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ABSTRACT: Due to major shifts in the marine
ecosystem, many seabirds in the NE Atlantic have
experienced short- and long-term breeding fail-
ures and population changes. One such seabird is
the Atlantic puffin Fratercula arctica, the popula-
tions of which have declined in Norway at an
annual rate of 2% over a ~30 yr period. Parallel to
this decline, we found a significant decline in egg
volume at 2 widely separated Norwegian colonies
situated in different marine ecoregions, a decline
that is unprecedented among auks. In birds, egg
production is costly for the female and varies in
response to the amount of energy available for
reproduction. Whereas proximate factors determin- gg

T T
ing egg size are largely unknown, food availability 1980 2010
prior to egg-laying is considered important. Using Mean volume of Norwegian puffin eggs (y-axis, 60—68 ml)
generalised least-square models, we demonstrate have decreased at 2 widely separated colonies over a 32-yr
that the declines in egg size were driven by inter- period (1980-2011).
annual changes in abundances of capelin Mallotus Image: Tycho Anker-Nilssen

villosus and early life stages of herring Clupea
harengus and haddock Melanogrammus aeglefinus,
all of which are important prey of Atlantic puffins

in these colonies. Furthermore, changes in climatic INTRODUCTION
variables, such as sea temperature and the North
Atlantic Oscillation, suggest that other prey may Optimal parental fitness is compromised by in-

also have played a role in determining puffin egg
size. The decline in egg size may reduce the qual-
ity of future breeders and hence have negative
effects on puffin populations.

vestment in reproduction and entails a trade-off for
the parent between the production of a maximum
number of independent offspring in any one season
and its own self-maintenance and chances of future
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brooding and feeding effort in response to environ-
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Egg production is costly for the female and,
although there is marked individual variation in
reproductive traits, egg size within a species varies in
response to the amount of energy invested in the
eggs (Christians 2002, Williams 2005, Nager 2006).
Among many species that are ‘income breeders’
(sensu Drent & Daan 1980), environmental condi-
tions, most importantly food availability immediately
prior to or during egg-laying, are key determinants of
egg size.

Whereas proximate factors determining egg size
are largely unknown, food availability prior to or dur-
ing the egg-formation period is considered an impor-
tant determinant (e.g. Nager 2006, Jacobs et al. 2009,
but see Christians 2002, Williams 2005, Sorensen et
al. 2009). Other potential determinants are the phys-
iological status of the female (e.g. endogenous pro-
tein stores, effects of reproduction hormones, pro-
duction of yolk precursors and their uptake in the
ovary) but these are, as yet, little explored (Christians
2002, Williams 2005).

Recent studies have addressed the possible effects
of climate change on egg size, but results are equiv-
ocal (Potti 2008). This may be partly explained by
some populations being unable to adjust for changes
in the phenology of the nesting environment and the
subsequent mismatch between timing of breeding
and food availability (Potti 2008).

On a global scale, the marine food webs in the
NE Atlantic are among those most strongly sub-
jected to massive anthropogenic perturbations
(most importantly, fishing, pollution and, recently,
climate change) over the last 150 yr (Halpern et
al. 2008). For example, major fish stocks in the
North, Norwegian and Barents Seas, such as those
of Norwegian spring-spawning (NSS) herring Clu-
pea harengus, capelin Mallotus villosus, sandeels
Ammodytes spp. and cod Gadus morhua have
periodically collapsed, with severe consequences
for the whole ecosystem (Skjoldal 2004, Gjgseeter
et al. 2009a, Fauchald et al. 2011). Many seabirds
feed at high trophic levels, and those breeding in
the NE Atlantic have experienced major shifts in
the ecosystem, resulting in short- and long-term
breeding failures and population changes through-
out the region (Ratcliffe 2004, Barrett et al. 2006).
Because of their visibility, colonial breeding and
ease of study, seabirds are good indicators of
changes in marine ecosystems (Piatt et al. 2007).
As such, fishing pressure in Norwegian waters,
combined with recent climate-driven changes in
primary, secondary and fish production, has been
reflected in changes in breeding and behavioural

parameters among seabirds breeding in the region
(Cury et al. 2011).

The Atlantic puffin Fratercula arctica is the most
numerous seabird breeding in mainland Norway
(ca. 1.7 million pairs), with colonies spread along
the coast from Rogaland in the south to the
Varangerfjord in the northeast (Barrett et al. 2006,
Anker-Nilssen 2011). Annual monitoring since
1979 has, however, documented a significant pop-
ulation decrease (on average 2.0% yr~!) in colonies
on the Norwegian Sea coast (Barrett et al. 2006),
with the steepest drop (3.3% yr™!) observed in the
largest colony, Rest, which still holds about a quar-
ter of the Norwegian population (Anker-Nilssen
2010). As a result, the species is categorised as
vulnerable on the Norwegian Red List (Kalas et al.
2010).

Whereas effects of environmental factors on demo-
graphic parameters and diet composition are well
documented (reviewed in Harris & Wanless 2011),
few studies of Atlantic puffins have investigated
what pressures act during the pre- and early breed-
ing season. The egg of the Atlantic puffin represents
14 to 16 % of the female body mass and is among the
largest relative to body mass among seabirds (Harris
& Wanless 2011). As with any other income breeders,
the female thus needs to allocate substantial re-
sources to egg production, and will depend on suffi-
cient intake of food resources to cover her energy
and nutritional requirements during egg production
(Nager 2006, Blight 2011). Because the conservation
status of the Atlantic puffin is of concern and because
there is a positive link between egg size and chick
growth and survival (and potentially also future
fecundity) (Krist 2011), it is also important to address
the factors affecting the birds during their prepara-
tion for breeding. In the context of climate-forced
changes in the marine environment and resulting
effects on the prey base (e.g. Burrows et al. 2011), we
analyse here long-term data sets (compiled largely
by R. T. Barrett and T. Anker-Nilssen) relating to egg
size of the Atlantic puffin breeding at 2 well sepa-
rated North Norwegian colonies.

In the present study, we aim to document and
explore the underlying causes of a long-term decline
in egg volume of Atlantic puffins at the study
colonies through the assessment of various factors
known to affect clutch and egg size, such as adult
body size, population age structure, breeding phe-
nology and external environmental parameters in-
cluding winter North Atlantic Oscillation (WNAO),
sea-surface temperatures (SST), air temperatures
and prey availability.
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MATERIALS AND METHODS
Study colonies

The breeding performance of Atlantic puffins was
studied at 2 Norwegian colonies of contrasting size
and population history: (1) the relatively small colony
(ca. 10000 pairs in 2011) on Horneya (70°22'N,
31°08'E) off Varde at the eastern tip of the Varanger
Peninsula, where breeding numbers have increased
by an average of 2.3% yr! and doubled between
1980 and 2009 (R. T. Barrett unpubl. data); and (2) the
much larger colony on Hernyken (67°26' N, 11°52"'E)
that makes up part of the Rost population (392000
pairs in 2011) in the Lofoten Islands, where a mean
decline of 3.3% yr~! since 1979 reduced the popula-
tion by 72% over the same 30 yr period (Anker-
Nilssen 2010).

Field protocols

During annual inspections of permanently num-
bered nest burrows used to monitor Atlantic Puffin
breeding demography and phenology at the 2
colonies from 1980 to 2011, the maximum lengths (L)
and breadths (B) of all unattended eggs were mea-
sured (in most years) once to the nearest 0.1 mm using
sliding callipers. Egg volume (V) was determined
using the equation V= K x L x B? (Hoyt 1979), where
the constant K = 0.507 (as suggested for egg shapes
typical of Charadriiformes species). Eggs were mea-
sured in 27 different years on Hornegya and 25 on
Hernyken (see Table S1 in the supplement at www.
int-res.com/articles/suppl/m457p001_supp.pdf).

At Horngya, chicks in the same burrows were
weighed and measured 2 or 3 times at ca. 10 d inter-
vals, and chick hatching dates were estimated using
models relating wing length to age (see Barrett 2001
for details). At Hernyken, the study burrows were
inspected at 2 to 6 d intervals throughout the hatch-
ing period; chick hatching dates were determined
from these data with an accuracy of + 1-3 d. Laying
date was estimated as hatching date minus incuba-
tion period (42 d; Myrberget 1962).

At Hornoya, adult Atlantic puffins were caught
using fleyg nets, noose poles or noose mats placed in
the entrances of breeding burrows, and the length of
their wing (maximum flattened chord) and head + bill
were measured to the nearest 1.0 mm using a
stopped wing rule and a slide calliper, respectively.
Body measurements were made by different experi-
enced fieldworkers in 1980-1983 (R. T. Barrett), 1994

(K. E. Erikstad), 2003 (K. Eilertsen), 2004-2006 (K.
Sagerup and K. E. Erikstad) and 2009 (R. T. Barrett).

At Hernyken, adult Atlantic puffins were most
often captured in mist nets erected in the colony,
occasionally in a large (700 m?) small-meshed fish net
mounted across a small, steep-sided valley on the
island. As on Hornegya, birds were measured by ex-
perienced persons in 1980-1986 (T. Anker-Nilssen,
O. W. Restad, P. Anker-Nilssen and G. Lid), 1988-
1995 (T. Anker-Nilssen, H. S. Oyan and P. Anker-
Nilssen) and 1996-2009 (T. Aarvak and T. Anker-
Nilssen). Measurements included wing length (max-
imum flattened chord) to the nearest 1.0 mm, bill
length (culmen), head +bill length and bill depth (at
gonys) to the nearest 0.1 mm using a slide calliper,
and body mass to the nearest 5 or 1 g using a spring
balance, but not all measurements were collected in
all years. All captures at Horneya and Hernyken
were approved through individual ringing licenses
issued to the field personnel by the Oslo and Sta-
vanger Museum Ringing Centres.

Environmental covariates and data selection

Mean monthly SST were obtained from http://iridl.
ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST
/.version3b/.sst/. Considering coastal topography and
the foraging routes of puffins, we chose single grid
cells (spanning 1°lat. x 1°long.) west of Hernyken and
northeast of Horneya, respectively. Mean monthly air
temperatures were obtained from the Norwegian
Meteorological Institute database (http://eklima.met.
no/), and we used the data from Bode (107 km east of
Hernyken) and Varde Radio (2 km south of Horneya)
as proxies of air temperatures at Hernyken and Horn-
oya, respectively. Although there is a meteorological
station at Rest, we did not use the data from there
because they were incomplete. The Bodeo data were
chosen instead as they proved to be a very good proxy
of the parallel data from Rest (Pearson's 1> = 0.954,
F, 310 = 6390, p = 0.000). The wNAO indices (station-
based, December through March) were downloaded
from the Climate Analysis Section of the National Cen-
ter for Atmospheric Research (www.cgd.ucar.edu/cas/
jhurrell/indices.html).

Age-specific abundance indices of 5 fish species
known to be important prey for north-Norwegian
Atlantic puffins (all age classes of capelin, except
0-group; and 0- and 1-group herring, haddock Mela-
nogrammus aeglefinus, saithe Pollachius virens and
cod; Barrett 2002, Anker-Nilssen & Aarvak 2006)
were extracted with permission from ICES (2010a,b).
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The 2 study colonies are 900 km apart (shortest sea-
way) and in different marine ecoregions (Hernyken in
the Norwegian Sea, Horneya in the Barents Sea). Fur-
thermore, their positions differ greatly in relation to
the known spawning grounds of capelin (mainly in
the Barents Sea) and the spawning grounds (mainly in
the Norwegian Sea; Gjoseeter et al. 2009b) and north-
easterly drift of larval NSS herring and gadoid species
in late winter/early-mid spring (e.g. Seetre et al. 2002).
Within their first year, most of the surviving herring
and cod drift along the coast of Norway into the Bar-
ents Sea, whereas the young saithe settle in the kelp
forest, where they spend most of their immaturity. The
1-group fish of these 3 species are thus outside the
pelagic foraging range of Atlantic puffins breeding in
the Rost area in spring. Around Horneya, however,
the 0-group fish of the same species arrive too late to
be of importance for local seabirds before egg-laying
in early May. For herring, saithe and cod, we there-
fore limited our analyses to include only 0O-group
abundance (Herr0, Saithe0, Cod0) for Hernyken, and
only 1-group abundance (Herrl, Saithel, Cod1) for
Horngya. Capelin was omitted from the analysis for
Hernyken because this prey does not occur within the
normal foraging range for seabirds breeding at Rost.
For haddock we only included 1-group (Hadd1) in the
analyses because the main spawning period (April)
occurs too late for the 0-group to be an adequate prey
of puffins in early May. Except for sandeels (for which
there are no abundance data in the Norwegian and
Barents Seas) and capelin, 2-group and older fish of
the other species are too big to be an important com-
ponent of Atlantic puffin diet (their gadoid and
clupeid prey are rarely >10 cm long; e.g. Anker-
Nilssen & Aarvak 2006, Harris & Wanless 2011) and
were thus excluded from the analyses.

Using the same reasoning, and because year class
strengths of these prey species are mainly determined
by environmental conditions in their first year of life
(e.g. Toresen & Dstvedt 2000, Seetre et al. 2002), we
only included the wNAO index for the previous winter
in models for Hernyken and for the winter prior to that
(i.e. 1 yr earlier) (WNAO,,y) in models for Horngya.

Data analysis

For body mass, we first excluded data from the
pre-breeding and egg-laying periods in April-May
because there was usually no such sampling at
Hernyken in those periods between 1983 and 1996
and the birds tend to be much heavier in spring than
later in the season (Barrett et al. 1985).

Initially, we used generalised linear models (GLMs)
to examine the change in egg volume, size of adult
birds and breeding phenology (i.e. timing of egg-
laying) at the 2 colonies through time, assuming a
Gaussian error structure (Crawley 2007). We com-
pared different candidate models, with main effects
of colony, time and their 2-way interaction to exam-
ine to what extent the 2 colonies displayed differ-
ent temporal patterns and/or general differences in
response variables.

Next, we used multiple regression models to exam-
ine the effects of biologically relevant covariates
(see previous subsection) on egg volume through
time in the 2 colonies. However, because the ob-
served time trend (see ‘Results’) in egg volume com-
plicated the analysis, we first assessed to what extent
we could model a linear trend together with main ef-
fects of all the environmental covariates. In both
colonies, time had a high variance inflation factor
(VIF; Zuur et al. 2009) of 4.57 at Hernyken and 5.52 at
Hornegya such that we could not model a linear time
effect directly together with the main effects of the
environmental covariates. We thus opted to model
the direct effect of the environmental covariates on
the observed egg volume. To accommodate the po-
tential time trend in the residuals (i.e. non-indepen-
dence due to a temporal trend), we used generalised
least-square (GLS) models (see Zuur et al. 2009) im-
plemented by the gls function in the R add-on pack-
age nlme (Pinheiro et al. 2011), in which we applied a
first-order auto-regression (AR1) auto-correlation
structure to account for this non-independence. Mod-
els were compared based on their corrected Akaike
(AICc) values, and AICc weights (w;) were calculated
following Burnham & Anderson (2002).

Simple descriptive statistics and bivariate tests
were conducted using IBM SPSS Statistics (version
19.0), whereas multivariate models were run in the
free statistical software R 2.12.1 (R Development
Core Team 2010). For any parameter, annual sample
sizes <7 were omitted. When we had repeated mea-
surements of an adult within a season, we used the
mean value in the analyses.

RESULTS
Size of eggs
The mean (+SE) volume of Atlantic puffin eggs at
Hornoya and Hernyken decreased significantly by

83 + 17 and 48 + 16 pl yr !, respectively, over the
~30 yr study period (Table 1, Fig. 1; Table S1 in the
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Table 1. Fratercula arctica. Linear regression analysis of
mean size measurements (+1 SE) of eggs and adults at the 2
study sites and Isle of May, SE Scotland (see 'Discussion’)
against year (1973-2011). Raw data in Table S1 in the

supplement
Parameter Slope r F df P
Colony
Egg volume
Horneya -0.083 +0.017 0.704 24.52 1,25 <0.001
Hernyken -0.048 £0.016 0.532 8.671 1,22 0.007
Isle of May -0.051 + 0.043 0.509 1.402 1,4 0.302
Wing length
Horneya 0.082 +£0.029 0.725 7.766 1,7 0.027
Hernyken -0.003 +0.016 0.038 0.036 1,25 0.852
Head+bill length
Horneya 0.002 +0.014 0.007 0.013 1,6 0.912
Hernyken 0.036 £0.010 0.663 14.12 1,18 0.001

supplement), but there was no significant difference
in slope between the 2 colonies (F; 4z = 2.140, p =
0.150). In the 23 yr when both sites were sampled
(1989-2011), there was also a significant correlation
in egg volume between the 2 sites (Pearson's r =
0.433, p = 0.039), with the overall mean size of eggs
laid on Horneya (65.4 ml, SE = 0.22) being on aver-
age 6.3% larger than on Hernyken (61.5 ml, SE =
0.11). Although there were large changes in egg vol-
ume between consecutive years, ranging from -2.2 %
to +3.2% of mean egg size (Fig. 1), these changes
were not synchronous at the 2 Norwegian colonies
(Pearson's r = 0.237, p = 0.288, n = 22).

70

—e— Hornoya
—0— Hernyken

68

66

64 -

62 -

60

58 T T T T
1995 2000 2005 2010

Year

1980 1985 1990

Fig. 1. Fratercula arctica. Trends in mean egg size (esti-

mated volume + 1 SE) at 2 North Norwegian colonies over

the 32 yr period 1980-2011. See Table S1 in the supplement
for annual data and Table 1 for test results

Size of adults

In contrast to the decrease in egg size, there were
only very small changes in some size parameters of
adult birds sampled at the 2 colonies during the study
period (Table 1; Table S1 in the supplement). At
Horneya, wing length tended to increase while
head+bill was stable, whereas wing length was
stable and head+bill increased at Hernyken. At
Hernyken, there was also a clear increase in the
number of bill grooves (corresponding to 5.3% or
0.18 grooves in 30 yr) and a non-significant (p =
0.057) increase in bill depth at gonys (~1.5% in 30 yr)
(Table 2; Table S2 in the supplement at www.int-res.
com/articles/suppl/m457p001_supp.pdf).

Breeding phenology

When excluding one extreme year (1996) at
Hernyken when only some of the latest-laid eggs
were incubated long enough to hatch (and allowed
calculation of their laying date), the variation in mean
annual egg-laying dates ranged over 17.6 d at Hor-
noya and 20.1 d at Hernyken. No long-term trends
were evident at either colony (Table 3, Fig. 2; Table S3
in the supplement at www.int-res.com/articles/suppl/
m457p001_supp.pdf), nor were there any apparent
relationships between egg volume and laying date
(Pearson's correlations: Horngya: r =-0.259, p = 0.193,
n =27; Hernyken: r=-0.077, p=0.740, n = 21).

Table 2. Fratercula arctica. Linear regression analysis of

mean size measurements (+1 SE) of adults taken during

the breeding season on Hernyken against year (1980-2009).
Raw data in Table S2 in the supplement

Parameter Slope r F df P

Culmen -0.006 £ 0.012 0.110 0.232 1,19 0.636
length

Bill depth  0.018 £0.009 0.432 4.118 1,18 0.057

No. of bill ~ 0.006 £ 0.002 0.520 9.274 1,25 0.005
grooves

Body mass -0.244 +0.187 0.269 1.710 1,22 0.205

Table 3. Fratercula arctica. Linear regression analysis of

mean laying date (mean May date + 1 SE) on Horneya and

Hernyken against year (1978-2011). Raw data in Table S3
in the supplement

Colony Slope T F df P
Hornegya -0.055+0.090 0.123 0.382 1,25 0.542
Hernyken 0.139+0.138 0.186 1.008 1,28 0.324
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Fig. 2. Fratercula arctica. Inter-annual variation in laying

date at 2 North Norwegian study sites over the 34 yr period

1978-2011. See Table S3 in the supplement for annual data
and Table 3 for test results

Relationship between egg volume and
environmental covariates

When modelling direct effects of the covariates on
egg volume, model selection based on AICc sug-
gested that contrasting patterns were operating at
the 2 colonies (Table 4). Egg volume at Horneya was
best modelled with a GLS function including the
effects of WNAO,4;, Herr1, capelin and Hadd1. Para-
meter estimates (after standardisation of covariates)
suggested a positive effect of WNAO,,4; (B = 0.31 =
0.11 SE) and capelin abundance (B = 0.64 = 0.09 SE),
and a negative effect of Herrl (B = -0.32 + 0.09 SE)
and Hadd1l ( = —-0.70 + 0.08 SE). Compared to the

second best model in the set of candidate models, this
model was 6.9 times more likely to be the best model
in the set. At Hernyken, the selected model based on
the AICc values included the main effect of SST in
April (SSTapm) only, with a standardised effect size
estimated at f = —0.31 (SE = 0.10). Compared to the
second-rank model in the set, this model was, how-
ever, only 1.60 times more likely to be the best. The
second-ranked model included, in addition to the
negative effect of SST ), a positive effect of Herr0
with a standardised effect size estimated at f = 0.18
(SE = 0.10).

DISCUSSION
Intrinsic factors

We found a significant decline in Atlantic puffin
egg volume at 2 widely separated Norwegian col-
onies situated in different marine ecoregions, a
decline that is unprecedented among auks. The 2
study populations were, however, characterised by
highly different trends in breeding numbers over
the sampling period, and without knowing the sex
and age distribution of the population and experi-
ence of the parents or having annual measurements
of recruitment rates, we cannot easily control for
any changes in the demographic structure of the
samples. The parallel trends in egg size strongly
suggest, however, that such intrinsic effects were
not masking the influence of other, more important
factors.

Table 4. Fratercula arctica. Model results used to evaluate direct effects of environmental covariates on egg volume at

Horneya and Hernyken during the years 1989-2007 for which data exists for all variables. Generalised least-square (GLS)

models were fitted to the data with a first-order auto-regression (AR1) auto-correlation structure in the residuals. Description

of models follows R-notation. See '‘Materials and methods: Environmental covariates and data selection’ for description of
the covariates. AICc: corrected Akaike values, w;: AICc weights. For each colony, the best model is indicated in bold

Colony Model AlCc AAICc w;
Hornoeya Eggvol ~ SSTpprii + WNAOy,4; + Capelin + Herrl + Hadd1 + Cod1 + Saithel 63.15 18.70 <0.001
Eggvol ~ SSTapr + WNAOy,4; + Capelin + Herrl + Hadd1 + Cod1 53.69 9.23 0.007
Eggvol ~ SSTzprii + WNAO,y4; + Capelin + Herrl1 + Hadd1 49.75 5.29 0.006
Eggvol ~ wNAO,,; + Capelin + Herr1 + Hadd1 44.45 - 0.804
Eggvol ~ Capelin + Herr1 + Hadd1 48.07 3.62 0.131
Hernyken  Eggvol ~ SSTapq + WNAO + Herr0O + Hadd1 + CodO 55.97 21.61 0.000
Eggvol ~ SSTy,yy + Herr0 + Hadd1 + CodO 48.40 14.04 0.000
Eggvol ~ SSTppq + HerrO + Hadd1 42.69 8.33 0.008
Eggvol ~ SSTyy,yy + Herr0 + Hadd1 38.31 3.95 0.071
Eggvol ~ SST sy + Herr0 35.30 0.94 0.320
Eggvol ~ SSTypr 34.36 - 0.511
Eggvol ~ 1¢ 37.84 3.48 0.090
“Intercept model
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Whereas Barrett (2001) found no decline in Atlantic
puffin egg size on Horngya between 1980 and 2000,
the inclusion of a further 11 yr of data plus the data
from Hernyken clearly shows that one or more fac-
tors are affecting puffin egg size in north Norway. A
similar, although insignificant trend is also evident
in data from the Isle of May, SE Scotland, where
Atlantic puffin eggs tended to decrease in volume
between 1973 and 2009 (Table 1; Table S1 in the sup-
plement; M. P. Harris pers. comm.). This may suggest
that the change in egg size occurred at a wider geo-
graphical scale, including at least 3 different marine
ecoregions in the NE Atlantic: the Barents, Norwe-
gian and North Seas.

Egg size is influenced by fitness trade-offs during
egg-laying and by maternal characteristics such as
age, breeding experience and body size (larger eggs
are laid by larger and sometimes older, more experi-
enced birds) and the timing of laying (late breeders
lay smaller eggs) and also by environmental fac-
tors such as food availability or ambient temperature
(Christians 2002). Among many species of both sin-
gle- and multi-egg layers, egg and/or clutch sizes
decrease with laying date (Hipfner et al. 1997 and
references therein). Laying smaller eggs late in the
season may be adaptive in that it saves time and
energy, and thus accommodates adverse late-season
conditions (Hipfner et al. 2005), although Hipfner et
al. (1997) showed that for Briinnich's guillemots Uria
lomvia this held true only for young (<8 yr) birds,
thus weakening the adaptive hypothesis. On Hor-
ngya and Hernyken, there was, however, no evi-
dence of a long-term change in laying dates (Fig. 2)
or of any relationship between egg volume and lay-
ing date at either colony, thus ruling out effects of
breeding phenology on egg volume.

In another study of a single-egg layer, the northern
fulmar Fulmarus glacialis, Michel et al. (2003) showed
that of the female traits, body size explained most
variation in egg size. It is thus plausible that a change
in body size was the cause of the decline in egg size in
that study. Using various measurements as proxies of
body size, there was, however, no evidence of a con-
temporary and parallel change in adult puffin body
size that could explain the decrease in egg volume of
Atlantic puffins on Horneya and Hernyken (Table 1).
For example, at Hernyken, there was no correlation
between egg size and any of the 6 body measurements
of adult birds (all p = 0.141). Wing and head+bill
lengths are among those most consistently measured
by different observers (Barrett et al. 1989), and the
present study results indicate that body size was
stable or even increasing at both sites.

As experienced birds lay larger eggs than young,
inexperienced individuals (e.g. Seether 1990), an-
other possible explanation for the decrease in volume
over the years is a change in age-structure of the
populations of breeding adults towards younger
birds. However, at Hernyken, the mean age of
breeders most likely increased over the study period
as a result of the very poor reproduction in the colony
throughout the study period (e.g. Durant et al. 2003,
2006, Harris et al. 2005). This assumption was corrob-
orated by an observed increase in the number of bill
grooves and a tendency towards a larger depth of the
adults’ bills (Table 2), the most distinctive sexual
ornament in this species (Harris & Wanless 2011).
Such ageing in the population might predict a long-
term increase or stability in egg size, at least until
outweighed by effects of senescence (e.g. Reid 1988),
yet in the present study, eggs decreased in size. Sim-
ilarly, assuming no change in immigration rates from
other colonies, any change in age structure towards
younger birds is unlikely on Horneya, as there is no
evidence of a consistent change in breeding success
prior to 2007 (2007-2011 omitted to allow 5 yr for
recruitment; ANOVA on regression: r = 0.072, F} 14 =
0.073, p = 0.791). As such, an increase in recruitment
of inexperienced birds into the population over the
years that would cause such a change in age struc-
ture is unlikely. On Hernyken, on the other hand,
breeding success in 1975-2006 did increase signifi-
cantly (ANOVA onregression: r = 0.390, F, 3, = 5.383,
p = 0.027). The mean egg volume did not, however,
correlate with body size, nor did egg volume corre-
late with mean breeding success 4 to 6 yr earlier at
either colony (cross-correlations against individual
years and the 3 yr running average, all p = 0.138),
suggesting again that the decrease in egg size was
not caused by a major demographic change.

Environmental factors

Martin (2008) suggested that large eggs may partly
compensate for the increased energetic require-
ments of a cold environment and long incubation
periods among inattentive parents (such as Atlantic
puffins; Harris & Wanless 2011) and showed that rel-
ative (to body size) egg size decreases with increas-
ing average egg temperatures. There was, however,
no significant change in mean pre-laying (April) air
temperature on Hornoya (ANOVA on regression: r =
0.349, F, 30 = 4.15, p = 0.050) or Hernyken (r = 0.332,
Fi3 = 3.73, p = 0.063) during the study period
(1980-2011), and our exploratory modelling showed
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that air temperatures did not help explain the inter-
annual variation in egg size.

Studies of black-legged kittiwakes Rissa tridactyla
and common guillemots Uria aalge have shown that
eqgg size reflects current food limitations (‘constraint
hypothesis', e.g. Bolton et al. 1993, Gill & Hatch 2002)
rather than anticipated food during the chick-rearing
period (‘anticipation hypothesis’, e.g. Shultz et al.
2009). Thus, the decline in egg size of Atlantic puffins
may be due to rising sea temperatures or other
oceanographic changes imposing energetic con-
straints on the female through a mismatch between
food availability early in the season and egg for-
mation (e.g. Watanuki et al. 2009). If within-season
timing of events was the key element, one might ex-
pect that such a mismatch would lead to changes in
the timing of breeding. We found, however, no evi-
dent trends in the timing of breeding (as indicated by
laying date). Nor was there any relationship between
SST in April and laying date at either colony
(ANOVA on regression: Hornegya: r = 0.110, Fj 5 =
0.307, p =0.584; Hernyken, excluding 1996: r = 0.258,
F, 07 =1.924, p = 0.177). This suggests that the change
in egg volume was driven by inter-annual changes in
pre-breeding prey abundance, as supported by the
results of our multivariate modelling where we in-
cluded a regional climate signal (WNAO) and a local
indicator of oceanographic conditions (SSTupm) that
could reflect general variations in pre-laying food
availability for the puffins, in addition to abundance
data for some of the puffins’ main fish prey.

The positive effect of capelin and negative effect of
herring on egg size at Horneya indicate that the
trend is linked to the ecosystem shift associated with
the recovery of the NSS herring stocks in Norwegian
waters, with an increase in strong year classes of
immature herring depleting the capelin in the Bar-
ents Sea (e.g. Hjermann et al. 2004). The positive
effect of wNAO in the previous year suggests, how-
ever, that there are also other factors in this equation,
probably related to availability of other prey that
might be more important early in the season. At Rest,
sea temperature alone produced the best model,
although the inclusion of 0-group herring did not
seriously reduce the fit. Thus, even if herring is
important, this strongly suggests that other prey
played a larger role in determining the puffin egg
size. Recent stable-isotope studies (Davies et al.
2009, Hedd et al. 2010) have suggested that Atlantic
puffins and their sibling species tufted puffins Frater-
cula cirrhata prey on zooplankton in winter and the
early breeding season. Furthermore, Sorensen et
al. (2009) showed that pre-breeding female Cassin's

auklets Ptychoramphus aleuticus that fed on ener-
getically superior copepods laid earlier and larger
eggs than those that fed on poorer juvenile rockfish
Sebastes spp. Thus, climatic effects may be mediated
through their effect on lower trophic levels and, be-
cause tendencies towards a decrease in the amount
of zooplankton and changes in its species composi-
tion in the Norwegian and Barents Seas have been
in evidence since 1995 (Agnalt et al. 2011), possible
links between climate, zooplankton, prey fish and
puffin egg size should be further explored.

It may be argued that an increase in SST may actu-
ally promote an increase in egg size through a relax-
ation of thermoregulatory costs. The metabolic cost
of producing an egg is high (ca. 50% of standard
metabolic rate during the period of yolk deposition,
10 to 15 d; Astheimer & Grau 1990) such that rising
SSTs may reduce thermoregulation costs for the
female and thus enhance the possibility to channel
more energy into larger eggs (Stevenson & Bryant
2000). In our study, however, egg volume was nega-
tively correlated with SST, indicating that thermo-
regulatory costs were insignificant compared to
changes in abundances of the puffins' main prey.

Possible population-level effects of chick fitness

Any correlation between the fitness of offspring
and eqgg size is confounded by correlations between
egg size and the quality of the female and hence her
(and the male's) ability to raise chicks. Nevertheless,
there is evidence that under poor feeding conditions,
chick growth is correlated with egg size, although in
multi-egg clutches this is confounded by a trade-off
between clutch size and heavier eggs (Styrsky et al.
1999). A cross-fostering study by Hipiner et al. (2001)
of Briinnich's guillemots that lay single-egg clutches
found that chicks from large eggs initiated linear
wing growth sooner after hatching and also tended to
remain larger than chicks from small eggs. However,
they also found that at another colony, this tendency
only occurred in a year when chicks grew slowly,
again offering support for the hypothesis that large
eggs confer greater advantage when feeding condi-
tions are poor. Although studies of long-term effects
are lacking, it has been shown that egg size influ-
ences offspring fitness, including survival and, thus,
also offspring reproductive success (Gaston 1997,
Krist 2011, Lee et al. 2012). We therefore cannot rule
out that the long-term decrease in egg size of
Atlantic puffins demonstrated in our study will affect,
or possibly already has affected, the quality of new
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breeders to the populations in question, especially in
colonies where years of poor breeding success have
been frequent, such as in Rost.
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