years. Both foxes and jaegers
were most abundant in 2006. As mentioned, there were no lemmings on Coats Island.
At Prince Charles Island, lemming abundance was high in 1996 (with 3 to 12 winter
nests/ha in the most favourable habitats) and moderate in 1997 (0.5 to 4 winter nests/ha in
the same habitats). Foxes, Long-tailed Jaegers and Pomarine Jaegers were common in
both years. Five pairs of Long-tailed Jaegers, three pairs of Pomarine Jaegers and two
arctic fox dens were recorded within an area of about 10 km2 in 1996. In 1997, three
pairs of Long-tailed Jaegers, one pair of Parasitic Jaegers, three pairs of Pomarine Jaegers
and one fox den were present in the same area.
Weather variables were correlated with the abundance of predators at the East
Bay Mainland and Coats Island sites; fox sightings were fewer in heavy snow years (R =
-0.32, P < 0.05), and more numerous in years of cold windchill temperatures (R = 0.73, P
< 0.001). Jaegers were less commonly encountered in years with high wind speeds (R =
-0.67, P< 0.001).
Timing of arrival
In contrast to the highly variable weather and snow cover, the arrival dates of shorebirds
were comparatively similar between years. The mean arrival date across all species
varied between years from 4 June - 11 June for the East Bay Mainland Site, 30 May - 4
June for the East Bay Island site and 4 June - 10 June for the Coats Island Site (Table
2.1). None of the early season climatic variables related significantly to the mean arrival
date for all species at either the East Bay Mainland or East Bay Island site (Linear
regression models, all P values > 0.05). Although some weather variables were
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significantly correlated with timing of arrival for some species at a = 0.05, no significant
relationships were identified using Bonferonni corrected a values.
Because I had only three years of data, such analyses were not possible for the
Coats Island site. However, the date of 50% snow melt was 18 days later at this site in
2004 versus 2006, while the mean arrival date was only 6 days later. No timing of arrival
data were available for Prince Charles Island.
Over all years, the earliest arriving species (common breeders only) at the East
Bay Mainland site was the White-rumped Sandpiper (mean arrival: 4 June ± 1 d), while
the latest was the Red Phalarope (mean arrival: 8 June ± 1 d). Similarly, at the East Bay
Island site, the earliest arriving common bird was the White-rumped Sandpiper (31 May
± 1 d) and the latest, the Red Phalarope (5 June ± 1 d). On average, species arrived to the
East Bay Island site 5 d earlier than the East Bay Mainland site, despite a separation of
only seven kilometres. At Coats Island, the first of the common breeding species to
arrive were the Dunlin and the American Golden-Plover (mean arrival: 3 June ± 0 d),
while the latest was the Red Phalarope (mean arrival: 7 June ± 1 d).
Although the distribution of arrival times shifted from year to year, all species
arrived typically within a span of one week (range 3 d - 11 d). The synchrony of arrival
was not related to the mean arrival date nor the date of 50% snow cover at any site (e.g.,
date of 50% snow cover versus range of arrival dates at East Bay Mainland: R2 = 0.05, P
> 0.05, n = 9 years). Further, there was no latitudinal trend in arrival times. The mean
date of arrival for all species and years was 6 June for Coats Island, the most southern
site. At the East Bay Mainland site, the average arrival date was 6 June, while it was 2
June for the nearby East Bay Island site (Table 2.1).
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Timing of nest initiation
I observed or estimated the date of nest initiation for 821 nests of 11 species. Nesting
typically began in mid to late June at East Bay Mainland, and early to mid June at Coats
Island and Prince Charles Island (Table 2.1). Averages, across species and years, for the
earliest date of nest initiation were 16 June at East Bay Mainland and 12 June at Coats
Island; these dates are 10 d and 5 d after the first sighting dates respectively. For Prince
Charles Island in 1997, the average date of first nest initiation for all species was 12 June.
Both interspecific and inter-site differences were identified as significant in the
models of timing of nest initiation. Nesting was on average 5 d earlier at Coats Island
than at East Bay. The first species to nest at Coats Island was the Dunlin (mean: 10
June), while the latest was the American Golden-Plover (mean: 14 June). At the East
Bay Mainland site, the Ruddy Turnstone was the first to initiate nests in each year, an
average of 4 d earlier than any other species (11 June, Table 2.1). The latest of the
common breeders at that site was the Red Phalarope, which initiated the first nests on 19
June, on average. In contrast, the Red Phalarope was among the earliest breeders at both
Coats Island (12 June) and Prince Charles Island (9 June, Table 2.1).
The climate variable demonstrating the largest influence was the timing of snow
clearance (Table 2.3), but this was after controlling for the inter-site and interspecific
effects mentioned above. Later dates of 50% snow clearance corresponded to later dates
for all metrics of timing of breeding. Climate variables were correlated, and with the
effect of snow-melt date controlled, neither mean temperature during late June, nor the
daily wind-chill lows during this period were significant predictors of timing of breeding
(Table 2.3).
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For nests initiated as late as the median initiation date, the number of predator
sightings (foxes and jaegers combined) had a significant effect on initiation date. While
snow cover had a strong overarching effect on timing of breeding, presence of abundant
predators corresponded to earlier dates of nesting than would be predicted by snow cover
alone (Table 2.3).
Only two years of data were available for Prince Charles Island, and the
relationship between snow cover, temperature and timing of breeding was not assessed
statistically. However, 1996 was a year of exceptionally heavy snow cover and the date
of 50% clearance was 30 June. The median date of nest initiation in this year was 29
June. In contrast, snow cover was less than 1% on 25 June in 1997, and the median date
of nest initiation was much earlier: 15 June.
Across all years, the date of first sighting was not a significant predictor of the
timing of the initiation of the first nests (R2 = 0.16,P> 0.05). This interval varied widely
between species and years. At the East Bay Mainland site, the species displaying the
smallest interval between arrival and first nests was the Ruddy Turnstone (6 ± 1 d), while
the longest was the Black-bellied Plover (12 ± 1 d). The lowest mean interval for all
species (8 ± 1 d) was observed in 2002, a year of warm temperatures and moderate snow
cover, while the longest interval was observed in 2004 (12 ± 1 d), a year of moderate
temperatures and late snow melt. A similar pattern was observed at Coats Island; the
interval between arrival and laying was long (13 ± 2 d) in 2004, a late snow melt year,
and much lower in the earlier melt years of 2005 and 2006 (5 ± 4 d, 4 ± 1 d,
respectively).
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Synchrony of nest initiation
The period over which nests were initiated was typically 2-4 weeks, with an average
across species and years of 18 ± 1 d for East Bay Mainland, 15 ± 2 d for Coats Island and
11 d for Prince Charles Island (1997 only). However, most nests were initiated over a
much narrower interval; the interval between the first and third quartile of nest initiation
was 6 ± 1 d, 5 ± 1 d, and 4 ± 2 d for East Bay Mainland, Coats Island and Prince Charles
Island, respectively. Nest initiation terminated in late June at Coats Island in 2005 and
2006 and Prince Charles Island in 1997. The final nests were later in the exceptionally
late snow melt years of 2004 at Coats Island and 1996 at Prince Charles Island. The final
dates of nest initiation were later at East Bay, with an average across species and years of
3 July.
Synchrony, measured as the standard deviation of nest initiation dates, was
significantly higher at Coats Island than at East Bay (SDcoats = 4.8 d, SDEast Bay = 6.4 d,
Fi,29 = 6.4, P = 0.02). I observed no significant interspecific differences in synchrony of
breeding (7 species, 31 species*years, F6,24 = 1.1, P > 0.05). However, synchrony varied
widely among years. In GLM analyses, only the date of the earliest nest initiation was
significantly related to nesting synchrony, with earlier nesting leading to lower synchrony
(i.e., higher SD). Predator abundance and weather variables, such as date of 50% snow
melt, or temperature during the pre-breeding season, were not significantly related to
synchrony of breeding.
Discussion

These results inform how nest initiation of several species of arctic-breeding shorebirds is
affected by environmental and biological factors. Individual repeatability for clutch
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completion dates is low for arctic breeding shorebirds (Nol et al. 1997), suggesting that
local conditions might have a greater influence on timing of breeding in shorebirds than
for other precocial species where repeatability is significant (e.g., Snow Geese Chen
caerulescens, Findlay and Cooke 1982). Substantial variation, between species, years
and sites, suggests that the pre-breeding and egg-laying periods are among the most
responsive phases of the life-history cycle to environmental variation (Meltofte et al.
2007a). However, the factors influencing the timing of breeding have rarely been studied
directly for shorebirds. These results demonstrate large variation in the timing of nest
initiation among shorebirds in the eastern arctic, and show that both snow conditions and
predator abundance have significant effects on the chronology of breeding.
Timing of arrival
Weather conditions encountered at the study sites were highly variable; dates of 50%
snow cover at both the Coats Island and East Bay Island sites ranged by nearly 3 weeks.
In comparison, the timing of shorebird arrival to the breeding grounds varied by a week
or less. The weak correlation that I detected between local weather and timing of arrival
is not surprising, as arctic-breeding shorebirds often stage at more temperate latitudes,
where weather conditions are poorly correlated with those in the arctic (Piersma et al.
1990). Neither weather conditions on arctic breeding grounds, nor at the southern staging
sites from which shorebirds depart, can predict the timing of arrival to the breeding
grounds. Weather in Northeast Greenland was significantly correlated with timing of
shorebird arrival for only 2 of 5 species, and no correlation was found between
temperatures at European staging grounds and arrival of the birds in Greenland (Meltofte
1985). In sub-arctic Iceland, the arrival of shorebirds to breeding grounds was delayed in
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some years when weather and wind conditions were unfavourable in Ireland and
Scotland, but no overarching relationship with temperature at the staging grounds was
apparent (Boyd and Petersen 2006). The timing of arrival may instead correspond to
long-term averages of suitable weather conditions or access to invertebrate prey at arctic
locations (Meltofte 1985, Piersma et al. 1990).
While in general the timing of arrival seems driven by long term averages,
shorebirds have been observed to stop short of their breeding grounds in years of
particularly late snow melt, either to wait for more suitable conditions, or to breed at
more southerly latitudes (Schekkerman et al. 2004, Meltofte et al. 2007a). These
observations suggest that, where possible, shorebirds will stage in snow-free areas near
their nesting sites in years of late snow-melt. The East Bay Island is only 7 km away
from the East Bay Mainland, but is 50% snow free nearly 10 days earlier on average.
Shorebirds were seen earlier at the East Bay Island site than on the Mainland site, and
particularly so in years of late snow melt. Similarly, large numbers of shorebirds were
observed on a snow-free, south-facing slope on 8 June, 2000, 15 km east of the East Bay
Mainland site (P. Smith and K. Allard, pers. obs.). At this time, the Mainland site was
99% snow covered, and no shorebirds had yet been seen. These observations suggest that
birds arrive to the general vicinity of nesting areas, irrespective of local weather or snow
conditions, and make use of available feeding areas nearby.
Timing of nest initiation
Shorebirds must acquire the nutrients for egg formation on the breeding grounds
(Klaassen et al. 2001, Morrison and Hobson 2004), and there is a physiological limit for
the speed at which eggs can be created (Roudybush et al. 1979), Within these
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physiological constraints, laying date could be influenced by a number of local
conditions, and the strongest effect documented in previous studies has been that of snow
cover (e.g., Meltofte 1976, Green et al. 1977, Meltofte 1985, but see Meltofte 2007b).
These results demonstrate that timing of nest initiation differed between species and sites,
but was also strongly influenced by snow cover and the abundance of predators.
Interspecific differences in the timing of nest initiation were significant, with an
average of 12 d separating the median initiation dates for the earliest and latest nesters at
East Bay; the Ruddy Turnstone and the Red Phalarope, respectively. The differences
were smaller among other species, and at other sites, with less than one week separating
the median dates of nest initiation. These differences in timing of nest initiation were not
a product of interspecific differences in the timing of arrival. The interval between the
first sighting and the first nest varied by 100% or more between species at both the Coats
Island and East Bay Mainland sites. Instead, these differences could reflect differences in
the ability of shorebirds to gather sufficient food resources for egg formation.
In high arctic Greenland, Meltofte et al. (2007b) found invertebrate abundance to
be a strong predictor of timing of breeding. Similarly, in a population of Semipalmated
Plovers breeding in sub-arctic Canada, there was a strong correlation between
temperature in the first week of June and the mean date of clutch completion (Nol et al.
1997). This relationship was attributed to greater availability of invertebrate prey.
Temperature is indeed correlated with the availability of surface-active arthropods on
arctic tundra (Tulp and Schekkerman 2008). As foraging behaviour varies widely among
shorebirds, differential access to food resources could in part explain interspecific
patterns in the timing of breeding seen here.
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Ruddy Turnstones were the earliest breeders at the East Bay Mainland site, and
similar observations have been made at sites in high arctic Greenland (Meltofte 1985,
Meltofte et al. 2007b). Ruddy Turnstones, as their common name Suggests, have the
ability to overturn stones and plates of dry mud, thereby uncovering dormant arthropods
(e.g., Nettleship 2000). While this behaviour is not entirely confined to this species (e.g.,
Danks 1971), it is certainly more highly developed among Ruddy Turnstones. This
unique feeding mode may allow them to gain access to food resources earlier than other
species, and facilitate early breeding. In contrast, Red Phalaropes feed primarily on
aquatic invertebrates during the pre-breeding season (Ridley 1980), and the restricted
access to these in years of late thaw could result in delayed breeding. I did not measure
invertebrate abundance during the pre-nesting period, but found no relationship between
temperature and timing of breeding. However, as snow cover at the time of nest
initiation at these sites is similar to the location in Greenland, the importance of
invertebrate abundance merits further study.
I also identified significant differences among sites in the timing of nest initiation.
Breeding commenced 5 d later at East Bay Mainland than on Coats Island, 130 km to the
South. Although I have only two years of data, the timing of breeding at Prince Charles
Island, 500 km north of East Bay, was later than the mean for East Bay in the late year of
1996 and earlier than the mean for Coats Island, in the early year of 1997. In 2004-2006,
when research was conducted at both the Coats Island and East Bay Mainland sites, Red
Phalaropes nested 6 - 16 d earlier at the former, despite the small geographical
separation. Similarly large discrepancies in timing have been observed between
proximate, but climatically different, sites in Greenland (e.g., Green et al. 1977, Meltofte
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1985), while little discrepancy was observed between the timing of breeding in
Semipalmated Sandpipers in Alaska and Northern Manitoba, despite the large
geographical separation (Gratto and Cooke 1987). These observations highlight the role
of local conditions in determining the timing of shorebird breeding.
There were substantial differences in the interval between arrival and laying
largely because timing of breeding varied more among sites and years than did timing of
arrival. Despite a small geographical separation, the average interval between arrival and
laying was 5 d longer at the colder, more snow-rich East Bay Mainland Site than at the
Coats Island site. In 2004, when snow at Coats Island was atypically late to melt (less so
at East Bay), the interval did not differ between sites. In 2005 and 2006, when snow melt
was later at East Bay than at Coats Island, the interval was twice as long at East Bay than
at Coats Island. Further, shorebirds feeding at the snow free sites within 20 km of the
study sites in years of delayed "arrival" further supports the idea that shorebirds arrive to
the general area of the breeding grounds at relatively fixed times, and adjust their
breeding chronology to match local conditions.
The local condition considered to be of greatest importance in determining the
timing of breeding is snow cover, with breeding delayed by up to 3 weeks in years of late
snow melt (e.g., Green et al. 1977, Meltofte 1985, Meltofte et al. 2007a). In some years,
complete snow cover well into the breeding season can preclude nesting altogether (e.g.,
Mayfield 1978). A heavy snow cover limits the availability of nest sites and delays the
emergence of surface active arthropods. In my analyses, initiation of the earliest nests
was delayed by 13 d in the very late snow melt year of 2004, versus 2005 or 2006, at
Coats Island. Moreover, the date of 50% snow clearance was the strongest predictor for
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all metrics of timing of breeding in these models. This work represents the first
quantitative link between snow cover and timing of breeding for Nearctic shorebirds.
Snow covered ground limits the availability of nest sites, but might also increase
the risk of nest loss when predators restrict their search to the snow free patches
(Byrkjedal 1980, Meltofte et al. 1981). If predators employ this strategy successfully,
shorebirds may choose to nest later when there is a high presence of predators. I
documented large interannual fluctuations in the abundance of predators, and found that
nesting was instead earlier than would be predicted by snow cover alone in years when
predators were abundant, I also found strong evidence for an increased rate of nest
survival early in the breeding season at these sites (chapter 3), in contradiction to the
long-standing hypothesis above. By nesting early in years with abundant predators,
shorebirds can capitalize on this reduced risk of predation early in the season, but also
can take advantage of an increased opportunity for renesting should the need arise.
Renesting in the event of predation is common for shorebirds (e.g., Nol et al.
1997, Tulp et al. 2000, Meltofte et al. 2007a, R. Gates, unpublished), and individuals that
initiate nests early maximize their opportunity for a successful second attempt at
breeding. Early nesting is not without costs, however. The pre-breeding season is a time
of significant energetic stress. Shorebirds must rebuild lean mass lost during migration
(Tulp et al. 2009), alter their organ sizes and physiology in preparation for breeding
(Morrison et al. 2005), feed in energetically challenging, exposed habitats (Piersma et al.
2003), gather the nutrients required for egg formation (Klaassen et al. 2001, Morrison and
Hobson 2004), and amass energy stores in anticipation of incubation (Tulp et al. 2002,
Tulp and Schekkerman 2006). Earlier nesting has been linked to reduced egg volume,
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prolonged egg-laying intervals and prolonged incubation periods presumably because of
the difficulty in meeting competing energetic demands (Reynolds 1987, Schamel 2000).
Harsh early season weather can result in extended nest absences (Tomkovich 1988),
longer incubation recesses, and adverse effects on body condition (Tulp and
Schekkerman 2006). This prolongation of the nesting cycle exposes clutches to the risk
of predation for longer periods of time, with adverse effects on nest success (e.g.,
Reynolds 1987). Thus, nesting earlier than is energetically optimal may only be
warranted in years of high predator presence.
Synchrony of nest initiation
The synchrony of nesting should have a number of important consequences for breeding
individuals. High synchrony results in greater densities of active nests, which in turn can
facilitate group defence (Larsen et al. 1996), dilute the risk of predation to the individual
by predator swamping (Ims 1990, but see Brown and Brown 2001), or increase the risk of
predation through density dependent effects (e.g., Tinbergen et al. 1967). Low breeding
synchrony among shorebirds nesting sympatrically may be the manifestation of
differences in individual body condition, and reflect the difficulty of acquiring the
resources for egg formation (Nol et al. 1997). There was no relationship between
synchrony of breeding and weather variables, snowmelt or predator abundance, Instead,
synchrony was related only to the timing of nest initiation, suggesting that it is merely a
product of a variable start date and a relatively fixed end date to the period of nest
initiation.
While I am confident in my interpretation that synchrony is influenced by this
relatively fixed cut-off date, I should note the important influence of renesting on the
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apparent synchrony of breeding. Second breeding attempts are necessarily initiated later
than first nests. Thus, synchrony as measured here decreases in years of high renesting*
which complicates interpretation of these results. Years of early breeding afford the
greatest opportunity for renesting, and this may in part account for the apparent low
synchrony in early-breeding years. Further, renesting is likely more common as nest
predation increases. The higher synchrony of breeding observed at Coats Island and
Prince Charles Island than at East Bay Mainland may in part reflect the higher nest
success at the two former sites (see also chapter 3).
Regardless, nest synchrony relates to the proportion of late nests in the population
of breeding birds. For individuals to breed successfully, their eggs must not only hatch,
but their chicks must also develop, fledge and successfully start the long migration south
before freezing temperatures reduce the availability of arthropods. I found that nest
initiation ceases at the end of June or early July; a finding corroborated by other studies
(Meltofte et al. 2007a,b and references therein). Chick growth is highest when nests
hatch around the peak of arthropod abundance (Schekkerman et al. 2003) and chick
survival declines when timing of egg hatching is late (Tulp and Schekkerman 2001,
Ruthrauff and McCaffery 2005). Nests initiated later in the season also delay the
departure of adults, such that they may miss the peak of food in non-breeding areas (e.g.,
Schneider and Harrington 1981), or encounter large numbers of predators en route (Lank
et al. 2003). As the breeding season draws to a close, the value of initiating a nest
decreases, while the costs to adults of remaining on the breeding grounds increases {cf.
Forbes et al. 1994).
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In summary, these results suggest that birds arrive to the breeding grounds at
relatively fixed dates, and initiate nests when local conditions are suitable. Years of late
snow melt resulted in delayed breeding, while breeding was earlier than would be
predicted by snow cover alone when predators were locally abundant. This response to
abundant predators might facilitate successful renesting in the event of predation.
Synchrony of breeding was not influenced by weather, snow melt or predators, and
instead reflected the variable dates of nest initiation and a fixed date after which few
birds initiated nests. Presumably, abrupt cessation of nesting occurs because offspring
from later nests would have insufficient time to hatch, fledge and prepare for southward
migration.
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Table 2.1. Sample size (nests), first sightings and timing of breeding data for shorebirds breeding at four sites in the eastern low
arctic. Data presented are means across years. *Limited data were available for Prince Charles Island in 1996 because staff arrived to
the area in mid June.
East Bay Mainland (1999 - 2007)
First
Median Nest
First Nest
Sighting
Initiation ± SD

Coats Island (2004 - 2006)
First
First Nest
Sighting

Median Nest
Initiation ± SD

Species

N

Semipalmated Plover

56

8 June

15 June

19 June± 6

0

7 June

Black-bellied Plover

69

5 June

16 June

21 June± 5

9

6 June

16 June

22 June ± 1

Red Phalarope

90

8 June

19 June

29 June ± 6

31

7 June

12 June

18 June ± 4

Ruddy Turnstone

178

6 June

11 June

17 June ± 6

0

7 June

Red Knot

2

6 June

15 June

0

12 June

White-rumped Sandpiper

51

4 June

15 June

14

6 June

14 June

10 June ± 4

Semipalmated Sandpiper

2

7 June

22 June

144

7 June

12 June

18 June ± 4

American Golden Plover

8

6 June

17 June

21 June ±5

19

2 June

14 June

17 June ±4

Sanderling

4

7 June

22 June

25 June ± 3

0

9 June

Dunlin

13

6 June

25 June

19 June ± 4

62

2 June

10 June

16 June ± 6

Purple Sandpiper

0

6 June

0

6 June

Pectoral Sandpiper

0

9 June

3

10 June

13 June

13 June± 1

Baird's Sandpiper

0

8 June

0

473

7 June

7 June

13 June

16 June ± 4

All Species

18 June

23 June ± 7

22 June ± 5

N

282

2.1. Continued.
East Bay Island (1999 - 2007)
X,T
irS
68

Median Nest
Initiation ± SD

Prince Charles Island (1996*-1997)
First
Median Nest
First Nest
Sighting
Initiation ± SD

Species

N

First
Sighting

Semipalmated Plover

0

4 June

Black-bellied Plover

0

4 June

6

11 June

15 June ± 3

Red Phalarope

0

5 June

29

9 June

16 June ± 4

Ruddy Turnstone

0

1 June

12

11 June

15 June ± 3

Red Knot

0

5 June

White-rumped Sandpiper

0

31 May

11

11 June

15 June ± 4

Semipalmated Sandpiper

0

30 May

2

16 June

American Golden Plover

0

30 May

4

14 June

Sanderling

0

2 June

Dunlin

0

1 June

2

14 June

Purple Sandpiper

0

3 June

Pectoral Sandpiper

0

3 June

Baird's Sandpiper

0

3 June

All Species

0

2 June

66

12 June

N

16 June ± 2

15 June ± 2

Table 2.2. Selected weather parameters for the four study sites in the eastern arctic,
Nunavut.

Year

Prince Charles Island

East Bay Mainland

Mean Temp. Date of 50%
(°C, 25 June Snow
30 June)
Clearance

Mean Temp. Date of 50%
(°C, 10 JuneSnow
30 June)
Clearance

1996

7.0

30 June

1997

4.5

<25 June

1998
1999

2.7

18 June

2000

2.7

19 June

4.7

1 June

2002

5.1

10 June

2003

3.0

13 June

2004

3.3

17 June

2005

5.5

14 June

2006

4.2

5 June

2007

1.7

15 June

2001

.
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Table 2,2. Continued.

Year

East Bay Island

Coats Island

Mean Temp. Date of 50%
(°C, 10 June Snow
30 June)
Clearance

Mean Temp. Date of 50%
(°C, 10 JuneSnow
30 June)
Clearance

1996
1997
1998
1999

3.0

8 June

2000

1.4

9 June

2001

3.0

< 23 May

2002

2.8

< 29 May

2003

2.4

4 June

2004

1.4

1 June

1.4

23 June

< 30 May

4.9

<7 June

4.5

5 June

2005
2006

3.9

<27 May

2007

1.8

11 June
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Table 2.3. Results of an analysis of timing of breeding for shorebirds at East Bay Mainland and Coats Island, Nunavut. Separate
General Linear Models were generated for the five timing metrics (earliest nests - latest nests) and for synchrony (measured as the
standard deviation of initiation dates). Variables not found to be significant in any models include: mean temperature (°C, 10 - 30
June), mean daily windchill low (°C, 10 - 30 June) and mean wind speed (km / h, 10 - 30 June). Ns = not significant at a = 0.05.

Earliest Nests

Predictor

F

P

IstQuartile

F

P

Median

F

P

3rdQuartile

F

P

Site

11.73 0.002

11.05 0.002

18.28 0.000

16.53 0.000

Species

6.83 0.000

3.84 0.002

6.83 0.000

3.59 0.003

119.98 0.000

73.19 0.000

42.27 0.000

21.80 0.000

4 27 0 046

5 02 0 031

Date of 50%
Snow Cover

J^6r
~
Sightings
/h

5 42

0 025

ns

ns

Latest Nests

F

P

19.93 0.000

ns

ns

4.62 0.037

ns

ns

Predictor

Site

EarliestNest
Initiation

F

P

16.74 0.000

0000

Prince Charles Island

-6S'N

65*N~
East Bay
Island / Mainland
Coats Island

Hudson Bay
0*Nb- 0

100 200 Kilometers

HKW

WfW
Figure 2.1. The four study sites in the eastern arctic, Nunavut, Canada. The East Bay
Mainland and Island sites are separated by a distance of only 7 km.
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Figure 2.2. The mean daily windchill low (°C) from 10 June - 30 June, for the East Bay
Mainland site on Southampton Island, Nunavut, 1999 - 2007.
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Figure 2.3. The number of predators and lemmings encountered in each year (sightings
per observer hour) at the East Bay (a) and Coats Island (b) sites. Note that jaegers were
the most abundant predator in all years; the encounter rate displayed in the figure is /10 to
equalize the scale among species.
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Chapter 3. Predator abundance and incubation behaviour explain
interannual and interspecific patterns of nest success for arctic breeding
shorebirds
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Abstract

Abundance of predators is widely assumed to influence avian nest survival, but the
expected relationship has rarely been tested empirically. I studied nest survival of
shorebirds at two sites in the eastern Canadian arctic to determine whether natural
fluctuations in predator abundance could explain the large interannual variation in nest
survival, and contrasted this with the effects of variable weather on nest survival. This
shorebird species assemblage also shows large interspecific variation in nest survival, and
I tested the hypothesis that risk of predation is lower for biparental incubators than for
those that incubate alone and leave the nest unattended during frequent recesses. From
2000-2007,1 monitored 899 nests of 12 species, and used program Mark to assess
patterns in daily nest survival. Most of the interspecific variation was explained by
grouping species by incubation strategy, with uniparental species showing consistently
lower nest survival. Over 8 years of study at East Bay, the average survival of nests from
lay to hatch was 10% for uniparental species as compared to 42% for biparental species.
Strong temporal patterns suggest that nest survival is highest early and late in the
breeding season and depressed mid-season. Among years, variation in the abundance
index of predators was an extremely strong predictor of nest survival. Models received
little support if they contained effects of weather or abundance of lemmings, which is
supposed to be a primary prey for tundra predators. Changes in arctic fox abundance
explained variation in nest survival of biparental species whereas changes in abundance
of jaegers explained variation in nest survival of uniparental species. These results
demonstrate that increases in predator abundance indeed account for interannual variation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

53

in shorebird nest survival, but that the relationship may be influenced by the behaviour of
both the predators and the nesting shorebirds.
Introduction

The proportion of reproductive attempts that are unsuccessful varies widely within and
among bird species, and understanding this variation is a cornerstone of avian research.
This demographic variation has an important bearing on population dynamics, but
understanding variation in nest survival is also important to make sense of varied avian
life history strategies, and to assess how populations might respond to environmental
change.
Variation in nest survival is commonly related to variation in nest-site
characteristics, with the vast majority of studies demonstrating habitat differences
between successful and failed nests (122/148, or 82% of published studies in a review by
Clark and Shutler 1999). Despite the prevalence of significant effects in the literature,
the factors that distinguish successful and failed nests are surprisingly inconsistent among
and even within species (e.g., Filliater et al. 1994, Boulton et al. 2003). Even among
waterfowl, where the active management of habitat to maximize nest success is a multimillion dollar industry, the critical habitat features for management are the subject of
debate (e.g., Arnold et al. 2007). Moreover, studies of nest habitat do little to address the
cause of the sometimes large inter-annual variation observed in nesting success within
sites (e.g., Beletsky 1996, Schmidt and Ostfeld 2003, Clotfelter et al. 2007).
Patterns in nest success must, at some level, be attributed to the abundance or
behaviour of predators, simply because predation is the primary cause of nest failure in
almost all avian species studied to date (e.g., Ricklefs 1969, Martin 1993). Although
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intuitive, explicit tests of this linkage between predator abundance and/or behaviour and
rates of nest survival are few (Beauchamp et al. 1996, Cote and Sutherland 1997,
Schmidt 2003, Schmidt et al. 2006, reviewed in Thompson 2007), and are often inter-site
comparisons in disturbed or fragmented habitats (Anglestam 1986, Andren 1992,
Marzluff et al. 2007). An increasing abundance of predators should lead to greater nest
mortality by increasing the encounter rate, but the nature of this relationship is difficult to
assess when studies are complicated by a diverse array of predators (Marzluff et al.
2007), differential nest survival among vegetation layers (Martin 1993), or numerous
features of inter-site variation. Even after controlling for these factors, the relationship
between predator abundance and nest survival may be masked by the behaviour of the
incubating birds themselves (Fontaine and Martin 2006a, Fontaine et al. 2007).
The behaviour of nesting birds can have a variety of positive or negative effects
on nest survival. The active antipredator behaviours of some shorebirds, for example, are
successful at dissuading or distracting predators and therefore have a positive influence
(Gochfeld 1984, Larsen et al. 1996). However, the activity of parent birds near their nest
also might increase the risk of predation if predators use their activity as a visual cue
(Skutch 1949). Nest predation is higher for birds with greater rates of incubation feeding
(Martin and Ghalambor 1999, Martin et al. 2000), and the rate of incubation recesses may
have the same effect for species without mate feeding (Cresswell et al. 2003, Smith et al.
2007a). Risk of predation might be influenced by these behaviours, but the opposite may
also be true: incubation behaviour might be modified in response to changes in the risk of
predation. Incubation feeding may be suspended when predators are nearby (Ghalambor
and Martin 2002), or increased when predators are experimentally removed (Fontaine and
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Martin 2006a). Similarly, a shorebird nesting within the protective umbrella of an
aggressive bird (lowered risk) took more frequent incubation recesses than individuals of
the same species, nesting at the same site, in areas where the risk of predation was
expected to be higher (Smith et al. 2007b). The relationship between predator and prey is
thus two sided, and the link between predator abundance and nest survival is likely
influenced by this interaction.
Arctic breeding shorebirds present a unique opportunity to study patterns of nest
survival in a system with large, natural fluctuations in predator abundance, and
dramatically different incubation behaviour among otherwise similar species. All
shorebird species lay four eggs in a simple scrape in the ground but some incubate the
eggs alone (uniparental incubators) whereas in other species (biparental incubators),
incubation duties are divided between both pair members (Jonsson and Alerstam 1990).
As a result of energetic constraints, uniparental incubators are known to leave the nest
more frequently than biparental incubators change roles (e.g. Norton 1972), and in the
case of uniparental incubators, the nest is left unattended.
Among shorebirds nesting in the Nearctic, there are two primary predators of
eggs: arctic foxes and Parasitic Jaegers. The abundance of these predators fluctuates
dramatically between years, potentially in response to yearly variation in the abundance
of lemmings. I knew a priori that variation in nest survival among species and years was
strong (Smith et al. 2007a), and attempted to explain these patterns among years by
assessing the influence of factors that varied by year.
Here, I describe patterns of nest survival among 8 shorebird species, and quantify
the relationship between the abundance and activity of predators and the survival of
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shorebird nests. I predicted that nest survival would be more directly influenced by
predator abundance than by abiotic factors that vary among years such as weather or
snow melt. I modeled intra- and interspecific patterns of nest survival to identify
seasonal trends and evaluate the influence of incubation behaviour on the risk of
predation. Finally, I used artificial nests to evaluate interannual differences in nest
survival with the effects of incubator behaviour experimentally removed.
Methods

Study areas
Research was conducted at two sites in the eastern Canadian arctic. Coats Island,
Nunavut, lies at the north end of Hudson Bay. The research camp was located on the
northeastern portion of the island, at N62° 51' W82° 29' (Fig. 2.1). I worked at this site
for June and July, 2004-2006, and searched for nests in a study plot measuring 6 km x 2
km. This plot was composed primarily of gramminoid dominated wetlands, ponds and
small lakes. Willow and heath dominated uplands and raised beach habitats were less
common. A small, newly established colony of roughly 500 pairs of Lesser Snow Geese
was present on the northern end of the study plot during the years of this study, The
second site was located on the shore of East Bay, Southampton Island, approximately 130
km to the northeast, at 63° 59'N 81° 40'W (Fig. 2.1). Work here was conducted from
June - July, 2000-2007 in a study plot of 4 km x 3 km. This plot comprises a variety of
coastal and inland habitats including intertidal mudflats, sedge dominated meadows, and
hummocked areas of heath and exposed peat. More complete details of the sites'
physiography appear in Smith (2003), Smith et al. (2007a) and chapter 2. Despite the
small geographic separation, Coats Island and East Bay differ substantially in terms of
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climate; the latter is influenced by the cold waters of the Foxe Basin and is more midarctic both in climate and flora.
Shorebirds and their predators
The shorebird species best represented in these samples include the Semipalmated Plover,
Black-bellied Plover, American Golden-plover, Red Phalarope, Ruddy Turnstone,
Dunlin, Semipalmated Sandpiper and White-rumped Sandpiper. Nest records were
limited for the Purple Sandpiper, Red Knot, Sanderling and Pectoral Sandpiper.
All species share many basic reproductive traits (chapter 1). Typically, these
species incubate for roughly three weeks (19-26 days). While subtle variation exists (see
chapter 2), all breed at approximately the same time with peak laying in mid June. Most
species are monogamous, biparental incubators, and share the duties of incubation more
or less evenly. The Red Phalarope exhibits facultative polyandry (Tracy et al. 2002), and
the White-rumped Sandpiper is polygynous (Parmelee 1992). Incubation is uniparental
for these two species, and is carried out by the male for phalaropes and the female for
White-rumped Sandpipers. The uniparental species have mean incubation bout lengths of
approximately 45 min, and leave the nest unattended when they depart to feed (Cartar
and Montgomerie 1985, Tulp and Schekkerman 2006, Smith et al. 2007b). In contrast,
the biparental species sit for 3-4 h before one parent relieves the other by taking over
incubation (Mayfield 1973, Sullivan Blanken andNol 1998, Perkins 2004). Biparental
species may leave the nest unattended for brief periods, but do not as a rule take breaks to
feed until relieved from incubation by their mate.
The most significant nest predators at both sites were the Parasitic Jaeger, and
arctic fox (See chapter 6). Herring Gulls were observed regularly at East Bay, but are
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considered a minor predator of shorebird eggs (K, Allard, pers. comm.). Long-tailed
Jaegers are included in jaeger counts, but are assumed to be less important than Parasitic
Jaegers because they were on average 15 times less abundant, and are thought to eat
primarily lemmings (Wiley and Lee 1998). Other potential predators, assumed to be
unimportant because of their scarcity, include: Peregrine Falcons, Glaucous Gulls,
Sandhill Cranes and Common Ravens. I recorded the number of arctic foxes and jaegers
observed per person*hour, and use this as an index of relative predator abundance
between years. This encounter rate metric reflects both the abundance and level of
activity of the predators (i.e., total response), and provides an index of the potential for
predation among years (Hochachka et al. 2000, Wilson and Bromley 2001). Total
person*hours per season varied among years, but this did not bias our indices of predator
abundance (linear regressions of total person hours vs. sightings per person*hour: all P >
0.4). I also recorded the number of lemming encounters at East Bay, and use this to
reflect the abundance of potential alternative prey (e.g., Summers 1986, Summers and
Underhill 1987, Bety et al. 2002). No lemmings are present on Coats Island (e.g., Gaston
and Ouellet 1997).
Monitoring weather and snow melt
I collected weather data at both camps with automated weather stations (Davis Vantage
Pro). I collected a variety of weather data, but selected mean daily temperature and mean
daily windchill low as the two variables with the most potential to influence nest survival
(through effects on the energetic costs of homeothermy). I used the mean for the period
10 June - 25 July because this spans the incubation period for most individuals, and
because weather records are inconsistent outside of this period in some years. Snow melt
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influences timing of breeding (chapter 2), and was monitored by making daily estimates
of the percentage of snow free ground in a fixed area within the study sites (see chapter
2).

Artificial nests
I conducted an artificial nest experiment in an attempt to remove effects of incubator
behaviour and assess the interannual pattern of "ambient" predation risk, despite the
severe limitations that have been noted with such experiments (reviewed in Burke et al.
2004). The experiment was conducted at both sites, from 2004-2006, using Japanese
Quail (Coturnix japonica) eggs. Artificial nest locations were selected for another study
in a stratified random (by habitat type) design. Sample sizes varied between years, in
part due to breakage of eggs during transport to the arctic field sites. Artificial nests
consisted of four eggs, and were exposed to predators for two periods of 9 d in early
(deployed 3-6 July) and mid July (deployed 12-15 July). These times correspond to
the late incubation period of natural nests in most years. Artificial nests were checked
every third day, and the same sites were used in both rounds of experimentation. Nests
with at least one egg damaged or removed were considered depredated.
Quail eggs closely resemble shorebird eggs in colouration and size. The
depressions we created appeared similar to the simple scrapes used by shorebirds. A
coloured nail was hidden under the eggs to facilitate finding the nest when predators took
the eggs. I used observed nest losses divided by exposure days to calculate a daily
mortality rate for artificial nests (Mayfield 1961). Nest loss was assumed to have
occurred halfway between the 3 d intervals. Because I was modeling a constant survival
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rate and had short intervals between checks, more complex models of nest success were
unnecessary (Etterson and Bennett 2005, Johnson 2007).
Shorebird nest finding, ageing and monitoring
At both Coats Island and East Bay, I found nests by observing individuals on incubation
recesses or by flushing birds either by walking or by dragging a 30 m length of 5 mm
diameter rope. Search effort was not constant between sites or years, but was allocated
evenly to 1 km blocks within the study plots to ensure that nest searching was not
restricted to the highest quality habitats. When a nest was found, location was recorded ±
3 m with a handheld Global Positioning System (Garmin eTrex ™), and a nest marker
was placed 10-15 m away so that the nest scrape could be revisited. Nests found during
laying were monitored daily until the clutch was complete, and at least weekly thereafter
until hatch. Nests found with complete clutches were aged (see below), and monitored at
least weekly until 7 days before the predicted hatch date. All nests were monitored more
closely as they approached hatch; every second day for nests showing signs of starcracking, and daily until hatch for nests with pipped eggs.
Nest age was most often estimated using egg flotation characteristics because few
nests were found during laying (Liebezeit et al. 2007). Two or more eggs from each
clutch were immersed in water, and the angle and location of the egg in the water column
were recorded to estimate nest age and predict hatch date (± 4 d or less in most cases).
Nests were considered successful if one or more eggs hatched, and failed if they were
depredated or abandoned. Nests were considered abandoned if the eggs were present but
cold on two consecutive visits spanning at least 4 d. One egg of the clutch was
positioned with the narrow end outwards to confirm that it had not been incubated (and
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thus returned to the correct position) between our visits, I considered nests depredated if
their contents disappeared before they could possibly have hatched. In the cases where
nests disappeared but the fate could not be assigned with certainty, I recorded the fate as
unknown, and used only the data up to the prior visit (as the nest was successful, i.e., not
depredated or abandoned, over this interval).
Data analysis
Daily nest survival rates were modelled using Program Mark, version 5.0 (White 2007).
Dates were scaled so day 1 was the date on which the first nest was found at each site,
and sites were analysed separately. For each site, initial models were a single estimate of
nest survival. I then considered the main effects of species and incubation strategy
(uniparental versus biparental) separately. I selected one of these main effects models,
and fit two additional additive models with linear and quadratic effects of time. I then
added an interaction effect to test whether seasonal patterns in nest survival differed
between incubation strategies. I did not test whether temporal patterns vary by year to
limit the number of models evaluated. Nest age effects may also play a role in shorebird
nest success (Dinsmore et al, 2002); these and other intraseasonal patterns in nest success
are described separately (chapter 4).
Using the best model from these steps, I then considered models that varied by
year. At East Bay, I had 8 years of data and was able to test directly the effects of yearspecific covariates. I did this by adding the predator and weather variables individually
to the time- and incubation system dependent model (see above). I also tested models
including interactions between predators and incubation system because I predicted that
predator effects should vary by incubation system (because for example some biparental

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62

species are able to defend their nests from jaegers). I did not model the effects of year
covariates formally for the Coats Island site, because I had only 3 years of data. Instead,
I generated yearly estimates of nest success from the best model including time, species
or incubation system effects, and compared these to the weather and predator
observations to draw general conclusions.
In total I considered 16 candidate models for East Bay and seven for Coats Island.
I used a logit link function for all models. I omitted rare species from the analyses
(samples sizes for analyses appear in Table 3.1). At the East Bay site, analyses were
restricted to the five most common species while at Coats Island, I excluded
species*years for which there were fewer than 5 records. I also excluded nests that were
active for only a single visit (24 cases); these nests cannot be utilised by Program Mark
for estimation of nest survival.
Models were ranked with Akaike's information criterion for small samples
(AICc), and AAICc and Akaike Weights (w;) were used to infer support for models in the
candidate set (Akaike 1973, Burnham and Anderson 2002). I identified a confidence set
on the models by including those with AAICc < 6. No goodness of fit test is currently
available for the nest survival models in Program Mark (Dinsmore and Dinsmore 2007).
Results

Weather, snow melt and predators
Weather varied markedly between years at both sites (Table 3.2). The Coats Island site
had heavy snow cover in the spring of 2004, as did much of the Eastern Arctic that year
(Meltofte et al. 2007a). The date of 50% snow cover was 18 days later in 2004 than in
2006, and the mean temperature and wind-chill low were correspondingly lower (Table
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3.2). Over eight years of observation at East Bay Mainland, the date of 50% snow cover
varied by nearly 3 weeks, from 1 June until 19 June, with a mean of 11 June. The mean
temperature from 10 June - 25 July varied by less than 3°C, and the mean daily windchill low by 9°C. See chapter 2 for a more complete description of interannual patterns
in weather, and their effect on the timing of shorebird breeding.
The abundance of predators also differed substantially between years at East Bay
and less so at Coats Island (Fig. 2.3a,b). At East Bay, encounters with arctic fox were
most common in 2006, while the numbers of jaegers were highest in 2004 and 2005.
Lemming abundance varied among years, but there was no significant relationship
between the number of lemmings and the number of foxes or jaegers at this site, either
directly, or with a time-lag of one year (all R values < 0.62, all P > 0.05). At Coats
Island, the number of jaegers encountered by field staff was relatively stable between
years, while fox encounters increased from 2004-2006 (Fig. 2.3b). The number of fox
encounters per observer hour was greater at Coats Island than at East Bay. There are no
lemmings on Coats Island (e.g., Gaston and Ouellet 1997).
Interspecific and temporal patterns of nest survival
I found 574 nests of 11 species at the East Bay site, and 325 nests of 7 species at the
Coats Island site (Table 3.1). Of these 899 nests, 351 (39%) successfully hatched one or
more young, 453 (50%) were lost to predators, 15 (2%) were abandoned, and 80 (9%)
could not be assigned a fate with certainty. As mentioned, 24 nests were only active for a
single visit, and could therefore not contribute to the models of nest survival. After rare
species were excluded, the sample used in analyses comprised 521 nests of 5 species at
East Bay, and 303 nests of 6 species at Coats Island (Table 3.1).
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At East Bay, differences in daily nest survival between species were substantial.
The model including species effects was 47 AICc units better than the base model (Table
3.3). Much of this interspecific variation was captured by the division between
uniparental and biparental incubators. When species effects were replaced by an effect of
incubation system, the deviance was slightly higher, but the AICc lower; for building
subsequent models I used the latter effect because it was more parsimonious (Table 3.3).
This effect was negative in all models considered, suggesting lower nest survival for
uniparental species (range of fi: -0.89 to -1.60 on a logit scale; Table 3.4).
Temporal patterns also substantially improved model fit. While there was little
support for a linear time trend, inclusion of a quadratic time trend improved the model by
4 AICc units (Table 3.3). Models with these time trends included a negative parameter
estimate for the linear term and a positive parameter estimate for the quadratic term
(Table 3.4), suggesting that nest survival is highest early in the nesting season, lowest
approximately mid-season, and moderately high later in the season (Fig. 3.1a). The drop
amounts to a 3% decrease in daily nest survival for biparental species and an 8% decrease
for uniparental species, with minima on 4 July. The process underlying this temporal
pattern in nest survival is explored in more detail in chapter 4.
At Coats Island some species were poorly represented in some of the 3 years of
recording. The uniparental incubators comprised only Red Phalaropes in 2004 and 2005,
with a small sample in 2004 (n = 5 nests). White-rumped Sandpipers were present only
in 2006 (n = 15 nests). Consequently, the results from this site should be interpreted with
caution. Interspecific differences were less pronounced at Coats Island than at East Bay.
Inclusion of a species effect reduced model deviance, but yielded a larger value of AICc
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(Table 3.5). The distinction between uniparental and biparental species was also weaker
than at East Bay, although it was a marginal improvement over the base model, and a
substantial improvement over the species-specific model (Table 3.5). As for East Bay,
the parameter estimate was negative, suggesting lower nest survival for uniparental
species (range of /?: -0.248 to -0.393 on a logit scale).
Temporal variation in nest survival at Coats Island was strong, and followed a
curvilinear pattern similar to that at East Bay (Fig. 3.2). Including a quadratic time effect
reduced the AICc value of the model by 3.8 units (Table 3.5). The parameter estimates
again indicate a negative linear term and a positive quadratic term, although the 95% CI
for the latter includes 0 (Table 3.6). The values of the parameter estimates were similar
between the two sites, meaning that predicted temporal patterns match closely (2-8%
drop in daily nest survival, minimum on 7 July).
Interannual patterns of nest survival
I knew a priori that variation in nest survival within species among years was strong at
East Bay (Smith et al. 2007a). A long time series from this site allowed me to investigate
the underlying cause of these patterns by modelling the effects of covariates that varied
by year. Models including the mean daily temperature throughout the nesting season or
the date of 50% snow clearance received no support (Table 3.3). The mean daily
windchill low improved model fit substantially (an improvement of nearly 13 units of
AICc, P - -0.09 ± 0.02); however, this effect was much weaker than the predator
covariates and not retained in the final models. The influence of windchill on nest
success and incubation behaviour is explored in chapters 4 and 5, respectively. The
encounter rate of lemmings also improved the model fit (13 units of AICc improvement,
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fi = 15.1 ± 4.1), but was weaker than predator effects. The encounter rate of foxes and
jaegers improved model fit dramatically; at least 20 units AICcbetter than models with no
year-specific covariates and at least 7 AICc units better than the weather or lemming
covariates (Table 3.3). All models in the confidence set indicate negative effects of fox
and jaeger abundance on shorebird nest survival, in addition to a quadratic effect of time,
and an effect of incubation system. The top model also includes an interaction between
predator type and incubation system (Table 3.3). The top model alone has a weight (w,)
of 0.79 and the combined weight of the three models in the confidence set is 0.99,
suggesting extremely strong support for the effects described above. Parameter estimates
for the top model appear in Table 3.4, and predictions for all years on the basis of
observed abundances of foxes and jaegers appear in Figure 3.3.
These models suggest that changes in fox abundance have a larger influence on
the nest survival of biparental species, while changes in jaeger abundance have a more
dramatic effect on the nest survival of uniparental species (Fig. 3.1b,c). Mid-season, and
over the range of abundances observed during the study, an 11.4 fold increase in
observed fox activity accounted for an estimated decrease in daily nest survival of 7.3%
for biparental species and 4.6% for uniparental species. In contrast, 8.1 fold variation in
jaeger abundance accounted for a decrease in daily nest survival of 3.0% for biparental
species and 7.8% for uniparental species. These differences in daily nest survival
represent a 1.4 - 3.8 fold increase in the daily risk of predation, and amount to very large
differences in hatch success over the duration of incubation.
Because incubation durations vary by up to 7 days between species, daily nest
survival does not fully reflect interspecific differences in the proportion of nests that
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should hatch. Based on the nests analysed here, a weighted mean incubation duration for
biparental species is 23.0 days, while for uniparental species it is 20.2 days. Further, the
median date of nest initiation at the East Bay site differs by 7 days between biparental
and uniparental incubators (19 June versus 26 June, respectively, See chapter 2). For a
nest initiated on the median date, in a year of average jaeger and fox abundance, the
probability of survival from lay to hatch is 42% for biparental species and 10% for
uniparental species.
At Coats Island, I did not model the influence of year-specific covariates, but
instead modelled the effect of year as a categorical covariate. Inclusion of year effects
improved model fit by nearly 11 units AICc, despite the addition of two parameters. The
parameter estimates show the lowest nest success in 2005 and the highest in 2004 (/?
2004 vs. 2005 = -1.02 ± 0.28, 2004 vs. 2006 = -0.63 ± 0.30, on a logit scale, Table 3.6).
Observations of predators (Fig. 2.3) do not explain why 2005 should have the lowest nest
survival. However, the differences in nest success between years were more modest at
Coats Island than at East Bay (Fig. 3.3). In 2004, snow melt was exceptionally late and
the Snow Geese at this site, like many waterfowl across the Eastern Arctic, did not breed.
The effect of this on my results is unknown.
Artificial nest experiments
At Coats Island, both real and artificial nests had the highest rates of daily survival in
2004 and the lowest in 2005 (Fig. 3.4). At East Bay, artificial nests had similar survival
rates in 2004 and 2005, and lower rates in 2006. Real nests had a higher rate of survival
in 2005 as compared to 2004 and 2006. Artificial nests were depredated at rates much
higher than natural nests, with daily survival as low as 54% at Coats Island in 2005. The
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relative rate of change between years was also greater for artificial nests. Although real
nests had higher survival at Coats Island than at East Bay, the mean daily survival of
artificial nests did not differ between sites (Coats Island: 0.75 ± 0.12, East Bay: 0.74 ±
0.03). Given the high rate of depredation, the results of this artificial nest experiment
should be viewed with caution. However, interannual patterns in survival of artificial
nests bore a superficial resemblance to that of real nests.
Discussion

Interspecific and temporal patterns of nest survival
At East Bay, models suggest strong interspecific differences in nest survival. These
differences were not masked by the large variation in nest survival among years. Large
differences in nest predation rates among sympatric species have often been ascribed to
habitat, and in particular, to variation in the risk of predation among nesting guilds (Lack
1948, Nice 1957, Martin 1993, 1995). However, here the variation in nest survival
appears unrelated to habitat; all species nest in simple scrapes on the tundra and previous
analyses of real and artificial nests revealed that macro- and micro-habitat characteristics
did not predict nest survival within or between species (Smith et al. 2007a). The
interspecific effects seen in these data were modelled most parsimoniously by grouping
species as uniparental or biparental incubators. I suggest that the lower nest survival for
uniparental species results from increased conspicuousness, due to a high rate of
incubation recess.
Skutch hypothesised that the number of trips made to the nest to feed young could
influence the risk of predation (Skutch 1949, Martin et al. 2000). Variation in nest
survival has also been linked to the presence or rate of incubation feeding among
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passerines with uniparental incubation (Lyon and MontgOmerie 1987, Ghalambor and
Martin 2002). While shorebirds do not exhibit incubation feeding, the rate of nest
recesses is much higher for uniparental versus biparental incubators. The uniparental
species at this site have mean incubation bout lengths of less then one hour, while the
biparental species sit for several hours at a time (Cartar and Montgomerie 1985, Tulp and
Schekkerman 2006, Smith et al. 2007b, Mayfield 1973, Sullivan Blanken and Nol 1998,
Perkins 2004). The greater number of incubation recesses per day should make the nest
sites of uniparental species more conspicuous to predators, and could account for the
consistently lower nest survival they displayed. This hypothesis should be tested more
conclusively by examining variation in incubation and nest survival within species (see
chapter 6).
The distinction between species, and between uniparental and biparental
incubators, was weaker at Coats Island than at East Bay. However, I had only three years
of data for the former site and the representation of some species in some years was poor.
The Mayfield estimate of hatch success for Red Phalaropes at Coats Island in 2006 was
58% (n = 15 nests, Smith unpublished), > 45% higher than estimates for either 2004 or
2005. The highest estimate of hatch success from East Bay was 35% (in 2001, Smith et
al. 2007b), but a hatch success of 58% is within the range reported elsewhere in the arctic
(18-77%, Tracy et al. 2002 and references therein). As a result of this atypically high
nest survival, I observed higher nest survival for uniparental incubators versus biparental
incubators in 2006, but the effect was reversed in 2004 and 2005. I did not model a
year*incubation system interaction because of the limited number of years.
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In addition to strong interspecific differences, models from both sites contained
quadratic time effects. The coefficients for these time effects were similar between sites,
predicting decreases in daily nest survival of 2-8% between the start of the nesting season
and the minima in the first week of July. Examples from comparable studies are few, in
part because the analytical tools for measuring continuous temporal change in nest
survival were only developed recently (reviewed in Johnson 2007). However, a similar
pattern of daily nest survival, with a similar magnitude of decrease was observed for
Willow Ptarmigan in La Perouse Bay, in subarctic Canada (Wilson et al. 2007), and a
weaker quadratic time effect was observed for Mountain Plovers in Montana (Dinsmore
et al. 2002). No one factor is likely to account for both the apparent decrease and
subsequent increase in daily survival (see Figs 3.1 and 3.2). Several possible
contributory factors include seasonal changes in density and functional responses of
predators, individual heterogeneity of nest survival, and changes in parental behaviour as
nests age (Emery et al. 2005).
As the density of a prey increases, it may become profitable for a predator to shift
its focus towards this prey in a functional response (e.g., Holling 1959, 1961, Holt 1977).
For foxes, this functional response involves a shift from cached eggs, carrion and
lemmings to the eggs of birds as the nesting season progresses (Stickney 1991). For
Parasitic Jaegers, the functional response may instead reflect the timing of arrival to the
breeding grounds and the shift from foraging in marine habitats (Wiley and Lee 1999), or
from searching for insects in tundra hummocks (P. Smith, Pers. Obs.), to searching for
nests. Alternatively, or in addition to a functional response, increasing shorebird nest
density could lead to lower nest survival through density-dependent predation (Tinbergen
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et al. 1967, Lack 1968). If predators intensify their searches in areas where they have
encountered success, risk of predation may be positively correlated with nest density.
However, the functional responses previously observed in arctic foxes were such that
predation was most intense immediately after nesting began (Stickney 1991), and studies
in subarctic and temperate areas have not documented density-dependent predation at the
nest densities found in this study (Goransson et al. 1975, Sugden and Beyersbergen 1986,
O'Rielly and Hannon 1989, Schieck and Hannon 1993, Lariviere and Messier 1998),
although the thresholds for density dependence may be lower in tundra ecosystems.
Further, I found no effects of nesting density on nest survival in a previous study at East
Bay (Smith et al. 2007a). Despite these observations, a functional response of predators
with increasing nest density is consistent with the curvilinear pattern of nest survival seen
here, could explain the similarity of temporal effects between our two sites, and warrants
further attention (see chapter 4).
If individual nests differ inherently in survival, the poorest nests may fail early
resulting in a pattern of increasing nest survival over the season. This could not fully
account for the quadratic pattern observed, but high repeatability of nest survival has
been reported in other systems (e.g., Martin et al. 2000). Previous work found little
evidence of habitat differences between successful and failed nests (Smith et al. 2007a),
and therefore I expect the repeatability of nest survival to be low within species.
However, here I demonstrated highly repeatable interspecific patterns of relative nest
survival, and differences in timing of breeding between species could therefore lead to
apparent temporal patterns of predation risk. For example, the Red Phalarope, a
uniparental species, lays late relative to other species at East Bay (see chapter 2) and has
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poor nest success, potentially leading to the appearance of depressed nest survival midseason. It should be noted, however, that the interaction between temporal patterns and
mating system did not significantly improve model fit, and similar quadratic patterns of
nest survival have been observed in studies of single species (Dinsmore et al. 2002,
Wilson et al. 2007).
Other factors thought important to nest survival such as time and nest age will be
confounded to some degree because nest initiation is relatively synchronous (chapter 2).
Both time and nest age should influence the behaviour of incubators, with concomitant
effects on nest survival. Pectoral Sandpipers (a uniparental species) took more frequent
and shorter recesses as the summer air temperatures warmed, and increased total duration
of recesses as nests aged (Tulp and Schekkerman 2006). Three other uniparental species
showed no relationship between nest age and incubation behaviour (Tulp and
Schekkerman 2006). Semipalmated Sandpipers (a biparental species), increased bout
length as nests aged, thereby reducing the conspicuousness of incubation behaviour. As
nests age, the intensity with which the parents defend them is expected to increase
(review in Montgomerie and Weatherhead 1988, Brunton 1990, but see Knight and
Temple 1986). Subtle variation in incubation behaviour or nest defence may interact
with time and nest age in a complex manner to influence patterns of nest survival (this
relationship is explored in more detail in chapter 4).
Although these analyses were not designed to identify causal mechanisms behind
these temporal patterns, the pattern itself is of interest. My observation of high nest
survival early in the breeding season contradicts a long-standing hypothesis that survival
of shorebird nests is lowest early in the season because predators can concentrate their
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search in snow free patches (Byrkjedal 1980, Meltofte et al. 1981,2007b). My recent
finding that shorebirds nest earlier in years of high predator presence (chapter 2) further
supports the contention that early nesting may in fact mitigate the risk of predation in
some way.
Interannual patterns andpredator abundance
Explicit tests of the relationship between predator activity and nest success are
surprisingly few and show inconsistent results (see reviews in Chalfoun et al. 2002,
Thompson 2007). For example, predation of artificial nests increased with increasing
corvid density in one study (Andren 1992), but predation of real nests was weakly related
or unrelated to corvid density in another (Marzluff et al. 2007). Studies where predator
abundance varies within a site, either naturally or experimentally, have shown a positive
relationship between predator abundance and rates of nest predation (e.g., Schmidt et al.
2001b, Schmidt and Ostfeld 2003, Clotfelter et al. 2007), but here too the effects were
sometimes less pronounced than predicted (Fontaine et al. 2007, Fontaine and Martin
2006a,b). In the present study, there were strong effects of predator abundance on the
rate of nest survival. I also found that shorebird species differed in their susceptibility to
avian vs. mammalian predator species, and an effect of incubator behaviour was
implicated (Table 3.4 and 3.5).
Over the eight years of this study, predation accounted for 97% of nest losses. I
observed abandonment for only 15 of 899 nests, despite the fact that these birds are
nesting on the arctic tundra, in conditions that present severe energetic challenges (e.g.,
Piersma et al. 2003, Cresswell et al. 2004). Models including weather effects received
little support. Instead, I found that interannual patterns in nest survival were best
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predicted by the abundance and/or activity of predators, with a 1.4 - 3.8 fold increase in
risk of predation (i.e. 3-8% decrease in daily nest survival) as a result of an 8.1 - 11.4
fold increase in the number of predators sighted per observer hour. While these changes
in nest survival are substantial, they are less than the changes in predator abundance.
This moderated rate of change in nest survival has been seen for passerine birds (Fontaine
and Martin 2006a,b, Fontaine et al. 2007), and might be related to adaptive changes in
parental behaviour in response to the perceived risk of predation. Among those passerine
species, activity near the nest was reduced when predators were nearby (Martin and
Ghalambor 1999, Ghalambor and Martin 2002), or increased when predator abundance
was experimentally reduced (Fontaine et al. 2007). Similarly, Red Phalaropes nesting in
a protective association with the aggressive Sabine's Gull had more conspicuous
incubation behaviour (Smith et al. 2007b). If other species in the study area alter their
incubation in response to changes in predator abundance, this behavioural response
would partially mask the effects of predator abundance.
A behaviour exhibited by some shorebird species with a direct effect on nest
survival is aggressive nest defence. Aggressive nest defence can deter some avian
predators (Gochfeld 1984, Larsen et al. 1996), and is most prevalent among biparental
shorebirds (Larsen 1991). Among the species considered here, Black-bellied Plovers and
Ruddy Turnstones pursue jaegers aggressively (P. Smith, Pers. Obs.). The reduced
susceptibility of biparental incubators to jaeger predation observed here may reflect the
success of aggressive nest defence. The larger effect of increasing fox density on the nest
survival of biparental species may reflect the spatial distribution of the nests of biparental
species. Ruddy Turnstones and Semipalmated Plovers tend to nest closer to the coast,
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where the nests of seabirds and waterfowl are more abundant. Although sightings of
foxes are not stratified by habitat, the presence of larger eggs in these areas presumably
makes them more attractive to foxes.
Artificial nests
Survival of artificial nests should be higher than that of real nests if incubation behaviour
is risky and used by predators as a cue to locate nests. Instead, I found much lower
survival for artificial nests than for real nests, with a daily survival rate as low as 0.54 at
Coats Island in 2005. Lower survival of artificial nests is a common result (reviewed in
Major and Kendal 1996, Burke et al. 2004), and might simply reflect an inability of
researchers to select artificial nest sites that mimic those of real birds. Shorebirds show
strong nest habitat preferences, and while variation in occupied habitat does not explain
variation in nest survival, this may reflect strong selection, but no competition, for nest
sites (Smith et al. 2007a). Our selection of artificial nest sites may place eggs in locations
that would not be selected by shorebirds, and where eggs are overly conspicuous to
predators. In an artificial nest experiment in 2002 with two quail eggs per nest, instead of
the four used here, I found higher daily survival for artificial versus real nests (Smith et
al. 2007a), suggesting that visual cues might influence the susceptibility of nests.
Alternatively, the distraction displays, aggressive nest defence and cryptic behaviour of
incubators may have a positive effect on the survival of real nests (Burke et al. 2004);
indeed these risky behaviours should have a fitness benefit.
The interannual patterns of survival found in artificial nests resembled that of real
nests only superficially, and both the absolute and relative differences between years
were larger for artificial nests. The results of these experiments add little to our
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understanding of patterns in the survival of real nests despite my best efforts to mimic the
nests of shorebirds with appropriately sized eggs, of appropriate coloration and mottling,
which were handled carefully and placed in seemingly appropriate artificial scrapes.
No evidence for an effect of lemming abundance
The alternative prey hypothesis (Anglestam et al. 1984) posits that predators focus on
lemmings in years of high lemming abundance, but prey more heavily on eggs in years of
lemming scarcity, thereby producing cyclical effects in the reproductive success of birds.
While this effect is well established on the Siberian tundra (e.g., Larson 1960, Summers
1986, Summers and Underhill 1987), studies from across arctic Alaska, Canada, and
Greenland have shown equivocal support (Holmes 1966, Wilson 1997, Wilson and
Bromley 2001, Gratto-Trevor unpublished in Meltofte et al. 2007a), or none at all (Day
1998, Stickney 1991, Nol unpublished in Meltofte et al. 2007a, Meltofte et al. 2008, but
seeBety et al. 2001).
I found no evidence for the numerical responses of predators predicted by the
alternative prey hypothesis, nor evidence of tight correspondence between lemming
abundance and predation of shorebird nests. Lemming abundance was not retained in the
final models of nest survival. Moreover, I saw substantial fluctuations in both predator
abundance and nest success at East Bay in four consecutive years when lemmings were
extremely scarce. Nest success also was variable at Coats Island, despite the complete
absence of lemmings from the island. In addition, my results suggest that Parasitic
Jaegers have a substantial influence on shorebird nest survival. Although data are
limited, this species is considered only an opportunistic lemming predator (Maher 1974,
Taylor 1976, Wiley and Lee 1999). While I agree that shorebird nest survival might be
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ameliorated in peak lemming years, I question the broad applicability of the specific
predictions of the alternative prey hypothesis and feel that a reconsideration of the effects
that lemming cycles have on the productivity of tundra nesting birds is warranted.
My work highlights the large variation in shorebird nest survival between years,
species, and even within the nesting season. In this comparatively simple system, a great
deal of the interannual variation in nest survival is explained by variation in the
abundance of predators. Similarly, much of the interspecific variation is explained by
grouping species on the basis of their incubation behaviour; behaviour that should
influence their detectability by predators. Within these broad patterns, the interaction
between predator abundance and nest survival is mediated by the behaviour of both
predator and prey. Future studies should refine our understanding of the relationship
between predators and nest survival by examining the role of behaviour directly (see
chapter 6).
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Table 3.1. The total number of nests found of each species at the East Bay and Coats
Island sites ('Total'), and the number used in analyses of daily nest survival ('Analysed').
Whether incubation is undertaken by one parent (uniparental) or both (biparental) is also
displayed.
East Bay
Species

Coats Island

Total

Analysed

Total

Analysed

Incubation System

American Golden-Plover

8

0

24

24

Biparental

Black-bellied Plover

80

77

11

6

Biparental

Dunlin

13

0

71

65

Biparental

Pectoral Sandpiper

0

0

3

0

Uniparental

Purple Sandpiper

1

0

0

0

Biparental

Red Knot

2

0

0

0

Biparental

Red Phalarope

113

111

36

36

Uniparental

Ruddy Turnstone

201

192

0

0

Biparental

Sanderling

4

0

0

0

Uniparental

Semipalmated Plover

73

69

0

0

Biparental

Semipalmated Sandpiper

3

0

162

157

Biparental

White-rumped Sandpiper

76

72

18

15

Uniparental

Total

574

521

325

303
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Table 3.2. Weather variables and the date of 50% snow clearance for the East Bay and
Coats Island sites.

Year

2000
2001
2002
2003
2004
2005
2006
2007

East Bay

Coats Island

Mean
Mean Temp. Windchill Date of 50%
(°C, 10 June Low (°C, 10
Snow
- 25 July)
June - 25
Clearance
July)

Mean
Mean Temp. Windchill Date of 50%
(°C, 10 June - Low (°C, 10
Snow
25 July)
June - 25
Clearance
July)

6.9
6.6
6.9
5.8
5.8
6.5
6.5
4.0

-6.8
-7.2
-7.4
-8.1
-5.7
-4.8
0.2
-3.1

19 June
1 June
10 June
13 June
17 June
14 June
5 June
15 June

4.2
6.0
6.4

-2.1
0.0
0.4
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Table 3.3. Summary of model selection results for an analysis of shorebird nest survival
at East Bay, Nunavut, 2000-2007. The dependent variable was the daily rate of nest
survival, AICc = Akaike's information criterion corrected for small samples, AAICc= the
change in AICc relative to the top model, w, = Akaike weight, a measure of relative
support for the model, and deviance is the difference in the -2 log-likelihood between
each model and the saturated model. The parameter abbreviations are as follows: S. = a
single estimate of daily survival, species = a categorical variable denoting species, incub.
= incubation system (biparental or uniparental), T, T2 = time and time2. Foxes, Jaegers,
Lemmings = the encounter rate (sightings per observer*hour) of these species, temp = the
mean daily temperature from 10 June - 25 July, snow = the Julian date of 50% snow
clearance, and wind = the mean daily windchill low from 10 June - 25 July. A '+'
indicates an additive effect, while a
indicates an interaction between two variables.
Model

AICc

AAICc

Wj

K

Deviance

Incub. + T2 + Foxes + Jaegers + Foxes*Incub.

1390.6

0.0

0.79

7

1376.6

Incub. + T2 + Foxes + Jaegers

1394.0

3.4

0.14

6

1382.0

Incub. + T2 + Foxes + Jaegers + Jaegers*Incub. 1395.7

5.2

0.06

7

1381.7

Incub. + T2 + Foxes

1405.4

14,8

0.00

5

1395.4

Incub. + T2+ Jaegers

1411.4

20.8

0.00

5

1401.4

Incub. + T2 + Lemmings

1418.3

27.7

0.00

5

1408.2

Incub. + T2 + Wind

1418.9

28.3

0.00

5

1408.9

Incub. + T2

1431.6

41.0

0.00

4

1423.6

Incub. + T2 + Snow

1431,8

41.2

0.00

5

1421.7

Incub. + T2 + Incub.*T2

1433.1

42.5

0.00

6

1421.1

Incub. + T2 + Temp.

1433.5

42.9

0.00

5

1423.5

Incub. + T + Incub.*T

1433.8

43.2

0.00

4

1425.8

Incub. + T

1433.8

43.2

0.00

3

1427.8

S. + Incub.

1435.7

45.1

0.00

2

1431.7

S. + Species

1436.8

46.2

0.00

5

1426.8

S.

1484.0

93.4

0.00

1

1482.0
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Table 3.4. Parameter estimates, standard errors and lower and upper 95% confidence
limits (LCL and UCL, respectively) for the top model of daily nest survival of shorebirds
at East Bay, Nunavut, 2000-2007. The top model, as well as the abbreviations, appear in
Table 3.3. Biparental incubation was coded as 0; the parameter estimate reflects the
additive effect of uniparental incubation.
Label

Estimate

SE

LCL

UCL

Intercept

5.57

0.63

4.33

6.81

Incub. (bi = 0)

-1.60

0.27

-2.13

-1.07

T
rji2

-0.110

0.044

-0.196 -0.024

0.0022

0.0008

0.0006 0.0038

Fox

-110.34

21.59

-152.65 -68.03

Jaeger

-3.01

0.76

-4.51

Fox*Incub.

77.88

33.68

11.87 143.90

-1.52

Table 3.5. Summary of model selection results for an analysis of shorebird nest survival
at Coats Island, Nunavut, 2004-2006. AICc = Akaike's information criterion corrected
for small samples, AAICc = the change in AICc relative to the top model, w, = Akaike
weight, a measure of relative support for the model, and deviance is the difference in the
-2 log-likelihood between each model and the saturated model. Factors in the models
included species, a single estimate of daily survival (S.), incubation system (biparental or
uniparental, 'incub.'), time (T), time2 (T2), and year. A '+' indicates an additive effect,
while a
indicates an interaction between two variables.
Model

AICc

AAICc

Wi

K

Deviance

Incub. + T2 + Year

749.7

0.0

0.99

6

737.6

Incub. + T2

760.3

10.7

0.00

4

752.3

Incub. + T2 + T2*Incub.

764.0

14.4

0.00

6

752.0

S. + Incub.

764.1

14.4

0.00

2

760.1

S.

764.6

14.9

0.00

1

762.6

Incub. + T

765.5

15.9

0.00

3

759.5

S. + Species

768.2

18.5

0.00

6

756.1
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Table 3.6. Parameter estimates, standard errors and lower and upper 95% confidence
limits for the top model of daily nest survival of shorebirds at Coats Island, Nunavut,
2004-2006. The top model, as well as the abbreviations, appear in Table 3.5. Biparental
incubation was coded as 0; the parameter estimate reflects the additive effect of
uniparental incubation.
Estimate

SE

LCL

UCL

Intercept

5.10

0.71

3.71

6.48

2006

-0.63

0.30

-1.21

-0.05

2005

-1.02

0.28

-1.56

-0.47

Incub. (bi = 0)

-0.39

0.24

-0.86

0.07

T

-0.114

0.060

-0.233

0.004

0.0021

0.0013

-0.0005

0.0047

Label

rj-t2
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Figure 3.1, a-c. The predicted daily probability of nest survival for biparental and
uniparental incubating shorebird species at East Bay, Southampton Island, Nunavut. All
figures are based on the most parsimonious model, which includes effects of incubation
type, a quadratic time effect, indices of fox and jaeger presence, and a fox*incubation
type interaction effect. Panel a) shows the effect of time (day 1 = June 10) when predator
presence is held constant at the observed mean, b) shows the effect of varying jaeger
abundance half-way through the nesting season with fox abundance held constant at the
observed mean and c) shows the effect of varying fox abundance half-way through the
nesting season with jaeger abundance held constant at the observed mean. The range of
variation in fox and jaeger abundance displayed in the figures reflects the range observed
in the sample.
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11 June) for biparental and uniparental shorebird species, 2004-2006, at Coats Island,
Nunavut. Estimates are based on a model including incubation system (uniparental
versus biparental), a year effect, and a quadratic effect of time (see text).
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abundance, and the median date of nest initiation was 22 June. At Coats Island, the
median date of nest initiation was 18 June.
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Figure 3.4. The daily survival rate (±SE) of artificial nests containing four Japanese
Quail {Coiurnix japonicct) eggs at East Bay (A) and Coats Island (B), Nunavut, 20042006. Overlaid is the predicted daily survival of real nests from the best models,
calculated for 13 July (half-way through the artificial nest experiment) with year specific
values for predator abundance. Note that the survival of real nests Was much higher in all
years, and is displayed on a different axis for clarity.
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Abstract

Nest survival may vary throughout the breeding season for many bird species, but the
analytic methods to assess continuous temporal variation were developed only recently. I
used Program Mark to model patterns in nest survival within the breeding season for
shorebirds nesting on arctic tundra. I identified temporal patterns in nest survival and
attempted to determine the mechanisms behind these patterns. Over eight years, I
monitored 574 nests of 11 shorebird species and found strong evidence for variation in
nest survival within a nesting season. Daily nest survival was lowest in the mid-season in
five of eight years, but the timing and magnitude of the lows varied. I found no evidence
that this quadratic time effect was driven by seasonal changes in weather or the
abundance of predators. Contrary to my prediction, the risk of predation was not greatest
when the density of active shorebird nests was highest. Although nest density reached a
maximum near the middle of the breeding season, a daily index of shorebird nest density
was not supported as a predictor of nest survival in the models. Predators' access to other
diet items, in addition to shorebird nests, may instead determine the temporal patterns of
nest predation. Nest survival also displayed a positive, linear relationship with nest-age;
however, this effect was most pronounced among species with biparental incubation.
Among biparental species, parents defended older nests with greater intensity. I did not
detect a similar relationship among uniparental species, and conclude that the stronger
relationship between nest age and both nest defence and nest survival for biparental
species reflects that their nest defence is more effective.
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Introduction

Studies of nest survival have contributed greatly to our understanding of avian
demography and breeding ecology. Until recently, however, ecologists lacked the tools
to rigorously study variation in nest survival within a season. The widely used Mayfield
method and its derivatives assume that survival is constant over the interval of interest.
Nests must be grouped for further analysis and this limits both sample sizes and statistical
power (Johnson 2007). Novel analytical techniques have now been developed that allow
nest survival to vary with time or other continuous covariates. Researchers have applied
these new techniques to a variety of taxa in the last several years, and it has become
apparent that nest survival is rarely constant throughout the season (e.g., Dinsmore et al.
2002, Wilson et al. 2007). However, in part because of the novelty of the results, the
factors underlying within-season variation in nest survival have received little attention.
Predation is the primary cause of nest failure in almost all avian species studied to
date (Ricklefs 1969, Martin 1993), including shorebirds breeding in the arctic (Smith et
al. 2007a, chapter 3). Therefore, patterns in nest survival presumably are driven
primarily by variation in the risk of predation. Beyond this, intraseasonal patterns can be
grossly lumped into those that vary with time of the season and those that vary with the
specific age of each nest. Factors that vary by time throughout the season and that could
influence nest survival include nest density, the abundance or behaviour of predators, or
the behavioural responses of incubating birds to seasonal changes in weather. In contrast,
examples of age-dependent variables include heterogeneity in nest survival among nests,
or changes in nest defence that vary with nest age. Time and nest age can be confounded,
and the degree to which time- and age-dependent effects can be distinguished in analyses
depends on the synchrony with which nests are initiated.
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As time passes and the breeding season progresses, the density of active nests first
increases and then decreases. The relationship between nest density and nest survival
could be positive if predators become satiated, or negative if predators develop a search
image for nests (Nams 1997), shift focus towards eggs in a functional response (e.g.,
Holling 1959, 1961, Holt 1977), or increase search effort in areas where they have found
nests (Tinbergen et al. 1967). Even in the absence of a true response, increasing nest
density necessarily increases the rate at which a systematically searching generalist
predator encounters nests. While density and predator abundance and behaviour may
influence nest survival, it may also be influenced by the behaviour of the incubators
themselves.
The activity of parent birds near their nest may increase the risk of predation if
predators use it as a visual cue (Skutch 1949). Birds making more frequent trips to the
nest to feed mates suffer higher rates of predation (e.g., Martin and Ghalambor 1999,
Martin et al. 2000), and more frequent incubation recesses may increase the risk of
predation for species without mate feeding (Cresswell et al. 2003, Smith et al. 2007a).
Shorebird incubation behaviour is constrained by energetic demands, and seasonal
changes in weather are known to influence patterns of nest attendance (Cresswell et al.
2004, Tulp and Schekkerman 2006). Thus, weather could influence predation risk and
nest survival indirectly by modifying nest attendance behaviour.
Changes in adult behaviour could also underlie age-related effects. As nests
approach their date of hatch, their value to parents increases. This increased value, and
the progressively diminished opportunity for renesting, may justify increased nest
defence (review in Montgomerie and Weatherhead 1988, Forbes et al. 1994). However,
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nest age could also appear to be related to nest survival if nests differ inherently in their
susceptibility to predators. If the most susceptible nests fail early, heterogeneity of
survival among nests could lead to a pattern of higher survival for older nests.
I monitored the nests of arctic breeding shorebirds to identify the patterns of nest
survival within seasons and the factors that underlie them. Using the models available in
Program Mark (White and Burnham 1999, Dinsmore et al. 2002), I simultaneously
compared the influence of several covariates on the survival of shorebird nests. By
testing a priori predictions, I assessed the influence of time-dependent effects such as
nesting density, daily weather, and daily abundance of predators, as well the effects of
nest age and age-dependent changes in nest defence, on the survival of shorebird nests.
Methods

Study area
Research was conducted from June-July, 2000-2007, at East Bay, Southampton Island,
Nunavut (Fig. 2.1). The study plot (4 km x 3 km) comprises a variety of habitats
including gramminoid-dominated wetlands, intertidal mudflats, hummocked areas of
heath and raised beach ridges. A more complete account of the site's physiography
appears in Smith (2003), Smith et al. (2007a) and chapter 2.
Weather data were collected at this site with an automated weather station (Davis
Vantage Pro). A variety of weather data were collected (see chapter 2), but I selected
daily windchill low as the variable with the most potential to influence nest survival
(through effects on the energetic costs of homeothermy).
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Shorebirds and their predators
Eleven shorebird species have been observed to breed at East Bay (Table 4.1), but five
species represent >90% of nests and are the focus of this study : Semipalmated Plover,
Black-bellied Plover, Red Phalarope, Ruddy Turnstone, and White-rumped Sandpiper.
These five species all nest in simple scrapes on the ground, lay four cryptically
coloured eggs per clutch, and incubate for roughly three weeks (19-26 days). While
subtle variation exists (see chapter 2), all breed at approximately the same time with peak
laying in mid June. The Red Phalarope exhibits facultative polyandiy (Tracy et al. 2002),
and the White-rumped Sandpiper is polygynous (Parmelee 1992). Incubation is
uniparental for these two species, and carried out by the male for phalaropes and the
female for White-rumped Sandpipers. The remaining three species are monogamous,
biparental incubators, and share incubation duties more or less evenly. Although
accounts are primarily anecdotal, typical nest defence behaviour is thought to differ
among the species. Red Phalaropes show no distraction displays or aggression towards
predators (Tracy et al. 2002), White-rumped Sandpipers feign injury when predators
approach (Parmelee et al. 1968), Ruddy Turnstones are highly vigilant and aggressively
pursue predators (Nettleship 2000), Black-bellied Plover are highly vigilant and defend
their nests aggressively from predators through aerial attack and distraction displays
(Drury 1961), and Semipalmated Plovers are highly vigilant, with both parents taking
part in distraction displays or scolding (Sullivan Blanken and Nol 1998).
The most significant nest predators at both sites were Parasitic Jaegers, and arctic
foxes (See chapter 6). Long-tailed Jaegers were also included in counts of jaegers, but
they were on average 15 times less abundant than their congener and are thought to eat
lemmings primarily (Wiley and Lee 1998). Herring Gulls were observed regularly at
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East Bay, but are considered a minor predator of shorebird eggs (K. Allardpers. comm.).
Other potential predators, assumed to be unimportant because of their scarcity, include:
Peregrine Falcons, Glaucous Gulls, Sandhill Cranes and Common Ravens. I recorded the
number of arctic foxes and jaegers observed per person*hour, and used this to generate a
daily index of the abundance and level of activity of predators (Hochachka et al. 2000,
Wilson and Bromley 2001).
Shorebird nest finding, ageing and monitoring
I found nests by observing individuals on incubation recesses or by flushing birds, either
by walking or by dragging a 30 m length of 5 mm diameter rope. Search effort was
allocated evenly to 1 km blocks within the study plots to ensure that nest searching was
not restricted to the highest quality habitats. When nests were found, their location was
recorded ± 3 m with a handheld Global Positioning System (Garmin eTrex ™), and a nest
marker was placed 10-15 m away so that the nest scrape could be revisited. Nests found
during laying were monitored daily until the clutch was complete, and at least weekly
thereafter until hatch. Nests found with complete clutches were aged (see below), and
monitored at least weekly until 7 days before the predicted hatch date. All nests were
monitored more closely as they approached hatch; every second day for nests showing
signs of star-cracking, and daily until hatch for nests with pipped eggs.
Few nests were found during laying, and nest age was most often estimated using
egg flotation characteristics (Liebezeit et al. 2007). Two or more eggs from each clutch
were immersed in water, and the angle and location of the egg in the water column was
recorded to estimate nest age and predict hatch date (± 4 d or less in most cases). Nests
were considered successful if one or more eggs hatched, and failed if they were
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depredated or abandoned. Nests were considered abandoned if the eggs were cold on two
consecutive visits spanning at least 4 days. One egg of the clutch was positioned with the
narrow end outwards to confirm that it had not been incubated (and thus returned to the
correct position) between our visits. I considered nests depredated if their contents
disappeared before they could possibly have hatched. In the cases where nests
disappeared but the fate could not be assigned with certainty, I recorded the fate as
unknown, and used only the data up to the prior visit (as the nest was successful, i.e. not
depredated or abandoned, until this point).
Flush distance and nest defence
In some years, workers measured the distance at which incubating birds flushed from the
nest when nests were approached for checks. In 2002, this distance was measured with a
handheld rangefinder, while in 2004-2006, it was estimated with a handheld GPS (± 3m),
or measured by pacing for distances <25 m. From 2004-2006,1 also recorded the
behaviour of birds after they had flushed. This ordinal measure of nest defence included
the following 5 categories: 0 = no response, 1 = scold from >10 m away from observer, 2
= scold from < 10 m away, 3 = distraction display, 4 = attack (i.e. aerial mobbing).
Distraction displays included both "broken-wing" and "rodent-run" displays (Gochfeld
1984), and were always displayed close to the observer (< 5 m). When both members of
the pair were present and exhibiting nest defence, the highest code was used in analyses.
Nest density
I calculated a daily index of the density of shorebird nests by summing the number of
active nests under observation for each day of the nesting season. Here, I considered
nests to be active from the estimated date of initiation until the time they were observed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

to hatch, or until the check before they failed. Nests for which I could not estimate age
were considered to have been initiated at least three days prior to the time at which they
were found with four eggs. Because the total number of nests found varied among years,
I standardised these indices of density by dividing daily values for the number of active
nests by the yearly mean.
Hypotheses and predictions
Intraseasonal patterns in nest survival could be driven by a large number of factors. To
limit the number of models evaluated, I developed a set of a priori biological hypotheses
and used these to guide the construction of models. The variables that I considered to
have the most potential for influence, and upon which the analyses are based, are
described below.
1) Year and Species Effects. My previous work identified strong interannual and
interspecific variability in nest survival for arctic shorebirds (e.g., Smith et al. 2007a,
chapter 3). The interspecific differences in nest survival have been most parsimoniously
modelled by grouping species into those with uniparental and those with biparental
incubation. By adding effects of year and incubation system to the models, I not only
controlled for this substantial component of variation, but also allowed for models where
intraseasonal patterns varied by year or species.
2) Nest Age. Several studies have identified a positive relationship between nest
age and nest survival, and have suggested that this pattern arises because the most
vulnerable nests are depredated early (Klett and Johnson 1982), I also predicted that
shorebird nest survival would increase throughout the season, but as a result of
intensification of nest defence. While both mechanisms predict a positive relationship,
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the latter also predicts an interaction between nest age and incubation system, as
biparental species are more aggressive, and more successful at defending their nests
(Larsen 1991, Larsen 1996).
3) Temporal Variation. Most studies that allow for temporal variation find that
nest survival varies throughout the season. My previous work suggested that nest
survival might be depressed during mid-season (chapter 3). Here, I allowed for variation
in temporal trends among years, and predicted that a quadratic effect of time would arise
as the dominant pattern. Because time per se should not influence nest survival, I
hypothesised that the temporal patterns would be explained by one or more of the
covariates below.
4) Weather. Harsh weather could affect nest survival directly by leading to nest
abandonment, or indirectly by influencing the behaviour of incubating adults. Recesses
are longer and less numerous during adverse weather (Tulp and Schekkerman 2006,
chapter 5), which should have a positive influence on nest survival. Adults show reduced
body condition after periods of adverse weather (Tulp and Schekkerman 2006). This
energy deficit may necessitate increased frequency or duration of incubation recesses, or
adversely affect nest defence behaviour. Therefore, I also tested for a negative
relationship between nest survival and weather on the previous day. I used the daily
windchill low to index the putative energetic stress of weather conditions.
5) Predators. In the vast majority of instances, predators are the proximate cause
of shorebird nest loss. Variation in the abundance of predators explains the variability in
shorebird nest success among years (chapter 3), and I predicted that the index of daily
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predator presence (sightings per observer hour) would be negatively related to the
survival of nests on that day.
6) Nest Density. The density of active shorebird nests increases and then
decreases over the breeding season, in a manner that could account for quadratic temporal
patterns in nest survival. Even if the predation of shorebird nests is only incidental,
higher nest densities should increase the encounter rate of predators and reduce nest
survival. I predicted that the temporal patterns in nest survival would be a product of
seasonal changes in nest density. To evaluate this prediction, I added the daily index of
shorebird nest density to the models with and without the time effects included.
Data analysis
Daily nest survival rates were modelled using Program Mark, version 5.0 (White 2007).
Dates were scaled so that day 1 was the date when the first nest was found (10 June). My
initial model was a single estimate of nest survival. I controlled for year effects by
modelling year as a categorical covariate. I then considered the main effects of species
and then incubation strategy (uniparental versus biparental) to control for the substantial
interspecific variation in nest survival that I have identified previously (Smith et al.
2007a, chapter 3). I selected the most parsimonious of these models, and tested for linear
and then quadratic effects of time and nest age separately. I then added the most
parsimonious effect of both nest age and time simultaneously, and examined the
parameter estimates to ensure that these variables were not confounded (e.g., as a result
of synchronous nest initiation). To this main effects model I added an interaction effect
between incubation system and nest age to test my prediction of stronger age-related

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98

changes in the nest survival of biparental birds. I then added an interaction effect
between year and time effects, to allow for variability among years in temporal patterns.
To the best of these models, I added the four day-specific covariates individually:
current day's windchill low, previous day's windchill low, the daily value for jaegers
observed per observation hour, or the daily index of shorebird nest density. Observations
of foxes were not included as a covariate because I recorded none on most days. These
covariates were first standardised to have a mean of 0, because they varied among years,
and year effects were included separately in the models. I then removed time effects
from the models, but retained the density term to test whether temporal patterns arise
from the effect of this covariate. Finally I included an interaction between year and
density to allow for annual variability in the relationship.
In total I considered 17 candidate models. I used a logit link function for all
models. Samples sizes for analyses appear in Table 4.1. Nests for which I had no
estimate of initiation date (and hence age) were assigned a mean value (89 of 521 nests).
Similarly, missing records in the daily covariates were substituted with means. Models
were ranked with Akaike's information criterion for small samples (AICc), and AAICc
and Akaike Weights (w,) were used to infer support for models in the candidate set
(Akaike 1973, Burnham and Anderson 2002). No goodness of fit test is currently
available for the nest survival models in Program Mark (Dinsmore et al. 2002).
Time- or age-dependent patterns in nest survival could be related to changes in
nest defence throughout the breeding season. I assessed the relationship between flush
distance and date, nest age and the date of nest initiation with general linear models.
There were a variable number of non-independent behaviour records for each nest, so I
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randomly selected a single observation per nest for analysis. Flush distance was squareroot transformed prior to analysis (Kolmogorov-Smirnov test of normality on
transformed variable: P > 0.05). Uniparental and biparental species were analysed
separately to correspond to the nest survival models generated in Program Mark. I tested
year as a random effect, and did not include it in subsequent models where non
significant. Species was included as a fixed factor, and I used a forward-stepwise
procedure with Type HI sums of squares (probability of F to enter = 0.05) to identify
significant predictors of flush distance.
Analysis of the ordinal codes for defence behaviour was also accomplished with
general linear models (Zumbo and Zimmerman 1993). I analysed species with
uniparental and biparental incubation separately, and randomly selected a single
observation per nest. Year and species were tested as random and fixed effects
respectively, and included in all subsequent models when they were significant
individually. The covariates date of observation, nest age and the date of nest initiation
were added in a forward stepwise fashion with Type III Sums of Squares. Means are
displayed ±SE.
Results

Environmental conditions
Weather conditions improved throughout the breeding season, with a linear increase in
daily temperatures and daily windchill lows (Fig. 4.1). These linear relationships were
significant (temperature: R2 = 0.39, P < 0.00.1, windchill: R2 — 0.19, P < 0.001), and
describe increases in temperature and windchill temperature from -0.5°C to 7.7°C, and
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-10.0°C to 1,1°C, respectively, over the period between 1 June and 31 July. The daily
windspeed high showed a weak quadratic relationship with time (R2 - 0.03, P - 0.003),
with a peak in the first week of July.
Variation among years was significant for windchill low (F7t367 = 14.8, P < 0.001)
and windspeed high (F7T367 = 7.9, P < 0.001), but not for daily temperature low (F7I367 =
1.8, P > 0.05). Tukey's post hoc tests showed higher windchill temperatures in 2001,
2006 and 2007, lower wind speeds in 2004 and higher wind speeds in 2006 and 2007.
Variation within seasons in the abundance of arctic foxes and jaegers showed no
consistent patterns (Fig. 4.2). Parasitic Jaegers were more commonly encountered than
foxes, and some were sighted on most days in most years (0.13 ± 0.01 sightings per
observer hour). In contrast, I sighted foxes on only 45 of 306 observation days (0.006 ±
0.001 sightings per observer hour). Predator abundance varied among years, with 8 fold
variation in the number of jaeger encounters and 11 fold variation in the number of fox
encounters.
Variation among years in weather and predator abundance, and the effects of
these on interannual patterns of shorebird nest success, are explored more fully in chapter
3. Here, I examine patterns in nest success within a season by controlling for year
effects, and using standardised daily values for weather or the abundance of predators.
Year and species effects
In total, 574 nests of 11 species were found. All nests were used in the calculation of
daily indices of nest density; however, the sample used in the analyses of nest survival
comprised 521 nests of 5 species(4951 exposure days, Table 4.1). Ofthese, 11 were
abandoned, 288 were lost to predators and 182 hatched one or more young. The fate
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could not be determined for 40 nests. Twenty-two nests could not contribute to the
models in Program MARK because they were found while hatching, and thus contributed
no exposure days.
Year effects were strong, and the addition of the 7 year parameters reduced the
AIC value by nearly 30 units (Table 4.2, Table 4.3). Estimates from the best model
suggest that the mean daily survival rate over the period during which nests were
monitored varied by up to 0.11 among years. The effect of species also was strong. A
model with species divided into uniparental and biparental incubators was 56 AIC units
better than the model with only year effects, and 1.5 AIC units better than the model with
a parameter for each species (Table 4.2). Parameter estimates for the additive effect of
biparental versus uniparental incubation were positive in all models considered. The best
model also contained an interaction between incubation system and nest age. Model
averaged parameter estimates appear in Table 4.3.
Effects of time and nest age
In each year, nests were initiated over a period of 19 - 31 days (mean 26 days, Fig 4.3).
The sample therefore includes nests of various ages throughout the breeding season, so
that effects of time and nest age could be estimated separately. I found strong support for
linear effects of nest age; a model containing this effect was 17 AIC units better than the
model containing only effects of year and incubation system (Table 4.2). The interaction
between incubation system and nest age also improved model fit. The relationship
between nest age and nest survival was positive in all models considered, but parameter
estimates from the best model suggest that the relationship is weak for uniparental
species and stronger for biparental species (Table 4.3, Fig. 4.4).
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I found no support for linear effects of time, but strong support for quadratic
temporal effects. Inclusion of a single quadratic time effect for all years reduced the AIC
value by 5 units. Parameter estimates for these models suggested that daily nest survival
was lowest during mid-season. Allowing the quadratic temporal trends to vary by year
required 14 additional parameters. Model deviance was substantially reduced by their
inclusion (29 units), but after correction for the additional parameters the AIC value was
only marginally lower (Table 4.2). However, this step changed the interpretation of the
temporal patterns; nest survival was depressed mid-season in 5 of 8 years, and was
elevated in the remaining three (Fig. 4.5). Precision of the parameter estimates was poor
for these three years (2000, 2001, 2003, Table 4.3). Among the years with depressed nest
survival mid-season, the timing of the low in daily survival rate varied from 30 June (Day
21) in 2006 to 9 July (Day 30) in 2002, and occurred 10-17 days after the mean date of
nest initiation, or 2 - 11 days after the peak in the index of nest density in each year (see
also Fig. 4.6).
Effects of weather and predators
The best model without day-specific covariates included an intercept, linear time term
and quadratic time term for each year, as well as a linear effect of nest age, a categorical
variable denoting incubation system and an interaction between incubation system and
nest age. The addition of day-specific covariates did not improve model fit in any case.
Current daily windchill low, the previous day's windchill low, and the daily abundance of
jaegers all had negligible effects on model deviance and resulted in higher AIC values. I
did not test the effect of fox abundance because none was recorded on most days.
Inclusion of these covariates did not alter the parameter estimates for the time2 or nest
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age variables. These results suggest that the temporal and age-related patterns are not
driven by daily changes in weather or predator abundance.
Nest density
The relative density of active nests was greatest mid-season (Fig. 4.6), a time which
corresponded to the period of lowest nest survival in most years (Fig, 4.5). The apparent
quadratic temporal trends could therefore be a product of a negative linear relationship
between density and nest survival. I first added density to the model including time
effects, and found no support for an additive effect of nest density (Table 4.2). Next, I
removed the temporal effects to test whether density accounts for the quadratic
relationship between nest survival and day of the nesting season. This model had an AIC
value 18 units larger than the model with time effects. Finally, I allowed the relationship
between nest density and nest survival to vary among years. This model too found no
support. I therefore conclude that the observed temporal patterns in nest survival are not
related to the density of active shorebird nests.
Flush distance and nest defence
Flush distance differed significantly among species {F4,145 - 76.5, P < 0.001). Biparental
species flushed from greater distances than uniparental species (mean for uniparental
species = 11 ± 0 m, biparental = 71 ± 29 m, Table 4.4). Among uniparental species,
there was no relationship between flush distance (square-root transformed) and date of
observation, nest age, or date of nest initiation. Further, there were no differences among
years, or between the two uniparental species (All Ps > 0.05). For the three biparental
species, species explained a significant proportion of the variance in flush distance (F2.-8
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= 24.3, P < 0.001). Year effects, nest age, date of observation and date of nest initiation
were not significantly related to flush distance for biparental species.
Defence behaviour was variable within species. Even species that
characteristically perform distraction displays (such as the Semipalmated Plover and
White-rumped Sandpiper) showed a range of behaviour including many instances of no
defence or distant scolding. Means for the observed defence behaviour appear in Table
4.4. Defence behaviour differed among species, but not among years, for both
uniparental and biparental species (Uniparental, Species: FLT31 = 16.0, P < 0.001, Year:
Ft,$1 ~ 0.8, P > 0.05; Biparental, Species: F2,si = 5.2, P < 0.01, Year: Fi}52 = 0.8, P >
0.05). For uniparental species, nest defence behaviour was not influenced by the date of
the observation, the date of nest initiation, nor the age of the nest (All P's> 0.05). In
contrast the defence behaviour of biparental species intensified as nests aged (F],so~ 11.1,
P < 0.01) and as the season progressed {Fitso= 10.9, P < 0.01). Nest age and date of
observation were correlated in this sample (R - 0.77, P < 0.001), and when the effect of
one was controlled in the models, the additive effect of the other was non-significant. I
identified no significant interaction between species and any of the covariates for either
uniparental or biparental species.

Discussion

Temporal patterns in shorebird nest survival
Recent studies of nest survival have detected intraseasonal variation, but the patterns
identified have been inconsistent. Some have found that nest survival declines midseason (Dinsmore et al. 2002, Wilson et al. 2007), while others have found positive (e.g.,
Grant et al. 2005), negative (Burhans et al. 2002, Jehle et al. 2004), or no relationship
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between time and nest survival (Traylor et al. 2004, Walker et al. 2005). I found that,
among ground nesting shorebirds, nest survival typically was lowest in mid-season, and
that the pattern varied among years. Although I tested several plausible hypotheses to
account for these temporal patterns, I found no evidence for effects of weather, predator
abundance, or the density of active shorebird nests. My results suggest that some more
complex aspect of predator behaviour, perhaps due to seasonal changes in the availability
of other prey, acts to depress shorebird nest survival during the mid-season in most years.
I investigated linear and quadratic effects of time, and found support only for the
latter. Still, temporal patterns did vary among years; nest survival was depressed during
the mid-season in five of eight years while it was higher in the remaining three.
Among the 5 years, the date when the lowest values of daily survival was reached
differed by 10 days, but this date was not correlated with either the mean date of nest
initiation, nor the date of peak nesting density for shorebirds. The earliest date of the low
value for nest survival occurred in 2006, a year of early shorebird breeding and early
peak density, while the latest value for the low occurred in 2002, a year with moderate
dates for mean nest initiation and peak density. Temporal patterns in nest survival were
therefore not driven by variation in the timing of breeding.
Factors determining temporal patterns in nest survival
Weather could influence nest survival directly if birds abandon their nests during storms.
However, abandonment was rare in the sample (11 of 521 nests, or 2%). Weather events
can also influence nest survival indirectly by altering the incubation behaviour of birds.
Among the uniparental species considered here, incubation recesses are less numerous
during periods of adverse weather (chapter 5). A decrease in the number of incubation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

106

recesses could make nests less visible to predators (Skutch 1949, Martin and Ghalambor
1999, Martin et al. 2000). However, harsh weather results in a negative energy balance
and decreased body condition (Tulp and Schekkerman 2006), and could therefore
necessitate an increased rate of nest recesses on the following day. Relationships
between weather and incubation behaviour might be weaker for biparental species,
because they have more time available for foraging (Norton 1972, Cresswell et al. 2003,
chapter 5). Although there were many days of harsh weather during this study, I found
no effect of current or previous days' weather on the survival of either uni- or biparental
shorebird nests. Further, the general improvement of weather conditions throughout the
breeding season could not explain the quadratic patterns of nest survival observed.
Predators are the proximate cause of 98% of the nest failures that I observed, and
I predicted that the daily abundance or activity of predators should influence the survival
of shorebird nests. If predators relied solely on shorebird nests as prey, shorebird nest
survival should be tightly correlated with predator activity. Although it varied day to
day, the index of predator activity showed no consistent patterns throughout the season
that could account for the temporal trends in nest survival that I observed. No foxes were
observed on most days, and variability in the number of jaegers sighted per
observer*hour was high. Assuming that sightings per observer hour is a reasonable index
of abundance or activity (Hochachka et al. 2000), the lack of a relationship between my
predator abundance index and shorebird nest survival suggests that predators at these
sites rely primarily on other food sources.
The density of active shorebird nests could influence the probability that nests are
depredated through several means. High nest density could increase nest survival if
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predators become swamped or satiated (Ims 1990). This is perhaps unlikely because
arctic foxes cache the majority of the eggs that they find (Stickney 1991). Instead, nest
survival could be lower when nest density is high if predators develop a search image for
nests (Allen 1989, Nams 1997), intensify search effort in areas where they have found
nests (area-restricted search, Tinbergen et al. 1967), or if they shift attention towards eggs
in a functional response (e.g., Holling 1959, 1961, Holt 1977). Even in the absence of
any behavioural response by the predators, higher nesting density increases the rate at
which nests are encountered by a generalist predator that searches systematically (Taylor
1976).
In this study, the density of active nests was low early and late in the breeding
season, and greatest approximately mid-season. The pattern in nest density over time
therefore had a similar shape to the observed temporal patterns in nest survival, where
predation was highest mid-season (Fig. 4.5). However, the timing of the peak in
shorebird nest density was not related to the timing of the low in nest survival, nor was
there support for density as a predictor of nest survival in the models. Even mid-season,
the density of shorebird nests is low in comparison to the thresholds for density
dependence identified in other studies (Goransson et al. 1975, Sugden and Beyersbergen
1986, O'Rielly and Hannon 1989, Schieck and Hannon 1993, Lariviere and Messier
1998), and I demonstrated previously that the survival of shorebird nests at East Bay was
not influenced by distance to the nearest nests of shorebirds or other species (Smith et al.
2007a). Shorebird eggs form only a portion of the diet of jaegers and foxes, and the lack
of a relationship between shorebird nest density and shorebird nest predation suggests
that other foods may be more important.
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The diet of arctic foxes in spring consists of cached eggs that have over wintered,
carrion and lemmings. As the eggs of migratory birds become available, this diet shifts;
in a waterfowl nesting area, predation on birds' nests was intense as soon as nesting
began and eggs dominated the diet throughout the nesting period (Stickney 1991). For
Parasitic Jaegers, a diet shift occurs when they leave marine feeding habitats and being to
breed and forage in terrestrial habitats (Wiley and Lee 1999). The relative contribution
of shorebird eggs to the diet is unknown, although both jaegers and foxes frequently
consume the eggs of larger birds such as Snow Geese, Gulls, and Loons (Gavia spp.)
(Wiley and Lee 1999, Stickney 1991). The average mass of a shorebird clutch ranges
from 32g for the Red Phalarope (Tracy et al. 2002) to 132g for the Black-bellied Plover
(Paulson 1995). A typical Snow Goose clutch has a mass of 522g (Cooke et al. 1995), 4
- 16 times greater than that of a shorebird. Because shorebirds are less able to defend
their nests from predators than larger birds, their eggs may contribute to the diet of these
predators more than egg mass would suggest. Regardless, because shorebird nests are
only one component of predators' diets, temporal patterns in nest survival are likely to
reflect the availability of all diet items.
Age-related patterns in shorebird nest survival
Age is specific to individual nests, and in contrast to trends throughout the season which
are time-dependent, the mechanism underlying an age-related trend is more likely to act
at the individual level. Age of nests was not confounded with time of season in this study
because nests were initiated throughout the season. I found that the daily probability of
survival was higher for older nests. Patterns of increasing survival for older nests have
been previously ascribed to heterogeneity in nest survival, rather than age effects per se

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

109

(Klett and Johnson 1982, Martin et al. 2000). If the most vulnerable nests fail early,
survival will appear to increase with increasing nest age. Such a pattern can arise, for
example, if nest sites differ in their risk of predation (Martin et al. 2000).
At this location, nest site characteristics of shorebirds do not differ between
successful and failed nests (Smith et al. 2007a). The large differences in predation risk
among species could introduce heterogeneity, but I controlled for this by considering
species effects in the models. Most importantly, individual heterogeneity in nest survival
cannot explain the strong support I found for an interaction between nest age and
incubation system. Consequently, I do not believe that the relationship between nest age
and nest survival found here is an artefact of heterogeneity, and instead propose that
incubating adults change their behaviour as nests age to increase the probability of nest
survival.
Nests are increasingly more valuable to their parents as they age because the
probability of survival to hatch is a product of both daily survival rate and days until
hatch. Further, the opportunity for renesting successfully declines because chicks
hatching from nests initiated late in the season are unlikely to fledge (Meltofte et al.
2007, chapter 2). As a nest ages and its relative value increases, parents can increase
their investment by defending it more aggressively (reviewed in Montgomerie and
Weatherhead 1988, Forbes et al. 1994). Aggressive forms of nest defence are typically
more common and more successful among monogamous, biparental incubators (Larsen
1991, Larsen et al. 1996). I found the level of nest defence (i.e., from no defence to
aggressive attack) to be Variable within and among species, but its intensity increased
significantly throughout the breeding season only among biparental species. This
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stronger increase in intensity of defence was accompanied by a stronger age-related
increase in nest survival among biparental versus uniparental species. In contrast, I found
that the Red Phalarope and White-rumped Sandpiper (uniparental species) flushed from
much shorter distances than the three species with biparental incubation. This
observation, and their highly concealed nest sites (Smith et al. 2007a), suggest that these
species may instead rely on cryptic behaviour to avoid detection.
Analytic techniques such as those employed here now enable researchers to
describe and explore patterns in nest survival in a way that was not possible previously.
My results show that shorebird nest survival varies among species and years, but also
within a single nesting season. I found that strong temporal patterns in which nest
survival declined mid-season were not related to seasonal changes in weather, the
abundance of predators, nor the density of active shorebird nests. These patterns are
more likely to be driven by a complex relationship between predator abundance and the
full suite of diet items available to them. The survival of shorebird nests also increases as
they age, and this pattern appears to be related to parent birds' increased defence of older,
more valuable nests.
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Table 4.1. The total number of shorebird nests found, and the sample used in the
analyses of nest survival with Program MARK.
East Bay
Total

Analysed

American Golden-Plover

8

0

Black-bellied Plover

80

77

Dunlin

13

0

Purple Sandpiper

1

0

Red Knot

2

0

Red Phalarope

113

111

Ruddy Turnstone

201

192

Sanderling

4

0

Semipalmated Plover

73

69

Semipalmated Sandpiper

3

0

White-rumped Sandpiper

76

72

Total

574

521

Species

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 4.2. Summary of model selection results for an analysis of shorebird nest survival at East Bay, Nunavut, 2000-2007.
AICc = Akaike's information criterion corrected for small samples, AAICc = the change in AICc relative to the top model, wt =
Akaike weight, a measure of relative support for the model, K is the number of parameters, and deviance is the difference in
the -2 log-likelihood between each model and the saturated model. The parameter abbreviations are as follows: Weather(d)
represents the current day's weather, weather(d-l) represents the previous day's weather, jaegers represents the number of
jaegers sighted per observer hour, and density is the daily count of active shorebird nests. These three variables were
standardised within years to mean = 0 prior to analysis. A'+' indicates an additive effect, while a
indicates an interaction
between two variables.
Model

AICc AAICc

Year*Time2 + Incubation System + Nest Age + Incubation System*Nest Age

1358.0

0.0

0.25 27

1303.7

Year*Time2 + Incubation System + Nest Age + Incubation System*Nest Age + Density

1358.3

0.3

0.22 28

1302.0

Year + Time2+ Incubation System + Nest Age + Incubation System*Nest Age

1358.6

0.6

0.19 13

1332.5

Year*Time2 + Incubation System + Nest Age + Incubation System*Nest Age + Weather(d-l) 1359.3

1.3

0.13 28

1302.9

Year*Time2 + Incubation System + Nest Age + Incubation System*Nest Age + Weather(d)

1359.9

1.9

0.10 28

1303.5

fy
Year*Time +Incubation System + Nest Age + Incubation System*Nest Age + Jaegers

1360.0

2.0

0.09 28

1303.6

Year + Time2 + Incubation System + Nest Age

1364.0

6.0

0.01 12

1339.9

Year + Incubation System + Nest Age

1375.9

17.9

0.00 10

1355.8

Year + Incubation System + Nest Age + Incubation System*Nest Age + Density

1377.0

19.0

0.00 12

1353.0

Year + Incubation System + Nest Age2

1377.9

19.9

0.00 11

1355.8

Wj

K Deviance

112

Table 4.2. Continued.
Model

K Deviance

AICc

AAICc

Year*Density + Incubation System + Nest Age + Incubation System*Nest Age

1383.2

25.2

0.00 19

1345.0

Year + Incubation System + Time2

1388.1

30.1

0.00 11

1366.1

Year + Incubation System

1393.1

35.1

0.00

9

1375.0

Year + Incubation System + Time

1393.9

35.9

0.00 10

1373.8

Year + Species

1394.5

36.5

0.00 12

1370.4

Year

1449.1

91.1

0.00

8

1433.0

Null Model

1476.7 118.7

0.00

1

1474.7

Wi

113

114

Table 4.3. Parameter estimates, standard errors and lower and upper 95% confidence
limits for key variables associated with daily nest survival of shorebirds at East Bay,
Nunavut, 2000-2007. All estimates were determined using model averaging based on the
top 7 models in Table 4.2 and representing > 0.99 of the AICc weights. Estimates for time
and time2 were obtained using models 3 and 7 where they are included as a single
additive effect. Uniparental incubation was coded as 0; the parameter estimates for
incubation system therefore reflect the effects of biparental incubation.
Parameter

fi

SE

95% C.L.
Lower Upper

Time

-0.176

0.043

-0.260 -0.092

Time2

0.003

0.001

0.001

0.005

Nest Age

0.025

0.018

-0.010

0.060

Incubation System

0.382

0.217

-0.043

0.807

Nest Age * Incubation System 0.064

0.022

0.021

0.107
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Table 4.4. The mean distance at which birds flushed when their nests were approached,
and the intensity of the nest defence they subsequently displayed. Species are displayed
with AOU 4-letter codes1, and "behaviour code" included the following 5 categories: 0 =
no response, 1 = scold from >10 m away from observer, 2 — scold from < 10 m away, 3 =
distraction display, 4 = attack (i.e. aerial mobbing).
Flush Distance (m)

1

Behaviour Code

Species

N

Mean ± SE

N

Mean ± SE

SEPL

16

39.1 ± 5.5

8

2.6 ± 0.3

BBPL

32

116.5 ± 10.1

20

1.8 ± 0.3

REPH

41

11.0 ± 1.9

15

0.6 ± 0.2

RUTU

33

56.1 ± 6.0

27

1.1 ± 0.1

WRSA

28

10.9 ± 2.1

18

2.3 ± 0.3

SEPL = Semipalmated Plover Charadrius semipalmatm, BBPL = Black-bellied Plover

Pluvialis squatarola, REPH = Red Phalarope Phalaropus fulicarius, RUTU = Ruddy
Turnstone Arenaria interpres, WRSA = White-rumped Sandpiper Calidris fuscicollis.
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Figure 4.1. Temperature low, windchill low and windspeed high for each day of the
shorebird breeding season at East Bay, Nunavut. Daily values are the means for all years
± SE. Day 150 = 30 May.
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Figure 4.2. The number of foxes and jaegers sighted per observer hour at East Bay,
Nunavut. Daily values are the means for all years ± SE. Note that jaegers were the most
abundant predator on all days, and the values are divided by ten.
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Day of Season

Figure 4.3. The temporal distribution of shorebird nest initiations throughout the
breeding season. Day 1 is equal to 10 June here and in subsequent figures. Initiations
were calculated for 472 of 574 nests.
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Figure 4.4. The daily probability of nest survival for uniparental and biparental
shorebirds at East Bay, Nunavut, based on the predictions of the most parsimonious
model (see Table 4.2), which incorporates both time and nest-age effects. Predictions are
displayed for a 21 day incubation period (i.e., nest age ranges from 1 to 21), initiated on
the median date of nest initiation for uniparental (Day 17 = 26 June) or biparental (Day
10 = 19 June) species. Values represent the mean prediction ± SE for all years.
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Figure 4.5. Temporal patterns of nest survival, and their variation among years, for
shorebird nests at East Bay, Nunavut, based on the predictions of the most parsimonious
model (see Table 4.2). The predictions are for uniparental species in mid-incubation
(nest-age = 10), and are displayed only for the intervals during which I monitored nests in
each year. Day 1 = 10 June. Temporal patterns for biparental species have the same
shapes, but less variation.
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Figure 4.6. The index of relative shorebird nest density, 2000-2007. The index is
standardised for differences in the total number of nests found each year, and was
calculated as the number of active nests on a given day of the season divided by the mean
number of active nests for all days in that year.
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Chapter 5. The influence of weather on uni- and biparental shorebird
incubation
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Abstract

For some shorebird species, incubation is shared between both members of the pair,
while for others, it is undertaken individually. How incubation is altered to meet
energetic demands under changing weather conditions may be influenced by this life
history difference. I used video and nest-temperature recordings to quantify the
incubation behaviour of eight species of shorebirds breeding at two sites in the eastern
Canadian arctic. From 2002-2006,1 obtained 419 days of behavioural records from 99
nests. Despite nearly continuous daylight, diel patterns in incubation behaviour were
pronounced for uniparental species, with a significant trend for more and longer
incubation recesses during the afternoon. Biparental species exhibited more restless
movements on the nest during the afternoon, but diel patterns were weaker in general.
Incubation behaviour was variable among days, and uniparental species took fewer
recesses and spent more time on the nest when weather conditions were poor. In
contrast, windier conditions caused biparental species to leave the nest unattended for
longer periods. At 22/58 (38%) nests of uniparental species, I observed temporary
instances of egg neglect (defined as absences >45 min) and the probability of these
prolonged absences was higher when weather conditions were cold and windy. These
results suggest that uniparental species usually rely on capital energy reserves to
withstand periods of adverse weather, but temporarily abandon their nests when reserves
are insufficient. Biparental species instead respond to increases in energetic costs of
incubation by increasing their potential foraging time. After controlling for the effects of
weather, I found that all species leave the nest unattended for shorter periods of time as
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nests age. This may serve to protect embryos at a time when they are less resistant to
chilling or relatively more valuable to their parents.
Introduction

Although birds inhabit nearly every comer of the globe, the range of environmental
conditions that ensure the hatching of their eggs is quite narrow. The optimal
temperature for embryonic development, for example, ranges from only 36 - 38°C across
a wide variety of species (Lundy 1969, Drent 1975, Webb 1987). Consequently, birds
have evolved numerous traits to control both the temperature and the gaseous
environment of the nest. For shorebirds breeding in the arctic, significant energy must be
expended to maintain eggs within this optimal range when ambient temperatures are well
below it (Piersma et al. 2003). To limit the energy required to heat eggs, shorebirds
actively select nest sites with appropriate microclimate (e.g., Smith et al. 2007a), nest
depth (Tulp 2007), and nest lining materials (Reid et al. 2002a). Appropriate habitat
selection can minimise the amount of heat lost to the environment, but most bird species
also must regulate the amount of heat provided to their eggs through their incubation
behaviour.
Eggs develop most quickly when they are continuously maintained within the
range of optimal temperatures, but time spent incubating is time unavailable for foraging.
Birds must balance the needs of their eggs with their own energetic requirements, and
how this balance is resolved can be influenced by ultimate and proximate factors (Webb
1987, Williams 1996). Among shorebirds, incubation can be shared between both
members of the pair (biparental incubation), or can be undertaken by a single bird
(uniparental incubation). For uniparental species, the amount of lime spent on the nest
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necessarily reduces the time available for foraging, while amongst biparental species,
each member a pair could forage 50% of the time even with constant incubation. Thus,
patterns in incubation behaviour, both within and among days, may be expected to differ
for uniparental versus biparental species.
Among days, weather has been suggested to play a dominant role in the
organisation of incubation behaviour (e.g., Norton 1972, Cartar and Montgomerie 1987,
Tulp and Schekkerman 2006). Weather conditions can influence energetic costs on and
off the nest and, for shorebirds breeding in the arctic, weather plays a significant role in
determining daily energy expenditure (Piersma and Morrison 1994, Piersma et al. 2003).
Cold temperatures increase the cost of homeothermy for shorebirds, but also reduce the
activity and availability of arthropods which are their primary prey (Schekkerman et al.
1998, 2003, Tulp 2007). Because foraging in exposed tundra habitats is more expensive
than incubating (Piersma et al, 2003, Cresswell et al. 2004), and less profitable when
weather conditions are poor, shorebirds could decide to forgo foraging until weather
conditions improve if they carry sufficient energy stores to do so.
Previous studies with shorebirds have shown inconsistent results, but for birds in
general, it has frequently been suggested that energetic limitation is more likely for
uniparental species because of the limited time available for foraging (Bryan and Bryant
1999, Reid et al. 2002b, Tulp and Schekkerman 2006). Here, I compare patterns in
incubation behaviour within and among days for biparental and uniparental shorebirds
breeding at two sites in the Canadian arctic. Using video recordings and temperature
probes, I describe the rate, duration and timing of breaks in incubation, as well as restless
movements on the nest. I relate incubation behaviour to weather patterns to assess how
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shorebirds respond to conditions that could influence their daily energy expenditure, and
ask how changes in incubation behaviour differ among species with uniparental and
biparental incubation.
Methods

Study area
I collected data on the incubation behaviour of shorebirds at two sites in the eastern
Canadian arctic between 2002-2006 (Fig. 2.1). Work at Coats Island (62° 51'N 82°
29'W) took place from the beginning of June until the end of July, 2004-2006. At East
Bay (63° 59'N 81° 40'W), work was carried out from late May until late July in 2002,
2005 and 2006. Workers searched for nests over an area of 12 km2 at both sites, in wet
lowlands, upland heath tundra, raised beach ridges and coastal habitat types typical for
these latitudes. The physiography of the sites is described in more detail elsewhere
(Smith et al. 2007a, chapter 2).
Weather data were collected at this site with an automated weather station (Davis
Vantage Pro, see chapter 2). For the analyses described below, I used mean daily
temperature, the mean of the observed windspeeds at 0800h and 2000h each day, the
daily windchill low and a categorical variable denoting whether or not there was
precipitation on a given day.
The sample includes behavioural data from eight species; the Semipalmated
Plover, Black-bellied Plover, American Golden-Plover, Red Phalarope, Ruddy
Turnstone, Dunlin, Semipalmated Sandpiper and the White-rumped Sandpiper.
Together, these species represent > 95% of the breeding individuals at these two sites
(chapter 3). All species nest in simple scrapes on the ground, have a modal (and
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relatively invariant) clutch size of four eggs, incubate for approximately three weeks (1926 days), and have a median date of clutch initiation in mid June (chapter 2). While these
basic reproductive traits are shared, the incubation system differs among species.
Incubation is carried out solely by the male for the polyandrous Red Phalarope (Tracy et
al. 2002), and by the female for the polygynous White-rumped Sandpiper (Parmelee
1992). The remaining six species are monogamous, biparental incubators, and both sexes
share the duties of incubation. The contribution of each sex is poorly documented, but
male Semipalmated Plovers at Churchill, Manitoba, Canada, have longer incubation shift
lengths (Sullivan-Blanken and Nol 1998), and the contribution of male Ruddy Turnstones
varies geographically and seasonally (Nettleship 2000, Perkins 2004).
Shorebird nest finding, ageing and monitoring
Methods for finding, ageing and monitoring nests are described in detail in chapter 2. In
brief, nests were found by observing individuals on incubation recesses or by flushing
birds, either on foot or by dragging a 30 m length of 5 mm diameter rope. Search effort
was intentionally allocated evenly across the study areas, and nest locations were
recorded ± 3 m with a handheld Global Positioning System (Garmin eTrex™). Nests
found during laying were monitored daily until the clutch was complete, and at least
weekly thereafter until hatch.
Monitoring incubation behaviour
The equipment used to monitor incubation behaviour differed for species with
uniparental and biparental incubation. For uniparental species, thermistor probes were
placed amongst the eggs to capture the temperature changes when birds departed from
the nest (Norton 1972, Erckmann 1981). The probes consisted of a 10 KQ Curve-G
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thermistor on a 15 m, 24 AWG cable, with a 10 KQ (± 1 %) reference resistor loop, on a
2.5 mm stereo jack and were attached to a Hobo H8 data logger (Onset Instrument
Corporation, Pocasset, Massachusetts). The tip of the probe (2 mm x 5 mm) was centred
in the nest and was level with the top surface of the eggs. Because the probe was near the
brood patch, temperatures approached 40° C when the incubating bird was present, and
dropped sharply to ambient temperature (-2° C to +21° C) when the incubator departed
(see below). Readings were taken every 30 s, allowing for more than 11 d of continuous
records. Loggers were placed 15 m from the nest in a camouflaged, waterproof housing,
and the cable between them was buried or concealed. The entire placement procedure
lasted less than 10 min.
Observations (24 h total) on two nests before and after deployment of the logger
system revealed that the probes had no detectable effect on incubator behaviour and that
they accurately captured departures of the incubator to within ± 30 s. Moreover, I
observed no recesses of less than 30 s. Based on simultaneous observations and
recordings of temperatures at these nests, I defined any temperature changes ± 2°C as
continuous incubation. Any sudden (+/- 30 s) change of > 2°C but < 9°C in the recorded
temperature was defined as movements such as egg rolling, cup maintenance, or restless
incubation. Any drop exceeding 9°C was considered a recess. The beginning and end of
incubation recesses (± 30 s) were identified manually by examining the data logger
output. Nest recesses were generally unambiguous. Occasionally, the tip of the probe
was displaced and temperature readings became difficult to interpret. Readings also
became erratic when eggs were pipping, usually within < 3 days of hatch. Such records
were discarded.
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The above method is inappropriate for monitoring the incubation of biparental
species because the changeovers between sexes could happen too rapidly to be captured
by the thermistor probe. Instead, I used commercially available surveillance equipment
to develop portable video recording systems. The systems consisted of a small (10cm x
2cm), weatherproof, low-lux, CMOS camera, connected to a 40 GB hard-drive based
digital video recorder. Using a 21 Ah (circa 10 kg) lead acid battery, these comparatively
economical systems could record full-motion video of incubating birds for continuous
periods of > 36 h. Cameras were placed approximately 10 m from nests, and were
elevated 30-40 cm above the ground with tripods made of 2 mm thick wire. The wire
legs of the tripods were pressed into the ground to stabilize the camera. The battery and
recorder were concealed in a camouflage-painted waterproof housing (30 cm x 20 cm x
10 cm) and placed another 10 m further from the nest. To analyse videos, I watched
them at 4x speed with DivX (DivX Inc., San Diego, CA) computer software, and paused
when necessary to record behaviours ± 1 s.
Despite the differences in the method of data collection, I derived the same
measures of incubation behaviour for both uniparental and biparental species. For all
species, I calculated the frequency and duration of nest absences, and the proportion of
time that nests were left unattended. For biparental species, these absences could end
with the return of either parent; in some cases the sexes or individuals could be
distinguished while in others they could not. I also quantified the frequency and duration
of movements, and the proportion of each hour or day that these movements amounted to.
For uniparental species, these were defined on the basis of temperature records (see
above). For biparental species, "movements" constituted nest maintenance, egg rolling,
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feeding from the incubating position, preening, and repositioning. I monitored behaviour
at nests with complete clutches only.
Data analysis
I analysed patterns in incubation behaviour separately for uniparental and biparental
species. Among uniparental species, some individuals took atypically long recess (>45
min) on some days. To limit the influence of these outliers, for some analyses I created a
reduced dataset by omitting days on which these long absences took place. Such long
absences were not a feature of biparental incubation; rather, fog and strong winds
occasionally reduced the quality of the video and impaired my ability to record the full
suite of incubation movements (if recesses and changeovers could not be reliably
identified, I discarded the video from all analyses). I therefore created a reduced dataset
for analysing incubation movements that consisted of only video footage where I was
confident that all behaviours could be identified. The full dataset, based on all videos,
therefore represents a minimum number for incubation movements, while the reduced
dataset may be biased by exclusion of some videos on days with very wet or windy
conditions. To better satisfy the assumptions of normality, I log-transformed the counts
of recesses and movements and arcsine transformed the proportions of time a bird spent
engaged in these activities prior to analysis.
To describe diel patterns, I calculated an average value for each measure of
incubation behaviour for each hour, for each nest, using the reduced datasets for both
uniparental and biparental species. These means were used as response variables in
linear models using the mixed models procedure in SAS version 9.1 (PROC MIXED,
SAS Inc. 2003). Nest was entered as a random effect, and species, hour, hour2, and hour3
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were tested as fixed effects. Effects were estimated with the residual maximum
likelihood method, and tested for significance with Type in tests.
I tested for effects of weather, nest age, date and timing of nest initiation on
incubation behaviour by using daily values, based on the reduced data sets. I expressed
the daily rate of nest recesses or movements as observations/hour because records did not
all span complete 24 h periods. I calculated an average duration of incubation recesses or
movements over the day. I also calculated the proportion of the observation period (i.e.,
usually 24 h) during which the incubator was restless or absent from the nest. Using
these response variables, I constructed separate mixed models (PROC MIXED, SAS Inc.
2003) for uniparental and biparental species. To account for repeated observations on
individual nests, nest was added as a random effect in all models. Species was added as a
fixed effect, and retained only if significant. For uniparental species, site (Coats versus
East Bay) was tested as a fixed effect. Site was not included in models for biparental
species, as it was confounded entirely with species (Table 5.1). I found no evidence of
year effects, and lumped years for analyses. Weather variables, nest age, date of
observation, and date of nest initiation were added to the models in a forward stepwise
procedure (P of Fto enter = 0.05, to remove = 0.10). Post-hoc comparisons among
groups were computed with Tukey's adjustment of the pairwise differences of leastsquares means.
Days when uniparental incubators took extended incubation recesses were
omitted from the above analyses. To determine the circumstances that led to these long
recesses, I identified days when long recesses occurred, and used this occurrence as the
response variable in a logistic regression (PROC LOGISTIC, SAS 2003). I tested for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

132

effects of the weather variables, species, nest age and date of observation using a forward
stepwise approach. Means are displayed ± SE.
Results

Behaviour of uniparental versus biparental incubators
I monitored incubation behaviour at 99 nests for a total of 419 days of observation.
Sample sizes were larger for uniparental species than for biparental species (Table 5.1),
both because I had more temperature logger units and because the analysis of video
footage was much more time consuming than the analysis of temperature traces. A
summary of incubation behaviour for all species appears in Table 5.2.
The frequency with which the nest was left unattended differed among species,
and the overall mean number of absences (i.e., recesses or exchanges) per hour was
significantly lower for biparental species than for uniparental species (biparental: 0.58 ±
0.06 recesses per hour, uniparental: 1.02 ± 0.02, t = 6.5, P < 0.0001). Absences for
biparental species were also shorter than those of the uniparental species (4.4 ± 0.4 min
versus 12.3 ± 0.7 min, t = 9.5, P < 0.0001), resulting in higher nest attentiveness by
biparental species (0.96 ± 0,01 vs. 0.83 ± 0.00, t = 16.8, P < 0.0001).
Although these differences between biparental and uniparental species are
significant, they are smaller than I expected a priori. The range of nest behaviour was
frequently overlapping among biparental and uniparental species, and the largest number
of nest absences was in fact observed in the small sample of Semipalmated Plover nests
(a biparental species). For biparental species, I was sometimes able to determine whether
a departure from the nest was a recess or an exchange if dimorphic plumage could be
discerned in the videos, or both parents were visible in the field of view. At least 22% of
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nest absences were known to be recesses, when the same parent left and then returned to
the nest, versus 19% where parents were observed to alternate roles.
The frequency of movements also differed among species, but the distinction
between uniparental and biparental species was less clear (Table 5.2). The number of
movements per hour was higher for biparental species (1.15 ± 0.14 vs. 0.75 ± 0.05, t 2.6, P = 0.01), but there was no significant difference in the duration of movements, nor
in the proportion of each day occupied by movement behaviours. However, the values
reported for the frequency of movements should be regarded as minimums. For some
recordings of biparental species, subtle movements were difficult to detect, and in
particular, at the highly concealed nest sites of Dunlin and Semipalmated Sandpipers.
More detailed analyses of movements are based on the reduced data set, which includes
only data where all behaviours could be accurately recorded. For uniparental species,
some movements may not have altered nest temperature, and I have no means of
quantifying these missed behaviours. Thus, comparisons of relative patterns (e.g.
patterns throughout the day) in movements between uniparental and biparental species
are more reliable than comparisons of absolute values.
Diel patterns
Despite the nearly continuous daylight at these sites, I found strong evidence for diel
patterns in incubation rhythms. For the two uniparental species, recesses were most
numerous midday and least numerous in the early hours of the morning (Fig. 5 .1a). This
quadratic pattern in the number of recesses was reflected in the model results, where hour
and hour2 were significant predictors of the number of incubation recesses taken (Table
5.3). The duration of recesses showed a similar pattern, with the longest recesses
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occurring in the afternoon and evening. Long recesses also tended to occur in the early
morning hours (Fig. 5. lb). After controlling for random effects of individual nests, and
the effect of species (Red Phalaropes took longer recesses, see Table 5.2, Table 5.3), I
found that recess duration was significantly related to hour, hour and hour . Uniparental
incubators also displayed diel patterns in the rate of movements, with more restless
movements made during the afternoon. However, the patterns were weaker than for
recesses (Fig. 5.1a-c, Fig. 5.2a-c). Movements for uniparental species were typically
short, and displayed little variation in duration. The variation observed was not related to
species, hour, hour2 or hour3.
Within-day patterns in the rate of incubation recesses or exchanges were weak for
biparental species, in contrast to the strong patterns observed for uniparental species. The
number of recesses or exchanges differed significantly among species (Table 5.3, see also
Table 5.2), but was only marginally related to hour of the day, and unrelated to hour2 or
hour3. Models suggested longer recesses in the early morning hours, but again, patterns
were not as pronounced as for uniparental species (Fig. 5. le). Restless movements on the
nest did show pronounced diel variation, and the rate was higher throughout the day than
during the night (Fig. 5.2d, Table 5.3). The duration of restless movements showed a
similar pattern, with longer movements during the day. Thus, biparental species showed
stronger diel patterns in movement frequency and duration than uniparental species, but
weaker patterns in the rate and duration of incubation recesses or exchanges.
Temporal and weather related effects
I also found patterns among days in the organisation of incubation behaviour. Using
means for each day of observation in the reduced data sets, I tested the influence of
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species, weather, nest age, and date on the rate and duration of incubation recesses or
restless movements. Among uniparental species, I found that the rate of incubation
recesses was significantly related to species, date of observation, and daily windchill low
(Table 5.4). White-rumped Sandpipers took more recesses than Red Phalaropes,
incubation recesses were more numerous on days with warmer windchill lows and, even
after controlling for this effect of weather, recesses were more numerous later in the
nesting season. Over the range of windchill low temperatures and dates in this sample (15°C to 8.5°C, 13 June - 19 July), these effects describe differences of 11 and 9 recesses
per day respectively for Red Phalaropes, and 13 and 11 recesses per day for Whiterumped Sandpipers.
The duration of incubation recesses was shorter for White-rumped Sandpipers
than for Red Phalaropes (see Table 5.2 for means from full data set, Table 5.4 for model
results for reduced data), and they were also significantly shorter as nests aged. Though
the effects were significant, the differences predicted by the models were modest. From
the onset of incubation to the date of chick hatch, the duration of individual recesses was
predicted to decrease by 2.3 min. Recesses were predicted to be 2.0 min shorter for Red
Phalaropes than for White-rumped Sandpipers, and were also predicted to be 2.0 min
shorter at East Bay than they were at Coats Island.
The proportion of time that an incubator is absent from the nest reflects both the
rate and duration of incubation recesses. In this sample, total absence was positively
related to the daily windchill low, positively related to date, was higher for Red
Phalaropes than for White-rumped Sandpipers, and was higher at Coats Island than at
East Bay. The differences among sites and species were modest (1-2%), but differences
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across the range of windchill temperatures and dates encountered resulted in 5%
differences in the total proportion of time that nests were incubated.
I identified a significant influence of weather on the incubation behaviour of
biparental species as well. Recesses were longer with higher windchill temperatures (2.3
-7.1 min over the -5°C to +8.5°C windchill low temperatures observed in the sample),
and marginally shorter as incubation progressed (5.2 min at onset of incubation, 2.9 min
at hatch). The total proportion of time that neither parent was on the nest was greater at
greater mean daily windspeeds, with a change from 1.6% absence with winds of 3 km/h
to 9.4% absence with 53 km/h winds. The frequency of incubation recesses or exchanges
was not influenced by weather, but post-hoc tests of least-squares means suggest that
recesses were significantly more numerous for Ruddy Turnstones than for Dunlin or
Semipalmated Sandpipers.
Despite the strong patterns in frequency and duration of movements within days, I
found no effects of weather, nest age, or date on restless movements of either biparental
or uniparental species. Species effects were evident in the total proportion of time that
uniparental incubators were restless, with Red Phalaropes exhibiting a greater proportion
of restless behaviour than White-rumped Sandpipers. Among biparental species, Dunlin
exhibited significantly fewer movements than all species except Semipalmated
Sandpipers, and Semipalmated Sandpipers exhibited fewer movements than Ruddy
Turnstones. The models detected no other variables with influence on the rate or
duration of restless movements.
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Incidence of egg neglect
The overall mean recess length for uniparental species was 12.3 ± 0.7 min, but I observed
numerous recesses in excess of 45 min, and classified these as long recesses. These bouts
of egg neglect were observed at 19/37 Red Phalarope nests (47/243 observation days),
and 3/21 (3/99 observation days) White-rumped Sandpiper nests. These long recesses
exceeded 4 h on 15 occasions, and were as long as 494 min. Even in this extreme case,
all four eggs hatched successfully.
I investigated the probability that a long recess would occur with logistic
regression, and found significant effects of species, nest age, temperature and windspeed
(Table 5.5). Long recesses were more likely to occur among Red Phalaropes than Whiterumped Sandpipers, were less likely as nests aged, and were more likely on cold or windy
days. These long absences were not observed among species with biparental incubation.
Discussion

An optimal incubation schedule balances the energetic budget of incubators against the
need for eggs to be kept suitably warm. This complex balance can be driven by a variety
of factors such as changing energetic demands of incubation, availability of prey, and the
tolerance of eggs to chilling. My results demonstrate strong diel patterns in incubation
behaviour despite nearly continuous daylight. Across larger time scales, the organisation
of these behaviours was influenced both by intrinsic factors such as the age of the nest,
and environmental factors such as weather. Not surprisingly however, the most
fundamental differences in shorebird incubation behaviour arise from whether or not the
duties of incubation are shared among members of the pair.
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Breeding in the arctic is challenging, and arctic shorebirds have among the
highest energetic outputs of any avian species recorded (e.g., Piersma and Morrison 1994,
Piersma et al. 2003, Cresswell et al. 2004). When incubation is carried out by both
members of the breeding pair, either can forage freely when the other is incubating. A
uniparental incubator must take more and/or longer breaks from incubation to meet
metabolic demands, irrespective of any extrinsic factors, and this is indeed what I found.
In the sample, uniparental incubators were on the nest 83% of the time, leaving a
maximum of 17% of time available for foraging, in comparison to the 52% of time
available to each member of a biparental pair. As expected, I found that uniparental
incubators took twice as many incubation recesses, and three times longer recesses than
did biparental pairs. Moreover, their incubation behaviour showed greater variation
within days, and was influenced more by environmental conditions that could increase
energy expenditure or reduce food intake rate.
Variation in incubation behaviour within days
The within-day variation in incubation behaviour that I observed among uniparental
incubators and, to a lesser extent, among biparental incubators may reflect the relatively
predictable patterns in temperature and solar radiation throughout the day. Recesses were
longest and most numerous in the warmest hours of the day, and nests were incubated
more constantly during the night and early hours of the morning. The energetic cost of
foraging in exposed habitats is greater than the cost of incubation (Piersma et al. 2003,
Cresswell et al. 2004), and it may be too energetically costly to forage, and/or re-warm
the chilled eggs, during the coldest portions of the day. However, the variation in
temperature within a day is small in comparison to that experienced throughout the
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breeding season, and it is therefore likely that other factors also regulate the diel pattern
in nest attendance.
Invertebrates are more active and rates of emergence typically greater during the
warmer and brighter afternoon hours (Danks and Oliver 1972), and greater invertebrate
activity increases the foraging success of shorebirds (Schekkerman et al. 2003, Tulp
2007). Concentrating the incubation recesses in the afternoon hours may also give
shorebirds better access to prey. The observation that recess frequency peaks earlier in
the day than recess duration suggests that shorebirds may initiate more recesses mid-day,
when they expect invertebrates to be most active, and extend their recesses when they
begin to encounter good foraging conditions. Both uni- and biparental species also took
long recesses in the morning, potentially reflecting bouts of feeding to recover from more
constant incubation through the relatively cold conditions and difficult foraging of the
night.
Variation in incubation behaviour among days
Patterns in incubation behaviour among days also suggested an influence of both weather
conditions and foraging efficiency. Incubation recesses were longer or more numerous,
and nest attentiveness lower, when temperatures were higher. Similar decreases in nest
attentiveness in response to increasing temperatures have been observed in a range of
avian taxa (reviewed in White and Kinney 1974), but are opposite to what would be
predicted if birds manage their energy budget on a short time scale. Incubating
shorebirds maintain energy reserves that allow them to withstand periods of harsh
weather (Tulp et al. 2002), and body condition is reduced in some species after enduring
these weather events (Tulp and Schekkerman 2006). Moreover, incubation behaviour in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

140

White-rumped Sandpipers was influenced by behaviour on the preceding day (Cartar and
Montgomerie 1987). Like these studies, my finding that uniparental shorebirds have
higher nest attentiveness during periods of poor weather also suggests that they optimize
their energy budget over a time scale longer than a single day, and forage more on days
when it is most profitable to do so. This finding is contrary to some previous evidence
that uniparental shorebirds increase recess time during periods of poor weather (Norton
1972, Erckmann 1981, Tulp and Schekkerman 2006).
I identified strong effects of weather on the organisation of incubation behaviour,
but also found that incubation behaviour varied over time and with the age of the nest.
For all species, after controlling for effects of weather which generally improve
throughout the season (see chapter 4), recesses were shorter as nests aged. Among
uniparental species, recesses were also more numerous later in the season. A trend
towards shorter, more numerous breaks from incubation in older nests may reflect the
needs of the developing embryo. Older embryos are more susceptible to chilling than
younger ones (e.g., Romanoff and Romanoff 1972), and more but shorter trips off the
nest may serve to regulate nest temperature within a narrower range as the date of
hatching approaches (Cartar and Montgomerie 1987).
Incidence of egg neglect
Incubation behaviour is thus influenced by a number of factors, and it may at times be
difficult for adults to balance energy intake with the thermal needs of the eggs. I found
that a substantial proportion of uniparental incubators occasionally left the nest for a
prolonged period, and that the probability of this temporary egg neglect was higher when
conditions were cold and/or windy. Because these birds generally reduced their time off
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the nest during adverse weather, and presumably relied on body stores to do so, these
prolonged absences may suggest a threshold beyond which birds prioritise their own
body condition over the needs of their eggs (Mallory and Weatherhead 1993). While
these prolonged absences increase the duration of the incubation period, and thus
increases exposure to the risk of predation, rarely are they fatal for embryos (Hilden
1979, Meltofte et al. 2007, this study). I also found that prolonged absences were less
common later in the incubation period, when embryos are less resistant to chilling and the
need for insurance against harsh weather is diminished, both due to reductions in the
remaining incubation time, and the improvement of weather conditions (Tulp et al. 2002).
Effects ofpredators and diet?
A shortcoming of my analyses was that the behaviour of birds while absent from the nest
was not monitored. Nest defence is more common among biparental species (Larsen
1991), and they tend to be more vigilant and select more open nest sites (Larsen et al.
1996, Whittingham et al. 2002, Smith et al. 2007a). Undoubtedly, some of the incubation
recesses observed by us were initiated in response to approaching predators, and
potentially more so for biparental species than for uniparental species. The larger
variance in the number of recesses observed among biparental species (see Fig. 5. Id), and
the higher rate of nest departures for the aggressive Ruddy Turnstone than for the placid
Semipalmated Sandpiper or Dunlin, may be a reflection of this (Table 5.2). Antipredator
departures from the nest are typically short (1-2 min, Perkins 2004), and it is likely that
such departures influenced the results for the rate of incubation breaks more so than for
total nest attentiveness. Moreover, 50% of my records (38/76 observation days) come
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from the Semipalmated Sandpiper and Dunlin, which are similar to the uniparental
species in their antipredator behaviour.
I have identified a number of consistent patterns relating incubation behaviour to
factors such as weather and nest age, but some results suggest that more complex
interactions may also be involved. For example, White-rumped Sandpipers had higher
nest attendance than Red Phalaropes, despite having smaller body sizes (Female Whiterumped Sandpipers = 42.4g - 45.8g; Parmelee 1992, Parmelee et al. 1967, Male Red
Phalaropes = 49.lg- 53.5g; Tracy et al. 2002) and larger eggs (37g clutch, Parmelee
1992 versus 32g, Tracy et al. 2002) which should be more costly to warm (Deeming
2001). White-rumped Sandpipers feed primarily by probing in moss for larvae
(especially Tipulidae, Parmelee 1992), while Red Phalaropes commonly feed on aquatic
invertebrates such as larval Chironomidae (Tracy et al. 2002). Differences in diet and
foraging methods could necessitate foraging bouts of different lengths or frequencies, and
may in part determine patterns of incubation behaviour.
Finally, movements to and from the nest may attract the attention of predators,
and limiting nest recesses may reduce the risk of predation (Martin et al. 2000, chapter 6).
Because the risk of predation is high for shorebirds, incubation behaviour may be
modified away from an energetic optimum to increase nest survival. While I have shown
that incubation behaviour is adjusted in response to the thermal requirements of eggs and
the weather conditions experienced by incubators, a more complete understanding of
patterns in incubation behaviour could be gained by examining the more complex
relationships between behaviour, prey availability, body mass dynamics, and the risk of
predation.
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Table 5.1. The number shorebird nests, and days of behavioural observation, included in
the samples. Incubation is uniparental for the Red Phalarope and White-rumped
Sandpiper and biparental for the remaining species.
East Bay
(2002,2005-2006)
Species

Nests

Days

Semipalmated Plover

2

3

Black-bellied Plover

4

7

Coats Island
(2004-2006)
Nests

Days

6

14

23

147

Dunlin

6

12

Semipalmated Sandpiper

14

26

American Golden-Plover
Red Phalaropea

14

96

Ruddy Turnstone

8

14

White-rumped Sandpiperb

9

33

13

67

Total

37

153

62

266

a Uniparental

incubation by male

Uniparental incubation by female
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Table 5.2. Summary of the incubation behaviour of shorebirds, based on the full dataset. Recesses for species with biparental
incubation (Semipalmated Plover, Black-bellied Plover, American Golden-Plover, Ruddy Turnstone, Dunlin and Semipalmated
Sandpiper) may have ended with the return of either parent. See text for a description of how movements were quantified. Means
displayed ± SE.
Recesses

Movements

Mean Duration
% Absent
(min)

Number/h

Semipalmated Plover

1.33 ±0.54

1.89 ± 1.10

0.04 ± 0.02

1.92 ±0.37 0.20 ±0.01

0.01 ± 0.00

Black-bellied Plover

0.80 ± 0.24

4.70 ± 1.57

0.05 ± 0.02

1.75 ±0.41

0.82 ± 0.30

0.03 ± 0.01

2.06 ±0.36 0.38 ±0.08

0.01 ± 0.00

0.83 ± 0.06

0.77 ± 0.07

0.01 ± 0.00

American Golden-Plover 0.57 ±0.21 4.17 ±0.69 0.05 ± 0.02

Number/h

Mean Duration
% Restless
(min)

Species

Red Phalarope

0.96 ± 0.03 14.06 ± 1.01 0.18 ±0.01

Ruddy Turnstone

0.88 ±0.09

4.72 ±1.18 0.07 ±0.02 2.22 ± 0.29 0.62 ± 0.06

0.02 ± 0.00

Dunlin

0.25 ± 0.04

5.67 ± 1.17 0.03 ± 0.01

0.16 ±0.07

1.57 ±0.82

0.01 ± 0.00

0.22 ± 0.03

0.00 ±0.00

Semipalmated Sandpiper 0.42 ± 0.08 3.64 ± 0.47

0.03 ± 0.01

0.17 ±0.06

White-rumped Sandpiper 1.16 ±0.04

0.14 ±0.00

0.56 ± 0.04 0.56 ±0.02 0.01 ±0.00

7.98 ± 0.37

Table 5.3. Results of a general linear mixed model analysis to describe diel patterns in the incubation behaviour of shorebirds. Data
were entered as an average value for each hour of the day, for each nest, and are based on the reduced dataset (where days with
atypically long recesses (> 45 min) were filtered). Nest was entered as a random effect in all models.
,T ,
Number of Recesses

Uniparental Species

Number of
Movements

31.46

<0.0001

7.25

<0.001

Hour

181.54

<0.0001

4.57

0.033

10.23

0.001

Hour2

125.68

<0.0001

21.81

<0.0001

11.00

<0.01

34.1

<0.0001

12.59

<0.0001

Hour3
Biparental

Duration of
„
Recesses

Species 19.04
Hour
Hour2
Hour3

4.30

<0.0001
0.039

Duration of
Movements

16.53

<0.0001

13.61

<0.001

8.77

<0.01

11.52

0.001

14.59

<0.001

10.39

0.001

Table 5.4. Results of a general linear mixed model analysis to describe patterns among days in the incubation behaviour of shorebirds
Nest was entered as a random term in all models, while the remaining fixed effects were entered in a forward stepwise procedure.
Analyses are based on the reduced dataset, where days with atypically long recesses (> 45 min) are omitted. The uniparental species
were the White-rumped Sandpiper and the Red Phalarope, while the biparental species were the Semipalmated Plover, Black-Bellied
Plover, American Golden-Plover, Ruddy Turnstone, Dunlin and Semipalmated Sandpiper.
Number of Recesses
Effect
Uni-

Species

Direction of Effect
REPH<WRSA

F

Duration of Recesses
P

5.98 0.019

Direction of Effect
REPH>WRSA

P

15.87 0.00

Direction of Effect

F

P

REPH>WRSA

3.48 0.07

10.56 0.00

parental Nest Age (d)
Date of Observation

F

% Absence

+

6.25 0.014

+

3.48 0.07

+

14.13 0.0002

+

13.41 0.00

Coats>EastBay

5.86 0.02

Mean Temperature (°C)
Daily Windchill Low (°G)
Mean Daily Windspeed (km/h)
Precipitation (Y/N)
Site

Coats > East Bay

23.69 0.00
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Table 5.4. Continued.
Number of Recesses
Effect

Direction of Effect
RUTU>DUNL,
RUTU>SESA

BiSpecies
parental Nest Age (d)
Date of Observation
Mean Temperature (°C)
Daily Windchill Low (°C)
Mean Daily Windspeed (km/h)
Precipitation (Y/N)

F

Duration of Recesses
P

% Absence

Direction of Effect

F

P

-

3

0.09

Direction of Effect

F

P

3.39 0.012

+

14.37 0.00
+

5.52 0.02
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Table 5.5. The variables that significantly increase the probability of temporary nest
abandonment (i.e. absence > 45 min), and the direction of their effect, as determined by
logistic regression. Results are displayed only for variables with P < 0.05.

Species
Nest Age (d)

Direction of
Effect

X2

P

REPH > WRSA

13.16

0.0003

_

4.69

0.03

_

5,26

0.022

7.634

0.0003

Julian Date of Observation
Mean Temperature (°C)
Daily Windchill Low (°C)
Mean Daily Windspeed (km/h)

+

Precipitation (Y/N)
Site
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Figure 5.1. The number of incubation recesses or exchanges for each hour of the day,
their mean duration (min), and the total time per hour where the nest was left unattended
for uniparental species (panels a-c), or biparental species (d-f). See text for species
included in the samples. Means are based on the full data set and are displayed ±SE.
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Figure 5.2. The number of restless movements of incubators on the nest (see text) for
each hour of the day, their mean duration, and the total time per hour spent exhibiting
restlessness for uniparental (panels a-c), or biparental species (d-f). See text for species
included in the samples. Means are based on the full data set and are displayed ±SE.
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Chapter 6. Shorebird incubation behaviour and its influence on the risk
of nest predation
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Abstract

Both nest survival and incubation behaviour are highly variable among shorebirds, and I
tested whether more conspicuous incubation behaviour increased the risk of nest
predation. From 2000-2006,1 monitored 901 shorebird nests at three study sites across
the circumpolar arctic. Using miniature video recorders and nest temperature sensors, I
obtained 782 days of behavioural data for 161 nests of 11 species. I related nest fate to
the rate and duration of nest absences or restless movements on the nest, as well as the
total proportion of each day engaged in these activities. I also summarise direct
observations of predation events, obtained incidentally during the recording of incubation
behaviour. I found that nest predation was positively related to the proportion of time
each species left the nest unattended. After controlling for species effects, the likelihood
of a successful nesting attempt was lower for individuals that spent more time off the
nest, but among failed nests, the number of days that a nest survived prior to depredation
was not significantly predicted by my measures of incubation behaviour. To control for
weather or seasonal effects, I paired observations from nests that were ultimately
depredated with observations from successful nests of the same species on the same day.
In this paired sample, both incubation recesses and restless movements were more
numerous among failed versus successful nests. These results suggest that more
conspicuous incubation behaviour is indeed related to a higher risk of nest predation, and
that this relationship may underlie patterns of nest survival within and among shorebird
species.
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Introduction

Parents must balance the costs to themselves of providing care with the benefits to their
offspring of being cared for (Clutton-Brock 1991, Stearns 1992). A fundamental parental
care behaviour among birds is the incubation of eggs, and because a large proportion of
eggs do not survive until hatch in most species (e.g., Ricklefs 1969), parent birds could
realise benefits by increasing their investment in incubation. In most previous studies of
incubation behaviour, the costs to parents are measured in terms of time and energy, and
balanced against the need to maintain the eggs at a suitable temperature for embryonic
development (Mallory and Weatherhead 1993, Williams 1996, Tulp and Schekkerman
2006, chapter 5). However, because predation is the primary cause of nest failure in
almost all avian species studied to date (e.g., Martin 1993), incubation behaviour also
may be modified to reduce the risk of nest predation.
Increased activity of parent birds around the nest can increase the risk of
predation if predators locate nests by sight (Skutch 1949). For species with incubation
feeding, more frequent feeding trips have been linked to reduced nest survival, and
feeding trips are suspended when parents are faced with an immediate risk of nest
predation (Martin and Ghalambor 1999, Martin and Ghalambor 2002, Martin et al. 2000).
For species without incubation feeding, more frequent incubation recesses may increase
the risk of predation (Cresswell et al. 2003, Smith et al. 2007a), but this effect has not yet
been demonstrated directly.
Shorebirds do not exhibit incubation feeding, but do vary dramatically in their
incubation behaviour. Within days or throughout the season, shorebird incubation
behaviour varies in response to environmental conditions and energetic demands (Norton
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1972, Cartar and Montgomerie 1987, Cresswell et al. 2004, Tulp and Schekkerman 2006,
chapter 5). However, incubation behaviour is constrained at a higher level by mating
system; ecologically similar species breeding in sympatry show strategies ranging from
completely uniparental incubation, by females or by males, to incubation shared evenly
between both parent birds (Pitelka et al. 1974). Uniparental incubators leave the nest
more frequently to feed than do members of a biparental pair (e.g., Norton 1972, chapter
5), and previous studies suggest that uniparental birds may suffer higher rates of nest
predation in most years (Smith et al. 2007a, chapter 3). There is considerable variation in
incubation behaviour even within groups of species with uni- or biparental incubation
(Tulp and Schekkerman 2006, chapter 5), and how this variation may contribute to
interspecific variation in nest survival remains unknown.
I simultaneously monitored the nest survival and incubation behaviour of
shorebirds to determine whether more conspicuous behaviour increases the risk of nest
predation, and whether this relationship underlies patterns of nest survival within and
among species. Data were collected on the rate and duration of incubation recesses, as
well as the rate and duration of restless movements on the nest for 11 shorebird species
varying widely in incubation behaviour. I related patterns in behaviour among species to
interspecific patterns in nest survival, to contrast the effect of biparental versus
uniparental incubation with the effect of incubation behaviour per se. I also asked
whether successful and failed nests within species differed in the conspicuousness of
adult behaviour on the nest. I then paired observations from nests that eventually failed
with observations from successful nests of the same species on the same day. This
enabled me to evaluate whether differences in behaviour could explain differences in nest
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fate, while controlling for seasonal or weather related variation in incubation. Finally, I
summarise observations of interactions between shorebirds and their predators, obtained
incidentally while recording behaviour at the nest.
Methods

Study area
Fieldwork was conducted between 2000 - 2006, at three sites across the circumpolar
arctic. At Coats Island, Nunavut (N62° 51' W82° 29', Fig. 2.1), work was carried out
from the beginning of June until the end of July, 2004-2006. At East Bay, Nunavut (63°
59'N 81° 40'W, Fig. 2.1), it was completed from late May until late July in 2002,2005
and 2006. At both of these sites, workers searched for nests over an area of 12 km2 in
wet lowlands, upland heath tundra, raised beach ridges and coastal habitat types typical
for these latitudes. The third site was located at Medusa Bay, on the Taimyr Peninsula,
Russia (73° 20'N 80° 30'E, Fig. 6.1). Work here was led by I. Tulp and H.
Schekkerman, and was carried out June - August, 2000 and 2001, in a 4 km2 area of hilly
tundra interspersed with wet sedge meadows and scattered, stony ridges. The
physiography of the Canadian and Siberian field sites are described in more detail
elsewhere (Smith et al. 2007, chapter 2, and Tulp 2007, respectively).
The sample includes behavioural data from eleven species: Semipalmated Plover,
Black-bellied Plover, American Golden-Plover, Red Phalarope, Ruddy Turnstone,
Dunlin, Curlew Sandpiper, Semipalmated Sandpiper, White-rumped Sandpiper, Little
Stint, and Pectoral Sandpiper. The relative abundance of nests found at each of the sites,
and the composition of the sample of behavioural data, appears in Table 6.1. At the
Canadian sites, I collected behavioural data for all of the species that breed in significant
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numbers, together representing >95% of all breeding individuals. At Medusa Bay,
behavioural data were collected only for species with uniparental incubation (see below),
and thus some important species are not represented in the sample (Ringed Plover
Charadrius hiaticula, Pacific Golden-Plover Pluvialis fulva, and Dunlin).
All species share many basic features of reproductive ecology, with a typical
clutch of four eggs laid in a simple scrape on the ground and incubated for approximately
three weeks (19-26 days). Though these traits are shared, the incubation system differs
among species. Incubation is carried out solely by the male for the polyandrous Red
Phalarope (Tracy et al. 2002), and by the female for the Curlew Sandpiper, Little Stint,
White-rumped Sandpiper and Pectoral Sandpiper. The remaining six species are
monogamous, biparental incubators, and share the duties of incubation. The organisation
of incubation behaviour is complex; all species considered here alter their incubation
dramatically throughout the day and in response to weather conditions (chapter 5, Tulp
and Schekkerman 2006), and these responses may differ for uniparental versus biparental
species, or for nests in early versus late incubation (chapter 5). Overall, uniparental
species take more and longer recesses, and leave the nest uncovered for a greater
proportion of each day than biparental species, although variation among species is
pronounced (chapter 5).
Shorebird nest finding, ageing and monitoring
Methods for finding, ageing and monitoring nests are described in detail elsewhere
(chapter 3, Tulp 2007). Nests found with complete clutches were aged with the egg
flotation method (Liebezeit et al. 2007), which provides accuracy ± 4 d or less in most
instances. Nests were considered successful if one or more eggs hatched, and failed if
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they were depredated or abandoned. Nests were considered abandoned if the eggs were
cold on two consecutive visits spanning at least 4 days. One egg of the clutch was
positioned with the narrow end outwards to confirm that it had not been incubated (and
thus returned to the correct position) between visits. I considered nests depredated if
their contents disappeared before they could possibly have hatched. In the cases where
nests disappeared but the fate could not be assigned with certainty, I recorded the fate as
unknown.
Species-specific estimates of nest survival were calculated using the Mayfield
50%- method (Mayfield 1961), with standard errors calculated following Johnson (1979).
I calculated an estimate of the daily mortality rate for each species using all nests found at
all sites over the years of this study (see Table 6.1). Mayfield exposure days were
terminated at the last active date for nests of unknown fate, and halfway between the last
active and first inactive date for nests of known fate found empty (Manolis et al. 2000).
Monitoring incubation behaviour
The equipment used to monitor incubation behaviour differed for species with
uniparental and biparental incubation. For uniparental species, I placed thermistor probes
amongst the eggs to capture the temperature changes when birds departed the nest
(Norton 1972, Erckmann 1981). At Coats Island and East Bay, I constructed the probes
using a 10 KQ Curve-G thermistor on a 15 m, 24 AWG cable, with a 10 KQ (± 1 %)
reference resistor loop, on a 2.5 mm stereo jack, and attached these probes to a Hobo H8
data logger (Onset Instrument Corporation, Pocasset, Massachusetts, USA). At Medusa
Bay, similar probes were obtained commercially and attached to Gemini Tiny Tag data
loggers (Gemini Data Loggers Inc., West Sussex, UK). Loggers were placed 15 m from
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the nest in a camouflaged, waterproof housing, and the cable between them was buried or
concealed. The placement procedure lasted less than 10 min, and observations from
portable blinds (24 h total) on two nests before and after deployment of the logger
systems revealed that the probes had no detectable effect on incubator behaviour.
Temperature readings were taken every 30 s at East Bay and Coats Island, and
every minute at Medusa Bay. The thermistors accurately captured departures of the
incubator (i.e., drops in temperature) within this time frame, and visual observations
suggest that nest absences shorter than 1 minute were rare. At East Bay, I based
interpretation of the temperature records on the 24 h of visual observations mentioned
above. I defined any temperature changes ± 2°C as continuous incubation. Any drop
exceeding 9°C was considered a recess. The beginning Mid end of incubation recesses (±
30 s) were identified manually by examining graphs of temperature over time. Any
sudden change of >2°C in the recorded temperature was defined as movements such as
egg rolling, cup maintenance, or restless incubation. At Medusa Bay, large drops in
temperature were classified as recesses but no effort was made to identify movements on
the nest or restless incubation (see Tulp and Schekkerman 2006 for details).
Temperature readings were generally unambiguous because the probes were
placed such that they were near to the warm brood patches when the bird was incubating.
Occasionally however, the tip of the probe was displaced and temperature readings
became difficult to interpret. Readings also became erratic when eggs began to pip and
chicks began to thermoregulate. Erratic temperature data were discarded prior to
analysis.
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The incubation of biparental species cannot be monitored adequately with the
above method because changeovers between pair members could happen too rapidly to
be detected by a drop in temperature. Instead, I used portable video recording systems
consisting of a small (10cm x 2cm), weatherproof, low-lux, CMOS camera, connected to
a 40 GB hard-drive based digital video recorder. Using a 21 Ah (circa 10 kg) lead acid
battery, these comparatively economical systems could record full-motion video of
incubating birds for continuous periods of > 36 h. Cameras were placed approximately
10 m away from nests, and were elevated 30 - 40 cm above the ground with wire tripods.
The wire legs of the tripods were pressed into the ground to stabilize the camera. The
battery and recorder were concealed in a camouflage-painted waterproof housing and
placed another 10 m further from the nest. To analyse videos, I watched them at 4x
speed with DivX® computer software, and paused when necessary to record behaviours ±
1 s. These video systems were only deployed at East Bay and Coast Island.
Although the methods of data collection differed among biparental and
uniparental species, I derived similar measures of incubation behaviour for both. For all
species, I calculated the frequency and duration of nest absences, and the proportion of
time that nests were left unattended. For biparental species, these absences could end
with the return of either parent; in some cases the sexes or individuals could be
distinguished while in others they could not. At Coats Island and East Bay, I also
quantified the frequency and duration of movements, and the proportion of each day that
these movements comprised. For uniparental species, these were defined on the basis of
the temperature records (see above). For biparental species, "movements" constituted
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nest maintenance, egg rolling, feeding from the incubating position, preening, and
repositioning.
Fog and strong winds occasionally reduced the quality of the video and impaired
my ability to record the full suite of incubation movements. In these instances, the value
for number of movements represents a minimum. If the quality of the recording was so
poor that recesses and changeovers could not be reliably identified, I discarded the video
from all analyses. Incubation behaviour can be erratic during laying (Norton 1972), so I
monitored behaviour when clutches were complete.
Timing of predation and observations ofpredators
For nests that were monitored with video systems, the timing and nature of predation was
observed directly. The video footage also documented instances when predators were
near nests but did not depredate them. For nests of uniparental species, where I did not
have video footage, I used the temperature traces to identify the timing of predation.
From nest monitoring, the timing of nest predation was typically known ± 3 days. The
temperature trace in the intervening time was scrutinized to identify the exact timing of
predation. A nest containing warm eggs cools more slowly than an empty cup, and the
flush of an incubator followed by a rapid decrease to ambient temperature and the
cessation of incubation, was interpreted as a predation event. In many instances, the
exact moment (± 30 s) that the eggs were removed could be identified as an acceleration
of the cooling curve in the temperature trace. The timing of predation events for
uniparental species at Medusa Bay, Russia, was obtained in a similar manner, and has
been summarised previously in Tulp and Schekkerman (2001).
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For each failed nest I also calculated the duration of time between the onset of
incubation and nest failure (time to failure). The onset of incubation was either observed
or estimated from nest age (see above). Observations of the exact timing of predation
were used where available. Otherwise, I assumed that the nest was depredated half-way
between the last visit upon which it was observed as active, and the first visit upon which
it was noted to have failed.
Data analysis
Incubation behaviour is highly variable, and the effects of interest here could be masked
by the complex interactions with time of day, weather, nest age, and species. I therefore
relied on multiple lines of evidence to quantify the relationship between incubation
behaviour and the risk of predation. To account for diel patterns in incubation behaviour,
all analyses are based on records spanning 24 h. To better satisfy the assumptions of
normality, I log-transformed the counts of recesses and movements and arcsine
transformed the proportions of time birds spent engaged in these activities prior to
parametric analyses. For logistic regression models, I used the untransformed data.
Interspecific differences in nest survival are strong, and I first asked whether these
differences in the risk of predation were related to interspecific differences in incubation
behaviour. I entered the species-specific daily mortality rate as the dependent variable in
a general linear model (GLM) and tested the influence of the metrics of behaviour as
covariates. Because some are correlated (e.g., time per recess * recess frequency = 1incubation constancy), I used a forward stepwise procedure and Type I sums of squares.
I had data on rates and durations of movements on the nest for only 8/11 species; I
conducted one analysis on all species using only recess data, and a second analysis on
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these eight species using all six measures of incubation behaviour. Both nest survival
and incubation behaviour may vary by mating system (see chapter 3, chapter 5), and
spurious correlations between behaviour and nest survival could result from the effect of
mating system. I therefore tested whether a fixed effect of uniparental versus biparental
incubation changed the interpretation of the model results.
I then asked whether the behaviour of birds at nests that were ultimately
successful differed from that of birds at nests that eventually failed. I used logistic
regression with fate as the dependent variable, and the metrics of incubation behaviour as
predictors, I accounted for differences in nest survival among years and species by
including them as fixed effects. Because I had a variable number of repeated
observations from individual nests, I used means per nest for the measures of behaviour
in this analysis. I first tested the behavioural metrics individually for a significant
influence on nest fate, Then, as above, I conducted one model building analysis
including all species but only the data for incubation recesses, and a second analysis
including 8/11 species which also included the data for incubation movements.
Some nests fail faster than others, and I tested whether those nests which failed
the fastest had the most conspicuous incubation behaviour. Analyses were limited to
failed nests, and time to failure (in days) was treated as the dependent variable in a mixed
model. Each nest had a single value for time to failure, and I used means per nest to
include the metrics of behaviour as covariates. Because interspecific differences in nest
survival could create interspecific differences in time to failure, I added species to the
model as a fixed effect. Interannual variability was controlled by including year as a
random effect.
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Finally, I conducted analyses on paired records, where observations for
depredated nests were matched with observations from similar, but successful, nests. For
each day of observation on a failed nest, I selected an observation from the same site,
year and day, for a successful nest of the same species. Nest age was matched as closely
as possible (mean difference ± SE = 1.8 ± 0.4 d), and records from successful nests were
used more than once if unsuccessful nests outnumbered successful nests on a given day
of observation. While greatly reducing sample size, this approach eliminates entirely the
confounding influence of day to day variation in incubation behaviour.
To analyse these paired records, I first compared the means of the six indices of
incubation behaviour among successful and failed nests using paired t-tests. I then asked
whether fate could be predicted on the basis of incubation behaviour by using binary
logistic regression with nest fate (successful versus failed) as the dependent variable for
this reduced data set. The categorical variables species and year were included as fixed
effects and the influence of the metrics of behaviour was assessed by testing them as
covariates. Separate models were constructed for recess and movement data. All
analyses were conducted with SAS 9.1 (SAS Inc.) and means are displayed ± SE.
Results

Nest survival and behaviour among species
I found and monitored a total of 901 nests of 11 species. Five of these species have
uniparental incubation, while incubation is shared in the remaining six (Table 6.1). I
obtained behavioural data for 161 nests and a total of 782 nest*days of observation
(Table 6.1).
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Of 852 nests for which fate was known, 522 (61%) were depredated and only 23
(3%) were abandoned. Estimates of the daily mortality rate varied among species, from a
low of 0.040 ± 0.007 for the Black-bellied Plover to a high of 0.155 ± 0.040 for the
Curlew Sandpiper. Rates of nest mortality differ among years, and interannual variation
in predation is explored in detail elsewhere (chapter 3, 4, Tulp and Schekkerman 2001,
Schekkerman et al. 2002).
Among the 11 species, daily mortality rate was positively related to the duration
of incubation recesses (Fly9 = 12.2, P < 0.01) and also the proportion of time that the nest
was left unattended (arcsine transformed, Fi<9 = 44.3, P < 0.0001, R2 = 0.83, Fig. 6.2,a-c).
Whether a species has uniparental versus biparental incubation was marginally related to
daily mortality rate

= 5.4, P < 0.05). Neither the effect of time per recess, nor

incubation system remained significant when added to a model containing the proportion
of time spent off the nest.
Thus, some of the large variation in nest predation among Species was related to
incubation behaviour, with those species spending more time off the nest suffering
greater rates of predation. This relationship is not simply a product of differences in the
rate of nest predation for uniparental versus biparental incubators (as indicated by a non
significant effect of incubation system in the above GLM), and was apparent despite the
potential for the large interannual variation in mortality rate to obscure the effects of
interest.
In contrast, I found no evidence that the rate or duration of movements, or the
total proportion of time spent exhibiting movements at the nest influenced nest predation
(Fig. 6.2, d-e). Among the eight species for which I had movement data, no measures of
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incubation movements were significant predictors of daily mortality rate in the GLM (all
Ps > 0.4).
Behaviour of incubators at successful versus failed nests
I had behavioural data for 161 nests, and fate was known for 149 of these. Among these,
93 (62%) failed. This value is nearly identical to the proportion of nest failures observed
in the full sample of nests (61% nest failure among 852 nests), suggesting that the
deployment of data logging devices at nest sites did not increase the risk of predation.
In logistic regression analyses, the fate of a nesting attempt (successful vs.
unsuccessful) was weakly related to year as a categorical variable (n = 6 years, X25= 11.4,
P = 0.043). Although significant differences in the rate of nest predation among species
are evident in the larger sample of nests, species was not a significant predictor of nest
fate for the sample of 161 nests for which I had behavioural data (X210= 14.0, P = 0.17).
In contrast, more frequent incubation recesses (X21= 5.4, P = 0.021), and a greater
amount of time spent off the nest (X2j = 7.5, P = 0.006) were associated with nest failure.
Year did not remain significant when added to either the model containing recess rate, or
the model containing the proportion of time spent off the nest. For the reduced set of
eight species for which I had movement data, nest mortality was only marginally
positively related to the rate of movements on the nest (X27 = 2.8,P = 0.09).
Time to failure
For the sample of 93 failed nests for which I had behavioural data, I measured the time
from the onset of incubation until the nest was depredated. In 80 cases, the exact time of
predation was known, but for the remaining 13 I assumed that predation happened mid
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way between the penultimate and final visit. This time to failure varied widely, from 2 d
- 26 d, with a mean of 12.1 ± 0.6 d.
Variation in time to failure among the restricted sample of nests was not related to
species (FI0j6 =1.0 ,P = 0.43), nor was it related to year (FSi8i = 2.0, P = 0.09), despite
both year and species effects being detected in the daily risk of nest mortality in the larger
sample of nests (see above). None of the six metrics of incubation behaviour
(transformed as appropriate) was related to time to failure (all F's < 2.3, P's > 0.14).
Analyses of paired observations
Incubation behaviour varies dramatically among species and days, and the use of paired
records from successful and failed nests of a given species on a given day is an effective
means of accounting for this variation. However, sample size is limited dramatically by
this approach, and the sample of paired records included 85 nests and a total of 211 pairs
of observation days, with some species poorly represented (Table 6.2). When the mean
behaviour of incubators at all failed nests was compared to their paired records of
incubators at successful nests, I found that both the rate of incubation recesses and the
rate of movements on the nest differed (recess rate, log transformed: /210 = 2.1, P = 0.03,
movement rate, log transformed:

= 2.2, P = 0.03), The sample is dominated by

records for Red Phalaropes and Little Stints (Table 6.2), For both of these species, all
measures of incubation behaviour were larger for individuals whose nests failed,
suggesting that more conspicuous behaviour may have increased the risk of predation.
Results for other species, particularly those with very small samples, are more variable.
For example, because so few White-rumped Sandpiper nests were successful, 13 of 16
paired records were drawn from a single successful nest. This individual had atypically
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conspicuous behaviour, and the results for White-rumped Sandpiper should therefore be
viewed with caution.
I then used logistic regression to test whether incubation behaviour could be used
to predict fate in this paired sample of successful and failed nests. Neither species nor
year effects were significant predictors individually because the paired design meant that
exactly 50% of nests failed for each species and year. Year and species effects remained
non-significant predictors of nest fate when added to models including behavioural
covariates. In contrast, nest fate was significantly related to the rate of incubation
recesses (X2j = 6.4, P = 0.012), and the strongest model suggested that nest failure was
predicted by more frequent and longer recesses (X22 = 11.2, P = 0.004). The relationship
between restless movements and the risk of nest predation was less pronounced. The
mean values for the rate, duration and total proportion of time exhibiting movements was
higher for failed than for successful nests in 12 of 15 contrasts (3 metrics * 5 species,
Table 6.2), but variability was large and no measure of movement was a significant
predictor of nest fate in this sample (X21 < 1.6, P > 0.2).
Timing of predation and observations ofpredators
The exact time of predation was known for 39 nests that failed at Coats Island and East
Bay (of the 52 failed nests at these sites for which I had behavioural data). Among these,
predation appeared somewhat more common in the early morning and evening, but
patterns were not strong (Fig. 6.3). The timing of predation was known for a large
proportion of the nests from Medusa Bay used here. Timing of predation of these and
other nests from this site in 2000 and 2001 are summarised fully in Tulp and
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Schekkerman (2001). I present these data here for comparison with those obtained at
East Bay and Coats Island (Fig. 6.3).
Our video footage at biparental nests yielded a number of interesting observations
of predators, and because of the rarity of such observations, I summarise them here. Five
predation events were recorded directly, and all were perpetrated by arctic foxes. These
occurred at 0213h, 0232h, 0418h, 0702h, and 2215h. In three instances, all eggs were
consumed immediately. In one instance, individual eggs were taken away from the nest
site singly and presumably cached. After caching two of the eggs, the fox apparently
could not find the remaining two and left them in the nest cup (parents later returned to
incubate them). In another instance, the fox cached two eggs, returned to smell the nest
cup and left the remaining two eggs intact. In addition to these direct observations of
predation events, I recorded several instances when predators came near nests but did not
find them.
I recorded footage of foxes unsuccessfully searching for nests on six occasions,
and they came within several metres of the nest on three of these. In one case, the fox
walked directly over the nest of a Ruddy Turnstone, while in another, it came within 1 m
of the nest of a Semipalmated Sandpiper, with its nose to the ground; in both cases the
nests went unnoticed. These six observations of nest searching among foxes were
recorded at 0005h, 0255h, 0330h, 1456h, 1725h, and 225lh.
In one instance, I recorded an avian predator (a Parasitic Jaeger) hovering several
meters above a nest (at 0040h). The incubating bird (a Black-bellied Plover) retracted its
neck, lay flat on the ground, and apparently cowered. I observed this same behaviour on
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five other occasions, but did not observe the predator directly in these cases. These
observations occurred at 0027h, I041h, 1124h, 1347h and 1521h.
On one occasion, a Canada Goose (Branta canadensis) approached the nest of a
Ruddy Turnstone and was chased away aggressively; Canada Geese are known to eat
eggs occasionally. Long-tailed ducks (Clangula hyemalis) or king eiders (Somateria
spectabilis), which are not known to eat eggs, came near nests on at least three occasions
and incubating birds showed no response.
Discussion

Bird eggs develop optimally within a narrow range of environmental conditions (Lundy
1969, Webb 1987), and incubation behaviour for all birds must, at some level, balance
the need to provide a suitable environment for eggs with the need for self-maintenance
(Williams 1996). Shorebirds nesting in the arctic can mitigate the high costs of
incubation by selecting sheltered, well-insulated nest sites (Tulp 2007, Reid et al. 2002a),
but they still have among the highest energetic outputs of any species recorded (e.g.,
Piersma and Morrison 1994, Piersma et al. 2003, Cresswell et al. 2004). To balance their
energy budget, shorebirds must leave the nest to feed frequently, with some species
spending 15% or more of the day off the nest (Ch 4, Tulp and Schekkerman 2006).
These breaks in incubation have traditionally been viewed as the means by which the
costs of incubation are recouped. However my results suggest these trips also entail
costs, with more frequent or longer incubation recesses increasing the risk of nest
predation. This finding has obvious bearing on studies of incubation behaviour or nest
survival, but because the rate and duration of incubation recesses also depends on
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whether a species has uniparental or shared incubation, this finding also has important
implications for the study of life history evolution.
Variation in nest survival among species of shorebirds is large, and it has been
shown previously that much of this variation is accounted for by distinguishing between
species with uniparental and biparental incubation (Smith et al. 2007a, chapter 3). Here,
the results suggest that this distinction is not a product of shared versus single-parent
incubation per se, but rather a product of increased risk of predation for species that take
longer incubation recesses and/or leave the nest uncovered for a greater proportion of
time.
I found similar effects within species, where the fate of a nest could be predicted
by the rate of incubation recesses and the total proportion of time spent off the nest. Even
among paired records, where the confounding influence of variation in environmental
conditions is controlled, I found that recesses and movements were significantly more
numerous among failed versus successful nests, and that the rate and duration of breaks
in incubation were positively related to nest failure. Thus, through a variety of analyses, I
demonstrated that the rate and duration of nest recesses, and the total proportion of time
that a nest is left unattended, play important roles in determining nest fate. Although
these metrics of incubation are correlated, the mechanism by which they could influence
the risk of predation varies.
Frequent trips to and from the nest could disclose its location to predators that use
visual cues. Skutch (1949) first hypothesised this relationship in the context of trips to
feed altricial nestlings, and the effect has since been demonstrated in a variety of species
(e.g., Martin and Ghalambor 1999, Martin et al. 2000, but see Roper and Goldstein
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1997). Other conspicuous activities, such as trips on and off the nest or restless
movements while incubating, may have the same negative effect. In the analyses of
paired records, for example, Red Phalaropes incubating nests that would ultimately
succeed took 17% fewer recesses than those with nests that ultimately failed. While the
effects of restless movements during incubation (such as egg rolling, nest maintenance
and preening) were less pronounced, the results also suggest that an increased rate of
movement on the nest increases the risk of nest failure due to predation. Among Red
Phalaropes again, 14% fewer movements were observed among successful versus failed
nests. These conspicuous behaviours may act as cues for predators, directly disclosing
the location of the nest. However, time spent off the nest may also influence the
probability that a nest will be found by predators, if shorebirds encounter predators while
foraging.
Shorebird nest sites are typically more sheltered than the exposed habitats in
which the adults forage (e.g., Smith et al. 2007a), and more time spent in exposed
habitats (e.g., pond edges) may increase the likelihood of being seen by a predator. One
of the techniques that researched as human "predators" employ while searching for nests
is to watch foraging birds from a distance and follow them back to the nest site; it seems
intuitive that predators could profit from a similar approach. The proportion of time that
a nest was left unattended, and then returned to, varied from 3-19%, and accounted for
83% of the variation in nest survival. Because incubation is shared for biparental species,
they undertake much of their foraging while their mate is incubating. As experienced
nest searchers, I recognise that it is less profitable to watch a foraging bird if it is a
species with biparental incubation. Whether predators discern between shorebird species
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and focus on those nests that are easier to find is unknown, but may also contribute to the
differences observed in nest survival.
Whether incubation is biparental or uniparental, leaving the nest unattended could
also increase the risk of predation by leaving the eggs uncovered or by comprimising a
bird's ability to defend its nest aggressively. By sitting on the nest, birds with cryptic
plumage and conspicuous eggs can camouflage their nest contents (Martin 1992 and
references therein). Studies with artificial nests mimicking those of shorebirds have
shown inconsistent results, with both higher (Erckmann 1981, Ch 2) and lower
(Ashkenazie and Safriel 1979, Safriel 1980) rates of nest survival for unattended versus
real, active nests. Given the general criticism of artificial nest studies (e.g., Major and
Kendal 1996, Burke et al. 2004), these results are difficult to interpret. However,
shorebird eggs have muted background colours and heavy mottling; common adaptations
among ground nesting birds to provide camouflage and reduce nest predation (Tinbergen
et al. 1962, Montevecchi 1976, Bertram and Burger 1981, Solis and deLope 1995,
Yahner and Mahan 1996, Lloyd et al. 2000). Therefore it seems unlikely that eggs would
be markedly more conspicuous than an incubating parent. Studies of nest, egg and
incubator crypsis in this system are ongoing (Smith in prep.), and at present I cannot
discount the possibility that eggs are conspicuous and that leaving them uncovered
increases the risk of nest predation.
By remaining on the nest, birds also ensure that they are present to defend it when
predators approach. Nest defence is common in a wide variety of bird species
(Montgomerie and Weatherhead 1988), and shorebirds exhibit defence behaviours
ranging from aggressive mobbing to distraction displays (Gochfeld 1984). Aggressive
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nest defence is most prevalent among biparental shorebirds (Larsen 1.991, Larsen et al.
1996), but of the species considered here, only Black-bellied Plovers and Ruddy
Turnstones pursue avian predators aggressively (P. Smith, pers. obs.). Semipalmated
Plovers, American Golden-Plovers, White-rumped Sandpipers and Little Stints
characteristically exhibit distraction displays. The effectiveness of nest defence depends
on early detection of predators (e.g., McLean et al. 1986, Martin 1992, Gotmark et al.
1995), and limiting time away from the nest ensures that a parent is able to respond
appropriately when predators are nearby.
The above arguments, and indeed any potential links between incubation
behaviour and nest predation, are predicated on the assumption that predators use visual
cues to locate nests. The primary nest predators at the three study sites are arctic foxes,
and Long-tailed and Parasitic Jaegers, with a variety of other predators including
Pomarine Jaegers, Gulls, Common Ravens and ermine encountered less frequently.
Avian predators hunt by sight, and jaegers are routinely observed flying low over the
tundra, searching for eggs, lemmings or birds (Maher 1974, Wiley and Lee 1999).
Although I directly observed only five instances of shorebird nest predation, all were by
arctic foxes. My video recordings of predator behaviour suggest that jaegers may hunt
more during the day, and foxes more at night. At East Bay and Coats Island, I observed
more nest failures between the evening and morning hours, suggesting that arctic foxes
may have been the dominant predator. Tulp and Schekkerman (2001) reached similar
conclusions from their observations at Medusa Bay.
Although foxes are known to use olfaction (and often scent mark nests after
depredation), my video recordings of predation events suggest that visual cues may also
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play a role, I observed foxes coming within several meters of shorebird nests, but failing
to find them, on seven occasions (versus 5 successful predation events). In two of these,
the fox came within 1 m of the nest, and in another, it failed to find the remaining two
eggs of the four-egg clutch after caching the first two. If olfaction is the primary means
by which foxes search for nests, locating them at such short distances should not be
problematic. Instead, I argue that foxes are opportunistic foragers, and use any visual or
olfactory cues available to them to locate food.
In the same way that predators may respond to conspicuous behaviour of their
prey, the prey may alter behaviour in response to the presence of predators. Many
species exhibit adaptive changes in behaviour in response to a perceived risk of predation
(review in Lima and Dill 1990), and indeed the incubation feeding hypothesised by
Skutch (1949) to be a risky behaviour is suspended when predators are nearby
(Ghalambor and Martin 2002), and increased when predators are experimentally removed
(Fontaine and Martin 2006a). Similarly, for Red Phalaropes at the East Bay study site,
individuals nesting within the protective umbrella of aggressive Sabine's Gulls behaved
less cryptically, taking more and longer recesses, than those in areas with a higher risk of
predation (Smith et al. 2007b). Because these results are based upon observed behaviour
and observed risk of predation, responses by shorebirds to modify their behaviour could
influence the interpretation of the results.
For example, some studies suggest that incubation recesses are shorter as nests
age, and shorter than the improvement in weather conditions alone predict (chapter 5, but
see Tulp and Schekkerman 2006). The value of a nesting attempt to parents increases as
nests approach hatch, and shorter incubation recesses for older nests could reflect the
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desire for parents to remain nearer to their nests. At the same time, the intensity of nest
defence increases with nest age, and perhaps as a result of these behavioural changes,
higher nest survival is realised (chapter 3). A reduction in the duration of nest absences
throughout the season would strengthen the relationship between recess duration and nest
survival as measured here. In contrast, other changes in incubation behaviour may
weaken my ability to test the prediction that conspicuous behaviour increases the risk of
nest predation.
For species that exhibit nest defence, departures from the nest could be initiated in
response to approaching predators. At East Bay and Coats Island, rates of nest departure
were higher for the aggressive Ruddy Turnstone than for the placid Semipalmated
Sandpiper and Dunlin (chapter 5). Defence behaviours were rarely recorded within the
field of the camera's view, and I have little ability to assess the impact that nest defence
had on the measures of incubation behaviour. If such departures constitute a large
proportion of the apparent incubation recesses, the relationships between the
conspicuousness of incubation behaviour, as measured here, and the risk of nest predation
would be weakened. However, because such departures from the nest are typically short
(1-2 min in the case of the Ruddy Turnstone, Perkins 2004), they should have a minimal
influence on measures of total nest attentiveness. Further, to overcome this and other
potentially confounding variation in behaviour, I have based conclusions on a variety of
tests among several species, within species and between paired records for successful and
unsuccessful nests.
I have demonstrated that more frequent or longer breaks in incubation, leaving the
nest unattended for a greater proportion of time, and/or exhibiting more restless
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movement on the nest can increase the risk of nest predation for ground-nesting
shorebirds. This result suggests that shorebirds could increase their nest survival by
reducing the conspicuousness of their incubation behaviour. However, shorebirds' ability
to do so might be constrained by several facets of their ecology and life history. Species
with uniparental incubation (typically polygamous) must leave the nest to feed, and this
constraint imposes a limit on the possible levels of nest attendance. Incubators manage
their energy reserves by foraging at appropriate intervals, and reserves are depleted if nest
attendance is increased or foraging efficiency reduced (Cresswell et al. 2004, Tulp and
Schekkerman 2006). Because each member of a biparental pair (always monogamous)
can feed while its mate is incubating, energetic limitation is less severe among these
species. However, even here, energetic limitation can necessitate reduced incubation
bout lengths (Cresswell et al. 2003). The potential for plasticity in incubation behaviour,
and the ability of parent birds to reduce their risk of predation by modifying it, is
therefore influenced by mating system. The evolution of mating system has traditionally
been viewed in relation to access to mates and resources (e.g., Lack 1968, Emlen and
Oring 1977), but the constraints that mating systems impose on nest survival, through
constraints on incubation behaviour, may represent an additional selective pressure to be
considered.
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Table 6..1. Sample sizes of nests found (included in analyses of nest survival), nests observed for incubation behaviour and days of
observations collected. For each species, I also list whether incubation is uniparental or biparental, and whether the behavioural data
include information on restless movements on the nest.

East Bay (2002,2005,2006)

Coats Island (2004,2005,2006)

Nests
Nests Nest*Days
Found Observed of Records

Nests
Nests Nest*Days
Found Observed of Records

Semipalmated
Plover

37

2

3

Black-bellied
Plover

45

4

7

American
Golden-Plover

1

RedPhalarope

40

14

96

g9

g

^

Ruddy
Turnstone

Medusa Bay (2000,2001)
Nests
Nests Nest*Days
Found Observed of Records

11
24

6

12

36

23

147

13
10

2

13

Incubation Movement
System
Data?
Biparental

Yes

Biparental

Yes

Biparental

Yes

Uniparental

Yes

Biparental

Yes

190

Table 6.1. Continued.
East Bay (2002,2005,2006)
Nests
Nests Nest*Days
Found Observed of Records
Dunlin

Coats Island (2004,2005,2006)
Nests
Nests Nest*Days
Found Observed of Records
71

6

6

12

Curlew
Sandpiper

54

9

33

15

91

Incubation Movement
System
Data?
Biparental

Yes

Uniparental

No

162

14

26

Biparental

Yes

18

13

67

Uniparental

Yes

Little Stint
Pectoral
Sandpiper

Nests
Nests Nest*Days
Found Observed of Records

29

Semipalmated
Sandpiper
White-rumped
Sandpiper

Medusa Bay (2000,2001)

3

204

38

197

Uniparental

No

12

7

64

Uniparental

No

191

Table 6.2. Sample sizes, means and standard errors for the six metrics of incubation behaviour from the sample where observations
from unsuccessful nests are paired with observations from the same year, species and day, from successful nests.

Species
American GoldenPlover

Curlew Sandpiper

Little Stint

Pectoral Sandpiper

Fate
_

n paired
n
records
nests
(days)

Succ

1

Failed

1

Succ.

3

Failed

6

Succ.

8

Failed

18

Succ.

2

Failed

3

1

21

68

12

recesses/hr
± SE

moves/hr
± SE

% off nest
± SE

% moving
± SE

time per
recess (min) ±
SE

time per
movement
(min) ± SE

0.29±.

3.79 ± .

0.02 ±.

0.06 ± .

3.70±.

0.91 ± .

0.31 ±.

2.62 ± .

0.05 ±.

0.01 ± .

9.07±.

0.23 ± .

0.88±0.04

0.21 ±0.01

15.30±2.00

0.92 ±0.07

0.14±0.01

9.40±0.60

1.27 ±0.03

0.19±0.01

9.90±0.94

1.41 ±0.06

0.20 ±0.01

10.81 ±1.44

1.17±0.07

0.01 ±0.00

11.70± 1.87

1.11 ±0.08

0.01 ±0.00

10.61±2.16
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Figure 6.2,a-f. The interspecific relationships between six measures of incubation
behaviour (untransformed), and daily mortality rate of shorebird nests. Each data point
represents a species; behavioural data include information about movements on the nest
(panels d-f) for only 8/11 species.
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Figure 6.3. The time of day at which nests were depredated at the East Bay, Coats Island
and Medusa Bay sites. Data from Medusa Bay are adapted from Tulp and Schekkerman
(2001).
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The study of breeding ecology is a rich field in ornithology, and many patterns in nest
survival have yet to be explained. The risk of nest predation can be influenced by the
attributes of nest sites, and relating variation in nest predation to nest site characteristics
has been a traditional focus of studies of nest survival (e.g., Nice 1957, Ricklefs 1969,
Collias and Collias 1984, Martin 1993). However, when bird densities are low and
competition for nest sites in optimal habitat is unlikely, all birds should be free to select
ideal nest sites that maximize fitness (Fretwell and Lucas 1970). It remains unclear
whether nest habitat selection has a genetic or learned basis (Martin 1995, see also
Jaenike and Holt 1991), but in either case, adaptive responses should serve to limit the
variation in nest survival that stems from variation in nest habitat (Clark and Shutler
1999). Arctic shorebirds nest on the ground, in simple scrapes, and at low densities. It is
perhaps not surprising then that in previous studies, I found little evidence for an effect of
nest habitat on shorebird nest survival (Smith 2003, Smith et al. 2007a).
In the absence of habitat effects, nest predation may be influenced more by biotic
factors such as the behaviour of incubating adults, or the behaviour and abundance of
predators. Variation in these factors, in turn, may stem from proximate forces such as
weather, snow melt, and the availability of alternate prey, or from ultimate pressures such
as the division of labour among incubating birds. It is intuitive that behavioural
interactions between predators and the guardians of the eggs upon which they prey
should have important consequences for the outcome of a nesting attempt, but the nature
of these interactions have rarely been studied for whole communities. This study of a
community of arctic breeding shorebirds demonstrates the importance of these
behavioural interactions. I present evidence that shorebird behaviours, from elaborate
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nest defence to basic traits of incubation, influence or are influenced by the risk of nest
predation. The local abundance of predators is strongly related to the survival of nests,
and even the timing of shorebird breeding may be altered in response to this perceived
risk (Fig. 7.1). This study expands our knowledge about patterns in shorebird nest
survival, and in particular, yields new insights into effects of shorebird behaviour on
survival of their nests. Sample sizes in some analyses are unprecedented, and the
implications of this new understanding are far reaching. Several areas where these
findings have significantly altered our understanding of avian breeding ecology are
discussed below.
Predation and timing of breeding
Shorebirds travel great distances from wintering areas to their breeding areas, and their
decision to begin northward migration is made with little information about the
conditions they will encounter on the breeding grounds. I found that the timing of
shorebirds' arrival varied by one week or less at three arctic breeding sites, despite highly
variable weather conditions among years (chapter 2). Timing of arrival was not
correlated with local conditions. In contrast, I found strong effects of local conditions on
timing of breeding, with greater snow cover leading to delayed nesting, and a higher
abundance of predators resulting in earlier nesting (see Fig. 7.1).
Snow cover has been proposed as the primary determinant of the timing of
shorebird breeding at several Palearctic locations (e.g., Meltofte 1976, 1985, Green et al.
1977), and my results suggest that this is also the case in the Nearctic. While complete
snow cover imposes an obvious constraint on these ground-nesting birds (e.g., Mayfield
1978), I found that shorebirds arrived after the area was partially free of snow in many
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years. Thus snow cover, per se, should not preclude early breeding in most years.
Instead, snow cover might influence timing of breeding by limiting the access to, or the
activity of, invertebrate prey (Meltofte et al. 2007b, Tulp 2007, Tulp and Schekkerman
2008).
The timing of nest initiation could also be influenced by the risk of nest predation.
Many previous studies have suggested that nesting in snow free patches could increase
the risk of nest predation by allowing predators to focus their hunting efforts. The
common claim that breeding should be delayed in years of late snowmelt to avoid this
high risk of nest predation can be traced back to a single study, based on a small sample
of artificial nests, in the mountains of southern Norway (Byrkjedal 1980). Concerns
about artificial nests aside, this area receives greater amounts of snow than the
comparatively arid polar regions. If snow free patches are very small and limited in
number at a time when shorebirds begin to initiate nests, such an effect may well be
important. However, I found that when shorebirds were faced with a high local
abundance of predators, they initiated nests earlier than snow cover alone would predict;
a response that increases their opportunity for successful renesting (chapter 2).
Moreover, I found that nest survival was highest early in the season in most years
(chapter 4). Thus, the claim that high predation on snow free patches influences the
timing of shorebird breeding may not be as general as once believed.
Predation, predator abundance and alternative prey
Another common arctic paradigm is that the cyclical populations of lemmings have a
keystone effect on arctic ecosystems and indirectly influence the population dynamics of
birds. In some areas, and particularly the Russian arctic, almost complete breeding
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failure occurs in waterfowl and some shorebirds in some years (e.g., Summers 1986,
Summers and Underhill 1987, Underhill et al. 1993). Populations of lemmings and voles
(Microtus and Clethrionomys spp.) vary greatly in size over time, with fluctuations
following periods of three to five years (Krebs 1964, Hanski and Korpimaki 1995).
When rodents are abundant at these sites, they are the primary prey of arctic foxes and
jaegers (especially Pomarine and Long-tailed Jaeger; Wiley and Lee 1998). Predator
populations can respond to this abundance both functionally and numerically (Wilson and
Bromley 2001, Anglestam et al. 1984). When rodent densities decline, so the story goes,
bolstered populations of predators turn to the eggs and young of birds as alternative prey
(Larson 1960, Martin and Baird 1988, Bety et al. 2002).
The evidence for this relationship is strong for some bird species on the Taimyr
Peninsula of Siberia, where the production of juvenile Brant and their subsequent
resighting on the wintering grounds, is tightly correlated with the abundance of lemmings
(Dhondt 1987). However, evidence from elsewhere is less compelling. At Bylot Island,
Nunavut, fox predation on nests in a large colony of Greater Snow Geese (Chen
caerulescens atlanticus) tends to be higher in years with a greater abundance of
lemmings (Bety et al. 2001). However, even on Bylot Island, in perhaps the best
Nearctic example of the alternative prey hypothesis, the relationship varies among sites
and is obscured by inverse density dependence in nest survival. Studies from elsewhere
in arctic Alaska, Canada, and Greenland have shown equivocal support (e.g., Holmes
1966, Wilson 1997, Wilson and Bromley 2001, Gratto-Trevor unpublished in Meltofte et
al. 2007a), or none at all (e.g., Day 1998, Stickney 1991, Nol unpublished in Meltofte et
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al. 2007a, Meltofte et al. 2008, this study), for the patterns predicted by the alternative
prey hypothesis.
I found no relationship between the abundance or activity of predators and the
abundance of lemmings (chapter 3). To the contrary, I saw substantial fluctuations in the
abundance of both arctic foxes and jaegers at East Bay in four consecutive years when
lemmings were extremely scarce. Moreover, I saw nearly two fold variation in predator
abundance among only three years at Coats Island; an island which is entirely free from
lemmings or any other small herbivorous mammals. These indices of predator
abundance were tightly correlated with shorebird nest survival, while I found no support
for an effect of lemming abundance in any of my nest survival models. At these sites, the
abundance of predators does vary and this variation does drive variation in shorebird nest
survival. However, I found no support for the widely held belief that this variation in
predation is driven by lemming abundance.
Predation throughout the season
Previous studies of nest survival, although numerous, suffer from a common analytical
limitation. Until recently, nest success was estimated using apparent survival or a daily
survival rate from the "Mayfield Method" (Mayfield 1961). Nest survival could only be
compared among groups of nests by assuming constant survival within the group;
relationships with continuous covariates such as time could not be assessed. The
development of logistic exposure techniques with maximum likelihood parameter
estimation overcame this limitation and ushered in a new era of studies of nest survival
(e.g., Dinsmore et al. 2002, Shaffer 2004). It has since become apparent that nest
survival is rarely constant throughout the season, but no consistent temporal patterns have
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emerged. In some studies nest survival is depressed mid-season (Dinsmore et al. 2002,
Wilson et al. 2007), while others have found positive (e.g., Grant et al. 2005), negative
(Burhans et al. 2002, Jehle et al. 2004), or no relationship between time and nest survival
(Traylor et al. 2004, Walker et al. 2005). Until this study, nest survival for arctic
breeding shorebirds had not been rigorously assessed with modern analytic methods.
I found that nest survival was depressed mid-season in most years, but the pattern
was variable among years (chapter 4). This pattern was not explained by the high
abundance of shorebird nests available mid-season, as I found no support for an index of
the relative density of active nests as a predictor of nest survival. Even when they are
most abundant, the density of shorebird nests is low in comparison to the thresholds for
density dependence identified in other studies (Goransson et al. 1975, Sugden and
Beyersbergen 1986, O'Rielly andHannon 1989, Schieck andHannon 1993, Lariviere and
Messier 1998). Also, I demonstrated previously that the survival of shorebird nests at
East Bay was not influenced by distance to the nearest nests of shorebirds or other
species (Smith et al. 2007a). Neither were these temporal patterns influenced by day-today variation in the abundance or activity of predators in the study area. This quantity
was highly variable and showed no seasonal trend. Instead, my results suggest that
predation on shorebird nests may be related to the availability of the full suite of diet
items available to predators, including the eggs of waterfowl, small mammal s,
invertebrates and even marine resources.
Shorebird clutches are small, and typically 4-16 times smaller than an average
clutch of snow goose eggs (see chapter 4). The relative contribution of shorebird nests to
the diet of these predators is unknown, but because of their small size, they may be
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Consumed incidentally rather than targeted specifically. In contrast, waterfowl eggs are
known to be an important component of the diet of tundra predators, and dominate the
diet of foxes throughout the nesting period (regardless of lemming abundance, Stickney
1991, Samelius and Alisauskas 2000). Shorebird nest predation might be higher when
other prey items become less available, such as when vulnerable goose nests have already
been taken. Similarly, shorebird nest predation might be lower early in the season if
foxes focus on carrion at this time (e.g., Stickney 1991). Whether seasonal variation in
predators' diets explain the seasonal variation in shorebird nest survival remains a
mystery, and will require a more thorough investigation of both the diet of predators, and
the specific predators of shorebird nests.
While shorebirds have little control over the diet preferences of predators, they
can reduce the risk of their eggs becoming a diet item by actively defending the nest.
Defence behaviours are risky (Brunton 1986, Brunton 1990), and this cost must be
weighed against the value of a nest to its parents. As nests age, this value increases both
because the hatch date grows progressively nearer, and because opportunities for
successful renesting progressively diminish (see chapter 2), This increasing value could
justify increased investment in nest defence, and such a relationship has been observed in
several species (reviewed in Montgomerie and Weatherhead 1988, tested in Forbes et al.
1994).
Shorebirds do exhibit a variety of distraction displays and aggressive defence, but
interspecific variation in these behaviours does not explain interspecific patterns in nest
survival (Smith et al. 2007a); it has merely been assumed that these behaviours increase
nest success. I found that defence behaviour intensified as nests aged for biparental, but
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not uniparental, species (chapter 4). At the same time, I found that nest survival
increased with nest age to a greater extent for biparental versus uniparental species.
These results suggest that nest defence behaviours are indeed a worthwhile investment,
and may underlie the significant increase in survival with nest age observed among these
arctic breeding shorebirds (see Fig. 7.1).
Predation and behaviour
Aggressive behaviours are not the only behavioural means of protecting a nesting
attempt. Parents may also modify their risk by avoiding conspicuous behaviours near the
nest. Skutch (1949) proposed that feeding nestlings might increase the risk of nest
predation, and that this risk might influence optimal life history traits of birds. Since this
time, it has often been suggested that any behaviour near the nest could increase the risk
of predation, but tests of this hypothesis are exceedingly rare. Ghalambor and Martin
provided experimental evidence for increased risk with increased rates of incubation
feeding (e.g., Martin and Ghalambor 1999, Martin et al. 2000, Ghalambor and Martin
2002). Among species without incubation feeding, and for shorebirds in particular,
evidence for this effect is weaker or lacking (Wiebe and Martin 1997, Cresswell et al.
2003). In general, the organisation of incubation behaviour continues to be viewed
primarily from an energetic standpoint, with the energy requirements of incubators being
traded off against the thermal needs of eggs. I found that weather conditions indeed
influence the organisation of incubation behaviour, but that these behaviours also affect
the risk of nest predation.
That incubation behaviour may be altered in response to prevailing weather
conditions is not a new idea, and not even for shorebirds in the arctic (e.g., Norton 1972,
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Cartar and Montgomerie 1987, Tulp and Sehekkerman 2006). However, never has a
study been conducted on this scale with simultaneous observations of shorebirds with
uniparental and biparental incubation. It has been widely suggested that energetic
limitation is more likely for species with uniparental incubation (Bryan and Bryant 1999,
Reid et al. 2002b, Tulp and Sehekkerman 2006), but I found that biparental species also
altered their incubation behaviour in response to changing weather conditions (chapter 5).
Among uniparental species, incubation behaviour was organized over a time-scale longer
than a single day; time spent off the nest was reduced during periods of poor weather,
when foraging in exposed habitats is energetically expensive and unprofitable (chapter 5,
Fig. 7.1). This increased nest attentiveness during harsh weather could compromise body
condition, and indeed I found that some individuals temporarily abandoned their nests
when conditions were too cold or windy. This implied threshold of acceptable body
condition might vary among species with differing life histories in ways that have not yet
been explored. Although several of these insights into incubation behaviour are novel,
my primary interest in incubation behaviour was its effect on the risk of nest predation.
An interesting result of my previous work (Smith 2003, Smith et al. 2007a,
chapter 3) is that nest survival is lower among uniparental versus biparental species. I
have long believed that the source of this variation is interspecific differences in
incubation behaviour. In chapter 6,1 demonstrated that a single measure of incubation
behaviour (constancy) explained 83% of the variability in nest survival among 11
shorebird species distributed widely across the arctic. With nearly 900 nests and 800
days of behavioural observation considered, this result is compelling. I also found that
incubation behaviour could significantly predict the fate of individual nests, and that
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incubation behaviour on a given day was more conspicuous at nests that would ultimately
fail versus nests that would ultimately succeed. Taken together, these results provide
strong evidence that conspicuous incubation behaviour can increase the risk of nest
predation. This work substantially improves our understanding of interspecific patterns
in nest survival, and introduces a new selective pressure that should be considered in the
study of shorebird life-history evolution.

Future Directions

Shorebirds as income-breeders
Shorebirds are considered to be income breeders, and egg production should therefore be
limited by food intake (Klaassen et al. 2001, Morrison and Hobson 2004). Meltofte et al.
(2007b) demonstrated that timing of shorebird breeding was determined in part by insect
abundance; after controlling for effects of snow cover, nesting was earlier in years with
more abundant invertebrates. Because nutrients for egg production must be gathered
"locally", a theoretical minimum of 5-8 days exists between timing of arrival and timing
of breeding based on the physiological limits of egg production (Roudybush et al. 1979).
The interval between arrival and breeding has received little attention, because observers
are rarely on-site to witness the arrival of shorebirds to the arctic breeding grounds. I
found intervals between arrival and laying shorter than this theoretical minimum in
numerous cases, and for the Ruddy Turnstone, the mean interval was scarcely within this
range (5.5 ± 1.1 d; chapter 2). It is unlikely that I missed early arriving individuals of this
conspicuous, semi-colonial species. What this result might suggest is that the scale for
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"local" acquisition of food for these putative income-breeding species might need to be
revisited.
It is becoming increasingly clear that shorebirds stop short of the breeding
grounds to forage and await snow-melt at some locations in some years (e.g., Tulp 2007,
Meltofte et al. 2007a,b, this study). I observed this directly, when shorebirds stopped on
a snow-free eider colony (East Bay Island) to forage in years when heavy snow melt
blanketed their breeding areas, or when Baird's Sandpipers, a species which typically
breeds at higher latitudes, were observed foraging in large numbers on a snow-free slope
30 km from the East Bay study sites. Similarly, band re-sighting data from Siberia
suggest that shorebirds approach the breeding grounds in "short hops" as opposed "long
leaps" (Tulp 2007). Collectively, these observations suggest that shorebirds might be
foraging and regaining body condition in the final stages of the northward migration.
Our understanding of shorebirds as income breeders comes from two studies of
the carbon isotope ratios of adult feathers, eggs, and natal down (Klaassen et al. 2001,
Morrison and Hobson 2004). These studies relied on the discrepancy in isotope ratios
between prey of marine and terrestrial origins, and had no ability to discern between local
and distant food sources per se. Even here, there were traces of marine sources evident in
the earliest laid eggs of the Ruddy Turnstone (Morrison and Hobson 2004). Both studies
predate the use of stable isotopes to determine latitude of origin (K. Hobson,
unpublished), and this technique could shed light on the true origin of the nutrients
required for egg formation. Satellite transmitters have now been deployed on the largest
shorebirds (B. Truitt, unpublished), and early results confirm my suggestion that
numerous stops are made in tundra habitats en route to the breeding grounds. Data
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logging geolocators have already been deployed on smaller shorebirds, and should be
retrieved next summer (B. Andres, pers. comm.). As these modern data loggers begin to
provide a more detailed picture of migratory behaviour, our understanding of how and
where shorebirds gather nutrients for egg formation will likely change.
The evolution of shorebird life-history
It is widely believed that the mating systems of birds have evolved against a backdrop of
spatial and temporal variation in the abundance of resources and mates (e.g., Lack 1968,
Pitelka et al. 1974, Emlen and Oring 1977). Monogamy is thought to represent a
conservative strategy, evolving or being maintained when resources for egg production
and self-maintenance are limited, or access to mates is restricted. As many as 98% of
avian species have a monogamous mating system (Lack 1968), and monogamy with bi
parental care is the ancestral condition in shorebirds (Szekely and Reynolds 1995,
Borowik and McLennan 1999). However, the diversity of mating systems within the
shorebirds is atypically high, ranging from lek breeders with uni-parental female care, to
polyandrous species with uni-parental male care. While food and resources may
influence the evolution of mating systems, variation in risk of predation could also play a
role, and has received little attention.
In many passerine species, access to food limits fecundity, which in turn
influences adult survival through the costs of reproduction (Martin 1987). Increased
access to food can allow for greater annual fecundity without a cost to adult survival.
However, annual fecundity in shorebirds is relatively fixed; most are determinate layers
of four eggs regardless of food abundance, and opportunities for second broods are rare
because of short breeding seasons (Sandercock 1997, Arnold 1999). This low annual
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fecundity is offset by comparatively long life spans, with individuals of some species
commonly living over 10 years. Lifetime reproductive success in shorebirds thus
depends primarily on adult survival and nest success.
Nest success in turn, is determined primarily by the risk of predation. While
energetic stress under extreme weather conditions may cause shorebird nest
abandonment, such instances are rare (Hill 1983). Shorebird nest failure is attributable
almost entirely to predation (e.g., Smith et al. 2007a, chapter 3), and the risk of predation
may be influenced by incubation behaviour. Whether a bird undertakes incubation singly
or jointly, an important life-history division among shorebirds, can substantially influence
the risk of predation in ways that were previously unknown.
Social monogamy with bi-parental care remains dominant in the plovers
(Charadriidae). In contrast, a great diversity of polygamous mating systems and unequal
parental care strategies has evolved in the sandpipers (Scolopacidae) (Szekely and
Reynolds 1995, Borowik and McLennan 1999). Monogamous, biparental species
typically have long incubation shifts (chapter 5), flush early when predators approach,
and often engage in coordinated aggressive nest defence (which increases in intensity
over the nesting season, chapter 4). Species with uniparental incubation, in contrast, have
shorter incubation bouts, and rely more on evading detection than dissuading predators
through nest defence. For either group, predation risk could potentially be reduced by
limiting the number of trips to and from the nest, but a uniparental incubator is more
constrained and may not have the energetic capacity to do so.
This constraint is offset by a benefit, however. The polygamous sex of a
uniparental species has a greater opportunity for multiple broods, and fecundity could be
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higher than for biparental species if predation risk can be mitigated. Low risk of nest
predation, either due to periodic lows in predator abundance (chapter 3) or annual or
geographic variability in the weather conditions that influence incubation, might favour
the evolution of uniparental incubation. While this idea requires further development,
acknowledging the role of nest predation was a critical paradigm shift in the study of
passerine life-histories (e.g., Martin 1995). The interplay between mating system,
incubation behaviour, and predation of nests had not been demonstrated previously for
shorebirds, and could shed new light on the evolution of diverse mating systems in this
taxa.
Incubation behaviour in response to risk
I presented evidence for a link between conspicuous incubation behaviour and increased
risk of nest predation, but incubation behaviour may also be modified in response to risk.
Adaptive changes in behaviour in response to a perceived risk of predation are common
across the animal kingdom (reviewed in Lima and Dill 1990), and among birds,
conspicuous incubation feeding is suspended when predators are nearby (Ghalambor and
Martin 2002), and increased when predators are experimentally removed (Fontaine and
Martin 2006a). Further, species suffering higher rates of predation showed more
willingness to reduce incubation feeding in the face of perceived risk than those that have
lower rates of nest predation (Ghalambor and Martin 2002).
In an earlier study, I found that Red Phalaropes exhibited more conspicuous
incubation behaviour, taking more and longer recesses, when nesting within the
protective umbrella of the aggressive Sabine's Gull than when nesting in areas with a
greater risk of predation. Thus, shorebirds too may match their incubation behaviour to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

199

their perception of the risk of nest predation. The degree to which species can alter their
behaviour may differ for uni- versus biparental species, may be constrained by energetic
demands, or may reflect the relative value of the nesting attempt. Experimental
presentation of predator models and simultaneous monitoring of incubation behaviour at
these and at control nests could answer these questions, and may further demonstrate the
link between behaviour and shorebird nest survival.
Nest success versus fecundity
The largest shortcoming of this study, and indeed of the vast majority of studies of
shorebirds, is that monitoring stops when the nest hatches. Shorebird chicks leave the
nest within hours of hatching and are notoriously difficult to follow thereafter. The
roughly four-week period between hatching and fledging is perhaps the most poorly
understood in the life cycle of many shorebirds. I found that uniparental species had
consistently lower nest survival than biparental species, but the claim that reproductive
success per se differs among these groups would be strengthened by measures of fledging
success.
A complete understanding of shorebird demography also requires measures of
breeding propensity, rates of re-nesting and juvenile and adult survival. Exquisite
examples of in-depth demographic studies exist for shorebirds (e.g., the work of E. Nol or
B. Sandercock); however, this time consuming work has never been attempted for a
diverse community of arctic shorebirds. It could be argued that patterns in nest survival
are now well understood at the East Bay site, and could be monitored on an ongoing basis
with smaller samples of nests than I have aimed for previously. I would argue that in the
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coming years, less effort should be expended on finding nests, and more effort should be
devoted to banding the adults and chicks to monitor vital rates.
Conservation Implications

Across North America, shorebirds appear to be in a state of widespread decline. Of the
35 shorebird species for which we have reasonable survey data, 28 species (80%) show
negative trends, and 19 species show statistically significant declines from 1970s
population levels (Morrison et al. 2001). Arctic breeding species are particularly at risk,
and the Red Knot, for example, was recently recommended for listing as endangered
owing to dramatic declines. Population decline in this species is the subject of much
research, and is thought to stem from over-harvesting of the horseshoe crabs whose eggs
provide important food for Knots migrating through Delaware Bay. Declines in other
species have also been dramatic, but in nearly all cases, the causes remain unknown.
Through the implementation of initiatives such as the Program for Regional and
International Shorebird Monitoring (PRISM: Bart, Johnston, Smith, et al. submitted),
Canada is making great progress at monitoring arctic shorebirds. Population surveys on
the breeding grounds are most accurate when conducted during the late courtship and
early incubation periods (Meltofte 2001, Nebel and McCaffery 2003), and the timing of
these are currently predicted only by expert opinion. My results demonstrate that timing
of breeding can be related with reasonable accuracy to local conditions such as snow
cover and predator abundance. Remotely sensed estimates of snow cover are widely
available, and could aid in the timing of future shorebird surveys. Also, as each year's
surveys are conducted at new locations, the quantitative relationship between local
conditions and timing of breeding can be refined.
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The accuracy of the surveys also depends on an understanding of rates of
predation, because the number of nests found in an intensively surveyed sub-sample of
plots is used to calculate a detection rate. Nests that fail before being found potentially
bias the estimates of shorebird densities (Smith et al. In Press). The results I've
presented here suggest that, for instance, surveyors should expend particular effort to find
the nests of uniparental species early in the season, prior to their failure. Also, these
intensively sampled plots often contain too few nests to accurately estimate nest survival.
Instead, the abundance of jaegers or foxes in the area could be recorded as an index of
predation risk, to address this possible source of bias.
While the recent development of survey programs has increased our ability to
detect changes in shorebird populations, we have done relatively little to increase our
understanding of the causes of declines. It is widely assumed that changes in adult
survival should have the greatest effect on population trajectories of shorebirds, because
they are relatively long-lived and have low fecundity. Consequently, little attention has
been paid to the possibility that declining reproductive success on the arctic breeding
range could be influencing population size.
I've showed here that nest survival is highly variable, and that some species suffer
higher predation than others. A disturbing observation, however, is that nest survival is
low in many years. At East Bay, for example, the nest survival from lay to hatch over
eight years was 42% for biparental species and 10% for uniparental species. Other vital
rates are unknown for these species, but if I assume that they are similar to an intensively
studied population of Upland Sandpipers in Kansas (B. Sandercock, unpublished) it is
apparent that these rates of nest survival may be cause for concern. Among these Upland
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Sandpipers, adult apparent survival is estimated at 80%, nest survival ranges from 1030%, and renesting is common because of a long breeding season. With these vital rates,
the population is declining. Adult survival is likely lower at my arctic site (published
estimates for arctic species are typically closer to 0.7), and rates of renesting, fledging
success, and juvenile survival are also likely to be lower. Moreover, some shorebirds
with particularly poor reproductive success are showing alarming local declines. Over
eight years of surveys for breeding birds on a standardised plot, the density of Red
Phalaropes has dropped from a high of 28 birds / km2 in 2000 to a low of 0 in 2006 (Fig.
7.2).
Clearly, more detailed study of demography at these arctic sites would be required
to make the claim that low breeding success is causing the widespread declines in
shorebird populations. However, several plausible mechanisms for declines in breeding
success can be imagined. Reductions in fox harvest for a weakening fur industry,
bolstered predator populations because of over abundant snow geese, or reductions in the
availability of seal carrion (a preferred food of foxes) during the shorebird nesting season
because of reduced sea ice could all lead to more, or hungrier, predators.
I also found that shorebird nest survival varies with time of the season. If the
timing of shorebirds' breeding has responded differently to a warming arctic than other
components of their predators' diet, a functional response of predators could place
shorebird nests at greater risk at certain times throughout the season. Although the Arctic
is largely uninhabited, it would be naive to suggest that the far reaching effects of humans
are not felt there. A metanalysis of published estimates of nest survival, past and current,
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is warranted to evaluate the role that breeding success might play in the decline of
shorebird populations.
Global environmental change is showing widespread effects on wildlife, and there
is demonstrated interest in predicting the impacts of this change on our already declining
shorebird populations (Rehfisch and Crick 2003). Arctic breeding shorebirds are long
distance migrants as a rule, and these globe-spanning migrations make it difficult to
identify the source of problems (Piersma and Lindstrom 2004). Through awareness
campaigns, habitat protection, increased capacity for monitoring and targeted research,
we are making headway towards shorebird conservation. By better understanding
patterns in the survival of nests on the arctic breeding grounds, we clarify the role that a
changing Arctic might play in the widespread and alarming population declines of
shorebirds.
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Figure 7.1. A schematic representation of the effects identified in this thesis. Solid
arrows denote significant effects demonstrated directly, while dashed arrows indicate
hypothesised effects. Bold text denotes response variables that are a major focus of one
or more chapters.
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Figure 7.2. The decline in local abundance of Red Phalaropes on a 2.6 km2 plot at East
Bay, Nunavut. Surveys were conducted in late June, 1999-2007.
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