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Abstract
The current warming of the oceans has been shown to have detrimental effects for
a number of species. An understanding of the underlying mechanisms may be hampered by the non-linearity and non-stationarity of the relationships between temperature and demography, and by the insufficient length of available time series. Most
demographic time series are too short to study the effects of climate on wildlife in the
classical sense of meteorological patterns over at least 30 years. Here we present a
harvest time series of Atlantic puffins (Fratercula arctica) that goes back as far as 1880.
It originates in the world's largest puffin colony, in southwest Iceland, which has recently experienced a strong decline. By estimating an annual chick production index
for 128 years, we found prolonged periods of strong correlations between local sea
surface temperature (SST) and chick production. The sign of decennial correlations
switches three times during this period, where the phases of strong negative correlations between puffin productivity and SST correspond to the early 20th century
Arctic warming period and to the most recent decades. Most of the variation (72%)
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in chick production is explained by a model in which productivity peaks at an SST
of 7.1°C, clearly rejecting the assumption of a linear relationship. There is also evidence supporting non-stationarity: The SST at which puffins production peaked has
increased by 0.24°C during the 20th century, although the increase in average SST
during the same period has been more than three times faster. The best supported
models indicate that the population's decline is at least partially caused by the increasing SST around Iceland.
KEYWORDS

chick production, Fratercula arctica, Iceland, long-term temperature trend, population decline,
sea surface temperature
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I NTRO D U C TI O N

harvest continued until 2010. Harvest records are available from
1880. As most of the puffins harvested were immature birds, we

Changes in climatic conditions can have profound effects on the

use harvest rates to calculate an index of offspring production. This

demography, phenology and population trajectories of marine top

provides a unique opportunity to analyse the demographic response

predators such as seabirds (Dias et al., 2019; Jenouvrier, 2013; Oro,

to climate variability of a seabird over the course of more than a

2014; Sydeman et al., 2015). In light of projected climatic change due

century, and thereby to assess the temporal consistency of such re-

to global warming (IPCC, 2013), this raises concerns for the viability

lationships (Durant, Anker-Nilssen, et al., 2004).

of populations that respond negatively to increasing temperatures,

As apex predators in the North Atlantic, puffins respond to

either directly or mediated by effects at lower trophic levels (Jones

climate-related changes at more basal trophic levels. This means that

et al., 2018; Sandvik et al., 2014; Trathan et al., 2020).

a wide variety of other species can be expected to respond to the

Thermal performance curves of species determine their responses to global warming, which can create a mismatch between

same climatic patterns by which puffins are affected, including many
important fish stocks for which no long time series are available.

the temperature optimum and the temperatures experienced

As the puffin population has been decreasing over the past cen-

(McKenzie et al., 2020). Such thermal performance curves are well

tury, while temperature has been increasing, we hypothesise warm-

documented in ectotherms, such as fish (e.g. van der Kooij et al.,

ing to have a negative effect on offspring production overall. The

2008). Effects at more basal levels of the trophic pyramid can, in

time series is long enough to identify nonlinearities, however, so that

turn, affect species at more apical trophic levels (Carroll et al., 2016).

one can expect to find evidence of a convex thermal performance

According to the classical definition, climate is a statistical de-

curve. The time series covers the so-called early 20th century Arctic

scription of weather over a 30-year period (e.g. IPCC, 2013, p. 1450).

warming (1920s–1940s; Rogers, 1985), and we thus predict that puf-

Investigating the ecological effects of changes in climate therefore

fin offspring production was reduced during this warming period.

requires even longer datasets. However, the number of sufficiently

We further hypothesise that the demographic responses observed

long ecological time series is limited (but see e.g. Wilmking et al.,

in recent decades, due to global warming, are similar to those ob-

2020). Such paucity of long-term time series hampers especially

served during the early 20th century Arctic warming.

our understanding of climate effects on long-lived species, such as
seabirds or other top-predators, for which most available time series only cover one or few generations. For instance, relationships
between environmental parameters and wildlife populations are
very likely neither linear nor stationary (e.g. Descamps et al., 2017;

2
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M ATE R I A L S A N D M E TH O DS

2.1 | Harvest data

Mysterud et al., 2001), whereas non-linearity and non-stationarity
are difficult do address with short time series. Consequently, rela-

The Westman Islands (Vestmannaeyjar) are an archipelago 10–

tionships based on short-term data may not properly predict wildlife

30 km off the southwestern coast of Iceland (63°25′N, 20°20′W).

responses to climate change.

Traditionally, puffins were hunted both for their meat and feathers.

Here, we present a 131-year harvest time series of Atlantic puf-

From 1876, pole nets were used and soon became the only hunting

fins (Fratercula arctica, hereafter ‘puffin’) from the Westman Islands

method in the Westman Islands (Árnason, 2012). Harvest took place

in southwest Iceland. This is the world's largest aggregation of puf-

from a limited number of locations within each colony, and these

fins with an estimated 830,000 breeding pairs in 2010 (Hansen et al.,

harvest locations were constant across years. Normally all suitable

2011), but has recently experienced a pronounced decline (Lilliendahl

locations (for a given wind direction) were manned. Most harvest

et al., 2013). Puffins have been harvested on these islands since peo-

in a colony (>60%) was due to only one of the locations, which was

ple first settled there during the 9th century (Sveinsson, 1954), and

manned by the most experienced hunter. These procedures entail

|
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that the main factor affecting harvest effort was the number of har-

where C is a constant scaling factor; pa is the proportion of harvested

vest days during a season. Whereas the precise number of harvest

birds in age class a; Ht is the harvest in year t; and ϕ is the annual adult

days is not available for all colony-years, the length of the harvest

survival rate.

season is. As harvest took place on all days with suitable wind con-

The variables pa and ϕ were inferred as follows: from 1959 on-

ditions during the legal harvest season, the length of the harvest

wards, puffin chicks have been ringed at fledging with stainless

season is a good predictor of the number of harvest days. The time

steel rings. Hunters collected and returned rings of harvested birds.

series was composed of four periods.

Based on these data (N = 7662), the age distribution of harvested
ringed birds could be inferred (Helgason, 2012; unpubl. data).

1. 1880–1893: Estimates were based on public feather export

82% of the harvested birds were between 2 and 6 years old. The

records (Anonymous, 1885–1894). These were converted to

remaining age classes (1 year and ≥7 years) were ignored in the

individual birds using an average proportion of 40 birds per

analyses, because they occurred at very low frequencies per co-

kilogramme (Árnason, 2012). During this period, harvest lasted

hort (<2.5%; Table S1). The proportions pa were thus 0.199 ± 0.003

for approximately 70 days per season.

(a = 2 years), 0.416 ± 0.004 (a = 3 years), 0.253 ± 0.002 (a = 4 years),

2. 1898–1941: Estimates were based on public harvest records

0.098 ± 0.001 (a = 5 years) and 0.034 ± 0.001 (a = 6 years). These

(Anonymous, 1899–1913, 1914–1944). These records system-

proportions are consistent with the age-related changes in colony

atically underreported the true harvest by the practice of sub-

attendance (Sandvik et al., 2008), since puffins start prospecting

tracting expenses of landowner share and transport costs, both

their breeding colony at 2 years of age and start breeding at around

a fixed proportion of the harvest (Árnason, 2012). Good docu-

5 years of age (Ashcroft, 1979; Breton et al., 2006; Harris & Wanless,

mentation of this practice exists for Elliðaey Island during 1910–

2011). Prospecting (pre-breeding) individuals spend much time fly-

1946, providing an annual multiplication factor of 1.464 ± 0.011

ing around the colony and are thus overrepresented among the

(see Supporting Data S1). Until 1917, a harvest season of 30 days

harvested birds. After an individual has become a breeder, it spends

was assumed (5 weeks, with harvest banned in certain cliffs on

most time on the nest (in breeding burrows) and foraging (at sea), so

Heimaey that together represent 13.2% of the harvest). From

that the harvest rate is lower for older age classes.
Equation 1 corrects for mortality by dividing the proportion pa of

1918 and onwards, harvest lasted for c. 45 days per season.
3. 1944–1968: Estimates were based on unpublished records of the

harvested birds of age a by the cumulative survival ϕa until that age

Álsey Island hunting club. The total annual harvest was estimated by

(where ϕ is estimated from the ring recoveries to be 87.2%; Table S1;

dividing the Álsey harvest with Álsey's mean annual proportion of

cf. Helgason, 2012). Finally, all sums were multiplied by C = 22,147−1

the total harvest during the fourth period (see Supporting Data S1).

so as to scale chick production indices between 1 and 10 (Figure 1).

4. 1969–2010: Estimates were based on unpublished records

Chick production is a function of population size, and we there-

from eight hunting clubs. Missing data (91 of 400 club years,

fore log-transformed the chick production index prior to analysis.

10.5% of the total harvest number) were interpolated using Trim

For ease of interpretation, we present the untransformed (or back-

(Pannekoek & van Strien, 2001; ter Braak et al., 1994), except for

transformed) index in graphs. On the untransformed scale, an index

the Heimaey Island common. For the latter, only 5 years of harvest

of 0 thus corresponds to no chick production.

are known (1947–1951), and, based on those figures, harvest was

It should be emphasised that the chick production index is a

assumed to be a fixed proportion (1.566 ± 0.155) of the harvest in

proxy for the relative cohort size fledged in a given year. First, no

the Ystiklettur hunting club (see Supporting Data S1). The hunt-

attempt is made to infer the absolute cohort size, because annual

ing season was incrementally reduced from 45 days to 30 days in

population estimates do not exist for most years of the 128-year

2008, to 20 days in 2009 and to 5 days in 2010. Hunting has been

period. Second, the estimation does not correct for variation in har-

virtually banned since 2011.

vest effort, beyond the corrections described in the section Harvest
Data. Consequently, the chick production index must be regarded

The harvest time series thus obtained had six missing values

as a smoothed time series, as it underestimates the year-to-year

(1894–97 and 1942/43), which were filled in using cubic spline inter-

variation, although it should be expected to be a good proxy of the

polation. The differing lengths of harvesting seasons were corrected

mid-to long-term variation (above c. 5 years) and free from system-

for by standardising all data to a season of 45 days (assuming approx-

atic bias. By back-estimating the yearly harvest based on the chick

imately constant daily harvest).

production index (by the reversed procedure outlined above), one
can infer the signal-to-noise ratio of the proxy; the coefficient of determination between the reported harvest and the back-estimated

2.2 | Chick production index

harvest time series is r2 = 0.821.
Analyses were based on the chick production indices from 1878

Chick production P t in a given year t was estimated as

to 2005 (128 years; Supporting Data S1). To ensure that our underlying assumptions did not create spurious results, analyses were

Pt = C ⋅

6
∑
a=2

pa ⋅ Ht+a ⋅ 𝜙

−a

,

(1)

re-run for four alternative datasets: (a) a shorter time series (1896–
2000, i.e. 105 years), omitting uncertain estimates in the beginning

3756
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F I G U R E 1 Comparison of the puffin
harvest series (thin red line) and the chick
production index. The latter (bold black
line, with grey 95% confidence intervals)
was estimated based on the former and
the general age structure of harvested
birds. Consequently, the chick production
index closely tracks the harvest time
series, leading with 3 years [Colour figure
can be viewed at wileyonlinelibrary.com]

and the change in the harvesting regime at the end; (b) a series based

North Atlantic subpolar gyre (SPG) is located in the northern North

on linear interpolation of the six missing values; (c) a series that was

Atlantic, 3000 km southwest of Iceland, and dominates the physical

uncorrected for the length of the harvest season; (d) the harvest se-

oceanography of this region (Hátún et al., 2005). The SPG index se-

ries itself (1881–2008), lagged by 3 years (which was the median and

ries was provided by Helge Drange (Univ. of Bergen, pers. comm.).

modal age of harvested birds).

(4) The El Niño-Southern Oscillation (ENSO) is a climatic variation
pattern over the tropical eastern Pacific (Trenberth & Stepaniak,

2.3 | Environmental covariates

2001). We represented ENSO by the Niño 3.4 SST index (Smith,
2018).
In other North Atlantic systems, seabird demography has been

To explore the relationship between the puffin time series and

shown to covary with climate indices such as AO (Smith & Gaston,

temperature, we used local data on sea surface temperature (SST).

2012), NAO (Durant, Stenseth, et al., 2004; Reid et al., 1999; Sandvik

Monthly mean SST and air temperature data from Heimaey Island,

et al., 2005) and SPG (Descamps et al., 2013; Fluhr et al., 2017; Hátún

which is the main island of the Westman archipelago, were sup-

et al., 2017). Given that strong El Niño events can affect conditions

plied by the Icelandic Meteorological Office and the Marine and

on the northern hemisphere (Brönnimann et al., 2004, 2007), one

Freshwater Research Institute. A gap in SST data between 1964

might even expect an ENSO-related signal.

and 1998 was interpolated by regressing SST on air temperature for
each month (see Table S2). SST in year t was defined as the average
SST from September t−1 to August t. This definition is in accordance

2.4 | Statistical analyses

with the breeding phenology of puffins, which stay in or close to the
breeding colony from March/April until August/September, so that

Linear and quadratic responses to the covariates were investigated

potential effects during the non-breeding season would only be-

using linear models. In order to obtain unbiased error estimates,

come visible in the following breeding season. In order to also repre-

quadratic responses were estimated using nonlinear least squares

sent SST on a larger spatial scale, we used the Atlantic Multidecadal

models with the following model structure:

Oscillation (AMO) index, a detrended time series of SSTs over the
entire North Atlantic (Schlesinger & Ramankutty, 1994). We used

(
)2
lnPt ∼ lnPpeak + b ⋅ Ct − Cpeak ,

(2)

AMO data based on the HadISST1 dataset (Smith, 2015).
Four climate indices were used as covariates. (1) The North

where Ppeak is the peak of the chick production index, b is the slope of

Atlantic Oscillation (NAO) is one of the dominant teleconnection

the quadratic term, Ct is the value of the covariate in year t, and Cpeak is

patterns in the North Atlantic (Hurrell et al., 2003). We used the an-

the value of the covariate at which Pt peaks. For the case of a change in

nual station-based NAO index, because it is available from 1864 on-

Cpeak over time, Equation 2 was modified to:

wards (see Hurrell, 1995; Hurrell & National Center for Atmospheric
Research Staff, 2017). (2) The Arctic Oscillation (AO) is closely

[
]2
lnPt ∼ lnPpeak + b ⋅ Ct − C2000 − bpeak (t − 2000) ,

(3)

related to the NAO but has a hemispheric and northerly pattern
(Thompson & Wallace, 1998). We used annual means of monthly

where C2000 is the value of the covariate at which Pt would have peaked

AO indices from the 20th Century Reanalysis (Smith, 2013). (3) The

in the year 2000, and bpeak is the slope with which Cpeak changes.

|
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Confidence intervals of nonlinear models were estimated using R

windows. Sliding windows were centred on the year of interest and

package ‘investr’ (Greenwell & Schubert Kabban, 2014).

were 11 and 31 years long for trends and correlations, respectively

Model selection was based on Akaike's information criterion
(AIC; Burnham & Anderson, 2002). Our data violated one essen-

(one or three decades, plus 1 year to obtain symmetrical intervals on
each side of the year of interest).
Unless stated otherwise, calculations were carried out in R (R

tial assumption of standard linear models: adjacent data points are
not statistically independent, because there is strong temporal au-

Core Team, 2020). Estimates are reported as mean ± standard error

tocorrelation in the time series. This does not affect the variance

(SE).

explained, but it invalidates the p values estimated using standard
tests as well as inflating AIC values. We therefore estimated p values based on a parametric bootstrap procedure (Manly, 1997),

3

|

R E S U LT S

i.e. we created 100,000 time series with the same length and
autoregression-moving average (ARMA) structure as the harvest

Puffin harvest on the Westman Islands reached an early maximum of

data, namely ARMA(p = 1, q = 0). Equation 1 was then used to cal-

175,000 birds in 1885, whereupon it declined to 14,000 harvested

culate chick production indices from the simulated harvest series. A

birds in 1946 (Figure 1). Harvest numbers increased again, reaching

p-value, referred to as pboot, was calculated as the proportion of time

143,000 birds in 1998, and dropped quickly thereafter. In 2007, the

series that obtained an r2 equal to or larger than the one obtained

with the real chick production index.

last year without hunting restrictions, 31,500 birds were harvested.
The chick production index closely tracks the temporal fluctua-

A good model fit may be obtained when a nuisance parameter

tions in harvest, from which it is estimated. A considerable amount

affecting puffin harvest (e.g. economic or societal changes) inci-

of the variance in chick production was explained by SST, whereas

dentally has a parallel long-term pattern to one of the covariates. In

none of the climate indices explained more than 7% of the variance,

order to correct for this possibility, we carried out a second boot-

with AMO being intermediate (Table 1). For SST, but not the other

strap test, in which we removed the long-term pattern (regression

covariates, quadratic models received more support than the linear

splines with 4 df) of each of the 100,000 simulated time series, and

counterparts. Smoothed SST (11-year running means) performed

added the actual long-term pattern of the chick production index.

even better than annual SST values, explaining almost 72% of the

This procedure guaranteed that the 100,000 simulations differed

variance in chick production. Corresponding results were found with

from the actual time series only in their medium- and short-term

the modified datasets (Tables S3–S7).

dynamics, so that a good model fit of the real data cannot be due

According to the best model among the set of models compared

to the long-term pattern. The p-value obtained, referred to as

(Table 1), chick production reached a peak index value of 6.6 ± 0.2 at

p long, thus corrects for potential long-term changes in nuisance

an SST of 7.09°C ± 0.05°C (Figure 2; Table S8). At SSTs of 1°C above

parameters.

or below this peak, chick production was reduced by 55% ± 2%.

As a post-hoc test of the sensitivity to potential biases when
combining harvest data from four different subperiods (see Section
2.1 above), we considered the possibilities that each of the first three
subsets of the time series should be up-or downweighted by 10% or

3.1 | Patterns identified at different
temporal scales

20% (i.e. multiplied by 0.8, 0.9, 1.1 or 1.2) relative to the fourth subset. Based on these four different weightings for the three subsets,

Patterns of covariation between puffin chick production were

we calculated 43 = 64 time series that varied in weighting factors.

further investigated at three temporal scales, viz. long-term (ap-

The two best models identified in previous analyses were then re-

prox. centennial), medium-term (approx. decennial) and short-term

tested for each of these time series using a parametric bootstrap

(year-to-year variability). The long-term pattern in chick production

with 10,000 simulations (as described for the other datasets).

followed the long-term pattern in SST very closely (Figure 3). This

Models were also investigated at different time scales, viz. long-,

pattern could be confirmed using cross-wavelet power spectra,

medium- and short-term, by filtering away variability at other time

which indicated a common signal for chick production and SST with

scales. The long-term (appr. centennial) pattern was defined as re-

a period of 75–100 years (peaking at 84 years; Figure S1).

gression splines with 4 df fitted in a generalized additive model.

On a medium temporal scale, the co-variation in chick production

The medium-term (appr. decennial) pattern was defined as a time

and SST exhibited strikingly variable patterns. First, the correlation

series smoothed using 11-year running means. The short-term

between chick production and annual mean SSTs was not negative

(year-to-year) pattern was defined as the residuals from the long-

over the entire period, but only during the sub-period between 1920

term pattern. The temporal structure of variables was investigated

and 1970, and again towards the end of the time series (Figure 4).

using generalised additive models and wavelet analysis, using R

Prior to, and in between these sub-periods, the correlation switched

packages ‘nlme’ and ‘WaveletComp’ (Pinheiro et al., 2020; Roesch &

to a positive sign. This temporal pattern was even more apparent

Schmidbauer, 2018).

when comparing decennial trends in both variables (Figure 5): as in-

Changes over time in temporal trends of, and correlations be-

dicated by the vertical lines in Figures 3 and 5, the decennial trends

tween, chick production and covariates were analysed using sliding

of production and SST were in phase exactly when the long-term SST

3758
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Explanatory variable

Model
structure

Smoothed SST

quadratic

0.00

Annual SST

quadratic

68.36

ΔAIC

2

Estimate ± SE

pboot

0.717

−0.792 ± 0.073

0.00005

0.517

−0.383 ± 0.056

0.00054

r

Smoothed SST

linear

83.50

0.447

−0.665 ± 0.066

0.011

Annual SST

linear

106.84

0.337

−0.506 ± 0.063

0.015

AMO

linear

113.97

0.299

−1.56 ± 0.21

0.0052

AMO

quadratic

115.49

0.301

−0.74 ± 1.08

0.0067

AO

linear

151.15

0.063

0.34 ± 0.12

0.054

AO

quadratic

152.82

0.065

0.11 ± 0.20

0.082

NAO

linear

157.25

0.017

0.036 ± 0.024

0.20

Null model

–

157.41

0.000

–

SPG

linear

158.30

0.009

0.022 ± 0.021

0.73

NAO

quadratic

158.50

0.023

0.011 ± 0.013

0.32

ENSO

quadratic

158.53

0.022

0.138 ± 0.096

0.21

ENSO

linear

158.61

0.006

−0.068 ± 0.076

0.32

SPG

quadratic

160.30

0.009

0.000 ± 0.008

0.82

TA B L E 1 Models explaining temporal
variation in puffin chick production on the
Westman Islands (Iceland), 1878–2005,
using different environmental covariates.
Models are sorted by decreasing fit
(increasing ΔAIC). The AIC of the best
model was 39.27. For quadratic models,
the estimate of the slope b is provided
(see Equation 2). Probabilities (pboot) were
derived by bootstrapping (see Section 2)

–

F I G U R E 2 Puffin chick production
peaked at a sea surface temperature of
7.09°C. The shaded area indicates the
95% confidence interval [Colour figure
can be viewed at wileyonlinelibrary.com]

was below its long-term mean, and in antiphase exactly when SST was

constant through time, but has rather been increasing slightly

above its long-term mean. This pattern is highly unlikely to emerge

during the 20th century. A model in which the peak SST was al-

by chance (three randomly placed vertical lines produced an equally

lowed to change linearly was somewhat better supported than the

strong or stronger relationship in only 0.02% of the possible cases).

best model of Table 1 (r 2 = 0.73, ΔAIC = −5.2). It indicated that

The sub-periods in Figures 3 and 5 were used to define an ad-

the peak was at 7.27°C ± 0.08°C in the year 2000, which was

ditional categorical variable (warm vs. cool phase). Models includ-

0.24°C ± 0.09°C warmer than in the year 1900. This finding was

ing SST, sub-period and their interaction were intermediate to the

derived from the smoothed SST data and could not be reproduced

corresponding linear and quadratic ones (annual SST, r2 = 0.55,

with the annual SST data and only with some of the alternative

ΔAIC = 61.9; smoothed SST, r 2 = 0.68, ΔAIC = 18.5). All these find-

datasets (Table S9).

ings reinforced the suggestion that, as far as puffin reproduction is

The short-term (year-to-year) variability in chick production was

concerned, under warm conditions, ‘cooler is better’, whereas, under

not captured well by any of the explanatory variables. Residual SST

cool conditions, ‘warmer is better’.

explained less than 1% of the variation in residual chick production.

Here, ‘cool’ and ‘warm’ are relative to the peak at 7.1°C. There
was some evidence that the peak temperature itself was not

Even in a multiplicative model with sub-period and SST, the explained variance remained below 0.1 (pboot = 0.063).
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F I G U R E 3 Annual mean sea surface
temperature (SST) off the Westman
Islands. Solid blue lines indicate annual
SST values (light line), smoothed SSTs
using 11-year running means (dark
line) and the long-term pattern (bold
line; regression splines with 4 df fitted
in a generalised additive model). The
corresponding long-term pattern for
puffin chick production is depicted by the
grey broken line, reversed (i.e. upside-
down) and normalised to the same mean
and variance as SST (right-hand axis).
Vertical broken lines indicate the years in
which the long-term SST pattern crossed
its average (horizontal line) [Colour figure
can be viewed at wileyonlinelibrary.com]

F I G U R E 4 Puffin chick production
(black) and annual mean sea surface
temperature (blue). Their correlations
(purple) are estimated from 31-year
sliding windows. Shaded areas are 95%
confidence intervals with (light) and
without (dark) correction for temporal
autocorrelation [Colour figure can be
viewed at wileyonlinelibrary.com]
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DISCUSSION

Such rapid changes in the marine environment have been reported in the Atlantic in different time periods, some being de-

Based on 131 years of harvest data, we identified prolonged pe-

scribed as regime shifts. Two of the abrupt changes in the sign of

riods of strong correlations between sea surface temperature

the correlation between puffin chick production and SST (Figure 4)

(SST) and a proxy for productivity in Icelandic puffins. The sign

coincided with large-scale shifts occurring quasi-synchronously over

of the correlation switched several times, being strongly nega-

the entire Northern Hemisphere (1975/76 and 1988/89; Beaugrand

tive from the 1920s to the 1970s, and positive before and after

et al., 2015). These regime shifts were associated with large changes

this 50-year period (Figure 4). This pattern is well explained by a

in plankton and fish communities and/or abundance (Beaugrand

quadratic relationship between SST and chick production, which

& Reid, 2012), which could potentially explain the effect on puffin

peaks at an SST of 7.1°C. In years that are warmer or cooler than

chick production through bottom-up effects.

the peak SST, chick production is lower (Figure 2). Because SST

The 50-year period with a strong negative correlation between

changed rather abruptly in 1921 (upwards) and 1967 (downwards)

sea surface temperature and chick production (Figures 4 and 5) con-

and increased steeply also in the late 1990s (Figure 3), most of

curred with the so-called early 20th century Arctic warming (Grant

the variation during the sub-p eriods is on one side of the peak

et al., 2009; Rogers, 1985; Scherhag, 1939; Yamanouchi, 2011).

SST, thus resulting in prolonged periods of positive or negative

The onset of wintertime warming, estimated to be 1921 for Iceland

correlations.

(Rogers, 1985), agrees well with the first sign shift in our Figure 5.
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F I G U R E 5 The change in puffin chick
production (black) and annual mean sea
surface temperature (blue). Both curves
are calculated as 11-year trends (using
sliding windows). In different sub-periods,
the two curves vary synchronously (+)
and anti-synchronously (−), respectively.
The vertical hatched lines delimiting
these sub-periods are derived from
Figure 3 [Colour figure can be viewed at
wileyonlinelibrary.com]

The causes and attribution of the early 20th century Arctic warming

peak SST (Gjerdrum et al., 2003). Some studies, compensating for

remain uncertain; while there is a contribution from anthropogenic

short time series by combining data from several colonies, have

forcing by greenhouse gases (Abram et al., 2016; Callendar, 1938;

demonstrated similar concave patterns in seabird demography

Schurer et al., 2013), the contribution of natural decadal variability

(Grosbois et al., 2009; Iles et al., 2020). Interestingly, one such study

in the climate system (internal forcing) seems to be more important

has shown adult survival of puffin to peak at a spring SST of c. 7°C

(Grant et al., 2009; Yamanouchi, 2011). The congruence between

(Grosbois et al., 2009).

changes in the sign of the correlation between SST and chick pro-

Based on the feeding ecology of Icelandic puffins, we hypoth-

duction, and the occurrence of large-scale and abrupt changes in the

esize that the biology of their main prey species, the lesser sandeel

marine environment confirm the potential importance of the rate

(Ammodytes marinus), might be the key to explaining the tempo-

of environmental changes and in particular of warming (Descamps

ral dynamics. Sandeels constitute the predominant prey of puf-

et al., 2017; Irons et al., 2008).

fins in the Westman Islands (Lilliendahl et al., 2013; Lilliendahl &

It is a strength of long time series that such non-linear patterns

Solmundsson, 1997). Bioenergetic models have shown that 0-group

can be revealed. Based on a shorter time series, one might easily

sandeels need to reach a critical size threshold before their first win-

have ended up concluding differently, viz. that the relationship was

ter, in order to survive and reach maturity; and that the critical size

uniformly negative or positive (or absent). For the identification of a

threshold increases with increasing temperature (van Deurs et al.,

variable peak SST, time series need to be even longer. We also found

2011). Furthermore, sandeels develop smaller gonads under higher

some evidence for non-stationarity, that is, that the temperature at

winter temperatures (Wright et al., 2017).

which production peaks has been increasing by roughly a quarter of

In accordance with these findings, sandeel recruitment in the

a degree during the 20th century, although this increase was weak

North Sea was reduced under conditions with warmer sea tem-

and could not be corroborated with all modified datasets (Table S9).

peratures (Arnott & Ruxton, 2002); and the body size of both

The observed change in the relationship between SST and puf-

0-group and 1-group fish has decreased in recent decades (Wanless

fin productivity has huge implications for our understanding of cli-

et al., 2004, 2018). Due to higher mortality and lower fecundity of

mate warming consequences on wildlife. Indeed, the vast majority of

sandeels, puffins may thus face food scarcity after relatively warm

studies quantifying the relationships between wildlife and changes

winters. However, sandeel presence and abundance also decrease

in air or sea temperature is based on short time-scale, from just a

at lower temperatures, with a bottom temperature of 8.5°C repre-

few years (e.g. Hovinen et al., 2014) to a few decades (e.g. Barbraud

senting the optimum for sandeel on the Dogger Bank (van der Kooij

& Weimerskirch, 2001; Price et al., 2020). Many of these studies as-

et al., 2008). This is higher than the peak at 7.1°C identified in this

sume a linear and stationary effect of the environment, and so do

study and may reflect differences in the local adaptations of sandeel

the predictions about the fate of populations (but see e.g. Barbraud

between the two areas; such adaptations are known from other spe-

et al., 2011; Descamps et al., 2017; Jenouvrier et al., 2012). Our

cies (Conover & Present, 1990).

study clearly shows that this may be erroneous, as the effect of a

The trophic explanation is strengthened by the fact that

warming environment may vary through time and easily be hidden

Icelandic puffins do not overwinter close to the colonies (but as

by shorter-term variation.

far west as the Labrador Sea; Fayet et al., 2017), whereas the local

Nestling growth rate and fledging success in a close relative, the

winter SST off the Westman Islands is a better predictor of chick

tufted puffin (F. cirrhata), have also been shown to vary around a

production than AMO, which represents SST at a larger spatial
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scale. This indicates that the effect of winter temperature on puf-

and N.G.Y. The paper was written by H.S. with input from all

fins is unlikely to be direct (i.e. on adult overwinter survival or con-

co-a uthors.

dition), but must be assumed to be mediated via the food web (cf.
Sandvik et al., 2012).
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nying this article.
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