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INTRODUCTION

Climate change may have demographic consequences for marine top predators if it leads
to altered rates of skipped breeding. Here we examine variation in skipping propensity
at both the population and individual levels in common guillemots Uria aalge in relation
to climate and oceanographic variables and explore the extent to which skipping may be
adaptive or an unavoidable consequence of ecological or social constraints. WWe assumed
a detection probability for birds present in the colony of 1.00 and skipping events were
defined to include both resightings of non-breeders and failures to resight individuals
known to be alive (not present at the colony but resighted in future years). Skipping
frequency was higher in years where sea surface temperatures (SST) were higher in
winter (both in the current and previous year), when guillemots from our study colony
disperse widely across the southern North Sea. Individuals differed consistently in their
average skipping propensity and their responses to SST. Males and females were equally
likely to skip on average and the frequency of skipping increased in the oldest age classes.
Birds that skipped in year t had lower breeding success in year t + 1 if they laid an egg,
compared to birds that did not skip in year t. Lifetime reproductive output was negatively
related to individual skipping frequency. These results imply that skipping is driven by
individual-specific constraints, although we cannot rule out the possibility that birds benefit
from skipping when environmental (or internal) signals indicate that breeding in poor years
could be detrimental to their residual reproductive value. While future climate change
might lead to guillemots skipping more often due to carry-over effects from wintering to
breeding periods, the net demographic impacts may be subtle as the absolute frequency
of skipping may remain low and individuals will not be equally affected.

Keywords: phenotypic plasticity, intermittent breeding, non-breeding, non-breeders, life history buffering,
environmental cue

albatrosses, Jouventin and Dobson, 2002; and in many fish,

A central premise of life history theory is that reproduction is
costly (Stearns, 1989). At a proximate level, animals may only be
able to breed if exogenous food and nutrient intake, or endoge-
nous reserves, surpass a critical threshold (Erikstad et al., 1998;
Meijer and Drent, 1999), while investment in breeding entails
potential physiological costs such as reduced immune function
or increased susceptibility to oxidative stress (Harshman and
Zera, 2007; Monaghan et al., 2009). At an ultimate level, parents
face a fitness trade-off between current and future reproduction:
increased allocation of resources to current offspring production
may come at the expense of reduced parental survival chances
and hence reduced residual reproductive value (Williams, 1966;
Charlesworth, 1994).

Annual reproductive investment in iteroparous species
involves a series of sequential “decisions,” chief among which is
the decision of whether to breed or not (Clutton-Brock, 1988;
Newton, 1989). For some vertebrate species living in seasonal
environments, the norm is for mature individuals to breed in
alternate years or less often (e.g., obligate biennial breeding in

amphibians and reptiles: Bull and Shine, 1979). However, more
typically annual breeding is the norm but in such situations
a variable (often substantial) fraction of individuals that have
already bred before may skip in some years, i.e., facultative annual
breeding (Aebischer and Wanless, 1992; Chastel, 1995; Harris and
Wanless, 1995; Cam et al., 1998; Nur and Sydeman, 1999; Reed
et al., 2004; Johnston and Post, 2009; Rideout and Tomkiewicz,
2011). Given its pervasive direct and indirect ecological effects,
climate likely plays an overarching role in determining both how
often individuals skip (proximate influence of climate via cues
or constraints) and when skipping would be profitable from a
fitness-maximization perspective (ultimate influence of climate).

Hypotheses to explain intermittent breeding can be grouped
into adaptive and non-adaptive explanations. In temporally vary-
ing environments, skipping may be adaptive when the costs of
reproduction are higher during unfavorable seasons (Schaffer,
1974; Bull and Shine, 1979; Erikstad et al., 1998; McNamara and
Houston, 2008). Long-lived species, in particular, are expected to
exhibit restrained reproductive investment under poor conditions
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because even small reductions in adult survival will reduce the
number of subsequent breeding seasons and hence depress life-
time reproductive success substantially (Curio, 1988; Linden and
Moller, 1989). For example, Coulson (1984) reasoned that com-
mon eider (Somateria mollissima) refrain from breeding in years
of low adult survival in order not to incur further survival costs
or reductions in future reproductive success, while Aebischer and
Wanless (1992) made similar adaptive arguments for skipped
breeding in European shags (Phalacrocorax aristotelis). The capac-
ity to regulate breeding effort by skipping in certain years (i.e.,
adaptive phenotypic plasticity in breeding propensity) would pre-
sumably only evolve if cues are available to individuals prior to the
breeding season that reliably correlate with environmental condi-
tions later in the year (including potentially the following winter)
that actually determine the fitness costs of reproduction (Erikstad
et al., 1998; Bardsen et al., 2011).

Non-adaptive explanations suggest that skipping breeding in
some years is itself not advantageous, but rather an unavoidable
outcome of other events. For example, Danchin and Cam (2002)
found that black-legged kittiwakes (Rissa tridactyla) that changed
breeding areas between years were 1.7 times more likely to skip
breeding than those that remained in the same area. They argued
that adult non-breeding may thus be a cost of breeding disper-
sal, given that dispersers often struggle to find a new breeding site
or mate (Danchin and Cam, 2002). Similarly, experienced adults
may have no option but to skip breeding following forced eviction
from their previous breeding site or divorce from their previ-
ous mate (Harris and Wanless, 1995; Kokko et al., 2004; Jeschke
et al., 2007). Skipping may therefore be non-adaptive in the sense
that breeding propensity itself is not the direct target of selec-
tion, although it may be affected by other behaviors and traits
(e.g., breeding dispersal, mate fidelity, resource gathering abili-
ties) which are potential targets of selection. In reality, adaptive
and non-adaptive explanations may both apply and skipping may
be linked to future survival or reproductive success through both
causal and non-causal mechanisms (Cam et al., 1998; Danchin
and Cam, 2002). Moreover, individuals may vary in resource
acquisition abilities or other traits that influence their physio-
logical state, which in turn affects their ability to breed (Mills,
1989; Harris and Wanless, 1995; Cam et al., 1998; Cubaynes et al.,
2011). While such individual heterogeneity may obscure trade-
offs between current breeding and survival/future reproduction,
it does not mean they do not exist: the fitness consequences of
skipping may simply be different for different classes of individ-
uals (Cam et al., 1998) and some may be better able to bear the
costs of reproduction than others (Robert et al., 2012).

Among marine top predators, which tend to be long-lived,
intermittent breeding is relatively common and variation in
breeding propensity has been shown to have a strong influence
on population numbers (Acbischer and Wanless, 1992; Jenouvrier
et al., 2005a; Forcada et al., 2008). Climate may influence breed-
ing propensity of marine top predators directly, for example if
climate variables are used as cues to regulate breeding effort
or if the survival benefits of non-breeding depend on weather
conditions (Erikstad et al., 1998; Robert et al., 2012), or indi-
rectly via bottom-up or top-down effects on marine ecosystems
(Frederiksen et al., 2006). Few studies, however, have tested

for associations between climate variables and breeding propen-
sity and most have done so only at the population level (e.g.,
Jenouvrier et al., 2005a; Mills et al., 2008; Cubaynes et al., 2011).
Given the global trend in climate warming (Solomon, 2007) cou-
pled with increased climate variability (Rahmstorf and Coumou,
2011; Seager et al., 2012) there is a need to better character-
ize and understand such associations in wild populations and
the conservation implications. Moreover, very little is known
about individual-level patterns or fitness consequences of skipped
breeding in marine top predators (Cam et al., 1998; Danchin
and Cam, 2002), information that is important to predicting the
evolutionary and demographic consequences of climate change
(Forcada et al., 2008).

The aim of the current analysis was to shed light on these issues
using long-term, individual-based data on common guillemots
(Uria aalge) from a well-studied colony in Scotland. Common
guillemots are long-lived and lay a single-egg clutch. Species with
such a life history are good candidates for investigating poten-
tially adaptive adult non-breeding because they (a) are expected
to be prudent parents, given the importance of longevity to their
lifetime reproductive success (Moreno, 2003; Reed et al., 2008),
and (b) have fewer options than species that lay multiple eggs
when it comes to adjusting reproductive effort (Cubaynes et al.,
2011). While they could adjust investment in the single egg or
chick in response to changes in the environment (e.g., Erikstad
et al., 1997), not breeding in the first place may be less costly
in terms of future fitness. Common guillemots from our study
colony spend the winter months in the shallow southern North
Sea (Reynolds et al., 2011), an area that has experienced extreme
local warming rates over the past 30 years (Rayner et al., 2003).
Previous studies of common guillemots have established links
between demographic rates or phenology and marine climate
experienced both locally around the breeding colony and further
afield in the wintering area (e.g., Frederiksen et al., 2004a; Sandvik
et al., 2005; Votier et al., 2008; Reed et al., 2009). We there-
fore (1) tested for population-level associations between breeding
propensity and climate-related variables measured at different
temporal and spatial scales, (2) investigated whether individuals
varied in their climate responses, (3) tested for effects of age and
sex on breeding propensity, and (4) explored the individual-level
fitness consequences of skipping.

MATERIALS AND METHODS

STUDY SPECIES, SITE, AND DATA COLLECTION METHODS

Common guillemots (hereafter guillemots) are medium-sized
seabirds with a circumpolar distribution in temperate and sub-
arctic waters of the North Atlantic and North Pacific. They breed
on cliffs from the age of 5 or 6 years and can live for 30 or more
years (for general information, see Harris and Birkhead, 1985;
Gaston et al., 1998). The data used here were collected as part
of a long-term study on the Isle of May, Firth of Forth, Scotland
(56°11'N, 2°33’ W). Since 1982, breeding guillemots of unknown
age in five study areas of varying cliff topography and bird den-
sity have been caught and fitted with unique metal and color
leg-rings under license from the British Trust for Ornithology.
Every year additional breeding adults are ringed to replace those
disappearing from the study population to maintain sample size.
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Average age of birds ringed in the earliest cohorts was assumed to
be older than that of later cohorts, as new birds caught after the
first few years of the study were likely to be (although could not
be confirmed as) first-time breeders (Harris and Wanless, 1995;
Crespin et al., 2006). The study areas were viewed from perma-
nent hides 10-20 m away. All breeding sites were numbered on
large photographs and the identities of both adults at all sites
were ascertained several times every season. Intense searches were
carried out at least daily throughout the breeding season to deter-
mine whether ringed birds (1) were present in the colony, (2) held
abreeding site, (3) laid an egg, and (4) successfully fledged a chick,
i.e., left the colony when aged at least 14 days old (Harris and
Wanless, 1988). Particular attention was paid to adjacent areas
to ensure that birds resident outside the main study plots were
not overlooked. At this colony guillemot pairs typically persist
across multiple years (Jeschke et al., 2007) and birds were sexed by
observations of copulations. The dataset comprised 9741 records
(bird-year combinations) over 33 years from 891 ringed individu-
als (412 females, 442 males, 37 sex unknown). For further details
on the study population see Harris and Wanless (1988).

DEFINING AND MEASURING SKIPPED BREEDING

High-quality breeding sites are limited in this colony and fiercely
contested (Kokko et al., 2004). Across all breeding seasons (1982—
2014), an annual average of 7.1% (696/9741) of individuals that
had bred at least once did not hold a site. The majority (86.1%,
599/696) of these siteless birds were recorded non-breeders in the
colony, while the remainder (97/696) were not seen in that year
(Figure 1). Observer effort remained very high over the study
period and resighting probabilities (i.e., the probability that an
alive bird was seen in a given breeding season on the island) of
birds ringed as adults, as estimated from an integrated Bayesian
analysis of mark—recapture—recovery data (Reynolds et al., 2009),
were also very high and consistent across years (always >93%).
Non-breeding guillemots spend much time in the colony near
their last breeding site. Although it is not possible to say with
100% certainty that an unrecorded bird was not present some-
where in the colony, this seems very unlikely and we assume a

detection probability for birds present in the colony (as breeders
or non-breeders) of 1.00. Thus, we are confident that any ringed
birds not seen in a given year did not actually return to the colony,
but rather spent the summer somewhere away from the island
(e.g., offshore). We defined skipped breeding as where an indi-
vidual which bred previously was either seen somewhere in the
colony during the breeding season without a breeding site, or was
not seen in that breeding season but was seen in a subsequent sea-
son. This measure of skipping excluded cases where a bird was not
seen that year and then never seen again (and therefore presumed
to be dead), but it includes consecutive skipping events so long as
the bird was seen again. The proportion of birds skipping could
not be calculated for the 2014 breeding season, as birds not seen
in this year may still be alive (confirming this requires resight-
ing them in future years). The estimate for 2013 might also be an
underestimate for the same reason. Birds observed without a site
in their last year of being seen were defined as having skipped.

By this definition, “breeders” or “non-skippers” were adults
that held a site during the breeding season, and an annual average
0f 92.9% (9045/9741) of known individuals fell into this category
(Figure 1). The majority (99.1%, 8962/9045) that held a site bred
i.e., an egg was recorded. Birds holding a site where no egg was
recorded were included in the non-skippers category as we con-
sidered that they had made a substantially larger commitment
than had those without a site. However, the results and conclu-
sions were unchanged when they were included in the skippers
category (results not presented).

STATISTICAL ANALYSES

For the population-level analysis, the annual incidence of skip-
ping was quantified by summing the number of birds that skipped
each year and dividing by the total number of birds (i.e., skip-
pers + non-skippers). Similarly, for the individual-level analyses
the incidence of skipping was a binary variable with a value of
one assigned to birds that skipped, and a value of zero assigned
to birds that did not skip. The data were then analyzed via
logistic regression using either generalized linear models (GLMs,
population-level analyses) or generalized linear mixed models
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(GLMMs, individual-level analyses). Some previous studies (e.g.,
Cam et al., 1998; Forcada et al., 2008; Cubaynes et al., 2011;
Sanz-Aguilar et al., 2011) used multi-state capture-recapture
(or multi-event) models to estimate rates of adult non-breeding
when non-breeders are unobservable (e.g., because they remain
at sea during the breeding season). In our study, however, aver-
age resighting probability was extremely high (~96%; Reynolds
et al.,, 2009) so our estimates of breeding propensity were not
unduly biased by recapture probabilities less than one (see also
Danchin and Cam, 2002 for a similar justification for using logis-
tic regression, rather than a multi-state mark recapture approach,
to analyze factors influencing breeding status).

Population-level analyses

The population-level analyses tested for significant relation-
ships between annual breeding propensity and candidate annual
covariates linked directly or indirectly to climate. Guillemots dis-
perse widely outside of the breeding season and ringing recoveries
and data from geolocators indicate that in December and January
adult guillemots from the Isle of May are concentrated in the
southern North Sea (Reynolds et al., 2011; Harris et al., in press),
although birds are also known to attend the breeding colony
intermittently throughout the non-breeding season (Harris and
Wanless, 1989, 1990). Weather or oceanographic conditions expe-
rienced in the winter range may therefore have a direct or indirect
effect on annual breeding propensity via cues or constraints. Sea
surface temperature (SST) is a good candidate variable in this
regard, given that (a) birds may be able to directly sense SST or
other closely correlated atmospheric/oceanographic variables and
use this as a predictive cue for breeding decisions, and (b) SST
correlates with various demographic rates in seabirds in the North
Sea/Northeast Atlantic region (e.g., Frederiksen et al., 2004b;
Sandvik et al., 2005). Weekly SST data were obtained from NOAA
(Optimum Interpolation SST V2 obtained from http://www.
esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html) for two
regions of the North Sea. The first corresponded to the winter
range (51-56°N, 1-5°E) and values were averaged for the months
November, December and January (hereafter “winter range SST”
or wSST). The second was an area in the immediate vicinity of
the breeding colony (55-57°N, 3-0°W) and values were averaged
for February and March (hereafter “local spring SST,” 1ocSST).
The latter was included to capture environmental conditions that
might affect breeding propensity prior to the breeding season,
when birds are likely to forage closer to the breeding colony.
We tested for lagged effects (1 year lag) of both SST variables,
given that SST may affect seabird vital rates indirectly through
the food chain (Frederiksen et al., 2006; Lahoz-Monfort et al.,
2013). We also considered the winter North Atlantic Oscillation
Index (WNAO, Hurrell, 2014), a broad-scale proxy measure that
correlates well with life history traits and population dynam-
ics of North Atlantic seabirds (Reid et al., 1999; Durant et al.,
2004; Grosbois and Thompson, 2005; Reed et al., 2006; Sandvik
et al., 2008, 2012). The wNAO index is the mean December—
March value for year ¢, where December is in year t-1. Lagged
effects of NAO have been documented for seabirds (Lewis et al.,
2009; Sandvik et al., 2012) so we also considered a lag of 1 year.
Finally, we considered an effect of population size (the annual

count of breeding guillemots on the Isle of May) to test for density
dependence.

As a preliminary step, we first tested for time trends in the
annual frequency of skipping and each of the explanatory vari-
ables. The plot of annual skipping frequency vs. year (Figure 2A)
suggested a non-linear trend, while exploratory analyses indi-
cated temporal autocorrelation in the raw values at a lag of 1
year. A generalized additive model was therefore fitted to the time
series, allowing for an auto-regressive serial correlation structure,
using the gamm function in the R package mgcv (Wood, 2006).
This uses cross-validation to estimate the optimal amount of
smoothing for the continuous variable “year” and a normal error
distribution was assumed. Three different models were com-
pared: one with no residual correlation structure (i.e., residuals
assumed to be independent) and models with serial correlation
structures of orders one and two (i.e., lagged residual correla-
tions of one and two years), respectively. The model with the
lowest AIC was chosen as the best descriptor of the time series
(Zuur et al., 2009). The same process was repeated for each of
the candidate explanatory variables to test for temporal trends
in each (Figures 2B-E). Pair-wise Pearson correlations among all
explanatory variables were also tested for.

Next, a series of nested GLMs with logit link functions and
binomial errors were fitted where the response variable was a
concatenated vector of the number of birds that skipped breed-
ing each year and the number of birds that did not skip. The
full model consisted of additive effects of each annual covariate.
and this was simplified using backwards selection, where each
explanatory variable was dropped, in turn, and each time an
analysis of deviance test applied (with the difference in deviance
between nested models assumed to follow a chi-squared distribu-
tion with one degree of freedom). The variable with the highest
P-value was removed, and then the process was repeated until all
remaining variables were significant at the 5% level (Zuur et al,,
2009). Interactions were not tested for as there were too few data
points.

Individual-level analyses: explaining variation in skipping

A population-level relationship between breeding propensity and
the environment could occur without necessarily existing within
individuals (Figure 3). To characterize individual-level patterns,
a GLMM was fitted where the binary response variable indicated
whether the individual skipped or not that year. The population-
level analysis revealed significant effects of wSST and lagged wSST
(see Results). For the individual-level analysis, we focussed on the
unlagged effect of wSST, as GLMM:s including wSST, lagged wSST
and their interactions with age and sex did not converge. To sepa-
rate within- and between-individual effects of wSST, a technique
known as “within-subject centering” (van de Pol and Wright,
2009) was used, which involved first calculating the mean value
of wSST (wSST_mean) for each individual and then expressing
annual values as deviations from this mean (wSST_dev). Both
wSST_mean and wSST_dev were then included as fixed effects
in the GLMM, with the former corresponding to the between-
individual effect and the latter to the within-individual effect
(see Figure 3). Fixed effects of sex (two-level factor: males and
females; unknowns excluded) and years since ringing (as a proxy
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for age, see Crespin et al., 2006) and years since ringing squared
were included. Models including two-way interactions did not
converge so we only considered main effects. A random effect of
year was included to account for interannual variation in skipping
not captured by the fixed effects. A random effect of individual
was included to account for non-independence of multiple mea-
sures of skipping on the same individual (and to quantify the
magnitude of between-individual differences in average skipping
propensity). Three random effects structures were compared: (1)
random intercepts, (2) random intercepts and random slopes
for the wSST deviation effect, correlation between intercept and
slope constrained to zero; and (3) random intercepts and random
slopes with the correlation estimated. The best random effects
structure was chosen on the basis of likelihood ratio tests, includ-
ing all fixed effects in each case regardless of the their statistical
significance (Zuur et al., 2009, p. 121). Once the best random
effects structure was found, non-significant fixed effects were then
dropped sequentially from the model (using analysis of deviance
tests) until all remaining terms were significant at the 5% level.

Individual-level analyses: fitness consequences of skipping

A GLMM was used to test the effect of skipping in year ¢ on
breeding success in year t + 1. The response variable was binary
1 = chick raised successfully in year t+ 1, 0 = failure. This
analysis was restricted to cases where an egg was laid in year
t + 1. “Previous status” was defined as a factor with three levels:
1 = skipped breeding in year t; 2 = bred unsuccessfully in year
t; 3 = bred successfully in year t. The fixed effects were previous
status, sex, years since ringing and years since ringing squared.
Random effects of individual and year were included. A similar

GLMM was fitted with probability of skipping in year t 4 1 as the
response.

Finally, we calculated a proxy for lifetime reproductive suc-
cess (LRS) for individuals that had disappeared (presumed dead)
before 2013. Although it is rare for individuals not to be seen for
two consecutive years, individuals not seen in 2013 or 2014 were
excluded from this analysis since they could still have been alive.
The first 3 years of the dataset were also excluded as individu-
als first caught at the start of the study were likely to have bred
before. This gave relatively complete breeding life histories of 660
individuals (6841 bird-year combinations). For each individual,
LRS was calculated by summing the number of chicks produced
over their breeding lifespan. A generalized additive model (GAM)
with LRS as the Poisson response variable (log link function)
was then fitted, with smoothers for the effects of breeding lifes-
pan (number of years from first capture to disappearance) and
mean skipping propensity (proportion of years skipped) using
cross validation (Wood, 2006), as exploratory analyses indicated
non-linear effects. A GAM was also used to test for a relationship
between breeding lifespan (response variable, Poisson error and
log link function) and skipping frequency. To avoid over-fitting,
these GAMs were constrained to have fixed degrees of freedom
and three knots (Wood, 2006). All models were fitted in R ver-
sion 3.1.1 (R Core Team, 2014). GLMMs were fit using the glmer
function from the Ime4 package (Bates et al., 2012).

RESULTS

TEMPORAL TRENDS

The annual covariates included as candidate explanatory vari-
ables in the population-level analysis were correlated to some
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degree; for example, wSST and locSST were correlated with r =
0.69 (Supplementary information, Table Al). The time series for
annual skipping propensity and each explanatory variable are
shown in Figure 2. The best GAM for annual skipping propensity

Skipping propensity

Environmental variable

FIGURE 3 | Four different scenarios for how the effect of an
environmental variable on skipping propensity may differ at the
between- and within-individual levels (adapted from van de Pol and
Wright, 2009). The relationships are assumed to be linear on the
transformed (e.g., logit) scale. Each panel depicts five hypothetical
individuals that vary both in their mean skipping propensity (black dots) and
in the environmental conditions they experience (e.g., because they are
born in different years or vary in lifespan). The dark lines are regressions
fitted to the black dots and represent the between-individual effect. The
dashed lines are within-individuals effects. In A, there is no relationship
within individuals but an effect across individuals; in B, the within- and
between-individual effects are the same; in C and D, the effect is present
within but not across individuals. In A-C, there is no variation in
within-individual slopes, but in D there is.

indicated there was temporal autocorrelation with a lag of 1 year
(i.e., years of high skipping propensity were followed by years
of high skipping propensity). When this residual autocorrela-
tion was taken into account, the smoother for the year effect was
effectively linear and not significantly different from zero (esti-
mated df = 1, residual df =1, F = 0.43, P = 0.52), i.e., there
was no evidence for a directional trend over time. The best
model for wSST indicated no temporal autocorrelation in the
residuals and a marginally non-significant positive effect of year
(GAM smoother: estimated df = 1, residual df = 1, F = 4.00,
P =0.054). Similarly, the best model for locSST indicated no
temporal autocorrelation in the residuals and a positive effect
of year (GAM smoother: estimated df = 1, residual df = 1, F =
6.06, P = 0.02). No trend (GAM smoother: estimated df =1,
residual df = 1, F = 1.20, P = 0.28) or temporal autocorrelation
in the residuals was apparent for wNAO. A significant non-linear
trend in population size was present over the study period (GAM
smoother: estimated df = 6.33, residual df = 6.33, F = 23.38,
P < 0.001) with no temporal autocorrelation in the residuals
after accounting for this trend.

POPULATION-LEVEL ANALYSIS

The mean annual frequency of skipping was 0.07 and ranged
from 0.02 to 0.14. The annual frequency of skipping was posi-
tively associated with wSST in the same year (Figure 4A, Table 1)
and in the previous year (Figure 4B, Table 1). None of the other
annual covariates were associated with annual skipping frequency
(Table 1).

INDIVIDUAL-LEVEL ANALYSES

The GLMM with skipping as the binary response indicated that
the effect of wSST was present within individuals (effect of
wSST_dev: ¥?* = 9.66, df =1, P =0.002) but not across indi-
viduals (effect of wSST_mean: x% = 2.25,df = 1, P = 0.13). The
estimate from the GLMM for the term wSST_dev was 0.38 +
0.12, which compares with an overall effect of winter range SST
in the population-level analysis of 0.37 £ 0.08 (Table 1), indicat-
ing that the cross-sectional relationship mirrors the underlying
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within-individual effect. The best random effects structure was
one with uncorrelated random intercepts and slopes. A likelihood
ratio test indicated that this model was better than one with
just random intercepts (x> = 4.98, df = 1, P = 0.026), while a
model with correlated random intercepts and slopes was not sup-
ported (x% = 1.08, df = 1, P = 0.30). Sex did not have an effect
on skipping propensity (x> = 1.75, df = 1, P = 0.18). The over-
all quadratic effect of years since ringing (Figure 5) was highly
significant (X2 = 81.89, df =2, P < 0.001), but the linear com-
ponent was not significantly different from zero (x? = 0.002,
df =1, P = 0.96). The between-individual variance in skipping
propensity (variance in intercepts) was much larger than the
between-year variance (2.86 vs. 0.02, both on logit scale; variance
in slopes = 0.49). These results indicate that the individual-level
patterns are most consistent with scenario D in Figure 3.

Table 1 | GLM results for the population-level analysis of annual
skipping frequency.

Variable Estimate Standard LRT P
error

Intercept —762 0.89 — —
Winter range SST (year t) 0.37 0.08 28.69 < 0.001
Winter range SST (year t—1) 0.21 0.08 778 0.005
Local spring SST (year t—1) — — 1.34 0.25
Population size - — 0.82 0.37
Local spring SST (year t) - — 0.54 0.46
Winter NAO index (year t—1) — — 0.28 0.60
Winter NAO index (year t) - — 0.16 0.69

Estimates and standard errors are shown only for those terms retained in the
final minimum adequate model. LRT, likelihood ratio test statistic, assumed to
follow a x? distribution; P p-value from LRT.

0.4

Mean skipping propensity

Years since ringing

FIGURE 5 | Mean skipping propensity as a function of years since
ringing (proxy for age). Data points are means =+ standard errors for each
age class.

Individuals that skipped breeding in year ¢ had lower breed-
ing success in year t+ 1 than individuals that bred in year ¢
but failed, which in turn had lower breeding success in year
t + 1 than individuals that bred successfully in year t (Figure 6A,
effect of previous status: xz = 406.47, df =2, P < 0.001). Sex
had no effect on breeding success (2 = 0.15, df = 1, P = 0.70).
The quadratic effect of years since ringing (our proxy for bird
age) on breeding success in year t 4 1 was highly significant
(xz = 54.05, df =2, P < 0.001), with breeding success being
lower at older minimum inferred ages (Figure S1). Individuals
that skipped breeding in year ¢ had a higher probability to skip
in year t 4 1 than individuals that bred but failed, which in turn
had a higher probability to skip in year t + 1 than individuals that
bred successfully in year ¢ (Figure 6B, effect of previous status:
¥? = 379.98, df =2, P < 0.001), controlling for the significant
quadratic effect of minimum inferred age (x* = 36.94, df = 2,
P < 0.001).

Among those individuals with complete breeding histories,
those that skipped breeding more frequently produced fewer
chicks on average across their breeding lifespans (Figure 7A),
controlling for the fact that individuals with longer breeding
lifespans had higher LRS (Figure 7B). The GAMs indicated that
these effects were slightly non-linear (effect of skipping fre-
quency: estimated df = 2.55, residual df = 3.19, x2 = 285.6,
P < 0.001; effect of breeding lifespan: estimated df = 6.11,
residual df = 7.27, x? =2899.9, P < 0.001; overall deviance

A < Skipped O Bred unsuccessfully ® Bred successfully
|
09 o
- [ X ] [ ] PY
+ 08 o 0%® eef%0% *?
§ o7 ® 95 ® o0 e
1 ] o [ ]
? 06 | (o] o fo) o O ° OO
w 000 0 O O _eo0
g 054 5 & o o & o
s} O
3 041 0000 0o ° fe)
<3 i o o %0 o ©
< 03 o o O‘ <o
- S *Ys ¢ o
g o = S o
& 01 © <><>o o ©
0 T T T T T >0
1980 1985 1990 1995 2000 2005 2010 2015
Yeart
B < Skipped O Bred unsuccessfully @ Bred successfully
09
5
£ 081 !
3 07 4
? v Ooo o
o 06 5 OVE & 5 o
£ > <
% 05 - <& o o <&
= <o
% 04 6 © s o 0 5 @
ks <o <o
B 03 o R 3
3 0214 o
®
€ 01 - 0© o © o 0© o
o 080 o o) oYo Oe 00
S o] . 98%0g,%00080%0050%0%05 3 420
1980 1985 1990 1995 2000 2005 2010 2015
Yeart
FIGURE 6 | (A) Breeding success in year t + 1 conditional on previous
status in year t. (B) Probability of skipping breeding in year t+1 conditional
on previous status in year t.

www.frontiersin.org

January 2015 | Volume 3 | Article 1|7


http://www.frontiersin.org
http://www.frontiersin.org/Interdisciplinary_Climate_Studies/archive

Reed et al.

Skipped breeding: restraint or constraint

>

20
oo@gOo
088

00
o

a8

Lifetime number of fledglings
10

—00000000ROO000000000000

o
o

Skipping frequency

FIGURE 7 | (A) Lifetime number of fledglings as a function of skipping
frequency (fraction of breeding lifespan where adult did not breed) for
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explained = 85.1%). An asymmetric non-linear relationship
between skipping frequency and breeding lifespan was found
(Figure S2; estimated df = 2, residual df = 2, xz =309, P <
0.001; deviance explained = 5.0%): individuals that skipped
approximately 30% of the time had the longest breeding lifespans,
while both individuals that skipped very infrequently and those
skipping more frequently lived less long.

DISCUSSION

A relatively low absolute rate of skipping was found for guillemots
on the Isle of May, with only 7% of birds skipping on average
across the study period. Nonetheless, skipping was more frequent
in years where SST in their wintering area in the southern/western
North Sea were high the preceding winter and also the one before
i.e., ca.15 months prior to the breeding season. Ringing recover-
ies and tracking studies indicate that guillemots from the Isle of
May disperse widely throughout the North Sea during the win-
ter months, with the core of the winter distribution centering on
the southern and western North Sea (Reynolds et al., 2011; Harris
et al., in press). North Sea temperatures have increased gradu-
ally over the past several decades in line with rising global air
temperatures, but the rates of warming observed in the southern
North Sea (most of which is <50 m deep) are among the highest
documented anywhere in the world (Rayner et al., 2003; Heath
et al.,, 2012). A direct effect of higher SSTs on breeding propen-
sity seems less likely than indirect effects mediated via changes
in the food web, particularly given that lagged effects of wSST
were also found. The little information available on the win-
ter diet of guillemots indicates that many fish species are taken,
in particular clupeids, gadids, and sandeels (e.g., Blake et al.,
1985; Harris and Bailey, 1992; Sonntag and Hiippop, 2005). The
mechanisms by which increases in wSST might filter through the
marine food web to affect the breeding propensity of guillemots
are unclear but recruitment rates of lesser sandeels (Ammodytes
marinus), which are an important prey species for guillemots
during the breeding season but may also be taken during win-
ter months, correlate negatively with winter SSTs in the North
Sea (Arnott and Ruxton, 2002). Herring (Clupea harengus) are

another oil-rich small pelagic fish taken by guillemots during win-
ter months (Blake et al., 1985; Harris and Bailey, 1992; Sonntag
and Hiippop, 2005) and positive correlations between SSTs and
herring recruitment and stock biomass have been reported in the
Barents Sea (Hjermann et al., 2004). These findings and others
indicate that changes in SST and other physical oceanographic
variables can have complex food web effects (Durant et al., 2004;
Frederiksen et al., 2007). The net impacts on the body condi-
tion and hence breeding propensity of piscivorous seabirds may
in general be difficult to predict.

In long-lived species with low annual reproductive output
population growth rate is often most sensitive to changes in adult
survival and these species are expected to favor self-maintenance
over reproduction when conditions are poor (Curio, 1988; Linden
and Moller, 1989; Szther and Bakke, 2000). Fitness in marine
top predators may therefore be maximized by minimizing inter-
annual variance in adult survival: so-called life-history buffer-
ing against environmental variability (Morris and Doak, 2004;
Forcada et al., 2008). Recent work on Antarctic mammals and
seabirds has shown that variation in annual breeding propen-
sity can also strongly influence individual fitness and population
growth (Jenouvrier et al., 2005b; Forcada et al., 2008). In the case
of Antarctic fur seals Arctocephalus gazella, increased ecosystem
fluctuations associated with increased climate variability since
1990 seems to have reduced their capacity for life-history buffer-
ing, as evidenced by an increasing impact of SST variation (which
affects abundance and predictability of krill, a key food source
for fur seals) on adult survival and breeding propensity (Forcada
etal., 2008). Cubaynes et al. (2011) found that a higher fraction of
red-footed boobies (Sula sula) skipped breeding in El Nifio years
(associated with high SSTs), which are predicted to become more
frequent or intense as result of global warming (Jackson, 2008).
Similarly, increases in the mean or variance of pre-breeding SSTs
could lead to a loss of life-history buffering abilities in guillemots
with possible consequences for population numbers and struc-
ture. On the other hand, annual rates of skipping are relatively
low in this population and the breeding propensity of guillemots
appears to be less sensitive to environmental fluctuations than
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that of European shags on the Isle of May, where up to 60% of
adults may skip breeding in extremely poor years when crashes
in population size also occur (Aebischer and Wanless, 1992).
Cormorant species in general are prone to such periodic popu-
lation crashes and rates of non-breeding are also typically highly
variable (Duffy, 1983; Boekelheide and Ainley, 1989; Nur and
Sydeman, 1999). Thus, population impacts of climate change
mediated via changes in breeding propensity will depend on the
life history strategy and ecological constraints of the species in
question; some species likely have greater scope for regulating
breeding effort than others.

A relationship between climate and skipping frequency was
present within individuals, as evidenced by a significant effect of
wSST_dev in the individual-level GLMM. No across-individual
relationship was found between mean skipping propensity and
wSST_mean; such a relationship could have arisen if individuals
consistently spent the winter in different areas, or lived through
different periods, and hence experienced warmer or cooler tem-
peratures on average. Individuals varied in their sensitivity to
wSST (as in Figure 3D) in that variation among individuals in
the slope of their skipping-wSST relationship was greater than
expected by chance. Such a pattern could reflect individual varia-
tion in cue sensitivity, individual differences in the extent to which
the environment imposes constraints on breeding propensity, or
both. We cannot distinguish definitively in this observational
study whether cues or constraints are more important, but the
constraints hypothesis seems more likely. First, some individu-
als were consistently more likely to skip breeding than others
and were also more likely to breed unsuccessfully if they did
breed the year after having skipped (Figure 6). Skipping tends
to occur after a bird loses its breeding site to another individ-
ual and hence may be socially-induced (Harris and Wanless,
1995), but our analysis indicates that environmental factors (i.e.,
wSST) also play a role. One possibility is that certain individu-
als may be in poorer body condition following a difficult winter
than others and hence be less capable of defending their nest
site against incursions (fights are energetically costly) and so be
evicted by a competitor. Non-breeding adult black-legged kit-
tiwakes at a colony in Brittany (France) were shown to have
lower survival rates than breeders (Cam et al., 1998) and to
be more likely to skip again the following year. Our guille-
mot studies and the studies of Cam et al. (1998) thus suggest
persistent between-individual phenotypic differences that influ-
ence a range of fitness components such as breeding propensity,
breeding success and adult survival (see also Le Bohec et al,,
2007; Robert et al., 2012). Understanding how such “quality”
effects arise in the first place, are maintained throughout the
lives of individuals and whether they are transmitted from par-
ents to offspring constitutes a major challenge for evolutionary
ecology in general (Wilson and Nussey, 2010; Bergeron et al.,
2011).

Second, if individuals base their decision of whether to breed
or not on predictive cues then one would expect some fitness
advantage to skipping in poor years. The most obvious such
advantage would be an increase in survival probability from one
breeding season to the next compared to individuals that did
breed, as predicted by the life history buffering hypothesis. A

multi-year study of king penguins Aptenodytes patagonicus found
that non-breeders and breeders had similar survival rates, but
breeders were less likely to breed again the following year than
non-breeders, suggesting the existence of reproductive costs and
hence benefits of prudent skipping (Le Bohec et al., 2007). Cam
et al. (1998), on the other hand, found that non-breeding kitti-
wakes survived less well than breeders, as did previous work on
Isle of May guillemots (Harris and Wanless, 1995). In the current
study we did not test for survival rate differences between indi-
viduals skipping vs. those breeding, but examined overall lifetime
breeding success. Lifetime fledgling production declined mono-
tonically with skipping frequency, controlling for the positive
effect of breeding lifespan (Figure 7). If skipping when conditions
are poor is advantageous, then one would expect a hump-shaped
relationship between individual-level skipping frequency and life-
time number of fledglings, because individuals that never skip
might suffer survival or future reproductive costs, while those that
skip too frequently (“over-responders”) would likely also raise
fewer chicks on average. We found no such optimum. Again, this
points toward the constraints rather than restraints (adaptive life
history buffering) hypothesis.

Third, it is difficult to imagine that environmental cues are
available to individuals during the winter or early spring (when
guillemots may be far away from the breeding colony) that reliably
correlate with environmental factors determining the fitness con-
sequences of breeding decisions. A string of years of poor breed-
ing success occurred at this colony from 2004 to 2008 (Figure S3),
associated with poor feeding conditions around the breeding
colony (Ashbrook et al., 2010). Skipping frequency was also
noticeably higher during this period (Figure 2A), which would be
consistent with the restraint hypothesis, i.e., birds “chose” to skip
when breeding conditions were perceived in advance to be poor.
Indeed, wSST (the putative cue) is correlated negatively with
annual breeding success (r = —0.51, P = 0.003) and annual skip-
ping frequency and breeding success are also negatively correlated
(r = —0.69, P < 0.001). However, correlations between wSST,
skipping propensity and breeding success do not constitute strong
evidence that wSST acts as a cue for adaptive restraint and could
instead reflect carry-over effects of winter conditions on both
skipping propensity and breeding performance of individuals that
do lay an egg (e.g., mediated via changes in body condition).
The costs, in terms of residual reproductive value, of breed-
ing under poor conditions are paid after the breeding season,
not during it. If these future costs depend on the environment
(e.g., survival chances of breeders are lower than non-breeders
in harsh winters) then one would expect flexible skipping rules
to evolve, but only if environmental cues perceived prior to the
breeding season predict post-breeding survival chances, or future
breeding success. Rephrased in the language of adaptive plas-
ticity theory, the environment of decision making must predict
the environment of selection (Gavrilets and Scheiner, 1993). If
such cues are not available or reproduction costs are indepen-
dent of the environment, then selection would instead favor a
fixed, environmentally-insensitive rate of skipping (i.e., flat reac-
tion norms). Nonetheless, the notional cost of responding to a
weakly predictive cue by not breeding (in terms of foregone off-
spring production when conditions turned out to be good) may
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be considerably less than the cost of making a bad decision, i.e.,
breeding under circumstances that turn out to be bad and hence
jeopardizing one’s own survival. Such asymmetry in fitness out-
comes under good vs. bad conditions may favor the evolution of
risk-averse strategies (Bédrdsen et al., 2008), and hence flexibility
in breeding propensity may be adaptive even when environmen-
tal cues are only weakly informative of future costs. Given the
lack of any discernible fitness benefits of skipping in our case,
however, we tentatively infer that the observed relationship with
winter SST reflects (individual-specific) constraints on breeding
condition, rather than adaptive restraint in response to a cue.
An interesting alternative, which we cannot fully exclude, is that
individuals use their own body condition (which may be affected
by environmental variation) as a cue and skip breeding if they
are below a certain threshold (i.e., condition-dependent decision
making). If inter-individual variation in condition is large, a pos-
itive relationship between current breeding and future breeding
(and hence LRS) may be found, because those individuals that
are in good condition breed now and are successful again later.
Those skipping, however, may still have made an adaptive choice
under their specific circumstances (particularly if poor body con-
dition is associated with higher post-breeding mortality risk) and
might have had even lower LRS if they had instead bred. The
fact that individuals that never skipped had shorter lifespans (see
Figure S2; i.e., breeding lifespan was maximal at a skipping fre-
quency of approximately 30%) is consistent with this hypothesis.
It remains possible, therefore, that differences between studies in
the apparent adaptive benefit of skipping could reflect differing
amounts of inter-individual heterogeneity in body condition (or
other physiological cues) in different study systems.

Finally, skipping became more frequent in very old individ-
uals (those with a minimum inferred age of circa 15 or more,
Figure 5). Increased frequency of skipping in the oldest age classes
has also been reported in great skuas Catharacta skua (Catry
etal., 1998), European shags (Harris et al., 1998) and short-tailed
shearwaters Puffinus tenuirostris (Bradley et al., 2000). These pat-
terns collectively point toward reproductive senescence effects in
long-lived seabirds and clearly warrant further investigation.

LIMITATIONS OF THE APPROACH

In this study we made a number of simplifying assumptions that
allowed us to analyze skipping events as a binary variable in
a GLMM framework. First, we assumed that known individu-
als were detected during the breeding season in our study area
(if present) with a probability of 1.00. That is, if a ringed bird
returned to the breeding colony in a given year we were 100%
confident that we would indeed detect it as a breeder or a non-
breeder. All breeding pairs are monitored intensively in our study
plots throughout the breeding season and non-breeding individ-
uals are easy to resight from the hides as they simply linger around
the study area without a breeding site. While it is remains possi-
ble that birds could come ashore elsewhere in the colony (and go
undetected) and then return to the study area in the future, we
have no record of this in 30 years of intensive searching for ringed
birds. Moreover, it is extremely unlikely that any of our ringed
birds not resighted in a given year bred on a different island or
on the mainland since, as far as we are aware, there is no record

of a guillemot changing colony once it has bred. Thus, we can be
confident that our estimates of skipping frequency are not biased
substantially by true detection probabilities that could be slightly
lower than 1.00. Nevertheless, we acknowledge that our study sys-
tem may be unusual in this regard (in that both breeders and
non-breeders present at the colony can be resighted easily) and
in many other systems (e.g., nocturnal burrow-nesters) detec-
tion probabilities will be much lower. In such cases, our GLMM
approach should not be applied as failing to account for varia-
tion in detection probability (and possible effects of covariates on
this) could result in severely biased estimates of skipping frequen-
cies and incorrect inferences regarding the effects of covariates. A
multi-event modeling framework (e.g., Cam et al., 1998; Forcada
etal., 2008; Cubaynes et al., 2011; Sanz-Aguilar et al., 2011) would
be more appropriate in these circumstances, although it would be
interesting to test the relative performance of both techniques in
a simulation study to elucidate the extent of such biases.

A second major assumption we made was that skipping events
were defined conditional on future resighting: if an individual was
missing in year f and never seen again, this was not classed as
a skipping event. This means that skipping frequency may have
been slightly under-estimated, especially in the last 2 years of the
study, as some of these individuals might have actually been alive
in year t but did not return to breed. Adult survival rates would
then also be slightly underestimated, depending on the preva-
lence of skipping in the final year of life, for the same reason.
In this study we used resighting histories to estimate skipping
rates but not adult survival rates, but we acknowledge the above
biases. While these should not have had a strong influence on
our findings, such biases could be larger in other study systems
and we again advise caution in applying the GLMM approach
in cases where detection probabilities are lower or where addi-
tional information is unavailable (e.g., non-breeders cannot be
observed or the occupancy of previous nests of non-breeders can-
not be confirmed). Statistical inference and model selection with
GLMMs are constantly being refined (e.g., Bolker et al., 2009;
Link and Barker, 2009). As always, GLMMs should be applied
cautiously, particularly when P-values are marginal and further
confidence in findings will be instilled when different approaches
(e.g., forwards vs. backwards selection) produce the same
answers.

Finally, we acknowledge that correlative studies are by their
nature limited and experimental studies are required to rigorously
test whether skipped breeding is adaptive or not, i.e., individuals
must be “moved” experimentally from their hypothesized adap-
tive optimum to quantify the fitness consequences of breeding
decisions. This is very challenging in the case of skipped breed-
ing as skippers would need to be forced to breed without altering
other aspects of phenotype (or environment) that might influ-
ence the fitness outcome. Correlative studies, especially those that
use long-term and information-rich datasets, nonetheless pro-
vide good information on possible trade-offs because in some
years, or for some groups of individuals, extreme environmental
conditions might indeed push individuals to make non-optimal
decisions.

In conclusion, we have documented a clear link between
skipped breeding in common guillemots and climate that suggests
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that skipping may become more frequent in a warmer, or
more climatically variable, future. While we cannot definitely
say whether skipping reflects an adaptive response to predictive
cues or environmental constraints on breeding propensity, our
results collectively point more toward the latter, particularly given
that the lifetime reproductive output of individuals declined as a
function of the fraction of years skipped.
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Figure S1 | Breeding success in year t + 1 as a function of years since
ringing (proxy for age) in year t.

Figure S2 | Breeding lifespan as function of mean skipping frequency at
the individual level. Predicted fits with confidence bands from generalized
additive model are included. Data were grouped for ease of plotting into
14 classes along the x-axis, but the GAM fit is based on the raw
(unbinned) data.

Figure S3 | Annual mean breeding success (fraction of egg layers that
successfully raised a chick) as a function of year.
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