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Abstract This study examines the degree of isolation

among 0-group Atlantic cod in a region where a

number of resident adult congregations have been

found. The location of key nursery areas in Scottish

coastal waters was identified from trawl surveys of

settled 0-group cod around the Scottish coast. Segre-

gation among four of these key areas; within the Clyde,

Shetland Isles, Moray Firth and Buchan was investi-

gated using otolith elemental composition. Isotope

concentrations in the otoliths of cod were analysed by

solution-based inductively coupled plasma mass spec-

trometry of the whole otolith. Discriminant analyses

showed a clear separation between nursery areas based

on the concentrations of three elements (manganese,

barium and magnesium). The concentration of these

elements was not affected by the age or size of indi-

viduals. Classification accuracy exceeded 90% for all

four sites. Evidence of temporal persistence in the

relative spatial differences in elemental concentrations

between two sites for 2 year-classes was found. The

results suggest limited exchange between sites during

some period of the early life history. The significance

of this limited exchange is discussed in relation to re-

cent evidence for adult fidelity and the utility of closed

areas for protecting nursery grounds.

Introduction

Whilst the use of closed areas to conserve temperate

marine fish stocks has not been widely accepted as an

effective alternative to present fisheries management

regimes, there is general agreement that protection of

areas where key life history stages congregate could be

a valuable management tool. For example, the policy

to close two spawning areas of haddock on Georges

Bank was widely supported by fishers as a viable

management measure with instrinsic biological value

(Halliday 1988). Similarly, the protection of nursery

areas for juveniles has received general support and

achieved some success (Pickett et al. 2004). However,

the reduction in fishing mortality arising from the clo-

sure of a specific area will depend on the level of site

fidelity of fish throughout the period they are vulner-

able to fishing gears. Hence, the utility of area closures

is largely dependent on the degree to which fish remain

resident within the area proposed (Polunin 2002).

Restoration of Atlantic cod stocks (Gadus morhua

L.) is a priority throughout much of the species range

(FAO 1995). This species exhibits a diversity of

migratory behaviours, ranging from site attached resi-

dents to wide ranging dispersers (Robichaud and Rose

2004). Evidence from genetic studies indicates that

sedentary residents and those that home to their

spawning site can represent more or less reproductively

isolated groups of fish (Ruzzante et al. 2000; Hutchin-

son et al. 2001; Knutsen et al. 2003). As has been found

in many other coastal areas (Godø and Sunnanå 1984;

Jakobsen 1987; Lawson and Rose 2000; Ruzzante et al.

1997, 2000), a number of relatively discrete resident

spawning groups of Atlantic cod have been identified

in the coastal waters of the North Sea and west of
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Scotland (Neat et al. 2006; Wright et al. 2006). How-

ever, as natal philopatry is not always found in con-

junction with spawning fidelity, it is important to

understand the level of segregation of recruits as well

as adults (Forrester et al. 2002; Krizter and Sale 2004).

As with most other regions, there is no reliable infor-

mation on the nursery areas, which supply resident

spawning groups in the North Sea and west of Scotland

or the level of exchange of juveniles between nursery

areas. In this study, nursery areas were defined as areas

of habitat which supported significantly higher juvenile

densities than other areas. Passive transport of early

life history stages could lead to a substantial advection

of cod eggs and larvae from Shetland south to the

Scottish east coast (Heath and Gallego 1997). How-

ever, it is not known whether there is an extensive

interchange of early settled juveniles. Whilst studies of

0-group cod within bays and sea lochs indicate that

they can exhibit a high degree of site fidelity (Hawkins

et al. 1985; Grant and Brown 1998) there does appear

to be the potential for wider dispersal following set-

tlement in more open nursery areas (Lough et al.

1989). Therefore, it is important to examine the geo-

graphical isolation and movements of settled 0-group

cod among nursery areas in the coastal region.

Although tag-recapture studies have been con-

ducted on 0-group cod in partially enclosed water

masses, their small size, high rate of mortality and

sample numbers needed, makes this approach unreal-

istic for large-scale studies. Therefore, alternative

methods for determining the degree of inter-mixing

would be desirable. Whilst genetic differentiation

should form the basis for any inferences concerning

population segregation, low levels of gene flow may

prevent the detection of genetic differences, even when

inter-mixing is sufficiently low to treat groups as dis-

tinct at time scales relevant to fisheries management

(Begg and Waldman 1999; Kinlan and Gaines 2003;

Palumbi 2003). Thus, non-genetic means of differenti-

ation can play an important role in identifying popu-

lations under such circumstances (Brooke 1981; Swain

et al. 2004).

Otolith elemental composition is increasingly being

used as an aid to stock identification (Campana 1999;

Thresher 1999; Campana and Thorrold 2001). This

approach is based on two assumptions; firstly, that the

elemental composition of the otolith reflects the

physico-chemical characteristics of the environment to

which the fish was exposed (Secor et al. 1995; Bath

et al. 2000) and secondly, that the material deposited

on the otolith is metabolically inert after deposition,

and is not susceptible to resorption or remobilisation

(Mugiya et al. 1991). Hence, otolith elemental

concentrations may represent elemental fingerprints

that reflect differences in the chemical composition of

the individuals’ habitat. Otolith elemental fingerprint

analysis has been widely used to detect differences

between groups of fish (Thorrold et al. 1998a;

Edmonds et al. 1991; Rooker et al. 2001) including

Atlantic cod (Campana et al. 1994). However, ele-

mental compositions can vary with size and age and

may not be temporally stable between year-classes

(Milton et al. 1997; Campana et al. 2000). Key there-

fore, to the present study, was to account for potential

effects of size and age and sample over more than a

single year.

The aim of the paper was to examine the degree of

segregation among nursery areas of Atlantic cod in

Scottish waters, by investigating the otolith elemental

signature from fish collected from four different areas

of high 0-group density. We also aim to examine the

issue of temporal stability within this signature, by

investigating the elemental properties of otoliths from

two areas across 2 years of sampling. Such spatial dif-

ferentiation among juveniles is necessary before future

research designed to identify the origins of adult cod

(based on the comparison of the juvenile portion of the

adult otolith with the juvenile signature) can be

undertaken. The results are considered in relation to

recent evidence for resident spawning groups in cod.

Materials and methods

Juvenile distributions

Information on the distribution of 0-group cod was

collected by chartered fishing vessels from inshore

surveys conducted on the west and east coasts of

Scotland (including the Shetland Isles) in November–

December 2001 and in August–September 2002–2004.

The 2001 inshore surveys were conducted in partner-

ship with the fishing industry, and used a variety of

gears including both whitefish and Nephrops (Nephr-

ops norvegicus) trawls. The 2002–2004 inshore surveys

used a BT158 bottom trawl to sample at least two

locations per ICES statistical rectangle (1� longi-

tude · 0.5� latitude). Data from the Scottish third

quarter surveys of the North Sea and fourth quarter

survey of ICES region VIa were used to provide

information for offshore areas. These offshore surveys

only sample 1–2 trawl stations per ICES statistical

rectangle. The Scottish 3rd quarter surveys of the

North Sea and 4th quarter survey of ICES region VIa

west coast use the GOV, a high-headline bottom trawl

fitted with a 20 mm cod end liner.
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The total length of specimens was measured to the

nearest centimeter. Numbers of juveniles caught

smaller than the minimum length of 1-group (20 cm

TL) were raised to a swept volume. The swept volume

(V) for each trawl was calculated based on:

V ¼ wing spread � headline height

� distance travelled:

From this, the number of 0-group cod m–3 of seabed

was calculated. As data were collected over a period of

several weeks numbers in the swept volume were in-

flated to represent density on a single survey date. The

ICES estimate of natural mortality (M) for 0-group

(0.8) was used to inflate or reduce numbers according

to:

Ne ¼ exp ln Nc þ M
t

365

� �h i

where Ne is the estimated number of 0-group on the to

31 August, Nc is the number of 0-group caught and t is

the number of days from the 31 August. Due to the

different scales of sampling for all surveys and years,

densities from the inshore surveys (locations within 1�
longitude of the coastline) were averaged into a quar-

ter ICES grid resolution (15 · 15 nm, or 0.5� longi-

tude · 0.25� latitude) whereas the more offshore

locations with lower sampling intensity were averaged

to one ICES grid resolution. Both grids were then

overlayed onto the same quarter grid scale using ARC

GIS. Since we had no information on juvenile vertical

distribution and for the purposes of presentation,

numbers per swept volume were expressed for a height

of 1 m and an area of a km2.

Juvenile sample collection

Four candidate nursery areas to the west (Clyde),

north (Shetland) and east (Moray Firth and Buchan) of

Scotland were chosen for sampling, reflecting signifi-

cant regions of demersal juvenile distribution (Fig. 1).

The main sampling period was August and September

2003 when 0-group cod were taken from single loca-

tions in inshore waters around Shetland, the Moray

Firth and Buchan area, onboard FRV Clupea. Further

sampling was conducted in the Clyde area onboard the

RV Aplysia of the University Marine Biological Station

Millport (UMBSM). Juvenile cod collected in the

Clyde and Shetland in November and December 2001

provided the opportunity for a temporal comparison of

elemental composition in these areas. In each sample,

information on total fish length (±1 mm) and total and

eviscerated wet weight (±0.1 g) were collected. Cod

sagittae were removed with plastic forceps and pre-

served dry either in paper packets (2001) or plastic

microtubes (2003). Subsequent analysis was limited to

0-group specimens less than 26 cm total length (mean

14.3 cm); see Table 1.

Elemental analysis

In preparation for elemental analysis, sagittal otoliths

were placed in acid washed vials filled with 18 mW
doubly deionized water, and sonicated for a few min-

utes. Any remaining adhering tissue was removed with

acid washed ceramic tipped forceps. The otoliths then

underwent a series of sonification and rinsing steps,

using deionized water throughout. Otoliths were air-

dried in their caps under a Class 100 laminar flow hood

before being weighed to the nearest 0.01 mg and re-

stored within their vials. All ICP-MS work was con-

ducted by the Center of Chemical Analysis (IceTec) in

Iceland.

Fig. 1 Density (n km–2) distribution of 0-group cod in the North
Sea and west coast of Scotland. Circles represent trawl stations.
SH Shetland, MF Moray Firth, BU Buchan, CL Clyde
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Otoliths were dissolved with HNO3 (final concen-

tration ~1%) in a microwave oven to ensure complete

dissolution of the otolith matrix. As solution strength

affects the measurement, the samples were matrix

matched by diluting the samples to different volumes

of solution based on weight. In this way, the samples

were diluted to a strength with less than 10% variation

(overall ~4% calculated as standard deviation). From

these variable volume solutions a final dilution of the

samples for measurement was made.

Ca and Sr were analysed by ICP Spectro optical

spectrophotometer (Spectroflame ICP Model D,

Spectro Analytical Instruments), and a suite of nine

elements (14 isotopes) were analysed using a LECO

Renaissance ICP time-of-flight mass spectrometer

(Model ETP AF833H, incorporating an electron mul-

tiplier detector and using Argon as the carrier gas).

When more than one isotope was available for the

same element, those with least interference were used.

A total of 10 reagent blanks were processed (and

analysed) concurrently with the samples for blank

corrections and to calculate limits of detection. Mea-

surement accuracy and precision was monitored by

measuring a NIES certified reference material No.22

and an in-house MC2 otolith reference material (de-

rived from Icelandic cod otoliths) regularly throughout

the runs. Linear regression correction was used to

compensate for dynamic drift during a run, based on

blank and matrix-matched internal standard (69Ga,
115In and 140Ce) measurements.

Precision and accuracy for Ca and Sr deviated by

<4% from the average value of determination of the

NIES certified sample throughout the measurement.

The mean concentration for most isotopes greatly ex-

ceeded (>10·) the LOD, except for 63Cu, 7Li and 66Zn.

Estimates of precision, measured as the average stan-

dard deviation in five determinations of MC2 labora-

tory reference sample concentrations, suggested a low

deviation for most elements, ranging from 1.7–9%.

Precision was above 10% for Cu, Li and Zn. The

accuracy in terms of absolute deviation from the MC2

laboratory reference sample was <7.4% for 138Ba, 25Mg

and 86Sr, <21% for 7Li, 55Mn and 63Cu and >50% for
66Zn. Useable data was thus obtained for four ele-

ments, based on measurements of the isotopes 138Ba,
25Mg, 55Mn and 86Sr.

Statistical analysis

Initial inspection of the relationship between juvenile

density and depth indicated a non-linear trend and so

local regression (loess) with a span selected by cross

validation was applied to the survey data. This non-

parametric smoothing technique is a generalization of

running means, which gets a predicted value at each

point by fitting a weighted linear regression. The span

controls the speed with which the influence of points

decreases with distance from the point of interest. Data

were first ln transformed to reduce the effect of large

outliers on the fit.

Isotope concentrations were tested for the

assumption of normality and homogeneity of variance

using the Kolmogorov–Smirnov test for goodness of

fit, and the Hartley Fmax test for homogeneity of

variance (Sokal and Rolf 1995). Variables that did

not satisfy the criteria were ln transformed prior to

further analysis. To determine whether there were

significant differences among areas for multi-element

concentrations (Ba, Mn and Mg) a multivariate

analysis of variance (MANOVA) was used with area

as the independent variable. Assuming samples were

found to be grouped by geographical area, we were

interested in determining which of the elemental

variables contributed most to this grouping. A tech-

nique frequently used for such problems is discrimi-

nant analysis (DA) (Huberty 1994; Campana 1999).

DA applies a dimension reduction on the data similar

to principal component analysis, such that groups are

separated as much as possible. Furthermore, it allows

the response variables that contribute the most to this

separation to be identified. A backward selection

procedure was used to find which of the elements

provided the highest discrimination between samples

in the four areas based on the decrease in the total

sum of all Mahalanobis distances. DA calculates the

percent of misclassified observations in each given

group. This number tends to be optimistic because

the classified data are the same as used to build the

classification function. A cross-validation procedure

was therefore applied in which each observation was

omitted one at a time and the classification function

recalculated using the remaining data, before classi-

fying the omitted observation. The absolute error of

Table 1 Number of juvenile otoliths analysed and fish size range
sampled for each nursery site

Nursery area No. otoliths
analysed
by ICP-MS

No. of
fish aged

Fish length
range (mm)

Clyde 50 (45a) 86 7.2–25.0 (13–25b)
Moray Firth 50 (27a) 59 9.2–19.2
Shetland 50 (14a) 56 5.6–26.0 (16.5–26b)
Buchan 50 (33a) 56 8.4–17.7

a The number of elemental otolith samples which were also
examined for age
b The length range of samples used for elemental analysis only
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the classification function was estimated as the

difference between the actual contribution of juve-

niles to the total otolith chemistry data and the

estimated mean contribution. One thousand simula-

tions of the element data were used to estimate the

variability of the classification estimator. The proce-

dure used for estimating this variability was boot-

strapping the data with replacement (see Millar

1990).

As inter-annual variation in water chemistry can

affect the chemical composition of otoliths (Milton

et al. 1997; Campana et al. 2000), temporal persistence

in otolith elemental composition was considered from

a comparison between the elemental signature for two

sites (Shetland and the Clyde) in 2 years (2001 and

2003) using a two-way MANOVA with year and area

as independent variables and Ba, Mn and Mg as

dependent variables. All analyses were conducted

using S-PLUS v 6.2 (Insightful Corp.).

Otolith microstructure analysis

As the study used whole otoliths it was important to

consider the possible confounding effects of size and/

or age on otolith chemistry results. The daily age of

individuals (N = 119) was determined from the lapilli

otoliths (Table 1). Otoliths were prepared from a

representative sub-sample of the length-measured

samples collected in 2003 from the four main nursery

areas around the coast of Scotland: Moray Firth,

Buchan, Shetland and the Clyde. Lapilli were

mounted in thermosetting plastic and ground on both

sides using silicon carbide paper (grit 2,500), cleared

in immersion oil and daily increments were counted

along the axis demonstrating the most unambiguous

incremental sequence, from primordium to the outer

edge. Increment counts were repeated at least three

times, and the median value was used to represent

age, thus reducing the influence of single aberrant

counts.

Results

Distribution of juvenile cod

The density distribution of 0-group cod in recent years

(Fig. 1) indicates that 0-group cod were generally

scarce around much of the Scottish coast. The median

density for the region was only 10 cod.km–2 (Table 2).

All densities exceeding this value occurred within

60 km of the coast, and occupied only 26.3% of the

total area swept and also account for approximately

97% of all 0-group cod. Substantially elevated densities

of >100 cod.km–2 were only found within the Clyde,

Moray Firth, and isolated sites off Mull in the Minch,

west of Scotland, Shetland and St Andrews Bay, east of

Scotland. Densities >100 cod.km–2 comprised just

4.1% of the surveyed region, but around 77% of all 0-

group caught. Concentrations >1,000 cod.km–2 were

restricted to at most two of the quarter ICES statistical

rectangles. Presence in tows was related to depth with

around 60% of tows in depths <90 m containing 0-

group cod compared to less than 10% in depths

>180 m. In the sites where cod were present, density

was negatively related to depth from 11 to 175 m

(LOESS smoother, r2 = 0.3; n = 463; P < 0.01; Fig. 2).

Differences in density may also have been related to

exposure. Exposed coastlines were generally found to

be areas of low juvenile abundance, while several well

sheltered areas (especially around Shetland) were

found to have high juvenile abundance. Thus, from all

available data, juvenile cod were largely located in very

discrete concentrations around the Scottish coast.

Table 2 Area occupied by 0-group cod in Scottish waters for
given density ranges

Density range(n km–2) Area (km2) Area (%)

0–0.1 25,075 13.6
0.1–1.0 49,774 26.9
1.0–10 61,339 33.2
10–100 40,928 22.2
100–1,000 6,718 3.6
1,000–10,000 872 0.5

Total study area = 184,706 km2. Estimates are based on the
surveyed region shown in Fig. 1

Fig. 2 Density of 0-group cod in relation to depth excluding zero
catch hauls. Crosses represent raw data. Mean density (solid line)
based on LOESS smoother with span width 0.75 together with
SE (stippled lines )
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Variability in otolith chemistry between nursery

grounds

No significant interaction between isotope concentra-

tion and length or daily age were found at the P < 0.05

significance level. Quadratic discriminant analysis

(QDA) was used to test for differences in otolith

chemistry between nursery areas, since the assumption

of equality of covariance matrices in linear discrimi-

nant analysis was not met (v2
18 = 166.1; P < 0.001;

based on final three elements used). An initial QDA

on all elements indicated that there was a significant

discrimination along the first and second axes (cano-

conical correlations 0.95, 0.71; P < 0.001). The back-

ward selection procedure was continued until the

hypothesis test indicated that there was no further

significant discrimination along the second axis. The

backward stepwise discriminant analysis indicated that

the elements Mn and then Ba contributed most to

group separation. During the backward selection pro-

cedure 86Sr was deselected. The hypothesis test indi-

cated that no more variables should be omitted or else

no significant discrimination (at the 0.1 significance

level) along the second axis could be made. The esti-

mated discriminant scores along the first two axes are

presented in Fig. 3. The first two series of discriminant

scores explained 90.5 and 9.4% of the total variance,

respectively. There was a clear discrimination between

Clyde, Shetland and Moray Firth (1,3,6) along the first

axis and between samples from Buchan and all

remaining areas along the second axis. The percentage

of samples correctly assigned to their groups was 92,

98, 98 and 94% for Moray Firth, Shetland, Clyde and

Buchan, respectively (Table 3). The overall percentage

assignment only declined by 1.5% when cross valida-

tion was applied. The bootstrapped estimate of con-

tribution by sample area indicates that the

classification estimator provided an accurate assign-

ment (Table 4). The estimates of percentage contri-

bution from the different areas ranged from 24.1 to

25.7% and thus were similar to the 25% from each

sampled area. This corresponds to an estimated error

rate of £2%.

The Clyde and Shetland otoliths were characterised

by having the highest and lowest levels of Mn,

respectively. The Moray Firth and Buchan otoliths

were characterised by having the highest and lowest

levels of Ba, respectively. Whilst there were virtually

no classification errors, those that occurred tended to

be associated with adjacent sample areas. Evidence for

temporal persistence in otolith chemistry between the

two areas that were sampled in both years (Shetland

and the Clyde) was found (Fig. 4). There was no

overlap in the concentration of Mn between the two

regions in either year with higher concentrations in the

Clyde. Similarly, Ba and Mg concentrations signifi-

cantly differed between the two areas in both years

(MANOVA; P < 0.01). However, there were signifi-

cant differences between the 2 years for Ba and Mg

(MANOVA; P < 0.001) but not Mn (MANOVA;

P = 0.124).

Discussion

Habitats that support high juvenile densities, demon-

strate high growth and survival rates and contribute

disproportionally to the production of adult recruits

have often been referred to as nurseries (see Beck et al.

2001 for review). The surveys conducted for this study

demonstrate that whilst 0-group cod occur extensively

over much of the west Scottish shelf region and

northern North Sea, the majority are confined to a few

small coastal areas. A similar patchy distribution of

juvenile cod have been reported in inshore waters off

Norway (Olsen and Soldal 1989), Newfoundland

Fig. 3 Quadratic discriminant analysis of otolith chemistry
between nursery areas. The black triangle symbols represent
the four group averages. S Shetland, B Buchan, M Moray Firth,
C Clyde

Table 3 Classification accuracy of the quadratic discriminant
analysis for juvenile cod from the four nursery areas based on the
raw and cross validated (in parentheses) values

Nursery
area

N Buchan Moray
Firth

Shetland Clyde Accuracy
(%)

Buchan 50 46 (45) 2 (2) 2 (3) 92 (90)
Moray Firth 50 1 (3) 47 (45) 2 (2) 94 (90)
Shetland 49 1 (1) 48 (48) 98 (98)
Clyde 50 1 (1) 49 (49) 98 (98)
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(Dalley and Anderson 1997; Grant and Brown 1998),

Nova Scotia (Tupper and Boutilier 1995), Sweden (Pihl

and Wennhage 2002) and the southern North Sea

(Riley and Parnell 1984). Inshore studies off the west

of Scotland have previously suggested that areas such

as bays and lochs may provide important nursery

grounds for cod, since reported juvenile densities tend

to be very high (Hawkins et al. 1985, Kamenos et al.

2004). However, by mapping an entire stock region, the

present study is the first to confirm that the shallow

(depths < 20 m) and near shore areas are the most

important areas for cod. The high densities in these

areas were more than two orders of magnitude higher

than the average and as such these could be defined as

nursery areas (see Beck et al. 2001). Moreover, the

estimated abundances in the inshore areas are proba-

bly underestimated by our surveys, as the nature of

potentially important habitat (e.g., weed covered

gravel, eelgrass and stones; Lough et al. 1989; Tupper

and Boutilier 1995) are often inaccessible to bottom

trawl surveys.

The distribution of Atlantic cod spawning grounds is

known to extend over much of the region investigated

in this study, with concentrations off Shetland, the Butt

of Lewis, in the Minch and the Clyde (Hislop 1986;

Wright et al. 2006). The Moray Firth and other eastern

coastal areas of Scotland were reported to be spawning

grounds in the mid-1950s (Raitt 1967). However, egg

surveys indicate that spawning became more localised

by 1992 (Heath et al. 1994) and virtually absent by 2004

(Fox et al. 2005). Tag-recapture experiments in the

Clyde, Moray Firth and the Minch conducted in the

1960s and 1970s provides evidence of year round resi-

dency of adult cod in these regions (Wright et al. 2006).

Similarly, Neat et al. (2006) found evidence of resi-

dency in cod in Shetland coastal waters based on data

storage tag results. Many of the high density areas of 0-

group cod found in the present study occur within the

regions of resident adult cod suggesting that there may

be a link between the resident spawning areas and

these nursery areas.

Elements such as Ca, Mg, Sr, Mn and Ba have been

routinely identified as important in studies of stock

differentiation (Thorrold et al. 1998b; Thresher 1999;

Gillanders 2002; Bergenius 2005) whilst elements un-

der strong physiological regulation (e.g., Na, K, S, P

and Cl) are rarely of value (Thresher et al. 1994;

Proctor et al. 1995). The present study obtained a high

classification accuracy (92–94%) using only three ele-

ments; Mn, Mg and Ba. Water chemistry, temperature,

diet, metabolic rates and genetics may all generate

variability in otolith chemistry (Campana 1999;

Thresher 1999). For many elements, geographical

variation in water concentration is typical, with vari-

ability in coastal and inland waters generally much

larger than that of the open ocean (Balls et al. 1993).

Marine concentrations of Ba tend to increase with

depth (IPCS 1990), which is consistent with our find-

ings, as the highest concentrations of otolith Ba origi-

nated from the deepest site sampled. However,

concentrations of Ba in otoliths have also been found

to be influenced by temperature and salinity, in addi-

tion to ambient elemental concentrations (e.g., Elsdon

and Gillanders 2002, 2003; Martin et al. 2004). Con-

centrations of other metals increase in inshore areas,

with generally inverse relationships between metal

concentration and salinity (Balls et al. 1993). The

variation in Mn levels between our studied nursery

Table 4 Comparison between the actual and estimated propor-
tion of juveniles by nursery area

Area Composition

Actual Estimated SD N

Shetland 0.246 0.241 0.044 49
Minch 0.251 0.257 0.052 50
Inner Hebrides 0.251 0.252 0.046 50
Clyde 0.251 0.250 0.056 50

Estimated proportion means and standard deviations were
obtained by bootstrapping. N refers to sample size

Fig. 4 Comparison of mean
(±SE) concentrations of Mn,
Ba and Mg in the otoliths of
0-group juvenile cod from
Shetland and Clyde sampled
in 2001 and 2003. SH
Shetland, CL Clyde
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areas may reflect such differences in water salinity.

Particulates from inshore areas have been found to be

markedly enriched with Mn relative to adjacent off-

shore areas (Balls 1986), and are thought to reflect

areas of lower salinity caused by freshwater inflow

from surrounding rivers. Regardless of cause, the

marked regional variation in elemental concentration

between sites provides a reliable indicator of the dif-

ferent nursery areas.

The few studies that have examined temporal sta-

bility in otolith chemistry indicate that stock-specific

signatures can vary among years (Patterson et al. 1999;

Campana et al. 2000). Nevertheless, the present study’s

comparison has indicated a persistent regional signa-

ture in otolith chemistry between 2001 and 2003. Al-

though the absolute elemental concentration of Ba

differed between the 2 years analysed, the fact that

there was no overlap in the ranges of both Mn and Ba

between areas suggests they could provide a consistent

spatial marker of origin for cod in Scottish waters.

Atlantic cod are known to settle from a pelagic

phase in early summer (Tupper and Boutilier 1995),

with settlement peaking in July in western Scottish

waters (Magill and Sayer 2004). Thus, the otolith ele-

mental composition of settled cod in August–Septem-

ber could reflect a range of habitats and water masses

inhabited during both the larval and settled phase, al-

though, as accretion rate increases with age, it will most

likely reflect that of the settled juvenile habitat.

According to simulations of passive transport of cod

eggs and larvae, there is the potential for substantial

transport of these early life stages from Shetland to the

Moray Firth and Buchan regions (Heath and Gallego

1997). Given the proximity of many of the nursery

grounds found in this study to known spawning areas of

high adult fidelity (Wright et al. 2006) it is important to

know whether advected larvae are liable to make a

return migration once settled or are lost to their natal

spawning areas. A tag-recapture experiment on 1-year-

old cod in the southern North Sea suggested that

juveniles tend to remain within 100 km of their release

site (Riley and Parnell 1984) and older cod tend to

exhibit a similar level of fidelity (Wright et al. 2006).

Hence, if there is natal fidelity there may be an

expectation for a return migration following settle-

ment. However, an active migration of 0-group has not

been supported by previous small scale tagging studies,

although these were limited to semi-enclosed sea areas

(Hawkins et al. 1985; Grant and Brown 1998). Work at

Loch Torridon on the Scottish west coast indicated that

0-group cod did not move more than a few 100 m for

several weeks after settlement and modal length anal-

ysis suggested that they remained close to their

settlement areas until they became adults (Hawkins

et al. 1985). The regional differences in otolith ele-

mental composition found in the present study may

reflect this period of site attachment. Certainly, the

high classification success indicates there can be little

or no inter-mixing between nursery patches more than

200 km apart. This scale of segregation is consistent

with the distribution of spawning congregations and

adult residency indicated from adult movements (Neat

et al. 2006; Wright et al. 2006). Further work is clearly

needed in order to determine whether the similarity in

spatial segregation of juvenile and adult cod is reflec-

tive of resident populations or whether there is inter-

mixing between the settled 0-group and adult phases.

Combining the elemental signatures in the otoliths

found in the present study with the elemental signa-

tures from otolith cores of adult fish could provide a

test of this hypothesis, and could help define the con-

tribution of individuals from juvenile habitats to the

adult population.

The growing evidence for resident Atlantic cod

populations from this and other studies has important

implications to fisheries management. The mainte-

nance of intra-specific diversity forms part of the Rio

convention on biodiversity (Ryman et al. 1995). Since

catch control measures applied at the level of the stock

do not affect where fleet effort is concentrated, sig-

nificant depletions of local resident populations might

go undetected by fishery based stock monitoring pro-

grammes. If the comparative isolation of the nursery

areas identified in this study and the site fidelity evi-

dent from adult tag recapture studies (Wright et al.

2006; Neat et al. 2006) reflects locally resident popu-

lations then fishing in these areas could have a serious

local impact. This is particularly an issue given the

currently highly localised nature of 0-group concen-

trations. Although conserving sub-structure of fished

stocks does pose serious problems to management

based on total allowable catches, temporarily closing

areas might be an effective management measure in re-

building small resident populations (Polunin 2002).

This is particularly true for areas where juveniles

concentrate, since large by-catches of undersized fish

have no commercial advantage to fishermen. Investi-

gations of distribution and structuring of the type made

in the present study are clearly useful in identifying

areas worth protecting.
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