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INTRODUCTION

Seabirds often show pronounced spatiotemporal
variation in population growth rates and demographic
parameters (Tims et al. 2004, Harris et al. 2005, Lewis
et al. 2006, Suryan et al. 2006). This variation is likely
to be linked to variation in e.g. food supply around
breeding colonies, and is potentially a useful source of
information about the state of marine ecosystems.
Seabird species differ in their sensitivity to variation in
abiotic or biotic conditions, and also in how easy they
are to study; some species are therefore particularly

suitable as indicators or research subjects in marine
ecology. Because of their high foraging costs, black-
legged kittiwakes Rissa tridactyla (hereafter kitti-
wakes) are regarded as very sensitive to changes in
prey availability (Furness & Tasker 2000), and they
have repeatedly been shown to be good indicators of
the state of marine environments, with various aspects
of breeding performance being well correlated with
e.g. oceanographic variables, prey abundance and
fishery activity (Regehr & Montevecchi 1997, Suryan et
al. 2002, Wanless et al. 2007). Kittiwake breeding
populations have declined dramatically (>50%) since
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1990 in large parts of the British Isles, but have
remained stable or increased in other areas (Mavor et
al. 2006), and understanding the underlying causes of
this geographical variation in population trends is
important for managing both seabird populations and
marine ecosystems. Frederiksen et al. (2004) showed
that breeding productivity in 1 North Sea kittiwake
colony (the Isle of May) was negatively related to late
winter sea surface temperature (SST) in the previous
year and the presence of a fishery for lesser sandeels
Ammodytes marinus (hereafter sandeels), the main
prey of breeding kittiwakes (Lewis et al. 2001).
Furthermore, kittiwake breeding productivity was
well correlated over time within, but not among, 6
regions in Britain and Ireland, and these regions were
congruent with sandeel population structure inferred
from patterns of occurrence of larvae and adult
sandeels (Frederiksen et al. 2005). The aim of this
paper was to examine whether there is evidence that
variation in kittiwake breeding productivity within and
among the regions identified by Frederiksen et al.
(2005) is related to sandeel abundance. Regionally
explicit annual estimates of sandeel abundance do not
exist, and it is thus not possible to directly test whether
such a relationship exists. However, 2 potential proxies
of sandeel abundance are available: winter SST, which

is negatively correlated with sandeel recruitment in
the southern North Sea (Arnott & Ruxton 2002, cf.
Hedd et al. 2006), and the Continuous Plankton
Recorder (CPR) survey (Reid et al. 2003), which mea-
sures abundance of Calanus copepods, an important
prey of sandeels (Reay 1986). Recent exploratory
analyses at the North Sea scale confirmed that sandeel
recruitment was negatively correlated with winter
SST, and also found a positive correlation with Calanus
abundance (ICES 2006). While SSTs have increased
everywhere in the NE Atlantic in recent years, there
has been pronounced regional variation, with more
rapid increases in the North Sea than west of the
British Isles (Edwards et al. 2006). Also in the North
Sea, Calanus abundance has decreased, and there has
been a shift in species composition, with the formerly
dominant spring-blooming C. finmarchicus being
gradually replaced by C. helgolandicus, which occurs
later in the year (Edwards et al. 2004). Here, we tested
whether annual variation in kittiwake breeding pro-
ductivity within 6 regions of the British Isles defined by
Frederiksen et al. (2005) is related to winter SST
and/or Calanus abundance. We also tested whether
between-region variation in kittiwake breeding pro-
ductivity and population growth is related to the same
environmental covariates.

MATERIALS AND METHODS

Frederiksen et al. (2005) assigned monitored kitti-
wake colonies in Britain and Ireland to 6 geographi-
cally contiguous regions (Fig. 1) based on similar tem-
poral fluctuations in breeding productivity. Breeding
productivity (mean number of fledged chicks per nest)
is monitored at a large number of colonies using highly
standardised methods (Walsh et al. 1995) as part of the
Seabird Monitoring Programme coordinated by the UK
Joint Nature Conservation Committee. We used data
from 48 British and Irish kittiwake colonies regularly
monitored from 1986 to 2004. In addition to 40 out of
42 colonies listed by Frederiksen et al. (2005) that were
assigned to a region, we included data from 8 further
colonies: Noness and Kettlaness in the Shetland
region, as well as Contrary Head on the Isle of Man,
St. Bee’s Head in Cumbria, Isle of Muck and Rathlin in
Northern Ireland, and Rockabill and Helvick Head in
the Irish Republic, all of which we assigned to the Irish
Sea region (Fig. 1). Throughout, we assumed that kitti-
wakes mainly depend on 1-yr-old sandeels for success-
ful breeding (Frederiksen et al. 2004, Wanless et al.
2007) and that a strong year class of 0-group sandeels
will lead to high availability to kittiwakes in the follow-
ing year. Our covariates were defined according to
these assumptions. SST in February and March of the
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Fig. 1. Rissa tridactyla. Regions and colonies included in 
this study
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previous year was assumed to affect kittiwakes
through sandeel recruitment (Arnott & Ruxton 2002).
Monthly HadlSST 1.1 data, with a 1° resolution, were
obtained from the British Atmospheric Data Centre
and averaged within each region (Fig. 1, Table 1).
Mean monthly abundance of Calanus per CPR sample
for each region was extracted from the database at the
Sir Alister Hardy Foundation for Ocean Science and
summarised into 2 covariates. Firstly, we used mean
abundance in April to June of the current year. Adult
sandeels spend most of the year buried in sandy sedi-
ments and feed primarily during these months (Wins-
lade 1974). Secondly, we used mean Calanus abun-
dance in January to August of the previous year as an
index of food abundance for larval and juvenile
sandeels in their first year of life, when they feed over
a longer period than adults. CPR data were too sparse
for the West Scotland region to test for effects of
Calanus abundance there. 

Annual mean breeding productivity in each region
was estimated from a mixed model, with a fixed region
effect and random colony, year and region × year
effects. The relationships between breeding produc-
tivity, SST and Calanus abundance were assessed with
linear mixed models, weighted by annual sample size
(number of nests monitored). In the first step, we mod-
elled the relationships separately for each region, with
random colony and year effects. Subsequently, we
constructed an overall hierarchical model, with ran-
dom colony (nested within region), region, year, and
year × region effects. Because of the hierarchical struc-
ture, this model tests for a cross-regional effect of the
covariates, i.e. whether annual mean breeding produc-
tivity in each region tends to be correlated with each
covariate, controlling for consistent regional differ-
ences. Non-significant covariates were sequentially
eliminated from the models according to type III signif-
icance tests with a threshold p level of 0.1. An approx-
imate R2 equivalent was calculated as the proportional
reduction in the relevant variance components (year
for single-region models, region, year and year ×

region for the overall model) when
covariates were included, compared to
a pure random effects model. Colony
sizes in 1985 to 1988 (from the Seabird
Colony Register [SCR] survey; Lloyd et
al. 1991) and in 1998 to 2002 (from the
Seabird 2000 survey; Heubeck 2004)
were extracted from the Joint Nature
Conservation Committee database.
Colony growth rate was defined as the
log-transformed ratio of the Seabird
2000 count to the SCR count. Kettlaness
in Shetland was excluded from this
analysis because the colony was no

longer extant at the time of the Seabird 2000 survey.
We tested for relationships between colony growth
rate and 1986 to 2004 mean regional values of the envi-
ronmental covariates (SST and Calanus abundance) in
a linear mixed model weighted by the log-transformed
SCR count, with random region effects. All analyses
were carried out in SAS v 9.1.

RESULTS

Mean winter SST differed among regions (Table 1,
Fig. 2), with the highest temperatures west of Britain,
and within the North Sea, higher temperatures in the
northern regions than farther south. While winter SST
increased in all regions over the study period, the
increases were greatest in the North Sea regions,
which on average were the coldest (Table 1, Fig. 2).
Mean kittiwake breeding productivity differed among
the regions (F5,69.3 = 6.33, p < 0.0001; Table 2), with the
highest value in East England and the lowest in Shet-
land. Mean colony growth rate between the 2 surveys
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Region Latitude Longitude Mean SST  Trend p of 
(°C) (°C yr–1) trend

West Scotland 56°–59° N 5°–10° W 8.64 0.0065 0.67
Shetland 59° 30’–61°30’ N 1° E–2° 30’ W 7.53 0.020 0.19
Orkney 58° 30’–59°30’ N 1°–5° W 7.51 0.025 0.15
East Scotland 55° 30’–57°30’ N 1° E–3° W 6.73 0.053 0.018
East England 52° 30’–55°30’ N 3° E–2° W 6.45 0.070 0.030
Irish Sea 51°–55°30’ N 3°–8° W 8.65 0.040 0.059

Table 1. Means and linear trends of mean February/March sea surface temper-
atures (SST) in 6 regions around the British Isles, 1985 to 2003 (lagged by 1 yr 

relative to kittiwake breeding productivity data)
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Fig. 2. Mean February/March sea surface temperature in 2
contrasting regions, East (filled symbols) and West Scotland
(open symbols), 1985 to 2003. The line shows a significant 

trend fitted by linear regression (see Table 1)
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differed among the regions (F5,41 = 5.42, p = 0.0006;
Table 2), ranging from a 74% decline in Shetland to a
13% increase in East England. Significant relation-
ships between kittiwake breeding productivity and
environmental covariates were found in East Scotland
and Orkney (Table 3). In both cases, there was a nega-
tive relationship with lagged winter SST, with the esti-
mated slopes being very similar. Calanus abundance
in the current year also had significant effects in both
regions, although the slope was positive in East Scot-
land and negative in Orkney (Table 3). The overall
analysis, excluding West Scotland where no plankton
data were available, showed a marginally non-signifi-
cant negative effect of lagged winter SST and no effect
of Calanus. When data from West Scotland were
included, the lagged SST effect became significant
(Table 3). The slope associated with lagged winter SST

in the overall model was less pronounced than in the
2 regions where this effect was found (Fig. 3). There
was a significant correlation between mean colony
growth rate and mean breeding success (rs = 0.83, p =
0.042), but no significant relationships were found
between colony growth rate and any of the environ-
mental covariates (all p > 0.2).

DISCUSSION

We found a negative relationship between kittiwake
breeding productivity and SST in the previous winter
over both space and time. Breeding productivity
tended to be higher following cold winters as well as
in regions where winter SST was lower (Fig. 3). This
finding complements the results of Frederiksen et al.
(2004), who found a strong negative relationship be-
tween breeding productivity and lagged winter SST
for the well-studied colony at the Isle of May in East
Scotland. Thus, although annual mean breeding pro-
ductivity is not correlated between regions (Frederik-
sen et al. 2005), our findings suggest that a common
driver (winter SST) is at least partly responsible for the
extensive spatiotemporal variation. The mechanism
behind this relationship is still not clear, but is likely to
operate through sandeels, the main prey of kittiwakes
during the breeding season. Sandeel recruitment is
negatively related to winter SST (Arnott & Ruxton
2002, ICES 2006), and the pattern that we observed
is thus consistent with a dependence on 1-yr-old
sandeels for successful breeding of kittiwakes. Shet-
land was the one region that did not fit the overall
pattern, with breeding productivity being lower than
expected (Fig. 3). Indeed, when Shetland data were

excluded from the overall model,
the correlation with lagged winter
SST was stronger, but the slope
was practically unchanged (slope =
–0.120, p = 0.011).

Previous studies have shown a
positive link between copepod bio-
mass in the NW North Sea, the
abundance of sandeel larvae and
kittiwake breeding productivity on
the Isle of May (Frederiksen et al.
2006), and we thus expected posi-
tive relationships between kitti-
wake breeding productivity and
Calanus abundance in both the
current and the previous year.
However, results were inconclu-
sive. Abundance in the current
year had the expected positive
effect in East Scotland, suggesting
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Region Mean breeding Mean growth 
productivity rate

West Scotland 0.80 –16%
Shetland 0.41 –74%
Orkney 0.93 –35%
East Scotland 0.73 –21%
East England 1.02 +13%
Irish Sea 0.60 –35%

Table 2. Rissa tridactyla. Mean breeding productivity
(fledged chicks per nest) 1986 to 2004 and mean colony
growth rate in each region. Mean colony growth was mea-
sured between the Seabird Colony Register and Seabird
2000 surveys and back-transformed to percent growth. One
colony in Shetland (Kettlaness) was excluded from the
growth rate analysis because it was no longer extant at the 

time of the Seabird 2000 survey

Region Lagged SST Calanus Calanus ‘R2’
same year previous year (see text)

Slope p Slope p Slope p

West Scotland – – NA NA NA NA –
Shetland – – – – – – –
Orkney –0.265 0.025 –0.0300 0.0007 – – 65%
East Scotland –0.280 0.025 0.0286 0.049 – – 38%
East England – – – – – – –
Irish Sea – – – – – – –
All (excluding –0.112 0.078 – – – – 12%
West Scotland)

All –0.112 0.044 NA NA NA NA 7%

Table 3. Rissa tridactyla. Slopes and p values for relationships between breeding
productivity and 3 environmental covariates. Only effects retained in step-down
multiple regression mixed models with a threshold p level of 0.1 are shown. The last
column shows an approximate R2 equivalent, calculated as the reduction in relevant
variance components when the retained covariates were included in the model 

(see ‘Materials and Methods’). NA: not available
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greater abundance or availability of sandeels when
copepod abundance was high. There was also a strong
negative relationship between Calanus abundance
and kittiwake breeding productivity in Orkney, a
seemingly counterintuitive result confirming earlier
findings (Wright & Bailey 1993). Highlighting such
apparent anomalies is important because it empha-
sises the need to carry out more detailed research to
explore processes and mechanisms involved, which
are likely to be complex and to vary between regions
with contrasting abiotic and biotic conditions (Fred-
eriksen et al. 2007). The previous year’s abundance of
Calanus was not associated with breeding productivity
in any region, possibly suggesting that food abun-
dance during the first year of life in itself had little
effect on how many sandeels were available to kitti-
wakes 1 yr later. A complicating factor may be that the
importance of sandeels to breeding kittiwakes may dif-
fer between regions. Although North Sea kittiwakes
depend extensively on sandeels (e.g. Lewis et al.
2001), very limited data are available on kittiwake diet
in West Scotland and the Irish Sea. Dependence on dif-
ferent prey species with different temperature prefer-
ences can lead to contrasting relationships with oppo-
sing signs between seabird demographic parameters
and SST in different regions, as has been shown for
Atlantic puffins Fratercula arctica, where adult sur-
vival was negatively correlated with SST in 3 colonies

where sandeels form the main prey, but positively
correlated with SST in a herring-dependent colony
(Harris et al. 2005).

Sandeels are also targeted by a large industrial fish-
ery for fishmeal and oil, and an open fishery within
kittiwake foraging ranges during the 1990s was associ-
ated with depressed breeding productivity in study
colonies in East Scotland (Frederiksen et al. 2004,
2007). However, between-region variation in breeding
productivity was apparently not related to fishery
activity; the only region exposed to large-scale fish-
eries throughout the study period (East England) had
the highest mean breeding productivity, whereas other
regions only had a small (Shetland) or no sandeel fish-
ery (Orkney, West Scotland, Irish Sea).

Both mean breeding productivity and mean colony
growth rate differed among regions, with numbers in
regions with higher mean productivity tending to
decline less rapidly. For example, Shetland had both
the lowest mean breeding productivity and the great-
est observed decline (Table 2). Regional differences
in mean colony growth rate thus seemed to be at
least partly driven by variation in breeding productiv-
ity, implying that other demographic parameters (sur-
vival, net dispersal) may be relatively similar among
regions at this scale. Nevertheless, regional differ-
ences in growth rate were not associated with variation
in winter SST or Calanus abundance, although the
most productive region and the only one where most
colonies had a positive growth rate (East England)
also had the lowest winter SST (Fig. 3).

Climate change is a large-scale driver of ecological
change, and it is important to understand biological
responses at an equivalent scale rather than just at
individual study sites. Here, we have shown a negative
association between winter SST and an important
demographic parameter, kittiwake breeding produc-
tivity, both within and across regions of the British
Isles. As ocean temperatures around the UK are pre-
dicted to warm by a further 2 to 3°C over the coming
decades (Hulme et al. 2002), this is likely to lead to
continued population declines of kittiwakes, which
have already declined substantially in the last 15 to
20 yr (Table 2, cf. Mavor et al. 2006). However, trends
in sea surface temperatures differ among regions east
and west of Britain (Fig. 2), probably linked to their
position relative to the European Slope Current and
the consequent varying importance of local versus
large-scale oceanographic and climatic processes as
drivers of local variability (cf. Sharples et al. 2006).
Trends in kittiwake populations are thus also likely to
continue to vary among regions. The importance of
regional variability is forcefully demonstrated by the
situation in Shetland, where both breeding productiv-
ity and colony growth rate have been much lower than
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Fig. 3. Rissa tridactyla. Breeding productivity (number of
fledged chicks per nest) in 6 British/Irish regions as a function
of late winter sea surface temperature in the previous year,
1986 to 2004. For clarity, data points shown are annual least-
squares means for each region; note that the analysis was per-
formed on annual colony means. Regression lines are shown
for significant relationships (East Scotland, dashed line;
Orkney, solid line; and overall, bold line). For East Scotland
and Orkney, the relationships shown are adjusted for Calanus

abundance in the current year
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in other regions (Table 3, cf. Heubeck et al. 1999),
presumably because of low local sandeel recruitment
and dependence on advection of sandeel larvae from
spawning grounds in Orkney (Wright 1996, Proctor et
al. 1998), which may be sensitive to variation in ocean
circulation patterns, combined with a lack of alter-
native prey for kittiwakes (Frederiksen et al. 2007).
The widespread network of sites involved in the
Seabird Monitoring Programme has proved an ex-
tremely useful tool, without which these various pat-
terns would not have been detected, and we strongly
recommend that ensuring good regional coverage
should be a high priority in national and trans-national
monitoring programmes.
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