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INTRODUCTION

Since the 1980s, profound changes in the structure
and function of pelagic marine ecosystems have been
observed in many parts of the world (e.g. Hunt et al.
2002, Beaugrand 2004), and these changes have often
been linked to climatic warming. Planktonic organisms
are generally very sensitive to temperature variation

(Hays et al. 2005), and increasing temperature has
been implicated as the main driver behind changes in
their distribution (Richardson & Schoeman 2004), com-
munity composition (Beaugrand et al. 2002, Kirby et al.
2008) and phenology (Edwards & Richardson 2004).
Bottom-up processes in pelagic ecosystems are driven
by planktonic primary and secondary production. The
observed changes are thus expected to affect food web
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dynamics and to impact higher trophic levels, and
indeed have already been linked with fluctuations in
both commercially exploited fish stocks (Beaugrand &
Reid 2003, Beaugrand et al. 2003, Castonguay et al.
2008) and reproductive performance of land-based
predators (Frederiksen et al. 2006, Sydeman et al.
2006).

The lesser sandeel Ammodytes marinus (hereinafter
sandeel) is a key species in the ecology of the North Sea
and other parts of the NE Atlantic (Daan et al. 1990). It
is generally the most abundant small planktivorous
fish, and provides a critical trophic link between sec-
ondary producers (zooplankton, particularly calanoid
copepods) and a wide variety of top predators, includ-
ing larger fish, marine mammals and seabirds. Several
studies have highlighted the critical importance of the
availability and quality of sandeels for successful repro-
duction of North Sea seabirds (Monaghan 1992, Rindorf
et al. 2000, Wanless et al. 2005, Daunt et al. 2008).
Sandeels are also the target of a major industrial fishery
for fishmeal and fish oil (Furness 2002). However, evi-
dence from several sources has indicated that condi-
tions for sandeels in the North Sea are less favourable
than they were in the past. For example, recruitment to
the spawning stock has been very low since 2002, pos-
sibly linked to winter warming (Arnott & Ruxton 2002,
van Deurs et al. 2009). Total biomass and fishery land-
ings have declined by over 50% (ICES 2007), and at
least in some years lipid content of fish has been much
lower than normal (Wanless et al. 2005). Long-term
studies of sandeels obtained from breeding Atlantic
puffins Fratercula arctica (hereinafter puffins) on the
Isle of May in the western North Sea have also shown a
gradual decrease in mean body length of first-year
(0-group) fish from the 1970s to the 2000s, equivalent to
a 40% decline in total energy content per fish (Wanless
et al. 2004). A similar decrease was also observed in the
mean length of larval sandeels captured by the Contin-
uous Plankton Recorder (CPR) survey in the same area
(Frederiksen et al. 2006). However, it was not clear
whether this decline was due to later hatching, changes
in size-dependent mortality or slower growth, and the
underlying cause or causes were also unknown. The
North Sea has experienced dramatic environmental
changes since the 1970s, with increasing temperatures
(Edwards et al. 2006), profound changes in plankton
communities (Edwards et al. 2002), and shifting fish
 distributions (Perry et al. 2005, Dulvy et al. 2008). In
particular, a major regime shift in the late 1980s linked
to a sudden increase in winter temperatures had far-
reaching implications (Beaugrand 2004). However, the
consequences of these changes for sandeels and their
dependent predators are far from clear, largely due to a
lack of fishery-independent long-term data on sandeel
populations.

Here, we use data on sandeels caught by puffins and
CPR survey samples from 1973 to 2006 to construct
year-specific growth curves and describe long-term
trends in hatching dates and growth rates. Our main
aim is to evaluate to what extent the observed
decrease in sandeel length might be associated with
later hatching or slower growth. We discuss our find-
ings in the context of the third plausible alternative
(size-dependent mortality); we also consider some
potential environmental drivers of temporal variation
in sandeel life history parameters and their implica-
tions for some avian predators of sandeels.

MATERIALS AND METHODS

Data. Sandeel larvae were extracted from archived
CPR samples collected between January and July from
1973 to 2006 within an area approximately centred on
the seabird colony on the Isle of May (56° 11’ N,
2° 33’ W) and the Wee Bankie/Marr Bank sandeel
aggregation (Pedersen et al. 1999, Boulcott et al. 2007),
and extending from 54 to 59° N, and from 2° W to 2° E.
0-group sandeels were collected from chick-feeding
puffins on the Isle of May between late May and July
each year from 1973 to 2006. All sandeels were mea-
sured to the nearest mm, and have been treated as
lying within ±0.5 mm of the recorded length. (For full
details on CPR data see Frederiksen et al. 2006; for
samples from puffins see Wanless et al. 2004.)
Although date of capture was always recorded, no cor-
responding estimates of age were made for individual
fish. Annual sample sizes for both data sets are shown
in Table 1. CPR data consisted mainly of larvae under
15 mm in length, whereas samples from puffins were
mainly metamorphosed sandeels more than 40 mm in
length. Thus there was little overlap in time (within
season) or body length (among fish) in the 2 data sets.
Moreover, the data were potentially subject to oppos-
ing selection biases, with larger larvae more likely to
escape capture by the CPR and the very smallest
sandeels not being brought in for puffin chicks. These
probable selection biases make it problematic to fit
growth curves and estimate hatching dates based on
either of these data sources alone (Fig. 1). Here, we
combine the 2 data sources into one statistical model,
which allows greatly improved estimation of  year-
specific growth parameters and hatching dates.

Growth model. The basic model for length of
sandeels (LT) at time T (Julian date, within year) is:

LT =  L∞{1–exp[–K(T – T0)]} (1)

where T0 (<T) is the date at which the growth curve
has length zero, L∞ can be considered the maximum
mean length in population studies or the maximum
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length if used for an individual, and the parameter K
(>0) controls the proportional rate of growth towards
L∞ such that each time increment of log(2)/K leads to a
halving of the difference between LT and L∞. This 3-
parameter model with exponential approach to an
asymptote (the von Bertalanffy growth model) is
among the simplest available for non-linear growth.
Although it has contrasting motivations, we have
selected it as being empirically plausible. This model
may be an oversimplification of the growth of individ-
ual sandeels, as metamorphosis from larva to young
fish probably results in changes in allometry, thus dis-
rupting the smooth growth pattern implied in the
model. However, with only one length-at-date record
per fish, the data set did not seem suitable for the
 additional complexities associated with fitting a 2-
phase growth model.

This basic model required further development to
make it suitable for the sandeel data. (1) A specifica-
tion of the model in which the parameters can be esti-
mated stably had to be selected. (2) We needed to
introduce annual variation for all para meters, since the
objective was to describe long-term variation in
growth, and to allow for individual-specific variation
about the underlying year-specific growth curves.
Rather than introducing ‘measurement error’ terms,
we chose to do this by allowing for distributions of indi-
vidual-specific parameter values around annual
means, which themselves are distributed around
global means. (3) We had to develop an observation
model that allows for selectivity-induced biases in the
2 data sources: sandeels caught by the CPR and those
caught by puffins. (4) We needed to allow for computa-
tional efficiency.

Stable estimation of parameters: Whilst in some
years the mean size of sandeels changed little over the
later part of the observation period, in other years the
mean size changed approximately linearly. In the latter
type of year, L∞ would be only poorly, hence unstably,
estimated relative to the former type of year, and the
distribution of year-specific estimates of L∞ would be
strongly right-skewed. We therefore reformulated the
model in terms of length LR at a reference date, TR,
taken to be Julian day 182.5 (i.e. between 1 July and
2 July in non-leap years, and between 30 June and
1 July in leap years — for simplicity referred to as
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Year CPR Puffin
Total Retained Total Retained

1973 73 73 321 195
1974 45 45 387 198
1975 8 8 79 79
1976 11 11 395 200
1977 51 51 276 203
1978 60 60 256 206
1979 8 8 212 203
1980 7 7 0 0
1981 57 57 262 205
1982 67 67 109 109
1983 53 53 426 202
1984 13 13 370 200
1985 181 181 804 207
1986 81 81 155 155
1987 55 55 164 164
1988 265 186 709 191
1989 57 57 568 207
1990 122 122 450 210
1991 71 71 782 205
1992 13 13 599 182
1993 119 119 728 196
1994 213 200 756 201
1995 62 62 344 187
1996 97 97 852 196
1997 75 75 639 211
1998 71 71 2871 174
1999 235 199 1441 193
2000 64 64 1732 202
2001 95 95 1852 203
2002 123 123 1592 177
2003 133 133 2280 206
2004 90 90 3425 225
2005 82 82 2777 214
2006 173 173 2055 204

Table 1. Ammodytes marinus. Sample sizes of sandeel larvae
and juveniles obtained from the Continuous Plankton
Recorder (CPR) and chick-feeding puffins. Also shown are the
numbers of individuals retained for analysis (see text for 

details)
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Fig. 1. Ammodytes marinus. Demonstration of how selection
biases can lead to problems when estimating growth curve
parameters. True growth is assumed to follow a von Berta-
lanffy pattern, i.e. an exponential approach to an asymptote.
If the Continuous Plankton Recorder (CPR) preferentially
catches small larvae, growth rate and asymptotic size will be
underestimated, whereas estimation of hatching date should
be unaffected. Conversely, if puffins actively avoid very small
fish, estimates of growth rate and hatching date will be
affected, whereas mean size should be unbiased once most
fish are above the selection threshold. In order to overcome
these estimation problems, we combine the 2 data sets and 

explicitly model selection bias in the CPR data
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1 July throughout). Calculating LR from Eq. (1) and
substituting out L∞ gives:

LT =  LR{1–exp[–K(T – T0)]}/{1–exp[–K(TR – T0)]} (1a)

Models for LR, T0 and K: A principal objective was to
look for changes in sandeel phenology, which could be
achieved by modelling inter-annual variation in the
values of T0. For simplicity, the 3 year-specific parame-
ters were considered to be independent of one another,
an assumption that was tested by calculating the corre-
lations between annual estimates. The spread of dates
within years over which larvae of the smallest (5 mm)
length class were collected suggested that T0 also
 varied between individuals within years. Furthermore,
individual-specific variation in T0 was required be -
cause larvae caught early in the year varied substan-
tially in size on any given date, implying again that
hatching occurred over a period of several weeks. LR

was expected to vary between years, and could also be
seen to vary between individuals from the range of
size-classes captured during years in which the mean
length was stable after the reference time TR. We as-
sumed that the variances of individual-specific terms
are constant across years. Sources of variation in K
were less evident from the raw data, and with only 1
observation per fish we did not consider that the data
would support estimation of individual-specific values
for K as well. Consequently we took K to be a function
of year alone. To describe these models, we need the
notation y(i) to denote the year of capture of the i th fish,
simplified to y when no specific fish is being referred to.

In line with the above, we decomposed the value of
T0 for fish i, t0,i, into an overall mean (μt), a year-specific
term of principal interest (δt,y(i)), and a fish-specific
term (et,i). All terms except the overall mean were
treated as random effects from normal distributions,
with SD to be estimated. The resulting equations then
were:

t0,i =  μt + δt,y(i) + et,i (2a)

coupled with the random-effect distributional assump-
tions:

δt,y ~ N(0,σδt,y),et,i ~ N(0,σet) (2b)

where z ~ N(a,b) indicates that the variable z follows a
normal distribution with mean a and standard devia-
tion b. The term et,i never appears explicitly in our
 calculations, rather it appears implicitly via the equa-
tion t0,i ~ N(μt + δt,y(i),σet) and contributes to the likeli-
hood through the probability of fish-specific growth
curves extrapolating back to zero within a particular
range of dates.

In a similar vein, we decomposed the individual-
 specific values for LR, denoted lR,i, into 3 terms, which
are analogous to those used for t0,i. Thus:

lR,i =  μl + δl,y(i) + el,i (3a)

coupled with 2 random-effect distributional assump-
tions:

δl,y ~ N(0,σδl,y),el,i ~ N(0,σel) (3b)

The third generic parameter, K, is considered to be
year-specific only, the year-specific values, ky, being
modelled on a log scale as:

log(ky)  =  μk + δk,y (4a)

both to enforce the positivity constraint on ky and to
stretch the scale close to zero (which corresponds to
nearly-linear growth curves). Since there was no direct
evidence to suggest the shape parameter needed to be
fish-specific, in the interests of parsimony we did not
entertain this as a possibility and therefore have just a
single associated random effect with distributional
assumptions:

δk,y ~ N(0,σδk,y) (4b)

Observation model: The observation model has
potentially 3 elements.

The first element relates to the probability of fish i on
day ti of year y(i) lying in the jth length interval, with
lower-bound gj and upper-bound gj+1, given the year-
and individual-specific parameters described above,
conditional on the values of all model parameters. We
allowed for 136 such intervals, each of width 1 mm,
with mid-points ranging from 1 to 136 mm. Each
 conditional probability was calculated by inverting the
growth model to obtain the equivalent length-zero
dates associated with the upper and lower bounds.
Care is required in such calculations to ensure that the
logical constraint of monotonic growth is not violated.
For example, if an observation took place before the
reference day, so that ti < tr, then the observation is
possible only if gj < lr,i. If gj+1 > lr,i then we must tem-
porarily consider gj+1 = lr,i, with numerical adjustment
to avoid an infinity in the following calculations:

tj,i =  {log[(lt,i – gj) ⁄ (lt,iexp(–trky(i)) – gjexp(–tjky(i)))]} ⁄ky(i)

(5a)
tj+1,i =  {log[(lt,i – gj+1) ⁄ (lt,iexp(–trky(i)) – gj+1exp(–tjky(i)))]} ⁄ky(i)

(5b)

The conditional probability of starting dates lying in
the interval bounded by tj,i and tj+1,i can be obtained by
integration of the normal density function with mean
t0,y(i) and SD σet between these limits (from Eq. 2). This
probability of occurrence is defined as pj,i.

The second element relates to the probability that
fish i observed on day ti of year y(i) has a length in the
j th length interval, with lower bound gj and upper
bound gj+1, conditional on the values of all model para-
meters. These probabilities of observation are not the
same as the probabilities of occurrence, pj,i, defined
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above, due to length-specific selectivities qj, such that
the relative probability of observing a fish in the jth
length interval is proportional to pj,iqj. Calculation of
the probability of observing a fish in a particular length
class is then a normalisation of the pj,iqj over all length
classes so that the sum of these values across length
classes is 1. Thus, if j ’i is the observed length class for
fish i, then this happens with probability πi = pj ’,iqj ’/
Σ
j
pj ,iqj.
We assume a logistic selectivity function for the CPR

data, parameterised as:

logit(qj)  =  u + v [0.5(gj + gj+1) – h] (6)

Thus, the selectivity function is determined by the mid-
point of the length interval, and is centred on h = 7 mm,
chosen arbitrarily for convenience. Initial attempts to
model selectivity also allowed for selectivity for the
puffin-caught sandeels, but this model was clearly
overparameterised and selectivity for the puffin-
caught sandeels was therefore dropped. Comparisons
of sizes of sandeels caught on the same day by puffins
and in trawl nets indicated a 1:1 relationship and no
evidence of puffins showing strong selection for larger
fish (Wanless et al. 2004). Subsequent simplification
led to setting u = log(0.9/(1 − 0.9)) (equivalent to
 probability of capture = 0.9 for the length class centred
on 7 mm), leaving v to be estimated.

The third element relates to the number of fish in the
data set for each combination of day and method of
capture. This could be informative if sufficient infor-
mation were available concerning sampling effort.
However, due to lack of such information we chose to
ignore this element.

Specifying the likelihood: The likelihood of the data
in the hierarchical model above is specified through
the product over all fish of the values πi in combination
with contributions from the random-effect distributions
detailed above.

Inference: The model described above is non-linear,
with many parameters and a likelihood that requires
evaluation by numerical integration. Consequently, we
chose to make inference by sampling from the likeli-
hood using Markov Chain Monte Carlo (MCMC)
methods. The MCMC was implemented in R, using
Metropolis-Hastings steps with symmetric (normal)
proposal distributions for simplicity. All parameters
were updated on their natural scale except the SD of
the random-effect distributions, which were updated
on a log scale. Flat priors were used throughout on the
scale of updating, and hence were omitted from the
acceptance probabilities. However, whilst mathemati-
cally adequate, the above model specification was not
convenient for inference by MCMC and we therefore
made some computational improvements, described in
the following section.

Computational improvements: In its full form, the
sandeel data set was very large, containing lengths of
33 598 fish. This was too large to handle conveniently:
run-time increases linearly with number of fish, and
the number of sandeels obtained from puffins in later
years increased by an order of magnitude (Table 1).
Thus for combinations of year and capture mechanism
where sample size exceeded 200, fish were selected at
random, with inclusion probabilities of 200/(sample
size), giving expected sample sizes of 200 and realised
sample sizes close to this value (Table 1). This reduc-
tion in information decreased run-time by a factor of 3
but still left a data set with 9112 fish (2802 from the
CPR, 6310 originally caught by puffins).

The computationally most expensive part of evaluat-
ing the likelihood is calculating the 9112 × 136 =
1 239 232 distinct values of pj,i, each requiring a normal
integral. Hence specifying the model so that these cal-
culations were performed as infrequently as possible
was critical.

As laid out in Eq. (2a), changing either of μt or δt

requires re-evaluation of t0,i and hence re-evaluation of
all pj,i. We chose instead to reformulate the model as:

t0,i =  δt,y(i) + et,i ;δt,y ~ N(μt,σδt,y),et,i ~ N(0,σet) (2c)

thereby avoiding the need to re-evaluate all pj,i when
updating μt. Likewise in place of Eqs. (4a) & (4b) we
obtain:

ky ~ N(μk,σδk,y) (4c)

allowing fast updating of μk, whilst Eqs. (3a) & (3b)
were replaced with the formulation:

lr,i ~ N(δl,y(i),σel),δl,y ~ N(μl,σδl) (3c)

which allows for rapid updating of both μl and δl,y.
The above model was implemented in bespoke R

code. The full set of parameters to consider updating in
each iteration of the MCMC scheme was: {μt, δt, μk, δk,
μl, δl, σδ,t, σδ,k, σδ,l, vCPR, σet, el and σel}, where δt, δk, and
δl are vectors of year-specific terms and el is a vector of
individual-specific terms. All proposal distributions
were Gaussian, either on the scale of the parameters in
question or, in the case of the SD of random effects, on
a log-transformed scale. Block-updating was used for
the year-specific vectors, hence either all or no pro-
posed changes were accepted at each iteration. SD of
the proposal distributions were tuned during program
development to give acceptance rates of between
25 and 40%, with the exception of el, for which the
 element-wise acceptance rates were considerably
higher. Bayesian priors were flat on the scale at which
updating was carried out. We set 4 independent chains
running from early in program development and test-
ing, of which one was dropped following implaus -
ible behaviour. The other 3 chains were maintained
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throughout development and, once finalised, were run
for 420 000 iterations, of which the first 100 000 were
discarded as burn-in. Convergence was assessed
 visually through trace-plots and analytically through
the potential scale reduction factor (PSRF, Gelman &
Rubin 1992) for which an upper 0.975 quantile of <1.2
has been given as a rule of thumb to indicate conver-
gence (Smith 2007). We also conducted analyses of
variance on the year-specific medians to assess the
extent to which variation between years was dominat-
ing variation between chains within years. Model fit
was assessed visually, for each year, plotting both the
observations and the expected mean values of obser-
vations with and without selectivity. The mean values
were calculated by averaging over the distributions of
individual-specific hatching dates and lengths at the
reference date.

Presentation of simulation results: For illustration
purposes, we present the following summaries of the
simulated values for the year-specific growth curves:
mean lengths lr (strictly, predicted mean length in mm

at the reference date, 1 July); mean hatching date t5

(predicted mean date when length = 5 mm); and mean
growth rate b (slope in mm d–1 of the line joining year-
specific growth curves at t5 and lr). Because 5 mm was
the smallest recorded size of sandeel larvae, we
assumed t5 to be an estimate of mean hatch date. The 2
latter parameters were derived and thus did not
appear in the likelihood, but they could be calculated
from parameters stored during the model runs and
hence treated in the same manner as mean length. For
descriptive purposes, we estimated trends over time in
growth parameters using ordinary linear regression of
posterior means against calendar year, as well as
piecewise regression (which can identify potential
‘break points’) and generalised additive modelling
(GAM, using a spline smoother with the degree of
smoothing determined through generalised cross-
 validation).

RESULTS

Trace plots and diagnostic plots indicated satisfac-
tory convergence for the majority of year-specific val-
ues for the summaries selected for presentation.
Although some summaries did not pass the rule-of-
thumb test for PSRF, this is a test for convergence of
each summary in isolation. From the trace plots, it was
clear that the variation between years was substan-
tially greater than the variation between and within
chains, an observation confirmed by analysis of vari-
ance, with F33, 66 statistics of >800 for each of mean
length, mean hatch date and mean growth rate. SD for
individual-specific parameters were (means ± SD of
the SDs [sd]) 12.7 (sd 0.1) mm for LR and 11.3 (sd 0.3) d
for T0: the corresponding values for year-specific stan-
dard deviations were 8.3 (sd 1.1) mm and 11.1(sd 1.6)
d. These figures indicate that variation between in -
dividuals exceeds variation between years for LR,
although, given the large numbers of puffin-caught
fish, the year-specific mean values for LR are well esti-
mated. For T0, these 2 sources of variation are approx-
imately in balance. The strongest correlation between
annual parameter estimates was −0.16 between LR and
T0, suggesting that the simplifying assumption of inde-
pendence was not unreasonable. Observations and fit-
ted curves for data from puffins and CPR are given for
2 contrasting years in Fig. 2, one showing continued
growth, the other showing a diminishing rate of growth.
The trends presented below have been de rived giving
each year equal weight; similar results were achieved
in alternative analyses involving in verse weighting by
variance or deletion of years for which the summaries
selected for presentation failed the rule-of-thumb test
for PSRF.
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Fig. 2. Ammodytes marinus. Observed and modelled sandeel
length for (a) 1977 and (b) 1985, 2 contrasting years. d: puffin
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The mean length of 0-group sandeels on 1 July
decreased markedly over the study period (Fig. 3a).
This decline was highly significant (linear regression,
p < 0.0001, r2 = 40%) and corresponded to a 22%

decline in length over the 34 yr period, although there
was little change from 1995 to 2003. Piecewise re -
gression identified a break point in 2002 (95% CL:
1996–2008, p = 0.024, model R2 = 48%), whereas GAM
did not identify any deviation from a linear trend
(Fig. 3a). Fish were thus substantially smaller in the 3
most recent years (from 2004 to 2006) than previously
observed.

Mean hatch date tended to become later up to 1995
(from 1973 to 1995, up to 1.1 d yr–1 later), and then ear-
lier (from 1996 to 2006, 1.2 d yr–1 earlier, Fig. 3b). Over
the entire study period, the linear trend towards later
hatching was significant (p = 0.016, r2 = 17%). Piece-
wise regression identified a highly significant break
point in 1995 (95% CL: 1990–2000, p = 0.0001, model
R2 = 42%), and GAM showed a very similar  pattern
(Fig. 3b).

There was no clear trend over the study period in the
linear approximation to growth rate, but in the period
from 2004 to 2006 we observed substantially lower
growth rates than we had previously seen (mean from
2004 to 2006 27% lower than mean from 1973 to 2003,
Fig. 3c). No significant overall linear trend in growth
rate was observed (p = 0.063, r2 = 10%). However,
piecewise regression identified a significant break
point in 2000 (95% CL: 1996–2004, p = 0.0005, model
R2 = 33%), which was corroborated by GAM, indicat-
ing that growth rates were subsequently much lower
than previously observed (Fig. 3c). There was a posi-
tive correlation (r = 0.46) between hatch date and
growth rate, suggesting that, on average, growth was
faster in years when hatch dates were later (Fig. 4).
Again, growth-rate data points from 2004 to 2006
appeared to be outliers with unusually low growth
rates relative to hatch date.
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DISCUSSION

In this study we have developed a novel modelling
framework to combine 2 high-quality long-term data
sets on sandeel body lengths. This allowed us not only
to provide support for a previously reported long-term
decline in 0-group size in the Wee Bankie aggregation
(Wanless et al. 2004), but also to describe temporal
trends in 2 key aspects of sandeel biology, namely
hatching dates and growth rates. Our approach was
based on the plausible assumption of shared within-
year growth curves between fish originating from CPR
and puffin samples, combined with a model for selec-
tivity of a kind used regularly in fisheries research (e.g.
Millar & Fryer 1999). Fitting this model, with its year-
and individual-specific parameters, and using MCMC
methods, involves a substantial computational cost,
and estimation of the selectivity model is hampered by
the bulk of the lengths of CPR fish lying close to the
hatching length (5 mm) class. Nevertheless, we con-
sider that the approach represents a major advance
over previous analyses, which have looked at the 2
time series in isolation (Wanless et al. 2004, Frederik-
sen et al. 2006). We discuss the results, first ignoring
the confounding effects of changing patterns of preda-
tion on sandeels, and then considering the impact this
confounding effect may have.

Results from the model suggested that the decline
in 0-group sandeel body length showed a relatively
consistent trend except for a discontinuity around
2002, with lengths declining more sharply after this
(Fig. 3a). However, examination of the 2 proximate
mechanisms potentially driving this change indicated
a more  complex situation. Thus, from the early 1970s
to the mid-1990s, changes in 0-group length were
associated primarily with a phenological change,
with hatch dates becoming later by ~1 d yr–1 (Fig. 3b).
The observed reduction in mean length at 1 July over
this period was thus predominantly because fish were
younger. However, from the mid-1990s to the end
of the study, hatch dates became earlier again, also
at a rate of ~1 d yr–1, and thus sandeel length at the
standardised date would have been expected to in -
crease. No such reversal was apparent; indeed from
2002 onwards mean lengths declined markedly, indi-
cating that, despite being older, fish were smaller,
and thus a reduction in growth rate was the principal
driver (Fig. 3c). This alternation in importance of
phenology and growth rates for 0-group length-at-
date can be visualised by comparing results from the
mid-1980s with the mid-2000s. In both periods hatch
date was around Julian date 65 (Fig. 3b), but mean
0-group length in the mid-1980s was around 72 mm
compared to only about 55 mm by the mid-2000s
(Fig. 3a).

In terms of the environmental conditions that might
influence sandeel growth and phenology, changes in
the abundance or timing of copepod production could
be important — copepods being the main prey of
sandeels in the North Sea (Macer 1966). Copepod bio-
mass peaks later and for a shorter period in the Firth of
Forth/Wee Bankie region than elsewhere in the North
Sea (Fransz et al. 1991). It is possible that this effect
will have become more marked following recent
changes in the community composition and abun-
dance of North Sea copepods associated with rising
sea temperatures (Beaugrand et al. 2002, Edwards et
al. 2002). Temperature changes are also likely to influ-
ence sandeel phenology and growth directly through
physiological and behavioural responses, since all
aspects of life history (including dates of emergence
from the sand and spawning, egg development rate,
larval growth and starvation mortality) are likely to be
affected. Sea surface temperatures (SST) in the North
Sea have increased considerably over the last 3
decades (Mackenzie & Schiedek 2007, Kirby et al.
2009), and increasing temperature has recently been
implicated as a driver of changes in phenology and
growth of other fish spp in the region (Brunel &
Dickey-Collas 2010, Genner et al. 2010). While it is
clear that summer SST on sandbanks off the Scottish
east coast have increased (Hughes 2004), little is
known about temperatures near the seabed or
throughout the water column, which is where sandeels
spend most of their life. In reality, it is unlikely that
variation in either sandeel growth or phenology will be
attributable to a single variable, and a whole suite of
biotic factors, including density-dependent effects
(Nagoshi & Sano 1979), competition with other
 planktivorous fish such as clupeids and life history
trade-offs (Roff 2002) are likely to be important,
 possibly in complex non-linear ways.

An alternative explanation for the changes in length-
at-date distributions documented in this study is that
they are the result of changing patterns of mortality.
Types of mortality that would be required to obtain the
above results include changes in mortality rates of re-
cently hatched larvae, which could mimic changes in
mean hatching date, and size-specific changes in mor-
tality of older fish, which could mimic changes in
growth rates and the mean length of fish during chick-
rearing. Many predators are size-selective, and it is
plausible that overall predation pressure at various
times of the year and on specific size-classes has
changed during the study because of changes in the
relative abundance of various predators. We are in ef-
fect here modelling only the length-at-date of surviv-
ing individuals, and if mortality patterns have changed
in a particular way over the period, it would be possi-
ble to obtain results similar to those observed. Further
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research should aim to explore the potential impact of
changes in mortality on the variations in length-at-date
distributions of sandeels we have observed, and at-
tempt to attribute these changes in mortality to ecosys-
tem fluctuations experienced by the sandeels. This
may require the collection of additional data and/or the
development of more complex statistical models.

While the proximate mechanisms responsible for
changes in 0-group length appear to have varied over
time, the net result has been that our standardised
measure for sandeel length at a fixed date has declined
significantly. Wanless et al. (2004) estimated that the
decline in sandeel length up to 2002 corresponded to a
40% decline in energy content. Using the same
method on the extended time series up to 2006 indi-
cates that the mean energy content of a 0-group
sandeel at the end of June has now declined by about
60%. This estimate assumes a constant length-energy
relationship, whereas data from 2004 show that this
relationship can vary, and in that year would have
greatly overestimated energy content of a fish (Wan-
less et al. 2005). It is thus possible that at least in some
seasons, the decline in energy content has been even
more pronounced. These findings have major implica-
tions for the many predators of sandeels because
energy density, in particular lipid content, shows a
non-linear relationship with fish length, and thus the
total energy value of a small fish is markedly lower
than that of a larger one (Hislop et al. 1991). 0-group
sandeels are a major item in the diet of many seabirds
in the Firth of Forth, including the 3 most abundant
spp: northern gannet Morus bassanus, Atlantic puffin
Fratercula arctica and common guillemot Uria aalge
(Daunt et al. 2008). The decline in sandeel length
means that birds have to catch more items to meet a
given energy requirement. Some spp, notably black-
legged kittiwakes Rissa tridactyla, have shown a sig-
nificant long-term trend towards later breeding (Wan-
less et al. 2009). This response potentially acts to offset
some of the disparity in trophic mismatching since tim-
ing of kittiwake breeding has, to some extent, tracked
changes in 0-group length. In the late 1990s, black-
legged kittiwakes in this area showed a highly consis-
tent shift in diet over the breeding season, from feed-
ing predominantly on adult to 0-group sandeels, with
the change point thought to coincide with metamor-
phosis of the larval sandeels to 0-group (Lewis et al.
2001). However, results from the present analysis sug-
gest that the earlier hatching, and thus presumably
metamorphosis, of sandeels, coupled with the later
breeding of kittiwakes, may have resulted in the kitti-
wake breeding season now coinciding almost entirely
with the period when 0-group sandeels are available
but are of smaller size. Kittiwake breeding success in
recent years has been below the long-term average

(Frederiksen et al. 2008), and these changes in
sandeels could have played a part.

Within the North Sea there are several distinct
aggregations of Ammodytes marinus (Wright et al.
2000). Significant regional differences in length-at-age
and annual growth rates have previously been found,
with sandeels in the Firth of Forth aggregation being
smaller and having slower growth rates than else-
where (Wanless et al. 2004, Boulcott et al. 2007).
Results presented here indicate that this regional dis-
parity may have become even more marked in recent
years. This potentially has major implications for the
Firth of Forth aggregation, since body length is the
dominant factor determining when North Sea sandeels
mature (Boulcott et al. 2007). Moreover, as fecundity
also scales to size, smaller length-at-age is likely to be
associated with reduced fecundity-at-age (Macer
1966, Gauld & Hutcheon 1990). This in turn has conse-
quences for the reproductive potential of the Firth of
Forth aggregation, tending to make it more vulnerable
to collapse through recruitment overfishing and possi-
bly less able to support a level of fishing mortality as
high as elsewhere in the North Sea (Boulcott et al.
2007). Thus evidence of a continued and possibly
accelerating decline in length-at-age of sandeels in the
Firth of Forth is of major relevance to decisions regard-
ing the re-opening of this region to commercial fishing.

In conclusion, by combining existing data sets in a
novel way we have demonstrated that the apparently
smooth long-term decline in length-at-date in the Firth
of Forth sandeel aggregation since the 1970s can be
explained by changes in both hatch date and growth
rate, and that changes in these basic growth para -
meters have been complex and nonlinear. These find-
ings implicate underlying changes in key aspects of
sandeel life history, most likely related to the wide-
ranging temperature-related shifts in the North Sea
food web observed during the same period. In order to
improve our understanding of the importance of these
various factors in determining sandeel growth and
phenology, further experimental and observational
studies are needed: The early life history of sandeels,
including spawning behaviour, is poorly known, and
experimental mesocosm studies would be extremely
valuable, while retrospective studies using existing
data might help identify large-scale relationships
among sandeels, temperature, predators, prey and
competitors. Ideally, the 2 approaches should be com-
bined in collaborations between e.g. physiologists,
macroecologists and fisheries scientists.
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