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The population dynamics of marine top predators such as seabirds may be self-regulating through
local prey depletion, or they may reflect environmentally induced fluctuations in prey availability.
Both mechanisms are not mutually exclusive. We examined spatio-temporal variation in breeding
success of black-legged Kkittiwakes Rissa tridactyla, a seabird widely monitored in the British Isles.
Kittiwakes here feed mostly on lesser sandeels Ammodytes marinus, a species that is strongly tied to
specific sediment types and therefore shows a strong regional population structure. Neither
kittiwake colony growth rate nor breeding success correlated negatively with colony size as expected
under local prey depletion in the absence of regional variation in carrying capacity. We used
multivariate analyses of breeding success data for 42 kittiwake colonies to identify clusters showing
synchronised variation in success, and compared these with known sandeel aggregations identified
from fish and fishery surveys. A number of geographically distinct clusters of kittiwakes were
identified, and these were largely congruent with sandeel aggregations. Major sandeel aggregations
with clear associated clusters of kittiwake colonies occurred off of east England and east Scotland,
while western coasts of Britain were characterised by smaller aggregations and less obvious
kittiwake clusters. There was considerable regional variability in sandeel recruitment, and this was
reflected in mostly uncorrelated time series of kittiwake breeding success between different regions.
These results indicate that regional variation in prey availability had a stronger effect on kittiwake
dynamics than local prey depletion. An appreciation of the appropriate spatial scale of prey dynam-
ics thus improves understanding of the dynamics of marine predator — prey systems.
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INTRODUCTION

One of the most important aspects of marine
ecosystem function is the strength and direction of
trophic interactions. For example, what is the
functional relationship between top predator pop-
ulations and their prey? Colonial top predators, such
as seabirds, may cause local depletion of prey popu-
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lations and thus be self-regulating through density-
dependent mechanisms (Birt et al. 1987). Alterna-
tively, predator abundance and demographic perfor-
mance (fecundity, survival) may be determined by
the availability of their prey, which in turn may be
regulated through density-dependent and/or density-
independent mechanisms related to environmental
factors (Davoren & Montevecchi 2003). While these
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mechanisms are not mutually exclusive, they have
profoundly different implications, e.g. for the relative
importance of top—down and bottom-up control and
for what monitoring of predators can tell us about the
state of the marine environment (Montevecchi 1993).
Determining which of these mechanisms is most
important is thus critical for understanding the role of
marine top predators.

If predators cause local prey depletion and environ-
mental effects on prey availability are less important,
several simple predictions can be made about patterns
of colony size and performance (e.g. Furness &
Birkhead 1984, Cairns 1989), and some of these
patterns have been demonstrated. For example, Moss
et al. (2002) demonstrated that small colonies of north-
ern gannets Morus bassanus grew faster than large
ones, and Lewis et al. (2001a) found for the same
species that birds breeding in large colonies had a
larger foraging range than birds from smaller colonies,
although this could be an effect of prey disturbance
rather than prey depletion. Similarly, Coulson (1983)
found that between 1959 and 1969 large colonies of
black-legged Kkittiwakes Rissa tridactyla in the British
Isles grew more slowly than smaller colonies. In a rare
study using direct measures of prey availability, Ainley
et al. (2003) also found that the density of fish shoals
decreased with colony size for black-legged kittiwakes
in Alaska, indicating an effect of the birds on the
dynamics of their prey. However, if spatio-temporal
variation in prey availability is mainly determined by
environmental effects, such simple patterns are
unlikely to be found. Instead, colonies exploiting the
same local prey population would be expected to show
correlated patterns of annual variation in mean perfor-
mance (e.g. breeding success), possibly leading to
geographical clusters of colonies showing similar
dynamics. Within such clusters some of the simple
patterns which would be expected if predators deplete
prey populations may still hold, but on a larger
geographical scale they may be swamped by regional
variation.

Few seabird species have been monitored on a
sufficiently large geographical and temporal scale to
allow exploration of these hypotheses. The black-
legged Kkittiwake (hereafter kittiwake) is the most
widely monitored seabird in the British Isles, with
population size and breeding success having been
recorded in study plots in dozens of colonies through-
out Britain and Ireland since 1986 (e.g. Mavor et al.
2003). Breeding populations on the British North Sea
coast have declined by about 50% since the mid-
1980s, and in Shetland by up to 70 %, whereas popula-
tions in Ireland and parts of northern and western
Scotland have increased (Heubeck et al. 1999,
Heubeck 2004). Year-to-year fluctuations in breeding

success have also differed regionally within the British
Isles, with complete failures occurring in Shetland
(Mavor et al. 2003). In a preliminary study, Furness et
al. (1996) showed that kittiwake colonies in the British
Isles during 1986 to 1993 tended to form geographical
clusters with similar annual fluctuations in breeding
success.

In the western North Sea, breeding kittiwakes feed
mainly on Ammodytes marinus, lesser sandeels, here-
after sandeels (Harris & Wanless 1997, Furness &
Tasker 2000, Lewis et al. 2001b). Kittiwake diet has
been less well studied elsewhere in Britain and Ireland
and, although sandeels have been recorded in the diet
at some colonies (e.g. Swann et al. 1991), other prey
species may be important in areas such as the Irish
Sea. Even within the North Sea, kittiwakes from some
estuarine colonies feed mainly on clupeids rather than
sandeels (Bull et al. 2004). Sandeels are closely associ-
ated with specific types of sandy sediment to which
they settle as juveniles; they subsequently spend most
of their life buried, except when feeding in the water
column or spawning (Wright et al. 2000). Thus, they
are found close to areas of suitable sediment through-
out the year. Movements following settlement appear
to be rather limited with virtually no dispersal between
areas >30 km apart (Gauld 1990). Sandeels are an
important prey of kittiwakes, with predominantly Age
1 and older fish (1+ group) being taken during incuba-
tion and young of the year (0 group) during chick
rearing (Wright 1996, Lewis et al. 2001b). Sandeels are
the target of an important industrial fishery, and
around the UK they are currently managed as 1 large
North Sea stock and much smaller coastal stocks
around Shetland and off the coast of northwestern
Scotland (ICES 2003). However, within the North Sea
there are several distinct spawning aggregations with
limited movement between them (Proctor et al. 1998,
Pedersen et al. 1999, Munk et al. 2002). The Shetland
stock appears to be part of an aggregation which
spawns around Orkney, and recruitment in Shetland is
dependent on advection of larvae from Orkney (Wright
1996). Any differences in temporal population dynam-
ics between these distinct sandeel aggregations could
be an important factor affecting regional variation in
kittiwake breeding success in areas where sandeels
are the main prey. Kittiwakes in the British Isles are
thus a suitable model system for testing whether the
demographic performance of top predators is linked to
geographical variation in prey availability since spatio-
temporal variation in prey abundance is expected and
sufficient data are available.

Here, we analyse data on kittiwake breeding suc-
cess and sandeel population structure with the aim
of (1) assessing the evidence for the prey depletion
and regional variation hypotheses, (2) extending the
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approach of Furness et al. (1996) by grouping kitti-
wake colonies into geographically contiguous regions
showing similar annual fluctuations in breeding suc-
cess, and (3) assessing whether such regions are con-
sistent with the available data on the geographical
structure of sandeel aggregations.

MATERIALS AND METHODS

Kittiwake breeding success (number of fledged
chicks/nest) has been monitored in a standardised way
in Britain and Ireland annually since 1986 as part of the
UK and Irish Seabird Monitoring Programme (SMP;
Harris 1987, Mavor et al. 2003). About 90 colonies have
been included in the survey, but to examine spatio-
temporal patterns we restricted ourselves to data from
42 colonies surveyed in at least 10 years between 1986
and 2002 (Fig. 1, Table 1). Most colonies had 1 or more
years with missing data, only 16 were surveyed in
all 17 years. In total, 92 data points, i.e. colony-year
combinations, were missing (13 %). Colony sizes in
1985-88 were taken from the Seabird Colony Register
(SCR) survey (Lloyd et al. 1991) and in 1998-2002 from
the Seabird 2000 survey (Mitchell et al. 2004). We
examined correlations between population growth
(from SCR to Seabird 2000) and colony size in the SCR
survey, and also between colony size in the 2 surveys
and mean breeding success in the respective years
(1986-88 and 1998-2002).

The analysis of variation in Kkittiwake breeding
success progressed in 3 steps. First, to concentrate on
common patterns in year-to-year fluctuations we
removed consistent differences among colonies and
years. We fitted a generalized linear model (GLM) to
the data with main year, colony effects, and a log link
function weighted by annual sample size (number of
nests monitored). The residuals from this model
contained all the information on regional synchrony;
they were normally distributed (see ‘Results’), and we
used them in further analyses. Because the multivari-
ate methods used do not accept missing values, we
imputed the missing data. Simple imputation does not
bias parameter estimates, but it leads to artificially low
variance estimates and too narrow confidence inter-
vals. We therefore used multiple imputation (SAS
Institute Inc. 2001), which provides a range of nor-
mally distributed likely values for missing data points
allowing unbiased variance estimates. We used 5 val-
ues for each missing data point, and these values were
then used as replicate data points in the subsequent
step. Second, we used principal component analysis
(PCA) on the 210 (5 x 42) by 17 data matrix. Mean
principal component scores and their standard devia-
tions were calculated from the 5 replicates for the

Latitude

26 colonies with missing data. Cluster analysis with
Ward's minimum-variance method (SAS Institute Inc.
1999) was employed to further investigate spatial
structure, using means of the 5 imputed values for
missing data points. Regions showing homogeneous
variation over time were identified informally by
combining the results of these analyses with geograph-
ical location. Third, we checked the validity of these
regions by fitting a GLM with main region and year
effects, and their interaction, to the original data, and
compared the performance of the suggested regions to
the classification used in the SMP. We used Akaike's
Information Criterion (AIC; Burnham & Anderson
1998) to determine which of the 2 classifications was
most parsimonious; a low AIC value indicates a more
parsimonious model. Within each region, we calcu-
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Fig. 1. Locations of the 42 colonies where kittiwake Rissa
tridactyla breeding success was monitored in at least 10 years
during 1986-2002 (see also Table 1). Colours refer to the
regions used in the Seabird Monitoring Programme: Shetland
(black), Orkney (red), northeast and southeast Scotland
(green), northeast and east England (yellow), Wales (blue),
southeast Ireland (brown), and southwest and northwest
Scotland (white). Grey symbols indicate regions represented
by only 1 colony (north Scotland, southwest England and
northwest England (see also Table 1)
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Table 1. List of the 42 Rissa tridactyla study colonies showing their
regional affiliation under the SMP scheme and our proposed scheme,
as well as the closest sandeel aggregation. The number of years with
available data on kittiwake breeding success during 1986-2002 are

also shown
SMP region Sandeel Colony Years
Proposed region  aggregation of data
SW Scotland
Irish Sea - 1 Ailsa Craig 16
NW Scotland
W Scotland Western Isles 2 Canna 17
- 3 St Kilda 16
Western Isles 4 Handa 16
Shetland
Shetland Shetland 5 Hermaness 14
6 Eshaness 14
7 Westerwick 17
8 Foula 17
9 Noss 17
10 Ramna Geo 10
11 Troswick Ness 10
12 Sumburgh Head 17
13 Fair Isle 17
Orkney
Orkney Orkney 14 Papa Westray 14
15 Rousay 14
16 Costa Head 10
17 Marwick Head 17
18 Row Head 17
19 Mull Head 17
20 Gultak 17
N Scotland
- Moray Firth 21 North Sutor 13
NE Scotland
E Scotland E Scotland 22 Bullers of Buchan 13
23 Sands of Forvie 13
24 Fowlsheugh 15
SE Scotland
E Scotland E Scotland 25 Isle of May 17
26 Dunbar 16
27 St Abb's Head 16
NE England
E Scotland E Scotland 28 Farne Islands 16
E England E Scotland 29 Coquet Island 10
E England 30 North Shields 17
E England 31 Saltburn 17
E England 32 Bempton 16
E England
E England E England 33 Lowestoft 17
SW England
- - 34 Durlston Head 12
Wales
Irish Sea Irish Sea 35 Elegug Stacks 12
36 Skomer 17
37 Bardsey 15
38 Great Ormes Head 14
NW England
Irish Sea Irish Sea 39 Calf of Man 10
SE Ireland
Irish Sea Irish Sea 40 Dunmore East 17
41 Portally 15
42 Ram Head 10

lated the amount of variation explained by a
GLM with only year effects, as well as all
between-colony correlations, again based on
original data. Finally, we calculated weighted
annual least-squares mean breeding success for
our regions, as well as associated between-
region correlations. All statistical calculations
were carried out in SAS 8.2 (SAS Institute Inc.
1999, 2001).

Information on sandeel distribution was
extracted from fishery research surveys of the
larvae and post-settled stages. The eggs of
sandeels are demersal and newly emerged
larvae will thus not have had much time to be
dispersed, so spawning areas were defined
using the distribution of newly emerged
sandeel larvae (Proctor et al. 1998). The den-
sities of larvae provide an indication of the
relative size of spawning components. Addi-
tional information on distribution was derived
from the occurrence of post-settled sandeels in
bottom sampling gear, including light bottom
trawls, dredges and records of enmeshment in
regular ICES-coordinated bottom trawl surveys
(sources listed in ‘Acknowledgements’). Due to
the different types of gear employed and the
extensive period over which sampling took
place (1970-2002), these data only show pres-
ence or absence of sandeels. The data provide
coverage of the region 61 to 53°N and 09°W to
3°E. Mean larval density, post-settled sandeel
occurrence and kittiwake colony location were
projected onto a common 0.25° latitude by 0.5°
longitude grid (~15 nautical miles?) in a planar
projection in the GIS package IDRISI 32
(www.clarklabs.org). Distances between Kkitti-
wake colonies and sandeels were then
estimated using the spherical distance analysis
function, and colonies were assigned to the
nearest sandeel aggregation.

RESULTS

There was a weak negative correlation
between colony growth rate (expressed as the
logarithm of the ratio of the Seabird 2000 count
to the SCR count) and the log-transformed SCR
count (Fig. 2, r = -0.249, n = 42, p = 0.11), but
this result was strongly affected by the initially
smallest colony (Coquet) growing very rapidly
(without Coquet: r = -0.054, n = 41, p = 0.74).
There was no significant correlation between
log-transformed colony size and breeding
success either for the SCR census (r=0.055, n =
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30, p = 0.78) or the Seabird 2000 census (r = 0.144, n =
40, p = 0.37).

The GLM with main year and colony effects
explained 48% of the total variance in breeding
success, and the residuals were normally distributed
(Shapiro-Wilk test, p > 0.05). The 2 first principal
components calculated from these residuals together
accounted for 40% of the remaining variation, and a
plot of these 2 components indicated some informa-
tive clusters (Orkney, Shetland, east England, east
Scotland; Fig. 3). PC1 (23 %) contrasted colonies doing
relatively well during the 1990s (e.g. Shetland) with
those doing relatively well in the late 1980s and early
2000s (e.g. east Scotland), whereas the interpretation
of PC2 (17 %) was less obvious. In the cluster analysis,
where all the information in the residuals was used,
these patterns were still apparent (Fig. 4). However,
some colonies unexpectedly clustered with those
from other regions: Eshaness (Colony 6 in Fig. 1 and
Table 1) in Shetland and the Farne Islands (Colony 28,
the northernmost colony in eastern England) were
similar to the east Scotland colonies (this was also
apparent from the PCA; Fig. 3). Ailsa Craig (Colony 1),
the southernmost colony in west Scotland, clustered
with several Welsh colonies (Fig. 4). Colonies in Wales
and southeast Ireland tended to group together, form-
ing a loose Irish Sea cluster. Since our aim was to iden-
tify regions which were both geographically and bio-
logically meaningful, we considered it inappropriate
to include distant colonies in the same region (e.g.
including Eshaness with east Scotland). On the basis of
PCA and cluster analysis results, as well as geographi-
cal considerations, we propose the following regions to
provide an informative summary of geographical vari-
ation in Kkittiwake breeding success, presumably
related to variation in food availability: (1) Shetland,
(2) Orkney, (3) east Scotland (including Farne Islands),
(4) east England (excluding Farne Islands), (5) Irish Sea
(Wales, southeast Ireland, Calf of Man, including Ailsa
Craig), and (6) west Scotland (excluding Ailsa Craig).
The first 4 of these regions are well defined geograph-
ically and formed distinct clusters (Figs. 3 & 4),
whereas the remaining 2 were less distinct. We
included Eshaness with the Shetland cluster, but 2
colonies could not be assigned to clusters (North Sutor
in the Moray Firth [Colony 21] and Durlston Head in
Dorset [Colony 34]). Calf of Man (Colony 39) was also
difficult to assign (Fig. 4), but based on geographical
criteria we included it in the loose Irish Sea cluster.

We compared our proposed classification to the 13
regions currently used in the SMP (Table 2). Although
the SMP classification explained a larger proportion of
the variation, it did so with a much larger number of
parameters, and our classification was statistically more
parsimonious. We also checked the internal consistency
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Fig. 2. Rissa tridactyla. Relationship between initial colony
size (log-transformed) and colony growth (log-transformed
ratio of final to initial colony size) from the Seabird Colony
Register survey in 1985-1988 to the Seabird 2000 survey in
1998-2002, for the 42 study colonies. Of the 42 colonies, 35
declined in size over this period, but large colonies did not
decline more rapidly than small ones (see ‘Results’)
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Fig. 3. Rissa tridactyla. The 42 study colonies plotted

according to the first 2 principal components of spatio-

temporal variation in breeding success. The 2 axes explain

40 % of the total variation. Colours refer to the SMP regions as
defined in Fig. 1

of our regions and found that the Shetland, east Scotland
and east England regions were very consistent (Table 3);
a model with only year effects explained >50 % of the
within-region variation, and most or all among-colony
correlations were positive, with many being statistically
significant. Orkney was also reasonably consistent,
although less variation was explained and fewer
between-colony correlations were significant, while the
Irish Sea and west Scotland clusters performed less well.
The inclusion of Calf of Man in the Irish Sea cluster was
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Fowlsheugh
Sands of Forvie
Bullers of Buchan

densities occur off the Western
and Northern Isles, the Scottish
east coast firths and east Eng-

Farne Islands
St Abb's Head
Isle of May
Hermaness
Papa Westray
Rousay
Coquet Island
Lowstoft
Saltburn

Calf of Man
St Kilda
Bempton
North Shields
Dunmore East
Skomer

Ram Head

North Sutor
Portally
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land. High densities of larvae
were not present between the
concentrations off the east of
England and Scotland, a distance
of over 200 km. Larval con-
centrations were contiguous be-
tween Shetland and Orkney, but
less so between Orkney and
east Scotland. The distribution of
post-settled sandeels (Fig. 6b)

Costa Head
Marwick Head
Row Head
Gultak

Mull Head
Durlston Head
Canna

Handa

Fair Isle
Sumburgh Head
Troswick Ness

Foula

Westerwick

Noss

Ramna Geo
Elegug Stacks
Great Ormes Head

indicated similar aggregations to
the larval data. However, aggre-
gations to the east of England
and Scotland were more exten-
sive than the density of larvae
indicated. Nevertheless, post-
settled sandeels were not con-
tiguous between these 2 regions,

Ailsa Craig
Bardsey
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the nearest sites being >80 km
apart. Data for the Scottish west
coast and Irish Sea indicated that

R2

Fig. 4. Rissa tridactyla. Tree diagram showing results of the cluster analysis of spatio-
temporal variation in R. tridactyla breeding success. Numbers refer to the SMP
regions: 1 = Shetland, 2 = Orkney, 3 = northeast and southeast Scotland, 4 = northeast
and east England, 5 = Wales, 6 = southeast Ireland, 7 = southwest and northwest
Scotland. No number indicates regions only represented by 1 colony; see also Table 1

again questionable, as breeding success was negatively
correlated with all 8 other colonies in the cluster, in 1
case (Great Ormes Head, Colony 38) significantly so. In
total, 80% (102/127) of all within-region correlations
were positive (vs. 54 % [399/734] between regions, y?;, =
30, p <0.0001), and 49 % (50/102) of these were signifi-
cant at o= 0.05 (vs. 9% [37/399] between regions, y?; =
89, p < 0.0001; Table 3), indicating that the suggested
regions provide a useful summary of regional variation
in kittiwake breeding success.

Patterns of annual variation in breeding success dif-
fered widely among the regions (Fig. 5), and in only 1
case was there a significant correlation between them
(Orkney and Shetland, Table 4). There was a tendency
for a negative correlation between east and west Scot-
land, and breeding success in the Irish Sea seemed not
to be correlated with any of the other regions (Table 4).

Sandeel spawning areas, as indicated by the density
distribution of early larvae, are presented in Fig. 6A.
The surveyed area provides good coverage for most of
the North Sea and the Scottish west coast. The major

the aggregations in this region
were more widely distributed
and less extensive than in the
North Sea. Survey coverage was
highest in the northern North
Sea (Fig. 6B) and it is possible
that there are small areas with
sandeels outside the surveyed
area that are important to
kittiwake colonies.

In most cases, the geographical grouping of kittiwake
colonies (based on variation in breeding success) corre-
sponded with the spatial segregation of sandeels. For
example, kittiwake colonies along the east coast of
Scotland, which showed very similar fluctuations in
breeding success (Table 3), shared a network of sandeel
patches extending from the Farne Islands to just south of
the Moray Firth (referred to as east Scotland in Table 1
and Fig. 6C). Some uncertainties in the classification
based on breeding success also reflected the distribution
of sandeel aggregations. For example, kittiwakes from
North Sutor in the Moray Firth (Colony 21), which was
not included in any obvious cluster (Fig. 4), may be ex-
pected to forage on an aggregation not shared with other
study colonies (see Fig. 6B). Similarly, the sandeel aggre-
gation near the Calf of Man (Colony 39) is geographi-
cally isolated from those on the Welsh and Irish coasts.
Furthermore, the small isolated sandeel aggregations
to the west of Scotland and in the Irish Sea may explain
the weaker correlations in breeding success among
colonies in these 2 regions.
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DISCUSSION

There was little evidence of the patterns expected if
density-dependent regulation through local food
depletion was the dominant process in the kittiwake-
sandeel system. Small colonies did not grow faster
than large ones (Fig. 2), and there was no negative
relationship between colony size and breeding
success. On the other hand, there was substantial
evidence for consistent regional variation in kittiwake
breeding success. Colonies within regions tended to
show correlated fluctuations in breeding success
(Figs. 2 & 3, Table 3), whereas these patterns differed
among regions (Fig. 5, Table 4).

Initially, our results seemed to contradict the hypoth-
esis that the size and productivity of seabird colonies is
regulated by density-dependence working through
local prey depletion or reduced availability through
interference (e.g. Furness & Birkhead 1984, Lewis et
al. 2001a, Ainley et al. 2003). However, simple patterns
confirming this hypothesis are only expected if carry-
ing capacity per areal unit is the same everywhere, or
in other words, if prey availability is constant or shows
highly correlated annual fluctuations over space. If the
main prey exhibits a strong spatial population struc-

ture, with local populations having non-synchronous
variation in abundance or productivity, these patterns
could well be less pronounced or completely absent.
Even if this is the case, regulation by prey depletion or
interference might still operate and be detectable at
the more local scale, for example, within the regions
defined here for kittiwakes. We tested for correlations
between colony size and population growth rate or
breeding success within the regions defined here; only
in east England was there a significant negative
correlation between initial colony size and growth rate
(r=-0.937, n =5, p =0.019; other results not shown).
Thus, while there was considerable evidence for regu-
lation of kittiwake breeding success through environ-
mentally induced variations in prey availability (see
below), we could not exclude the simultaneous effect
of local prey depletion or interference effects. Using
data from a set of colonies with a very similar
geographical coverage to ours, Coulson (1983) found a
strong negative correlation between initial colony size
and population growth rate in British kittiwakes during
a phase of rapid expansion (1959-1969). The reasons
for this difference are difficult to establish retrospec-
tively, but one can speculate for instance that prey
availability was spatially more uniform then than now,

or that kittiwake behavioural processes

Table 2. Performance of the proposed regional groupings of Rissa tridactyla

colonies, compared to those used in the SMP, in explaining spatio-temporal

variation in breeding success in 42 colonies 1986-2002 (n = 622 colony-years).

R?, deviance (-2 log likelihood), number of parameters (np) and Akaike's

Information Criterion (AIC) are shown for GLM models with region, year effects,
and their interaction

Model R? Deviance np AIC

Proposed scheme (6 regions 58.7 % 255.10 127 509.10
plus 2 single colonies)

SMP scheme (13 regions) 65.4 % 144.52 209  562.52

Table 3. Performance of the 6 proposed regions in explaining within-region

spatio-temporal variation in Rissa tridactyla breeding success. Shown for

each region are the number of colonies included (n), R? of a GLM with year

effect only, and the number of positive correlations between colonies within

each region (among all correlations or only those significant at a = 0.05).

For comparison, the same results are shown for the entire dataset without
regional division

Region n R? All correlations Significant correlations
Y% (positive/all) (positive/all)

Shetland 9 58.9 30/36 19/19

Orkney 7 30.6 17/21 3/3

E Scotland 7 63.5 21/21 19/19

E England 5 51.2 10/10 4/4

Irish Sea 9 33.3 22/36 4/5

W Scotland 3 17.2 2/3 1/1

All within-region 102/127 50/51

All colonies 42 10.6 501/861 87/110

(Danchin et al. 1998) had a stronger
effect on spatial patterns of recruitment
when populations were smaller and
food possibly superabundant.

The regional structure used to sum-
marise Kkittiwake breeding success in
the SMP (e.g. Mavor et al. 2003) was
biologically well founded and accoun-
ted for much of the observed geograph-
ical variation (Table 2), although we
propose some adjustments. Shetland
and Orkney appeared as natural
clusters. Distinguishing between north-
east and southeast Scotland, as well as
between northeast and eastern Eng-
land, seemed unnecessary, but the
northernmost English colony, the Farne
Islands, was better included with east-
ern Scotland. There was some similarity
between colonies around the Irish Sea
(Wales, southeast Ireland, southwest
Scotland), although this cluster was not
very clear and the grouping of Calf of
Man with neighbouring colonies was
questionable. The few colonies moni-
tored in western Scotland showed great
variation in patterns. While much of
the inter-colony variation in breeding
success could be related to sandeel
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0.0 - 0.0 -
1985 1990 1995 2000 1985 1990 1995 2000
16 - E England 16 - Irish Sea
12 12
08 - 08 -
04 04
00 - 00
1985 1990 1995 2000 1985 1990 1995 2000

population structure (see below), other factors could
also be important in some cases. The most likely expla-
nation for the lack of correlation between Eshaness
and other Shetland colonies is that between 1988 and
1990, when kittiwakes (and other seabirds) in most
Shetland colonies had very low breeding success due
to low availability of sandeels (Fig. 5), this colony was
just within foraging range of a whitefish fishery, and by
feeding on discards, Eshaness Kkittiwakes maintained a
reasonable breeding success (M. Heubeck unpubl.
data). Colony-specific predation, mainly by great
skuas Catharacta skua, is also likely to have caused
differences in breeding success unrelated to food
supply (Heubeck et al. 1997), and factors such as these
would tend to blur the patterns induced by regional
variation in prey availability.

The distribution of early sandeel larvae indicated a
number of geographically discrete spawning areas.
Moreover, as early larvae will have been subject to some

Table 4. Rissa tridactyla. Correlations between annual least-squares mean
breeding success in the 6 proposed regions (Fig. 5). Value in bold is significant

1.6 7 E Scotland
1.2 4
0.8 1
0.4 1
0.0 =
1985 1990 1995 2000
16 W Scotland
1.2
0.8 Fig. 5. Rissa tridactyla.
Temporal variation in
0.4 breeding success in
’ the 6 proposed regions.
Values shown are least-
0.0 squares means with
1985 1990 1995 2000 95% confidence limits

dispersal and advection from their spawning areas
before sampling, the larval distributions presented in
Fig. 6A are likely to overestimate the extent of important
spawning areas. This is particularly likely in the region
between Orkney and Shetland, where the Fair Isle
current leads to rapid advection eastwards from the
region (Turrell 1992). Model simulations of larval trans-
port indicate that there is little exchange of larvae among
the major spawning concentrations reported in this study
(Proctor et al. 1998). In the North Sea, passive transport
of larvae between these spawning areas is probably
constrained by the frontal zones between freshwater-
influenced water masses and the shelf water of the
central North Sea (Munk et al. 2002). As the maximum
recorded dispersal of post-settled sandeels is 64 km
(Gauld 1990), the geographical isolation of many aggre-
gations reported here is likely to reflect reproductive
isolation. Regional differences in year-class strength are
consistent with this proposed pattern of isolation. For
example, whilst the 1996 year-class was
very large off eastern England (Pedersen
et al. 1999), it was less so off east
Scotland and around Shetland (Rindorf

ato=0.05

et al. 2000, ICES 2003). Of all the regions,
Shetland  Orkney E Scotland E England Irish Sea Shetland has experienced the greatest
inter-annual variation, with sustained
Orkney 0.505 periods of low recruitment in the late
E gcotllang 8}112 81332 0442 1980s and since 2000 (ICES 2003). These
nglan . . . . . ]
Irish Sea 0196 0.196 0.037 0.118 recrultmfent failures were clearly re
W Scotland ~ —0.081  —0.140 ~0.396 ~0.160 ~0.039 flected in the breeding success of

Shetland kittiwakes (Fig. 5).




Frederiksen et al.: Sandeels and seabird breeding success

209

Regional differences in the dynamics of sandeel
aggregations are also reflected in changes in fishing
pattern. The aggregation off east England has
sustained large landings since the fishery began in
1952 (Macer 1966), whilst that off east Scotland did
not commence until the 1980s, with landings peaking
in the early 1990s (ICES 2003). The Shetland fishery
began in 1974, peaked in 1982, and was closed in 1990
due to a stock collapse (Wright 1996), re-opening in
1995 under a local precautionary management regime.
The west coast fishery began in 1981 and peaked in
1986, and both effort and landings have now declined
considerably (ICES 2003).

The low correlations between breeding success in
the proposed regions (Table 4) indicate that the factors
responsible for the fluctuations varied asynchronously
among regions. Given that sandeel abundance can be
a major factor influencing kittiwake breeding success
(Wright 1996, Lewis et al. 2001b), regional variability
in sandeel recruitment is a plausible explanation for
the low correlation between breeding success among
the proposed regions, at least in the North Sea. Indeed,
the only 2 regions where a significant positive correla-
tion was found (Shetland and Orkney) would also be
expected to covary based on sandeel population
dynamics, since the sandeel stock around Shetland
depends on advection of larvae from the Orkney
spawning grounds (Wright 1996, Proctor et al. 1998).
When this advection failed, as in the late 1980s, more
or less complete breeding failures of Kkittiwakes
occurred in Shetland (Fig. 5).

Patterns in ecology often depend on the spatial scale
of observation (Wiens 1989), and a full understanding
of regional variation in the dynamics of predator popu-
lations thus requires an appreciation of the spatial
scale of the main prey. In contrast to some other forage
fish species, the unusual habitat association and
limited dispersal of sandeels leads to substantial differ-
ences in recruitment within the North Sea and off the
west coast of Scotland. It is therefore unsurprising that
sandeel-dependent predators, particularly kittiwakes
that have a limited foraging range and cannot exploit
prey throughout the water column (Furness & Tasker
2000), also show large regional variation in demo-
graphic performance and population dynamics.
Sandeel recruitment appears influenced by the match
with the onset of secondary production (Wright &
Bailey 1996) and variability in sea circulation (Proctor

Fig. 6. Ammodytes marinus. Distribution of sandeel aggrega-
tions around the British Isles based on (A) spawning areas and
(B) presence of post-settled sandeels. Values in (A) refer to
average numbers of larvae per m? (for further details see
Proctor et al. 1998). Values in (B) refer to present, absent or
not sampled. Main aggregation areas are given in (C)
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et al. 1998). Regional variability in the timing of
production and advective losses from sandeel aggre-
gations may therefore have an impact on the availabil-
ity of this key prey to local kittiwake colonies. Many
British kittiwake populations have declined sharply
since about 1990 (Heubeck 2004); in 1 area the decline
was related to the industrial sandeel fishery and
increasingly warm winters, both effects probably
mediated through sandeel availability (Frederiksen et
al. 2004). However, it is currently unclear how far this
result can be generalised.

We show here that the spatio-temporal dynamics of
the kittiwake/sandeel system around the British Isles
cannot be described by simple predictions from the
prey depletion hypothesis. A full understanding of how
breeding success varies over space and time would
have to take several factors into account. Patchiness
and non-synchronous dynamics of prey populations,
partly caused by spatio-temporal variation in the
physical environment, would lead to regional variation
in breeding success fluctuations. Within regions
defined by prey patches, local depletion or disturbance
effects could still cause density-dependent regulation
of breeding success, and potentially, colony size. At the
same time, fisheries and other human impacts could
also affect prey abundance and availability, and
depending on the scale of these impacts, this could
either synchronise or desynchronise regional predator
dynamics. All these factors would need to be taken into
account when, for instance, evaluating the utility of
seabird breeding success for monitoring prey popula-
tions. While our findings are specific to the kittiwake-
sandeel system, we consider it likely that this situation
also applies in other systems where a widespread
predator relies on a prey showing strong regional vari-
ation in dynamics. Unfortunately, due to differences in
the way sandeel stock abundance is assessed (ICES
2003) and, until recently, the limited monitoring of
regional components of the North Sea stock (Pedersen
et al. 1999), a detailed exploration of the relationship
between the local abundance of sandeels and the
performance of kittiwakes in the same area is not
currently possible. More widespread sampling of
kittiwake diet would also allow regions to be defined
where sandeels are not the main prey and where
kittiwake breeding success is therefore expected to be
related to the availability of prey other than sandeels.
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