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ABSTRACT: Long-term changes in size of the lesser sandeels Ammodytes marinusin the Wee Bankie
aggregation in the northwest part of the North Sea were investigated using individuals collected
from Atlantic puffins Fratercula arctica feeding chicks. Between 1973 and 2002, the average size, on
a given date, of fish hatched that year (0-group) declined by 11.1 mm. Over the same period, older
(predominantly 1-group) sandeels showed an overall reduction in size on a given date, of 19.4 mm
fish™!. In both cases the change in length corresponded to a 40% decline in energy content. These
long-term trends in size-at-age are likely to have had major demographic consequences for this
aggregation in terms of delayed sexual maturity and lower age-specific fecundity. While there was no
evidence that the decrease was associated with the start of an industrial sandeel fishery in the area
in 1990, the observed decline in size-at-age could potentially make this aggregation more vulnerable
to collapse because of its reduced capacity to produce eggs. We tentatively suggest that changing
environmental conditions from the early 1980s onwards, acting through effects on early growth
and/or hatch date, may have contributed to the long-term decline in size of 0-group sandeels in
this area. More data are needed to elucidate the reasons for the decline in the size of older sandeels.
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INTRODUCTION

The lesser sandeel Ammodytes marinus is an impor-
tant component of the North Sea food web, forming a
crucial mid-trophic link between zooplankton produc-
tion and top predators such as fishes, seabirds and
marine mammals (Harwood & Croxall 1988, Green-
street 1996, Furness & Tasker 2000). It is also the target
of the largest commercial fishery in the area, with
annual catches ranging from 0.54 to 1.1 million tonnes
between 1982 and 2001 (ICES 2003). Assessments of
sandeel stocks at a North Sea scale have been made
since 1983, but there is now evidence that there are
several distinct aggregations of sandeels with limited
movement between them (Proctor et al. 1998, Pedersen
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et al. 1999, Munk et al. 2002). One such aggregation
off the northeast coast of mainland Britain has been the
target of an industrial fishery on the Wee Bankie, Marr
Bank and associated banks off the entrance to the Firth
of Forth, SE Scotland (Fig. 1). The fishery started in
1990, with landings quickly reaching a peak of over
100000 t in 1993 (Rindorf et al. 2000). Relatively little is
known of the dynamics of this aggregation but, due to
concern about the possible impact the fishery was hav-
ing on local predators, particularly breeding seabirds
that depend heavily on this species (Hamer et al. 2000,
Rindorf et al. 2000), the fishery was closed in 2000 and
remains closed up to the present (2004).

Changes within sandeel stocks are heavily depen-
dent on year-class strength, particularly in exploited
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stocks, where fish under 3 yr old predominate (Wright
1996, ICES 2003). Lesser sandeels lay demersal eggs
between December and January and the larvae hatch
from February to April (Winslade 1971, Wright & Bailey
1996). The larvae are planktonic for between 1 and
3 mo, after which they develop a silvery underside and
adopt the burying habit of adults. Their early growth
appears dependent on the degree of synchrony be-
tween hatch times and the onset of the secondary
spring production of zooplankton (Wright & Bailey
1996). Due to inter-annual differences in hatch time
and early growth rate, size prior to and shortly after set-
tlement can vary considerably (Wright & Bailey 1996).

Until the recent concerns over the impact of the fish-
ery prompted investigation, little was known about the
sandeels off the Firth of Forth (for convenience termed
here ‘the Wee Bankie' after the main fishing area).
A recent study that compared life-history characteris-
tics of sandeels among different fished aggregations
throughout the North Sea found that those at the Wee
Bankie, like those from Shetland and Norway, were
relatively slow-growing, and were around half the
mean weight-at-age in North Sea assessments (Wright
& Bailey 1996, Bergstad et al. 2002, ICES 2003, P. J.
Wright unpubl. data). These relatively slow-growing
sandeels tend to mature at an older age and smaller
size than those from aggregations in the central North
Sea (Wright & Bailey 1996, Bergstad et al. 2002), thus
making them more vulnerable to overfishing.

A major factor hampering detailed investigation of
the reasons for these inter-aggregation differences is
the lack of long-term fisheries data for sandeels at a
local scale. Such data are, however, available for the
Wee Bankie aggregation from long-term studies of
seabirds on the Isle of May in the entrance to the Firth
of Forth (Fig. 1), where sandeels are an important
component of the diet of many of the species during
the breeding season (Harris & Hislop 1978, Harris &

Wanless 1986, 1991, Lewis et al. 2001). Here we pre-
sent data collected from the Atlantic puffin Fratercula
arctica. This data set is well-suited for assessing long
term changes in sandeel size because (1) it covers
a period of 30 yr, (2) the annual sampling period
between late May and late July is appropriate for
assessing sandeel size, (3) sandeels are an important
component of the puffin's diet (Harris & Hislop 1978,
Hislop & Harris 1985) and sample sizes, particularly
of O-group fish, are large, (4) puffins bring back in-
tact fish that are easily and accurately measured,
(5) puffins typically feed within about 30 km of the Isle
of May (Harris 1984), and thus most, probably all,
sandeels will have come from the Wee Bankie aggre-
gation; and (6) puffins are pursuit—divers, with a max-
imum depth of 70 m (Burger & Simpson 1986) that is
considerably deeper than the sea in the study area,
thus enabling birds to catch sandeels throughout the
water column. After initially establishing that there is
close agreement in the size distributions of samples
collected concurrently from fisheries surveys and
puffins, we present an analysis of the time-series data
from puffins to look for long-term changes in sandeel
size and summer growth rates and discuss whether
there is evidence that changes were associated
with environmental factors and/or changes in fishing
pressure on the Wee Bankie.

MATERIALS AND METHODS

Sampling sandeels. Samples of lesser sandeels were
obtained by flight-netting puffins returning to the
breeding colony on the Isle of May on between 5 and
24 d in every year (except 1980) between 1973 and
2002. Dropped fish were collected and the total length
of each sandeel was measured to the nearest mm
from the tip of the snout to the end of the tail. Details of

the number and spread of sampling dates and
the numbers of sandeels measured are given
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in Table 1.

Sandeels spend much of the year buried in
the sand, and the duration and timing of the
period spent in the water column varies with
fish age (Reay 1970, Wright & Bailey 1993).
Our sampling period was dictated by the
chick-rearing period of the puffins, since this

Grey = depth®™ 50 m

is the only time birds return to land with
fishes. Throughout the study, this period was
between late May and the end of July. This

2.5°W

Fig. 1. Study area showing location of Isle of May where lesser sandeels
Ammodytes marinus were collected from Atlantic puffins Fratercula
arctica. Also shown are Wee Bankie and Marr Bank, where industrial

fishery previously operated

was ideal for sampling 0-group sandeels, since
individuals of this age are present in the water
column throughout this time. However, it was
less ideal for older age groups, since the latter
part coincided with the period when the fish
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Table 1. Ammodytes marinus. Details of sampling of lesser
sandeels collected from Atlantic puffins Fratercula arctica
on Isle of May 1973-2002

Year First Last Days 0-group Older fish
date date sampled measured measured

1973 13 June 19 July 12 321 3
1974 3 June 25 July 24 386 24
1975 9June 17 July 5 79 13
1976 3 June 30 July 19 390 6
1977 16 June 31 July 23 273 18
1978 5June 26 July 20 256 22
1979 24 June 31July 20 211 85
1981 24 June 31 July 24 254 38
1982 2 June 31 July 8 109 80
1983 2 June 30 July 16 417 102
1984 7 June 29 July 18 370 136
1985 27 May 5 July 6 804 110
1986  7June 15 July 8 155 86
1987 16 June 13 July 8 164 131
1988 14 June 4 July 9 709 32
1989 14 June 10 July 14 568 3
1990 8 June 7 July 13 450 14
1991 6 June 7 July 14 782 72
1992 3 June 15 July 7 599 70
1993  9June 12 July 13 728 54
1994 19 June 13 July 11 756 45
1995 18 June 13 July 9 344 69
1996 14 June 16 July 9 852 27
1997 3 June 8 July 13 639 25
1998 13 June 31 July 20 2871 77
1999 31 May 10 July 16 1441 32
2000 29 May 13 July 19 1732 81
2001 2 June 14 July 10 1852 80
2002 26 May 16 July 14 1592 103

are starting to go back into the sand (Reeves 1994,
Pedersen et al. 1999) and thus becoming increasingly
unavailable to puffins.

Analysis of data. Visual inspection of scatter-plots of
fish length against sampling date revealed a very con-
sistent pattern, such that within each year there was a
clear division into 2 length classes (Fig. 2). The sim-
plest explanation for this was that the smaller fish on a
given day were 0-group while larger fish were older.
The validity of this was checked in 2000, 2001 and
2002 by removing otoliths from fish after they had been
measured and determining fish age from otolith
macrostructure. Otoliths were read whole in water
against a black background using reflected light.
Interpretation of the counts of annuli followed guide-
lines given in ICES (1995). For each of the 3 yr we plot-
ted the length-frequency distributions for each sam-
pling date. Discriminant analysis was then used to
separate small (assumed to be 0-group fish) from
larger (older) sandeels. This technique correctly iden-
tified the ages of 4161 (99.8%) of the 4169 otoliths.
We therefore used this method to classify sandeels
as either 0-group or older for earlier years. While the

majority of the larger-size fish appeared to be 1-group
it proved impossible to separate further between older
year-classes due to small samples and size overlap
between year-classes.

Plots of intra-annual changes in length of 0-group
fish for each year of the study are shown in Fig. 3.
Lengths of 0-group sandeels were analysed statisti-
cally by fitting linear mixed models using the method
of residual maximum likelihood (REML, Patterson
& Thompson 1971) as implemented in GenStat for
Windows (GenStatCommittee 2002). The models fit-
ted included covariates for day number within ca-
lendar year (hereafter referred to, for convenience, as
Julian day x_day) and calendar year (x_year) as fixed-
effects, and categorical variables for sampling day
(c_day) and calendar year (c_year) as random-effects
to allow the standard errors for the covariates to be
calculated using appropriate sources of random varia-
tion. Initial attempts to obtain year-specific regres-
sions on Julian day involved treating these as fixed-
effects. However, as some years had few samples,
this led to negative estimates of growth rate for some
years. More plausible estimates were obtained by
treating the interaction between x _day and c_year as
random, since the slopes for years with little informa-
tion were then shrunk towards the estimated mean
slope for all years. The interaction between x_day and
x_year was far from being statistically significant,
and this term was therefore excluded from the final
model. The equation of this model for the length
(mm), yj, of the kth fish caught on the jth day,
x_dayj;, of the ith year, x_year; with both covariates
and all random effects, was:

Vik = O+ B; x x_year; + By x x_day; + e; + fi; + gjx

Length (cm)
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Fig. 2. Ammodytes marinus. Lengths of 1592 0-group (o) and

103 older (+) lesser sandeels collected from Atlantic puffins

Fratercula arctica on Isle of May on 14 dates between 26 May

and 16 July 2002. Fish were aged by examination of otolith
macrostructure
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Fig. 3. Ammodytes marinus. Plots of intra-annual changes in length of 0-group between 1973 and 2002
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where the year-specific random regression coefficient,
B,; was assumed to follow a normal distribution with
mean B, and variance 0%, [i.e. By; ~ N(B2 0%,)] and the
additive year (g;), day (f;) and residual (gy;) terms were
assumed to follow normal distributions with means
all zero and variances 0%, 0% and 07, respectively. All
random-effects were considered independent, with
the exception of the year-specific terms (3,; and e;
whose correlation was considered as an additional
parameter in the random-effect model, thereby ensur-
ing that the results were insensitive to the choice of
Julian day for use as zero in x_day. The above model
was used to obtain annual estimates of the length of an
individual sandeel standardised to 1 July (a date
within the sampling period in every yr).

The above model assumes that both length-at-date
and intra-annual growth rate change linearly over
years. This assumption would be violated if abrupt
changes in conditions for sandeels occurred during the
study period. Whilst we have no information on the
potential causes of change, the establishment of a
sandeel fishery in 1990 led us to consider whether any
growth change occurred prior to or following the onset
of this fishery. The types of departure from the model
that we considered were, firstly, a step change by a
constant amount for the duration of the cause; sec-
ondly, a change of magnitude incrementing linearly
from the hypothetical change point. The incremental
change was implemented by fitting a broken-stick
model, with the term for onset of the fishery being
added after allowing for a potential break of slope
subsequent to the fishery.

These analyses were repeated for older sandeels to
obtain annual estimates of the length of an individual
sandeel standardised to 1 June, rather than 1 July,
since the bulk of older fish came from early in the sea-
son (Fig. 2). As mentioned earlier, our sample of older
sandeels was potentially composed of several age
classes and our sampling period also coincided with
the time when older sandeels were starting to bury in
the sand and thus becoming unavailable to puffins. We
were therefore more cautious about how we used
these data, and so for the older sandeels we did
not estimate annual growth rates or carry out formal
analyses to test for fishery or environmental effects.

Annual estimates of the energy value (EV) of
sandeels were calculated using the formula: EV (kJ)
= 0.0031 length (cm)*?¥5 (Hislop et al. 1991). Because
of the non-linearity of this equation, we calculated
mean energy values by transforming quantiles from
normal distributions with means given by the esti-
mated effects and variances determined by the sum
of variance components for ¢ day and the residual
variance corresponding to unexplained variation
between fish.

Fish survey data. Additional data on length distribu-
tions of 0-group lesser sandeels present in the water
column in the vicinity of the Firth of Forth were
obtained from research surveys conducted by the
Marine Laboratory Aberdeen on 28 June 1976, 19 June
1977, 16 and 26 June 1978, 13 June 1979, 16 and 24
June 1981, 30 May 1996, 3 July 1999 and 16 June 2000.
Samples were collected during 1 h stepped-tows made
at 3 depth strata: within 5 m of the surface, in mid-
water and along the bottom, using a pelagic trawl
(PT 154) with a 6 mm-mesh codend.

RESULTS

There was a highly significant relationship between
the mean lengths of 0-group lesser sandeels obtained
from the 10 fishery surveys and those collected from
puffins on the same dates (Fig. 4), the mean difference
being only 0.16 + 1.6 mm (paired ¢-test, p = 0.92). This
close agreement indicated that the 2 methods were
sampling the same population and thus that the longer
run of data available from puffins could be used
in a retrospective analysis to investigate changes in
sandeel size within the Wee Bankie aggregation.

Among 0-group sandeels there was a highly signifi-
cant decrease in the estimated length on 1 July over
the 30-yr period (Fig. 5a). The estimated slope of
x_year in the REML model was —-0.37 + 0.13 mm yr?,
indicating an overall reduction of 11.1 mm over the
study period. The variance component associated with
c_year increased from 29.39 to 38.79 mm? on exclusion
of x_year from the fixed-effect model, indicating that
the trend explained some 25% of the variance be-
tween years. Because the energy value of a lesser
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Fig. 4. Ammodytes marinus. Mean lengths of 0-group lesser

sandeels collected from Atlantic puffins Fratercula arctica

and by fishery surveys on 10 dates between 1976 and 2000.
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against dotted 1:1 line
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Fig. 5. Ammodytes marinus. Long-term changes in annual

mean length between 1973 and 2002. (a) 0-group on 1 July;

(b) older sandeels on 1 June. Trends summarised by a

LOWESS smoothing function. Start and closure of industrial

fishery and time of a major ocean climate anomaly in the
North Sea are indicated by arrows

sandeel increases with growth by approximately the
fourth power of its body length, the observed decline
of 14.5% in mean length during the study period
resulted in a decline in the average estimated energy
value per fish of 40 %. The estimated regression coeffi-
cient for x_day, representing the mean growth rate in
length of 0-group sandeels within years, was 0.409 +
0.056 mm d!. Excluding x_day from the fixed-effects
model and the interaction between x_day and c_year
from the random-effects model caused the variance
component associated with ¢ day to increase from
52.40 to 96.16 mm?, indicating that the within-year
trends explained approximately 45% of the vari-
ance between days. The variance component asso-
ciated with the x day by c_year interaction was
0.0535 mm? d2? indicating that within-year increases in
length varied between years with a standard deviation
of 0.231 mm d~!. However, there was no evidence to
suggest a systematic change in the rate of growth of
0-group across years (Fig. 6). When x_day was centred
to be zero on 1 July, the estimated correlation between

random terms for slope and intercept was —-0.003, sug-
gesting that the slopes and intercepts were unrelated.

There was no statistical evidence for a departure
from the model due to the Wee Bankie fishery. The
estimated sizes of step-changes to length on 1 July and
intra-annual growth rates were -3.5 (SE 2.8) mm (p >
0.2) and -0.039 (SE 0.126) mm d! (p > 0.7) respec-
tively. The estimated changes of slope in the broken-
stick models at the onset of the fishery were -0.72
(SE 0.66) mm yr~! (p > 0.3) and —0.018 (SE 0.019) mm
d'yr! (p > 0.2) for length on 1 July and intra-annual
growth rates respectively. Conversely, there was some
weak evidence for a change-point between 1980 and
1981. The estimated sizes of step-changes to length on
1 July and intra-annual growth rates were —5.9 (SE 3.9)
mm (p > 0.1) and -0.03 (SE 0.13) mm d! (p > 0.8)
respectively. The estimated changes of slope in the
broken-stick models at the onset of the fishery were
-1.39 (SE 0.69) mm yr! (p = 0.05) and -0.002 (SE 0.025)
mm d! yr! (p > 0.9) for length on 1 July and intra-
annual growth rates respectively.

For the older sandeels, a significant reduction in the
length (in this case standardised to 1 June) was also
apparent over the 30-yr period (Fig. 5b). The estimated
slope of x_year in the REML model, representing the
net change per year on 1 June, was —-0.64 + 0.17 mm
yr'!, indicating a decrease of 19.2 mm over the study
period. As with the 0-group, the 15.5% reduction in
mean length equated to about a 40% reduction in
energy value of older sandeels. We did not test for-
mally for a fishery or an environmental effect of
length-at-date in older sandeels. However, there was
no qualitative evidence that the decrease in size
coincided with the start of the Wee Bankie fishery,
but rather the decline appeared to originate in the
early 1980s.

Anomaly Start of fishery End of fishery
0.8

i

0.5 1
0.4 1
0.3 o %

0.2 . e
0.1 1
0.0

Growth rate (mm d™)

1975 1980 1985 1990 1995 2000
Year

Fig. 6. Ammodytes marinus. Mean annual growth rates of

0-group from 1973-2002. Start and closure of industrial fish-

ery and time of a major ocean climate anomaly in the North
Sea are indicated by arrows
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DISCUSSION

Use of seabirds as a cost-effective way of monitoring
the marine environment has received considerable
attention (e.g Croxall et al. 1988, Furness & Camp-
huysen 1997, Montevecchi & Myers 1997, Tasker &
Furness 2003). However, the use of dietary samples
from seabirds to monitor changes in the size composi-
tion of prey populations can potentially give biased
results if birds are limited in their foraging depth range
and/or show strong selection for particular sizes of
prey. In this study we were able to compare the sizes of
sandeels brought in by Atlantic puffins to provision
their chicks with those from stepped-tows made during
fishery research surveys. We found good agreement
between the 2 methods and thus are confident that the
more extensive data set available from the puffins pro-
vides an accurate assessment of long-term changes in
the lengths of 0-group sandeels in this area.

Our results indicate that the slow growth and low
weight-at-age that has recently been found among
sandeels in the Wee Bankie aggregation (ICES 2003,
P. J. Wright unpubl. data) is part of a long-term decline
in size extending back over a 30-yr period. In terms of
assessing whether the Wee Bankie fishery or environ-
mental factors are responsible for this decline, the find-
ings are not consistent with the fishery being the major
cause. First, the decrease was evident well before the
start of the fishery in 1990, and second, changes were
clearly apparent in O-group fish and hence had
occurred prior to the age at which sandeels become
vulnerable to this fishery, which targets predominantly
older fish (Rindorf et al. 2000). Few similar long-term
data are available for other sandeel aggregations,
making it difficult to assess the applicability of our
results to the North Sea as a whole. Data for sand-
eels from Shetland in the early 1990s indicated that
0-group size varied greatly among years but, on aver-
age, fish were larger than those recorded from the Wee
Bankie aggregation over the same period (Wright &
Bailey 1996, Wright et al. 1997). Pedersen et al. (1999)
reported a weak, but positive, trend in the mean
weight at Age 1 for sandeels caught at fishing grounds
in both the central east and west North Sea between
1984 and 1997. Thus, while comparative data are lim-
ited, the available evidence suggests that the reported
changes at the Wee Bankie are not reflected on a
North Sea level.

On average, 0-group sandeels on 1 July 2002 were
14.5% smaller than on the same date in 1973, with
comparable values for older sandeels on 1 June of
15.5%. Moreover, because of the non-linear relation-
ship between energy value and body length, these
declines translate into even more substantial reduc-
tions (40%) in terms of energy value. The observed

reduction in mean length of 0-group sandeels at a
given date could be due to either changes in growth
rate and/or hatch times. Although growth rate in June
and July was highly variable, we found no evidence of
a systematic decline during the study (Fig. 6), suggest-
ing that slow growth prior to this period (when the
sandeels are very small and puffins are not bringing
fish ashore) or delayed hatching date were more likely
to have been responsible for the decline. Information
on the appearance of sandeel larvae in the western
North Sea between 1948 and 1972 suggests that in
most years the onset of hatching is in March although
occasionally larvae first appear in February or April
(Langham 1971, Coombs 1980). Currently nothing is
known about the relative contribution of spawning
time and embryonic development rate to this variation
in hatch times. However, in the Shetland region the
hatching period of sandeels is more extensive than the
spawning period, suggesting that both spawning time
and embryonic development can be important (Gauld
& Hutcheon 1990, Wright & Bailey 1996). At present
we cannot distinguish whether the observed changes
in length-at-date in O-group sandeels in the Wee
Bankie aggregation stem from changes in the timing of
events earlier in the season or from changes in the
rates of embryonic or larval development. However,
some idea of the temporal shift involved can be esti-
mated from the mean long-term decline in length
(-0.37 mm yr!) and the average within-year rate of
increase in length (0.409 mm d~!). Combining these
values suggests that size at a given date has been
delayed by 0.90 d yr~! (0.37/0.409) i.e. by about 1 mo
over a 30-yr period. Clearly these calculations need
to be treated with caution, but they do nevertheless
serve to illustrate the potential magnitude of the
phenological change that has occurred.

The duration of embryonic development in sand-
eels is inversely related to sea temperature and
oxygen concentration (Winslade 1971). Thus, warm
winter temperatures promote early hatching and,
given unlimited prey densities, high larval growth
rates (Buckley et al. 1984). However, unusually early
hatching can result in poor synchrony with food
availability and hence a smaller size in June than for
later hatched larvae (Wright & Bailey 1996). Con-
versely, whilst very late-hatching larvae may grow
rapidly, the short growing period means they will not
reach a large size by June. Hence, the observed
decrease in length at a given date could potentially
arise from either very early or late hatching and both
high and low sea temperatures could be expected to
have had a negative effect on the O-group size at
1 July. It is therefore interesting that the start of the
decrease in sandeel length in the early 1980s coin-
cided with a major oceanic anomaly in the North Sea
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characterised by reduced salinities and temperatures
(Dickson et al. 1988, Turrell et al. 1992). This was fol-
lowed by an opposite scenario in the late 1980s and
early 1990s, with elevated salinities and temperatures
(Edwards et al. 2002). Both these events were associ-
ated with profound changes in the biomass, commu-
nity structure and phenology of plankton in the North
Sea (Lindley et al. 1990, Reid et al. 1992, Edwards et
al. 2002). Data on fish stocks also indicated major
changes in distribution, abundance and demography
during these periods (Corten & van de Kamp 1992,
Reid et al. 2001, Beaugrand et al. 2003). Oceano-
graphic events in the late 1980s and early 1990s were
also implicated in poor sandeel recruitment in Shet-
land, where larval dispersal and active movements of
0-group juveniles connect the relatively small spawn-
ing aggregations around Shetland with much larger
aggregations around Orkney (Wright 1996, Wright &
Bailey 1996). Evidence from a larval transport model
suggested that high Atlantic inflow through the Fair
Isle channel in the late 1980s and early 1990s dis-
placed larvae away from Orkney and Shetland (Proc-
tor et al. 1998), and this was reflected in the distribu-
tion of pre-settled O-group sandeels (Wright 1996).
The sustained period of low recruitment led to the
collapse of the Shetland sandeel aggregation and
poor breeding success in local seabird colonies. This
event illustrates the need to examine the effects of
oceanographic influences on the life-history and phe-
nology of other aggregations of sandeels in the North
Sea and to assess the wider implications of any rela-
tionships for predators of sandeels.

The maturity-at-age key for lesser sandeels currently
used by the ICES working group assumes 100 % matu-
rity at Age 2 and older (ICES 2003). As maturation
decisions are annual events and the threshold for
maturing is only a few centimetres (e.g. 9.5 to 13.5 cm
total length for Shetland waters and the Moray Firth:
Macer 1966, Gauld & Hutcheon 1990), the observed
decline in size of the older sandeels in the Wee Bankie
aggregation could have led to a significant reduction
in the numbers maturing by Age 2. Fecundity also
scales to size, and so smaller size-at-age will be
reflected in reduced fecundity at age (Macer 1966,
Gauld & Hutcheon 1990). The combined effects of an
increase in age-at-maturity and lower age-specific
fecundity will have tended to make the Wee Bankie
aggregation more vulnerable to collapse due to re-
cruitment overfishing leading to reduced reproductive
potential and hence reduced capacity to produce
recruits.

The findings also have important implications for
seabirds and other natural predators, many of which
depend on sandeels during their summer breeding
seasons (Furness & Tasker 2000). The decrease in

length of both 0-group and older fish results in even
more marked decreases in energy value and thus the
quality of prey available at a given date. Such an effect
may be particularly severe for species such as the com-
mon guillemot Uria aalge, which only brings back a
single prey item per feeding trip for its chick, and for
which maximising the energy value of items delivered
is therefore critical. It is thus of interest that long-term
monitoring of the prey brought in for guillemot chicks
on the Isle of May has shown that the importance
of older sandeels has been declining in recent years
(Wilson et al. 2003). Other species, notably the black-
legged kittiwakes Rissa tridactyla and the terns Sterna
spp., rely heavily on 0-group sandeels to provision
their young. The long-term decline in length-at-date of
this age class could therefore have an adverse effect on
these species unless birds are able to adjust their time
of breeding to match temporal shifts in the 0-group.
Data on fecundity and diet of kittiwakes on the Isle of
May and Shetland indicate that breeding success is
consistently higher in years when the 0-group appear
early in the diet and when the mean size of the 0-group
is relatively large (Wright 1996, Lewis et al. 2001),
while examination of long-term trends in phenology
indicate that breeding of kittiwakes on the Isle of May
has become delayed by 5.1 d per decade (Frederiksen
et al. 2004), a shift that is consistent with that seen in
the timing of 0-group sandeels.

The present study has highlighted a long term de-
cline in length of lesser sandeels in an aggregation that
is important both for natural predators (Wanless et al.
1998) and the industrial fishery (Rindorf et al. 2000).
Whilst there is currently no local assessment and man-
agement of the Wee Bankie region, it is clear from this
study that any future attempts to forecast stock size
would need to account for long-term trends in fish size.
Understanding the environmental factors leading to
the declining length-at-date in Wee Bankie sandeels is
clearly important for any ecosystem approach to the
management of this and other sandeel aggregations.
Further work is needed to investigate the causes of this
decline in sandeel length and, in particular, to evaluate
the roles of early growth and hatch date.
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