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Summary

1. Perturbations to ecosystems have the potential to directly and indirectly affect species

interactions, with subsequent impacts on population dynamics and the vital rates that regu-

late them.

2. The few long-term studies of common eider breeding ecology indicate that reproductive

success is low in most years, interrupted by occasional boom years. However, no study has

explicitly examined the drivers of long-term variation in reproductive success.

3. Here, we use encounter history data collected across 41 years to examine the effects of arc-

tic foxes (a terrestrial nest predator), local abundance and spatial distribution of lesser snow

geese (an alternative prey source), and spring climate on common eider nest success.

4. Eider nest success declined over the course of the study, but was also highly variable

across years. Our results supported the hypothesis that the long-term decline in eider nest suc-

cess was caused by apparent competition with lesser snow geese, mediated by shared preda-

tors. This effect persisted even following a large-scale exodus of nesting geese from the eider

colony. Nest success was also lowest in years of low arctic fox index, presumably driven by

prey switching in years of low small mammal availability. However, increased snow goose

abundance appeared to buffer this effect through prey swamping. The effect of spring climate

depended on the stage of the breeding season; cold and wet and warm and dry conditions in

early spring were correlated with decreased nest success, whereas warm and wet conditions in

late spring increased eider nest success.

5. These results underscore the significance of both trophic interactions and climate in regu-

lating highly variable vital rates, which likely have important consequences for population

dynamics and the conservation of long-lived iteroparous species.

Key-words: apparent competition, arctic fox, climate, common eider, lesser snow goose, nest

survival, predation, Somateria mollissima sedentaria

Introduction

Human alterations to both climate and landscapes have

had extensive impacts on natural systems. Anthropogenic

climate change has led to increased environmental

variability, particularly in high-latitude regions where

temperature and precipitation regimes have changed

disproportionately compared with those at low latitudes

(Houghton et al. 2001). Corresponding effects on phenol-

ogy, distribution and abundance of species have resulted

in widespread ecological consequences (Walther et al.

2002). Independently, changes in human land use can also

impact geographically distant ecosystems, particularly if

systems are linked by species migration. For example,

changes in North American agricultural practices have

led to a 10-fold increase in snow goose populations (Chen

caerulescens), resulting in catastrophic degradation of

the Arctic salt marshes where snow geese breed

(Abraham, Jefferies & Alisauskas 2005). Together, these*Correspondence author: david.iles@aggiemail.usu.edu
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perturbations have the potential to influence trophic inter-

actions within ecological communities and impact the

population dynamics of many arctic species (e.g. Post

et al. 2009; Rockwell, Gormezano & Koons 2011).

The common eider (Somateria mollissima) is a colonial

nesting sea duck, and has experienced long-term

declines across much of its (sub-)Arctic breeding range

(Robertson & Gilchrist 1998; Suydam et al. 2000; Merkel

2004). In addition to its role in coastal and marine

ecosystems, the common eider is important both eco-

nomically and for subsistence harvest in northern com-

munities. Reduced abundance of common eiders is thus

of concern to conservationists, waterfowl managers and

aboriginal communities (Gilliland et al. 2009). Yet,

despite the extensive research attention given to common

eiders (e.g. Milne & Dau 1976; Goudie, Robertson &

Reed 2000), the drivers of population dynamics are

poorly understood.

The few long-term studies of common eider breeding

ecology indicate that both nesting success and duckling

survival are low in most years, interrupted by occasional

years of high success (e.g. Milne 1974; Coulson 1984;

Swennen 1989). In particular, avian and mammalian

predators have been known to decimate the annual repro-

ductive output of common eider breeding colonies (Milne

1974; Swennen 1989; Rockwell & Gormezano 2009).

However, the relative effect of changes in predation

pressure on annual reproductive success remains unclear,

as do the biotic and abiotic mechanisms that modulate

predator abundance and foraging behaviour.

The presence of non-competitive alternative prey has

the potential to indirectly impact a focal species, like com-

mon eider, through impacts on shared predators. For

example, as specialist predators on small mammals

(Elmhagen et al. 2000), annual arctic fox (Vulpes lagopus)

production closely tracks fluctuations in spring small

mammal abundance. However, in years of low small

mammal availability, arctic foxes are known to opportu-

nistically switch to alternative prey for late-spring and

summer subsistence (Tannerfeldt, Angerbj€orn & ArvidSon

1994), potentially causing widespread reproductive failure

in ground-nesting waterfowl (e.g. Bêty et al. 2002;

Gauthier et al. 2004).

Alternatively, apparent competition theory predicts that

increased abundance of a focal prey species can invoke a

numerical response in the predator community, thereby

resulting in increased predation pressure on other prey

species (Holt & Lawton 1994). Predator-mediated appar-

ent competition is often most acute when the secondary

prey species is more easily captured than the focal prey

species (Chaneton & Bonsall 2000). In recent decades,

populations of snow geese have increased exponentially,

largely as a result of agricultural nutrient subsidies avail-

able to geese on wintering grounds and migration routes

(Jefferies, Rockwell & Abraham 2004; Gauthier et al.

2005). Considerable increase in the availability of snow

goose eggs on Arctic breeding grounds could augment or

congregate some terrestrial predator populations,

especially avian predators that forage intensively (and in

some cases, almost exclusively) on waterfowl eggs and off-

spring in northern ecosystems (Martin & Barry 1978;

Campbell 1990; Samelius & Alisauskas 1999; Sammler,

Andersen & Skagen 2008).

Adult snow geese aggressively defend their nests against

arctic foxes and avian predators (Cooke, Rockwell &

Lank 1995), and may be less susceptible to total clutch

loss than common eiders. Nevertheless, a relatively

constant proportion (< 10%) of snow goose eggs are

depredated annually on the Hudson Bay Lowlands (most

often resulting in partial clutch loss; Cooke, Rockwell &

Lank 1995; Rockwell, Gormezano & Koons 2011). A bol-

stered predator community benefitting from increased

availability of snow goose prey could thus have negative

consequences on sympatric common eiders that are more

vulnerable to nest predation.

The abiotic environment also has the potential to mod-

ulate the biotic factors that influence nest survival. For

example, eider nesting may be delayed by as much as a

month in years of late ice breakup (Robertson 1995), with

potential consequences for reproductive investment (Love

et al. 2010). Somatic energy losses resulting from delayed

breeding may influence the frequency and length of

incubation breaks taken by female eiders, increasing the

susceptibility of nests to predation as well as the likeli-

hood of nest abandonment (Criscuolo et al. 2002;

Lehikoinen, Kilpi & €Ost 2006; D’Alba, Monaghan &

Nager 2010). Alternatively, high spring temperatures and

precipitation may increase breeding propensity (Love

et al. 2010) or decrease the accessibility of nesting islands

to predators through conditions that raise river water

levels (Robertson 1995).

Here, we use data collected across 41 years from the

La P�erouse Bay common eider colony to investigate the

biotic and abiotic drivers of inter-annual changes in com-

mon eider nesting success. We predict that (1) years of

low arctic fox recruitment (driven by an absence of small

mammal prey) will be associated with low eider nest suc-

cess, due to prey switching by adult arctic foxes (Fig. 1a

and b). (2) Increased abundance of lesser snow geese

(C. c. caerulescens) in the region may have stimulated

avian predator populations that are able to respond

numerically to changes in snow goose abundance, result-

ing in decreased common eider nest success over the long

term via apparent competition (Fig. 1c and d). Further-

more, because arctic foxes generally do not respond

numerically to increases in goose abundance, we predict

that the effect of foxes on common eiders will decline as

snow goose populations increase due to prey swamping

of foxes by geese (Fig. 1c). Moreover, we predict that (3)

in general, spring temperature and precipitation will be

positively correlated with common eider nest success

through their combined effects on eider reproductive

investment and accessability of nesting islands to

predators.
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Materials and methods

study area

Breeding habitat for common eiders in northern Manitoba

is mainly restricted to the coast of Hudson Bay and the distribu-

taries that flow into it. Field work was conducted in the

Mast and Wao Wao river deltas, which feed into La P�erouse Bay

(58°43′ N, 93°24′ W), c. 30 km east of Churchill, Manitoba,

Canada. The river outflows form braided deltas with numerous

islands that several hundred pairs of Hudson Bay common eiders

(S. m. sedentaria) use annually for breeding and nesting (for fur-

ther details see Schmutz, Robertson & Cooke 1983). The breed-

ing ecology of this colony has been studied in 23 of the last

41 years (Iles 2012). As such, our study represents the longest

investigation of S. m. sedentaria breeding ecology and nesting

success. Furthermore, unlike many other common eider popula-

tions, S. m. sedentaria that breed along the southwest coast of

Hudson Bay are unharvested and unmanaged, therefore provid-

ing a rare opportunity to ‘isolate’ the ecological processes govern-

ing reproductive success.

Historically, the two main egg predators for the La P�erouse

Bay eider colony have been arctic foxes and herring gulls (Larus

smithsonianus; Guild 1974; Schmutz, Robertson & Cooke 1983).

In addition, the nesting habitat was shared with a small snow

goose colony (Robertson 1995; Fig. 2). However, following the

snow goose population explosion (Fig. 3) and subsequent habitat

degradation of the goose brood-rearing areas, the snow goose

colony shifted away from the eider colony, with resulting declines

of up to 67% of local snow goose nest densities (see Lesser Snow

Goose Data below; Ganter & Cooke 1998; Cooch, Rockwell &

Brault 2001; Iles 2012). Importantly, the degradation of grass

and sedge meadow brood-rearing areas leading to the eventual

snow goose exodus from the eider colony did not affect common

eider nesting habitat (Jefferies, Jano & Abraham 2006).

nest observations

At the onset of nesting each year, eider nests were located using

repeated searches of the known breeding areas. Nest searches

(and rechecks of discovered nests) were conducted on 6–10-day

intervals. Upon discovery, nests were marked with a small woo-

den stake (popsicle stick) and the location was recorded with a

GPS, or mapped onto a grid in years prior to GPS use. Clutch

size was recorded upon each visit, and in most years observers

recorded incubation age of nests using either egg candling (Weller

1956) or floating (Westerkov 1950). Initiation date of each nest

was estimated based on the incubation age of the nest and the

number of eggs in the clutch, with an estimated laying rate of

one egg per day (Watson, Robertson & Cooke 1993). Nests were

rechecked at 6–10-day intervals to assess fate, and were consid-

ered successful if they hatched at least one egg, determined by

either presence of ducklings or fresh egg membranes in the nest.

The nest was recorded as unsuccessful if all eggs were missing

from a nest upon revisit and no signs of hatch were present.

arctic fox data

The Manitoba Conservation Furbearer data base offers one of

the longest and most complete data sets for examining changes in

arctic fox demographics, with records that can be linked back to

those kept by the historical Hudson’s Bay Company (Elton &

Nicholson 1942). As the arctic fox range in Manitoba is mainly

restricted to the Hudson Bay coast (Hersteinsson & MacDonald

1992), provincial records of arctic fox pelt harvests are likely a

reflection of local trends in arctic fox demography.

(a) (b)

(c) (d)

Fig. 1. Diagrammatic representation of our hypotheses about the interactive effect of fox index and snow goose abundance on common

eider nest success. Solid arrows represent strong effects of trophic interactions (expected to negatively affect focal prey populations);

dashed arrows represent weak effects of trophic interactions (expected to have more subtle effects on focal prey populations). (a) Low

small mammal abundance results in low arctic fox production (reflected by the arctic fox index), causing arctic foxes to switch to forag-

ing on ground-nesting waterfowl. Low snow goose abundance is not yet affecting common eiders through apparent competition. (b)

High availability of small mammals increases arctic fox index, reducing trophic interactions between foxes and waterfowl. (c) Increased

snow goose abundance bolsters avian predator populations, resulting in apparent competition with common eiders. High snow goose

availability buffers the negative effect of foxes on common eiders in low fox productivity years through prey swamping. (d) High small

mammal abundance reduces prey switching by arctic foxes, but snow geese still cause reductions in common eider nest success through

apparent competition.
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To account for variation in the annual arctic fox harvest data

caused by socioeconomics, we fit linear models that included the

number of registered trap lines, inflation-corrected price of pelts

in the current or previous year, as well as plausible interaction

terms. The best model (registered trap lines) was chosen based on

model-selection criteria described below (see Nest Survival Analy-

ses), and we use the residuals from this model as indices of fox

prevalence in each year (i.e. corrected for annual number of trap-

pers; Fig. 3). Because annual pelt harvest data were only avail-

able until 2009, we forecasted the fox index for 2010 and 2011

using the most parsimonious parameterization of autoregressive

moving average (ARMA) models up to order three (the upper

3rd order limit was based on plots of the autocorrelation and

partial autocorrelation functions; Cryer & Chan 2008). A detailed

description of model selection and time-series analyses used to

calculate fox index is included in Appendix S1.

Estimates of annual arctic fox index ranged between �520 and

1398 across the study. For use as a covariate in nest survival

analyses, we standardized the fox indices (as well as other covari-

ates; see below) using a z-transformation. This transformation

reduces model convergence errors associated with model fitting in

the RMark environment (see Nest Survival Analyses), and

allowed us to assess the relative magnitude of effects in our mod-

els on comparable scales. Due to possible lags in reporting of furs

(i.e. the residual number of furs in a year could reflect fox preva-

lence in the previous year), we considered both the current fox

index and the previous year’s fox index as potential covariates in

our analyses of nest survival.

Arctic fox reproduction is highly correlated with spring

lemming abundance (Roth 2003), while subsequent juvenile

survival is strongly influenced by summer food availability

(Tannerfeldt, Angerbj€orn & ArvidSon 1994). Fox pelts, how-

ever, are most valuable and thus foxes are most heavily trapped

the following winter (Roth 2003). Moreover, the majority of

fox harvest consists of juveniles because of their higher vulnera-

bility to being trapped relative to experienced adults (Smirnov

1968; Roth 2003). As a result, fox pelt harvest is likely more

representative of annual juvenile recruitment to the winter

(which itself is driven by spring and summer food availability;

Bêty et al. 2002; Roth 2003) rather than an index of adult

abundance. Accordingly, our measure of fox index was highly

correlated with published estimates of local fox den occupancy

(Roth 2003; slope in linear regression = 20�67, P = 0�049,
adjusted R2 = 0�85). Thus, without long-term data to evaluate

changes in small mammal abundance and fox production

directly, we regarded the arctic fox fur-harvest index as an indi-

rect measure of spring and summer small mammal abundance

with which to evaluate our predator and alternative prey

hypotheses related to common eider nest success (see Introduc-

tion and Fig. 1).

lesser snow goose data

Lesser snow goose abundance in the Cape Churchill Peninsula

region was estimated based on aerial photograph surveys of

nesting pairs along the coast (Jefferies, Jano & Abraham 2006;

Kerbes et al. 2006). A state-space model incorporating both

population process variation and observation error (Humbert

et al. 2009) was then used to interpolate snow goose abundance

for 23 of the last 46 years in which surveys were not conducted.

Finally, to project population estimates for years after the last

aerial survey in 2006 (the state-space model could only be used to

estimate abundance between aerial survey years), we used the

most recent estimate of population growth rate attained from the

state-space model (Fig. 3). Snow goose abundance ranged from

3882 to 92 056 across the study. Z-standardized snow goose

population estimates were used in eider nest survival analyses to

examine alternative prey hypotheses (see Introduction and

Fig. 1).

Fig. 2. Map of the temporal distribution of snow geese along the

Cape Churchill Peninsula coast in relation to the eider breeding

colony. Common eider nests are distributed between two rivers

(the Mast and Wao Wao rivers; not pictured in this map), pri-

marily within the boundary described in this figure. By 2011,

nesting densities of snow geese within the traditional colony (near

the eider colony) had declined by c. 67% of those observed in the

mid 1990s.

Fig. 3. Estimated lesser snow goose (LSGO) abundance (solid

circles) in the Cape Churchill Peninsula region and arctic fox

index (open circles) in northern Manitoba over the course of our

study (1972–2011). Dashed vertical line separates the pre-exodus

and post-exodus time periods.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 683–693
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Data from long-term snow goose nest density plots captured

the tail end of a large-scale snow goose exodus from the eider

colony (to the east and south; Fig. 2), resulting in a local decline

of c. 67% of nesting snow geese by 1998 (Iles 2012). Without suf-

ficient data to examine local snow goose nest density dynamics

prior to the establishment of the long-term nest density plots in

1995, we created a binary variable for use in analyses to examine

the effect of the spatial snow goose exodus on eider nest success;

years prior to 1998 were assigned a ‘pre-exodus’ status, while

1998 and onwards were assigned a ‘post-exodus’ status. The

inclusion of an exodus covariate in a subset of our candidate

models allowed us to address our predictions related to apparent

competition between snow geese and common eiders in more

detail by examining the effects of both changes in snow goose

abundance and spatial location on common eider nest survival.

climate data

Local climate variables (temperature and precipitation) hypothe-

sized to influence common eider nest success through effects on

predator phenology and female reproductive investment were

obtained online from the Environment Canada Climate Data

Archive (http://climate.weatheroffice.gc.ca). Because we hypothe-

sized that climate variables may influence nest survival differently

depending on the stage of the breeding season, seasonal weather

averages were divided into two periods: early-breeding season

(May 1–June 10) and late-breeding season (June 11–July 15). For

example, while certain early-season climate characteristics may

influence nest survival through impacts on reproductive invest-

ment by adult common eiders, different late-season climate fac-

tors may influence the accessibility of eider islands to predators,

vegetation growth (and thus nest concealment), or the survival

and abundance of alternative prey (i.e. lemmings). The early-

breeding season period captured environmental variation during

the pre-laying period (early-mid May) until early to mid incuba-

tion (early June). The late-breeding season period examined the

role of weather conditions from mid to late incubation (late June

–early July). In addition, we considered more parsimonious

climate models in which daily weather was averaged over the

entire breeding season (May 1–July 15), rather than split into two

time periods (early–late incubation). Covariates were standard-

ized using a z-transformation.

nest survival analysis

Of the 23 years in which the colony was studied, 18 years had

repeated, visit-specific information from which nest daily survival

rates could be estimated. In the earliest years of the study, only

the apparent nest success estimates were available from published

literature (Schmutz, Robertson & Cooke 1983). Rather than

excluding these years from analyses, we transformed apparent

nest success estimates into corrected daily survival rates (DSR;

Green 1989; Johnson 1991), and representative encounter histo-

ries were simulated based on the estimated average DSR and the

reported sample size for these years (Iles 2012). Data from these

simulations were then used in inter-annual models of nest DSR

to elucidate the dominant drivers of annual variation in nest

success.

We analysed nest survival data using the RMark package

(Laake & Rexstad 2012) in program R (version 2�13�0). Compet-

ing generalized linear models of DSR were fit using maximum

likelihood, and relative support was evaluated using Schwarz’s

information criterion (SIC; Schwarz 1978; Taper & Gogan 2002).

Before evaluating the underlying drivers of nest success, we

examined general temporal trends in annual nest survival across

the study by constructing a null model (time-invariant), a linear

time-trend model, and a fully saturated temporal model in which

DSR was estimated separately for each year of study. We

constructed each of these models with and without a term for vis-

itor disturbance, which could affect annual estimates of nest sur-

vival (e.g. Bolduc & Guillemette 2003). The visitor disturbance

term therefore allowed us to examine if the daily survival rate of

each nest changed as a function of whether the nest was visited

on that day, and allowed us to correct for visitor impacts on nest

success.

Next, we developed models to explain annual variation in DSR

with mechanistic covariates. To facilitate analysis of a reasonable

number of models representing our biological hypotheses and to

avoid model dredging, we first stratified our model construction

and selection into two initial categories: biotic models (containing

predator and alternative prey covariates), and abiotic models

(containing early–late spring precipitation and temperature

covariates). The support for models within each category was

evaluated with SIC.

We then developed a set of models (each with a term for vis-

itor effects) that included additive and plausible interactive

effects of the biotic and abiotic variables that performed best in

the preceding analyses. In addition to evaluating the relative

evidence for each model with SIC, we also evaluated the direc-

tion (+ or �) and precision of parameter estimates in the top

model(s) (Burnham & Anderson 2002; Cooch & White 2012).

Finally, average nest success within a year was calculated based

on the product of estimated daily survival across 28 days

(assuming a modal clutch size with 4 days of laying + 24 days

of incubation; NS = DSR28), and precision in nest success was

calculated from the logit-scale coefficients using the delta

method (Seber 1982).

To evaluate the goodness-of-fit of our best-performing models,

we first calculated Zheng’s (2000) deviance reduction measure:

D1 ¼ 1� dev1
devN

� �
eqn 1

where devI is the deviance of the model of interest and devN is

the deviance of the null model (in our case, constant daily sur-

vival rate across all years). This method is appropriate for gener-

alized linear models, and evaluates a model’s proportional

reduction in deviance relative to the null model (Zheng 2000;

Adler & HilleRisLambers 2008; Aubry et al. 2010). We then cal-

culated the ratio of deviance reduction (R; not to be confused

with the coefficient of determination R2) for each model relative

to the fully saturated temporal model (the maximum possible

reduction in deviance attributable to annual variation):

R ¼ D1

DFS
eqn 2

where DI and DFS are the deviance reductions in the model of

interest and the fully saturated temporal model respectively. The

relative deviance reduction R is therefore 1 for the fully saturated

temporal model and 0 for the null model. There are no formal

goodness-of-fit tests appropriate for the generalized linear models

used in this analysis (Cooch & White 2012). As such, R only
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represents a measure of each model’s fit to the data relative to

the temporally saturated model.

Results

A total of 5661 nests were considered in this analysis from

23 years of study. On average, nests were visited 3�8
times. In every year of study, predation was the main

cause of nest failure. Nest abandonment was attributed to

only 5�0% of total failed nests, and ranged annually from

0 to 25% of failed nests (abandonment was included as

failure in the data set unless it was human induced, e.g.

attempts at trapping a female on the nest, in which case

the observation was right censored).

A linear trend fit better than the null model, indicating

that DSR (and thus nest success) declined across the

years of study (btrend for DSR = �0�032, 95%

CI = �0�035 to �0�029). The temporally saturated fixed

year effect model indicated that annual nesting success

varied considerably, ranging from 0�00089 to 0�95
(Fig. 4). The model selection results also indicated that

survival was lower on days in which the nest was visited

than when it was not, suggesting that observer effects

negatively affected nest survival estimates (bVisitDay for

DSR = �0�82, 95% CI = �0�95 to �0�69; Table S.3�1 in

Appendix S3). We thus corrected for these effects in all

analyses.

In the initial abiotic tier of model selection, the best-

performing model included an interaction between early-

spring temperature and precipitation and an interaction

between late -spring temperature and precipitation

(Table 1, R = 0�32). The top model from the initial biotic

model selection tier suggested an important interaction

between snow goose abundance and fox index, as well as

an additive effect of the snow goose exodus on common

eider nest success (Table 1, R = 0�42). These top models

and their effects were then considered in additive and

interactive models to examine the combined influence of

the biotic and abiotic environment on eider nest survival.

The highest ranked model from the final set of candidate

models included all effects contained in the top-ranked

biotic and abiotic models, except for the effect of the

snow goose exodus (Table 1; for an expanded list of

model selection results see Appendix S2). The best-

performing biotic–abiotic model explained 0�69 of the

deviance accounted for by the fully saturated temporal

model, indicating that it explained a large proportion of

annual variation in the nest survival data.

The estimated coefficients for covariates in the top

model are summarized in Appendix S3. The increase in

snow goose abundance along the Cape Churchill Penin-

sula during the study negatively affected eider nest suc-

cess, and accounts for the decline in eider nest success

across the study (bGoose = �0�82; Fig. 5). This is consis-

tent with our hypothesis that snow geese negatively influ-

ence common eider nest success through apparent

competition. Furthermore, the inclusion of effects of the

eventual snow goose exodus from the eider colony did

not improve model fit enough to warrant inclusion in the

top model (Table S.2�1 in Appendix S2).

Annual fox index also influenced common eider nest

survival, and this effect was highly dependent on the

abundance of nesting snow geese. At the beginning of the

study (low snow goose abundance), the effect of fox index

was highly positive (bFox = 0�23; Fig. 5). This supports

Fig. 4. Annual nest survival estimates (DSR28) of common eiders

from the fixed year effect model taking into account visitor

effects (black circles). Bars represent 95% confidence intervals.

Dashed line represents fitted values for the linear time trend.

Dashed vertical line separates the pre-exodus and post-exodus

time periods.

Table 1. Comparison of top models from each tier of model selection. A linear year effect and null model are also included for comparison

Model Type npar Dev D(SIC) R

Goose 9 Fox + EStemp 9 ESprecip + LStemp 9 LSprecip + VisitDay Biotic–Abiotic 11 16680�3 0�0 0�69
Goose 9 Fox + Exodus + VisitDay Biotic 6 17101�7 365�9 0�42
ESprecip 9 EStemp + LStemp 9 LSprecip + VisitDay Abiotic 8 17259�5 545�9 0�32
Linear Year Effect + VisitDay Linear 3 17363�1 594�0 0�25
VisitDay Null 2 17760�8 980�5 0�00

“Goose” = annual lesser snow goose abundance on the Cape Churchill Peninsula, “Fox” = arctic fox index in current year, “Exodus” =
dummy variable (1 or 0) to indicate time period before and after goose exodus from traditional nesting colony, “ES” = early spring

(May 1–June 10), “LS” = late spring (June 11–July 15), “precip” = average daily precipitation, “temp” = average daily temperature, “Vis-

itDay” = effect of a nest visit on daily survival. Model headings are as follows: “Type” = type of covariates included in model, “npar” =
number of parameters in model, “Dev” = model deviance, “DSIC” = difference in SIC points between a respective model and the top

model, “R” = relative model reduction in deviance, compared to fully saturated temporal model (not included in this table).
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our hypothesis that in years of low fox index (and thus

low small mammal availability), arctic foxes switch to

consuming waterfowl eggs. However, with the increase in

snow goose abundance along the Cape Churchill Penin-

sula coast, the effect of fox index declined (bGoose 9

Fox = �0�28; Fig. 5).
Spring climate in both the early- and late-breeding sea-

son influenced common eider nest success. An interaction

between early-spring temperature and precipitation sug-

gested that cold and wet, as well as warm and dry condi-

tions in early spring were associated with decreased nest

survival, while warm, wet conditions during this period

were associated with high nest success (Fig. 6). In the

late-breeding season, both temperature and precipitation

were positively correlated with daily survival rate (Fig. 6,

Table S.3�1 in Appendix S3).

Discussion

Similar to previous long-term studies of common eiders

(Milne 1974; Coulson 1984; Swennen 1989), our estimates

of annual nest success varied considerably across the

23 years of our study; in some cases, the difference in

annual nest success between adjacent years was as large

as 0�5 (Fig. 4). Overall, we observed a notable decline in

annual nest survival across the study, with the most recent

years having among the lowest nest success (nearly 0)

recorded in the literature (Goudie, Robertson & Reed

2000).

The apparent negative trend in nest success, and accom-

panying variation around the trend, was the result of a

complex interaction between predators, alternative prey

(in this system, snow geese and possibly small mammals),

and breeding season climate. The strong, negative effect

of snow goose abundance suggests that the long-term

decline in common eider nest success across the study was

caused by apparent competition with snow geese. Several

studies have documented both behavioural and numerical

responses of avian predator populations to increased

snow goose abundance (Samelius & Alisauskas 1999; Bêty

et al. 2002; Sammler, Andersen & Skagen 2008). The her-

ring gull population in western Hudson Bay that forages

almost exclusively on waterfowl eggs and ducklings (and

goslings) may have increased or congregated in response

to the snow goose population explosion (Sammler, Ander-

sen & Skagen 2008). Importantly, common eider nesting

habitat was not directly affected by destructive snow

goose foraging that degraded the adjacent salt marshes

(Iles 2012). As such, an augmented avian predator com-

munity is likely responsible for the negative correlation

between common eider nest survival and snow goose

abundance.

Importantly, the effect of snow geese on common eiders

was not dampened or reversed by the eventual exodus of

snow geese from the eider colony. We offer two potential

explanations for this result. First, as of 2011, the highest

densities of snow geese along the CCP coast are located

less than 15 km from the traditional nesting areas (span-

ning up to 75 km away; Fig. 2; Aubry et al. in press).

Fig. 5. The interactive effect of the fox index and lesser snow

goose abundance on common eider nest success. Both covariates

were z-transformed. Axes are scaled to the min and max values

observed across the study, and all other parameters in the model

were fixed at their mean values. Solid points represent combina-

tions of covariates that were actually observed).

Fig. 6. The effect of spring temperature

and precipitation on common eider nest

success. Early spring (ES) = May 1–June
10, Late spring (LS) = June 11–July 15,

temperature = mean daily temperature,

precipitation = total daily precipitation.

All covariates were z-transformed. Axes

are scaled to the min and max values

observed across the study; all other

parameters in the model were fixed at

their mean values. Solid points represent

combinations of covariates that were

actually observed.
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These distances are unlikely to provide a barrier to the

avian predator species responsible for apparent competi-

tive effects between eiders and snow geese. Second, the

rivers that provide willow islands for nesting eiders also

have an abundance of large rocks surrounded by water

that provide ideal gull nesting habitat. Although long-

term time-series data on gull nest densities are not avail-

able, the breeding population of herring gulls within the

eider colony appears to have grown precipitously in paral-

lel with the geese. In 1972–1976, there were less than 10

gull nests within the rivers surrounding the eider colony,

while in 2012 we found over 70 in the same area (KFA

and DTI unpublished data). These results suggest that the

effects of apparent competition may persist for decades

after local densities of a shared prey have declined.

We did, however, find that the effect of arctic foxes on

common eider nest success was modulated by the abun-

dance of lesser snow geese. At the beginning of the study,

with low snow goose abundance, arctic fox index was pos-

itively correlated with common eider nest success. This

supports the hypothesis that in years of low fox produc-

tion (and thus low small mammal abundance) arctic foxes

switch to predation on ground-nesting waterfowl, and is

consistent with the findings of other studies (e.g. Bêty

et al. 2002; Gauthier et al. 2004). The increasing abun-

dance of snow geese along the CCP coast appeared to

buffer the effects of arctic foxes, presumably through

partial prey swamping (Robertson 1995). This result is

perhaps not surprising; fluctuations in arctic fox produc-

tivity are more so regulated by early spring small mammal

availability than nest availability (Roth 2003; Gauthier

et al. 2004). As such, arctic foxes generally do not

respond numerically to increased abundance of ground-

nesting waterfowl, but their effective predation pressure

on eiders can be buffered by the availability of lesser

snow geese surrounding the eider colony (Figs 3 and 5).

We also found an influence of season-specific climate

on common eider nest survival. Cold and wet as well as

dry and warm conditions during the early spring were

associated with decreased nest survival, whereas warm

and wet conditions were associated with increased nest

survival during the mid to late spring (June 11–July 15).

Nest initiation for common eiders is delayed in cold, wet

springs until islands become ice free and flooding sub-

sides, with accompanying effects on reproductive invest-

ment (Lehikoinen, Kilpi & €Ost 2006; Chaulk & Mahoney

2012). Diminished investment in cold, wet years by incu-

bating eider hens may expose their nests to increased

avian predation when taking more frequent incubation

breaks in an effort to recoup somatic energy losses

accrued during reproductive delay (Criscuolo et al. 2002).

On the other hand, spring conditions that allow for

early-nest initiation (e.g. warm and dry conditions) and

thus an extended breeding season may increase the breed-

ing propensity of low-quality females. For example, Love

et al. (2010) showed that nest initiation profiles were more

positively skewed in warm years, suggesting increased

breeding effort by lower quality breeders. An increased

proportion of low-quality breeders that are subject to

higher rates of nest failure could decrease average nest

success while simultaneously increasing net reproductive

output in a given year, and may partly explain the nega-

tive association we found between average nest success

and warm and dry climate in early spring.

Although gull predation is a major cause of nest failure

during early incubation, the accessibility of nesting islands

to mammalian predators (particularly arctic foxes) is an

important determinant of nesting success later in the sea-

son (Robertson 1995). Accordingly, more precipitation

during late spring may reduce the accessibility of eider

islands to arctic foxes by raising water levels in the river.

As opposed to early spring, temperature in the mid-late

nesting season is unlikely to directly affect reproductive

investment. However, the growth rate of plants, and thus

nest concealment, depends on temperature (Myneni et al.

1997). In turn, seasonal changes in vegetative nest cover

may affect the detection and accessibility of nests by avian

and mammalian predators, with accompanying positive

impacts on nest survival (Schmutz, Robertson & Cooke

1983; G€otmark & Ahlund 1988; but see €Ost & Steele

2010).

Climate models predict an increase in the mean and

variance of both temperature and precipitation in high-

latitude regions (Houghton et al. 2001; Post et al. 2009).

Our results suggest that warmer and wet conditions in

early spring and warmer temperatures in late spring will

improve common eider nest survival. This agrees with the

findings of D’Alba, Monaghan & Nager (2010), who

found a positive relationship between the abundance of

new recruits to a breeding population of common eiders

and spring temperatures 2 years earlier (the hatch year

for new recruits). However, our results also indicate that

the effect of climate may change throughout a season.

Consequently, we caution that finer scale climate predic-

tions may be needed to accurately estimate the effect of

climate perturbations on natural populations.

Our models explained a large amount of the annual

variability in common eider nest survival over the course

of our study (69%), and an integration of intra-annual

covariates with inter-annual covariates could further

improve predictive abilities. For example, within-season

factors (e.g. timing of snow goose hatch, gull nesting phe-

nology, onshore arrival of polar bears) and nest-specific

characteristics (e.g. laying dates, vegetation phenology

and female age) likely play a role in regulating nest

survival as well. An examination of these factors would

help clarify the mechanisms responsible for our findings,

especially those related to the effect of breeding season

climate on eider nest success.

Our study provides compelling evidence that eider nest

success is strongly influenced by an interaction between

predators and alternative prey, and establishes this popula-

tion of eiders among the list of species adversely affected

by the growth of lesser snow goose populations, and
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ultimately, by landscape change in mid-continent North

America (Abraham, Jefferies & Alisauskas 2005; Jefferies,

Jano & Abraham 2006). The importance of trophic inter-

actions and/or climate in regulating highly variable vital

rates have been demonstrated for other populations of

common eiders (e.g. Coulson 1984; Swennen 1989; Love

et al. 2010), as well as other long-lived sea birds (e.g.

black-legged kittiwakes, Murphy, Springer & Roseneau

1991; snow petrels, Chastel, Weimerskirch & Jouventin

1993; greater scaup, Flint et al. 2006; black scoters,

Schamber, Broerman & Flint 2010). However, while it is

clear that reproductive output in this population is highly

variable through time and driven by a complex interplay of

environmental factors, the consequences of this variability

on population dynamics are not known.

Demographic theory suggests that in long-lived iterop-

arous species, population growth rate tends to be most

sensitive to changes in adult survival and least sensitive to

changes in reproductive vital rates (Pfister 1998). However,

selection is expected to buffer the traits most strongly cor-

related with fitness against environmental change, thereby

reducing their variability through time (Gaillard & Yoccoz

2003; but see Koons et al. 2009). This prediction appears

to be supported in long-lived sea ducks, which have

adopted a bet-hedging life history strategy to compensate

for years of low annual reproductive output with relatively

high and stable adult survival (Wilson et al. 2007).

Although population growth rate in long-lived, iterop-

arous species may be least sensitive to changes in repro-

ductive vital rates, high variability in these rates

compared to adult survival may actually contribute more

to observed changes in population growth and abundance

(Gaillard & Yoccoz 2003). Thus, our next step will be to

develop population models to investigate the conse-

quences of observed variability in reproductive success,

and the drivers of this variability, on population dynam-

ics. Such research will provide valuable insight into the

ecological processes governing populations amidst chang-

ing environmental pressures.
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Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Appendix S1. Description of methods used to calculate arctic fox

index.

Appendix S2. Detailed results of the final tier of model selection,

including both biotic and abiotic covariates.

Appendix S3. Logit-scale daily survival rate beta coefficients from

top biotic-abiotic model.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 683–693

Common eider nest success 693


