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ABSTRACT: Tagging-recovery studies have been used successfully on many occasions, and the data
analysed in a variety of ways with respect to fish movement. Here we provide a synoptic account of
useful statistical techniques for delimiting area utilization and movement patterns of a population of
individuals. We focus specifically on kernel smoothing for population utilization distribution and gen-
eralized additive models for temporal movement patterns. Furthermore, we use these 2 techniques to
re-analyse data from tagging studies on coastal Atlantic cod Gadus morhua, shedding new light on
one of the underlying mechanisms determining the population structure of the coastal cod along the
Norwegian Skagerrak coast. Cod were found to use small areas. On average 25 % of a population
used areas smaller than 10 km?, while 95% of a population used areas smaller than 160 km?. The
movements displayed were fjord-limited and predominantly within the bounds of the population's
home range. By re-analysing existing data on neutral genetic markers, we show that the cross-
distance of the area utilized was smaller than the distance over which pair-wise genetic differences
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INTRODUCTION

Migration and dispersal, behaviour collectively
termed ‘movement,’ play important roles in population
structuring of marine species. Depletions, extinctions
and re-colonisations all depend on the rate of move-
ment within and between populations. Groups of indi-
viduals often undertake regular migrations between
areas for the purposes of feeding and spawning (Met-
calfe 2006). The degree to which individuals travel
between different areas represents an important deter-
minant of the degree to which populations are geneti-
cally structured. Movement will also determine the
geographic unit of individuals responding to popula-
tion processes. Knowledge of area utilization by fish is
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essential, as management practices are often based on
geographic areas.

A great variety of tagging-recovery studies, con-
ducted on a range of species, have been used in stock
assessment to determine movement and population
structure (e.g. Pawson & Jennings 1996, Robichaud &
Rose 2004). Although tagging-recovery studies pro-
vide little information on fine-scaled behaviour of indi-
viduals, they are useful for investigating broad-scale
patterns such as area utilization and the structure of
movement by groups and populations of individuals.

Several well-acknowledged problems arise when
analysing tagging data with respect to movement
(Porter & Dooley 1993, Bolle et al. 2005). The number
of tags recovered from an area is determined by the
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fishing intensity and the rate at which tags are re-
ported (Pollock et al. 2001). Report rates may vary in
time and space depending on the motivation to return
tags. The fishing intensity depends on efficiency and
effort (Ellis & Wang 2007), both of which may vary over
temporal and spatial scales. In well-managed fisheries
with well-controlled quotas, these factors may be esti-
mated and it would be possible to apply different
weighting schemes to deal with regional differences in
fishery intensity (Hunt et al. 1999, Neilson et al. 2006,
Stensland et al. 2006). In complex fisheries with a mix
of recreational and commercial fisheries, both effi-
ciency and effort depend on several factors such as
incentives to fish (economic and recreational), geo-
graphical knowledge of the area, economic opportuni-
ties to use different gears and weather (Arlinghaus
2006). These factors are functions of both time and
space, and may generate heterogeneity in fishing
intensity on a fjord/bay scale. Furthermore, the spatial
and temporal precision of reported tags depends on
the fishers' knowledge of the species, interest in the
marine environment and familiarity with the area
encompassed by the fishery. All this may add error to
the precision in recovery datasets, and, thus, may be
difficult to adjust for.

Every tag sighting is one indicator of the density dis-
tribution of the tagged fish. Given that tagged fish are
representative of the underlying population, the recov-
ery will be a 'draw’ from the population distribution at
the time of recovery. When making inferences about
the 'normal’ spatial extent of the population and move-
ment patterns within the area, we aim to include indi-
viduals displaying habitual behaviour as determined
migration (e.g. cyclic migration between forage and
feeding areas). However, we would like to exclude fish
emigrating from the population as well as tagged fish
that do not belong to the population and display abnor-
mal behaviour. Consequently the area habituated by
the population is not necessarily identical to the area
bound by a line encompassed by all the recoveries.
Overall, these problems suggest that the single obser-
vation should be given less emphasis, and more atten-
tion should be focused on the overall pattern of the
recovery data.

The purpose of this study is 2-fold. First, we provide
a brief methodological review on analysing tagging
data with concern to movement and population struc-
ture. Then building on this we report on the analysis of
a century's worth of tagging data on the coastal At-
lantic cod Gadus morhua from the Norwegian Skager-
rak coast (Dahl & Dannevig 1906, Loversen 1946,
Danielssen & Gjosaeter 1994). Previous studies of the
Skagerrak coastal cod indicated that there are several
local populations along the coast (Smith et al. 2002),
which also was suggested by Knutsen et al. (2003) who

used genetic analysis on adult cod along the same
coastline. The coast receives an inflow of eggs and lar-
vae from the North Sea; however, this influx does not
erode the genetic structure of local populations (Knut-
sen et al. 2004, Stenseth et al. 2006). This would be
because either the fish return to the North Sea before
spawning, or the fish from the outer areas of the coast
have limited genetic exchange with local fjord popula-
tions. We analyse the historic tagging studies both with
regard to population extent calculated from population
utilization distributions, and with respect to the dyna-
mics of population movement using generalized addi-
tive models (GAMs). Lastly, we provide a direct link
between the density distribution of coastal Atlantic cod
estimated from the tagging studies, and the neutral
genetic population structure estimated from available
microsatellite DNA data (Knutsen et al. 2003, Jorde et
al. 2007).

MATERIALS AND METHODS

Non-parametric techniques for analysing popula-
tion movement. Several methods have been proposed
for analysing tagging data with respect to movement.
The most common method consists of reporting spatial
extent as the geographic regions of grid cells of recov-
ery, with the corresponding number of recoveries (Shi-
mada & Kimura 1994, Lawson & Rose 2000, Moncada
et al. 2006, Neilson et al. 2006, Shepherd et al. 2006).
Movement is often depicted as arrows between release
and recovery positions (Shimada & Kimura 1994, Neil-
son et al. 2006). Here the spatial extent and resolution
will be dependent on the size of the grid cell. Drawing
a convex line around the outermost points at the indi-
vidual level (Mohr 1947) or at the population level
(Jorde et al. 2007) is not dependent on an a priori
choice of cell size, but the resulting area is highly cor-
related with sample size. Both methods are, therefore,
vulnerable to outliers and are poor predictors of the
area occupied by the population.

The analysis of several observations from some few
individuals, as, for instance, in intensive radio tracking
of mammals, has a long history in terrestrial biology
(Millspaugh & Marzluff 2001). The term 'Home Range'
(Burt 1943) refers to the area traversed by an individ-
ual in its normal activities. Likewise the utilization dis-
tribution (UD) refers to the relative frequency distribu-
tion for the position data points of an animal over a
period of time (Van Winkle 1975). These concepts, and
methods for analysing them, may in turn be transferred
to the population level (Ford & Krumme 1979). As
observations of an individual are a sample from the
individual's utilization distribution, so the recoveries
are a sample from the population's density distribution.
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Treating the population as analogous to the individual,
we may apply the same analysis techniques at the
population level. We may, for instance, estimate the
population home range as the area traversed by the
individuals in the population in their normal activities
excluding random migration.

The most common method for creating a utilization
density distribution for individuals is through kernel
density estimation (Worton 1987, 1989, Seaman & Pow-
ell 1996), a method that has only recently been applied
to marine species (Parra 2006, Righton et al. 2007,
Svedang et al. 2007). This method consists of substitut-
ing every recovery with a probability distribution (a
kernel). By summarising the individual probability dis-
tributions we are able to create the overall probability
distribution for capturing a tagged individual. Given a
regional homogenous fishery, this also provides the
utilization distribution for the population over the time
period of the study. Different isolines will encompass
different percentages of the mass of the distribution
and may be described by the value «, being the pro-
portion of the total distribution. By considering the
o = 0.95 area as the population home range, or the
extent of the population, we exclude some of the dis-
persers as well as accounting for noise in the reported
observations.

A variety of models have been used to evaluate the
movement pattern of populations from tagging data
(Porter & Dooley 1993, Shimada & Kimura 1994,
Righton et al. 2007). Dealing with individuals moving
within a population, we rarely have
good a priori grounds for assuming a
linear relationship between covariates
like days at liberty and distance moved.
Here we suggest applying a non-
parametric additive regression method,
the GAM. These methods do not
assume linearity throughout the data,
instead they fit k+1 piecewise polyno-

small areas around the discrete observations. If the
smoother is too large, the form and extent of the uti-
lization distribution is determined by the kernel and
the positions only centre the location of the dome in
space. In the case of the GAMs, the smoothing para-
meter relates to the number of knots linking the splines
together. A high number of knots may result in overfit-
ting, while no knots will simply give the least square
linear fit to the data (Hastie et al. 2001).

Tagging data. The data analyzed are from 7 different
tagging studies on wild-caught Atlantic cod from the
Norwegian Skagerrak coast undertaken between 1905
and 2005 (Table 1, Fig. 1). All studies were performed
on fish caught immediately prior to tagging, and
released in approximately the same areas as caught.
The recoveries were based on reports from commercial
and recreational fisheries motivated by a reward. At
any given time the fishing fleet would be a complex
mix of a large number of recreational as well as com-
mercial fishermen. During the periods between these
studies there were considerable changes in social
structure and incentives to fish, which indirectly
affected fishing intensity. Due to the short duration of
the studies (<6 yr; average, ~250 d), these effects
were assumed to be constant within each study. Spa-
tially, there was probably a trend towards decreased
fishing intensity with distance from shore. In addition,
there may have been low magnitude heterogeneity on
the bay/fjord scale along the coast, but no large
regional trends appeared in any study (Hallenstvedt &

Table 1. Gadus morhua. Data sets. Tagging of Skagerrak coastal Atlantic cod in
the Riser and Fledevigen areas, showing which releases are grouped together
and considered a discrete study unit (Study), the number of fish released (Rel),
the number of fish recovered (Recov), the proportion recoveries (Ratio), and the
length range (cm) and mean length (cm) for all recovered fish. Source indicates
the references where the studies are described as follows: D&D = Dahl &
Dannevig (1906), L = Leversen (1946), D&G = Danielssen & Gjoseeter (1994),

O =E. M. Olsen & S. H. Espeland (unpubl.)

mials (with continuous first and second

s . Study Year Month Rel Recov Ratio Length Mean Source
derivatives at the knots, the points

. o Area range length

where the polynomials are joined) to
the data in k+1 intervals. Given the 1 Riser 1904 8-9 76 7 0.09 22-29 25 D&D
constraint that the smoother is linear at 4-5 45 6 013 38-45 38
the boundaries, we are able to repre- 1905 4 583 84 0.14  23-52 33
sent the relationship with a natural 2 Fledevigen 1937 é 138 ‘51? 82‘; ;g‘jg 252; L
cu]l?c’)lcllspC];ii/I(Has’céek& lelshlraiu 1990). 12 88 57 065 12-49 33

ot ts, an etﬁ,le inahys,ls are 3 Riser 1939 5 200 128  0.68 24-35 29
non-parametric smoothing techniques.

p g q 4 Riser 1970 12 606 273 0.45 26.5-57 38 D&G
Consequently they are largely depen- 1971 5 234 51 022 33-46 39
dent on the degree of smoothing (Has- 5 Riser 1988 12 1387 404 029 225-645 36  D&G
tie et al. 2001). In kernel models the 1989 12 237 51 0.22 29-52 40
smoothing represents the width of the 6 Flodevigen 2005 4-6 898 293 033 25-70.5 39 o)
kernel. If this width is too narrow, the 7 Risor 743 231 031 25-80 A1
utilization distribution is reduced to
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TAll Recoveries 1904 & 1905 o 1 Waulif 2004). Due to the poor quality, the
existing data on historical fishery inten-
sity were not used to weight the recov-
ery data. All data were provided by
Institute of Marine Research, Flagdevi-
gen, except the 1905 study, which was
taken from Dahl & Dannevig (1906).
Only recoveries with identifiable loca-
tions were used in the analyses (a total
of 42 out of 1628 recoveries were at
unidentifiable locations). Studies done
in the same areas in consecutive years
were pooled, but studies done in sepa-
rate areas were considered as discrete
studies, resulting in a total of 7 studies.
The precision of the reported recapture
location varied largely between fishers.
When only a location name was given,
a geographical position was assigned
as precisely as possible. Usually this
was given as the centre of the geo-
graphic area reported. In the 2005
dataset a considerable number of
recoveries were live recaptures during
the following tagging season (2006).
1970 & 1971 X =5 ' 9 1988 & 1989 v This was assume.d to be biased.towards
,;-%59 sedentary fish since the tagging pro-

gram was undertaken in similar loca-
tions both years. Live recaptures were
released and, therefore, only the last of
the consecutive recaptures were used,
treating them as dead recoveries. The
live recaptures represented 35 of 293
recoveries in Fledevigen, and 124 of
WA 231 recoveries in Riser. Initially, all

7 .

En tf: analyses were performed using both
i F live recaptures and dead recoveries.

o

E
For comparison, additional analyses
2005 Fledevigen 4(“/?; 2005 Riser ﬁg o were performed on a subset of the data
ol g containing only dead recoveries.

Tagging data analysis. To calculate
the population density distributions we
used the kernel smoothing function in
the statistical software R (R Develop-
ment Core Team 2006) given in the
splancs package (Rowlingson & Diggle
1993). The distributions follow the form:

g | fxy»=01/nh?)Y K{1/n [E(x)-x, E(y)-v1}

t=1

G

o

where n is the number of recoveries,

Fig. 1. Gadus .morhua. Recoveries qf tagged Skaggrrak coqstal vAtlantlc' cod. and x, and y, are the coordinates of the
(A) All recoveries throughout all studies. The upper right box in this panel is the

Riser area while the lower left is the Fledevigen area. (B-H) Separate panels for t-recovery. E(x) and E(y) are the ex-

each of the 7 studies. A: release locations; ®: recovery locations. The last 2 pan- ~ Pected average recovery positions cal-

els (G & H) are the 2005 studies with 1 panel for each region culated as the arithmetic means of the
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sample. The kernel K is a symmetrical bivariate tri-
cube probability—density function, and h is the
smoothing parameter (describing the width of the ker-
nel, K). For each of the studies we created one density
distribution from all the recoveries from one region.
This produced a total of 7 distributions.

Usually the least square cross validation (LSCV)
method is applied to find the unbiased smoothing
parameter h (Blundell et al. 2001, Gitzen & Millspaugh
2003, Gitzen et al. 2006, Horne & Garton 2006). In
these datasets the recoveries were overly aggregated,
due to the assigned positions in many of the recovery
locations. In this case the LSCV method converges
towards an infinitely small smoothing parameter.
Instead we used the simpler reference smoother h,.
(Worton 1995), even though it may give a higher
smoothing than the optimal unbiased estimator. This
smoother is given as: b = GH71/4+d, where n is the
number of recoveries, ¢ is the SD, and d is the number
of dimensions of the data. The smoother in this case
provides a biological interpretation as it represents
both the spread of fish around a recovery and the error
in reported recovery positions. We assumed the same
noise effect in all studies; thus, we calculated one
smoothing parameter for all released fish, pooled and
centred on the same release location. One distribution
was then calculated for each of the 7 study units. All
distributions were truncated by land.

To study the dynamics of the movement patterns
through time, a simple GAM (Hastie & Tibshirani
1990) was applied to the different studies. Movement
was expected to be affected by the size of the fish, the
number of days at liberty and the distance from open
sea. This was to control for the possibility of North
Sea cod in the samples. The model is given by the
equation:

log(Dyy) = Box 51 (ige) + S0 (T )+ B (Sipc) + €5

where Dj, is the distance between release and recov-
ery of the ith fish in the kth study. The logarithm of Dy,
was used to normalize the response, and to avoid tak-
ing log(0), all zero distances were given the value of
the lowest observed distance (7 m). By, is an study spe-
cific intercept, I is the length of the fish at release, Tj
is the time between release and recovery, and Sy is the
degree of shelter from the open ocean (calculated as
the distance between release site and an offshore tran-
sect running at a defined distance from the coastline).
The degree of shelter (Sj) will then give high numbers
for fish released deep inside the fjords. The effect of S;;
was considered to be linear (slope Bi;) due to few
release locations in several of the datasets. The s;; and
Sy, parameters are specific smoothing curves (natural
cubic splines), tailoring the effect of the covariates to
the response in the different k-studies. The number of

knots for the smoothing curves was found using gener-
alized cross validation in the mgcv package in R (Wood
2006). The error term, ¢;, is identical and indepen-
dently normally distributed for all fish and all studies.
The models were also applied to the 2005 dataset with
only dead recoveries.

Genetic data analysis. Knutsen et al. (2003, 2004)
and Jorde et al. (2007) sampled 100 adult Atlantic cod,
during the spawning seasons of 2000 to 2002, from a
range of fjords and sheltered areas along the Skager-
rak coast. These fish were screened for genetic varia-
tion in 10 to 13 microsatellite DNA loci, and used for
testing the hypothesis of population structure along
the coast. Here we re-analysed genetic data from
Knutsen et al. (2003) and Jorde et al. (2007) with a
focus on comparing the Riser sample with other
samples along the coast (cf. Fig. 5). Riser is the loca-
tion where we have extensive tagging data, and, thus,
was well suited for making comparisons (e.g. popula-
tion density distribution data versus genetic findings).
A population density distribution, unconditioned by
land, from the Risor 2005 study was created to compare
with the genetic data.

RESULTS
Population utilization distribution

The mean core area (area utilized by 25 % of a popu-
lation, oo = 0.25) was 8.4 km? (3.9 to 15.0 km?). The
mean population home range area (oo = 0.95) covered
by the populations was 159 km? (70 to 335 km?
Table 2). The smoothing factor h calculated for all stud-
ies was h,; = 4444. The population density distribu-
tions were usually unimodal, with the peak at the loca-
tion of the majority of releases in the given study

Table 2. Kernel modelling. Studies are described in Table 1.

n is the total number of recoveries used to create a density

distribution; oo = 0.95 is the area contained within the bound-

ary of the 95% of the mass of the distribution, or population

home range; oo = 0.25 is the area contained within the bound-

ary of the 25% of the mass of the distribution or the popula-
tion core area

Study Release year  Area n o=095 a=0.25
(km?)  (km?)
1 1904 & 1905 Riser 96 117 4.3
2 1937 Flodevigen 139 127 7.2
3 1939 Riser 124 75 10.6
4 1970 & 1971 Riser 312 335 15.1
5 1988 & 1989  Riser 444 158 10.7
6 2005 Flodevigen 289 70 7.1
7 2005 Riser 231 231 3.9
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Study area
(inset)

1904 & 1905

Fig. 2. Gadus morhua. Population home range areas
from the utilization distributions for the groups of
coastal Atlantic cod from 3 different study periods
(1904-1905, 1937, 1939) (truncated by land). The top
left panel shows the relative location of the Skagerrak
area and coastline (inset) referred to in the other pan-
els. The grey areas are the o. = 0.95 areas, while the in-
ner red areas represent oo = 0.25 of the distribution

(Figs. 2 & 3). There was a non-significant weak corre-
lation between population home range and the corre-
sponding number of recoveries (r = 0.26, p = 0.57).

Temporal movement patterns

The GAMs all had relatively low R? (0.04 to
0.24) and large residuals appearing shortly
after release (Table 3, Fig. 4). In most of the
GAMs, the number of days a cod was at liberty
had a significant effect on the distance be-
tween release and recovery positions (Table 3,
Fig. 4). In the 1904 and 1905 datasets, the dis-
tances increased over the course of the first
70 d after release. This was followed by a pe-
riod of no recoveries, then 20 % of the recover-
ies were made after 128 d, but these were clo-
ser to the intercept distance from the point of
release. In 1937 there was also an increase in
distance over time, although at a somewhat

slower rate, but this increase stabilises after
approximately 400 d. In 1939, the effect was
nearly linear and non-significant and could be
removed from the model for an improved fit
(Table 3). In the studies undertaken during the
1970s, the effect of number of days at liberty is
non-significant, although there is an improved
fit of the model when keeping the term. The
effect describes a stable situation until about
700 d after release, and then a slow increase in
distances. In the 1988 and 1989 datasets, the
T, effect resembles the 1970 situation, but is
significant due to slowly increased distances
after 600 d. In both of the 2005 studies, the fish
were recovered at increasing distances with
time after tagging, reaching a peak distance
approximately 220 d after release. This corre-

sponds to December through January. This peak is
more pronounced in the Riser sample. A year after

tagging (300 to 400 d) the recoveries were again at

1970 & 1971

1988 & 1989

Fig. 3. Gadus morhua. Population home range areas
for the most recent studies (1970-1971, 1988-1989,
2005; see Fig. 2 for relative location of the Skagerrak
area). The 2 lower panels show the 2005 studies with
1 panel for fish released in each area. The dark grey
areas are the o = 0.95 areas, while the inner red areas
represent o = 0.25 of the distribution

2005 Riser
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Fig. 4. Gadus morhua. Effect of the number of days a tagged coastal cod has been at liberty on the distance moved. The black bor-
der around panels E, F, H and I indicates the 2005 studies where the top 2 panels (E, F) depict the effect of using both live and
dead recoveries, while the bottom panels (H, I) represent the effect of using only dead recoveries

median distances. This effect is apparent from both
the total samples and the models containing only the
dead recoveries, although the live recaptures amplify
the oscillation pattern.

In all but the first 2 studies (1904 to 1905 and 193%)
there is a significant effect of fish length at tagging on
the distance of recapture from the point of release
(Table 3). In most cases this relationship is linear or
nearly linear, and represents an increase in distance
with size. Therefore, large fish tend to be recovered at
more distant locations, whereas fish that were small at
the time of tagging tend to remain close to the point
of release. Due to the poor quality of the recovery
information on length, the effect is not corrected for

growth. A fish tagged as a juvenile, but recaptured
much later as an adult, would enter the model with a
small tagging length.

In 1904 and 1905, there is a significant positive effect
on the distances moved when going towards the coast
from the open sea (Table 3). This effect corresponds to
a movement of ~1 m per meter of distance from the
open sea (defined as distance from the offshore tran-
sect). In the Risgr area the most sheltered release loca-
tions are found ~16 km inshore from the open sea. In
the 1937 study from Fledevigen this relationship is
reversed, meaning that fish from more exposed loca-
tions tended to move greater distances. In the studies
undertaken during 1939, 1970 and 1971 at Riser, and
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Table 3. Generalized additive models (GAMs). The columns indicate the 7 different
study units. R-sq and GCV are the r-square and generalized cross validation, re-
spectively, of the models containing the terms length, days at liberty and degree of
shelter. Intercept is the log(distance) in meters moved when covariates are centred
on their mean value. The p-values indicate the probability that the null hypothesis is
correct (the true effect of the covariate is zero). The AGCV is the change to GCV me-
diated when removing the term from the model (negative numbers indicate that the
GCV decreases when the term is removed; thus, the term should be removed for im-
proved fit). The Edf is the estimated degrees of freedom, or the wiggliness of the
function (e.g. Edf of 1 indicates a linear relationship). The degree of shelter, as given
by the distance to open sea in meters, is linear by default; the estimate for the slope
is given. Significance: *p < 0.05, **p < 0.01, ***p < 0.001

Study 1904 & 1937 1939 1970 & 1988 2005 2005
unit 1905 1971 (Fledevigen) (Riser)
R-sq 0.235 0.177 0.044 0.042 0.106 0.129 0.217
GCV 5.336 2.117 1.448 6.739 2.100 2.299 2.648
Intercept 4.377 8.548 6.573 7.779 7.192 4.703 6.026
Days at liberty

p'Va.].ue * % * % 0‘19 0'15 * % * Xk * kK
AGCV 0.607 0.163 0.003 0.059 0.047 0.250 0.502
Edf 3.624 3 1.041 2.541 3.920 6.298 5.951
Length

p-value 0.09 0.75 0.03* ** i 0.03* 0.02*
AGCV 0.031 -0.030 0.30 0.15 0.15 0.05 0.07
Edf 1 1 1 1 3.138 1.558 4.287
Shelter

p-value ** e 0.43 0.47 0.01* 0.91 0.03*
AGCV 0.553 0.167 -0.016  -0.033 0.019 -0.016 0.021
Estimate 1.5e-04 -3.2e-04 1.6e-05 -2.6e-05 5.1e-05 -1.0e-05 -5.4e-05

g 0w BJBU TV FR
= 0.006
0,002 1 }
(73] S PR SRR (RRP . S R R
w :

-0.002 | t : .

Distance from Riser

during 2005 at Fledevigen, the
effect of shelter was not significant.
In 1988 there was a trend similar to
that of the 1904 to 1905 study, while
in the 2005 study from Riser this
pattern is reversed.

Comparing area utilization and
genetics

An untruncated population uti-
lization distribution of the 2005 re-
coveries from Risgr was compared
to the pair-wise Fgr values between
Risor and other locations (data
from Knutsen et al. 2003, Jorde et
al. 2007) to observe the link be-
tween movement and genetic dif-
ferences (Fig. 5). No genetic differ-
ences were recorded within a few
tens of kilometers of Riser; the
Tvedestrand (TV) individuals were
genetically similar to those from
Risgr. However, at only slightly
greater distances (in both direc-

Fig. 5. Gadus morhua. Tag recover-
ies of coastal Atlantic cod compared
with population genetic structure.
Upper panel gives the untruncated
density distribution estimated from
the recoveries from 2005. The solid
inner polygon represents the o =
0.25 area, while the lines correspond
to the 0.5, 0.75, 0.9 and o = 0.95 iso-
lines. The arrows indicate locations
of genetic sampling taken from
Jorde et al. (2007). Going from south
to north the locations are: HO =
Hevag, BJ = Bjelland, BU = Buoya,
TV = Tvedestrand, GR = Grenland,
FR = Fredrikstad. Lower panel de-
scribes the pair-wise genetic differ-
ences (Fst + 95 % confidence interval
[CI]) between the Riseor sample and
6 other locations. The distance be-
tween the Riseor sample and other lo-
cations is given on the x-axis (from
left: Hovag, Bjelland, Bueya, Tvede-
strand, Grenland and Fredrikstad).
The solid curve is a cross section of
the unconditioned recovery proba-
bility distribution
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tions along the coast) genetic differences were ob-
served; Bugya (BU) and Grenland (GR) cod samples
both exhibited significant positive Fsr values indicat-
ing differences in genetic composition (cf. Fig. 4 and
Knutsen et al. 2003). The Bjelland (BJ) sample has a
non-significant but positive Fst; however, individuals
were not caught at a spawning location (cf. Jorde et
al. 2007). Jorde et al. (2007) reported distances be-
tween genetically different populations to be 30 km
or less. From the tagging data, the cross-section,
along the coast, of the oo = 0.95 area of the density
distribution was approximately 18 km.

DISCUSSION

Identifying separate populations and estimating the
geographic extent of these populations is an important
issue for population ecology and fisheries manage-
ment. Determining population boundaries will be
increasingly important, for instance, when designing
marine protected areas (MPAs) for threatened popula-
tions. Genetic analysis is a powerful tool for identifying
discrete populations with little connectivity. However,
the power of statistical analysis of genetic data may be
complicated by the effect of a small number of widely
dispersing individuals, quickly reducing the signal for
genetic structure (e.g. Waples 1998). Thus, applying
several methods for revealing patterns of subdivision
in marine species may prove useful.

We have used kernel smoothers to estimate the
home range of coastal Atlantic cod. Here, we empha-
sise that the smoothing factor could be overestimated
in the kernel density distribution estimation due to the
use of the smoother h,,; (Worton 1995), so the real dis-
tribution would be narrower around the peak. On the
other hand, if there is a significant decrease in fishing
intensity when moving away from the coast, the popu-
lation home range boundary would be shifted out-
wards towards open sea. Heterogeneity in fishing
intensity along the coast could move the boundaries in
either direction, but probably not much due to the low
magnitude differences.

We have used GAMs to estimate coastal Atlantic cod
movement patterns. The large residuals in the GAMs
indicate a potential for rapid relocation within the pop-
ulation home range, seen as marked deviations from
the expected distance moved during the first period fol-
lowing release. The slow increase in average distance
through time, on the other hand, indicates that the indi-
vidual fish either move initially but then become seden-
tary, or move around inside the population home range.
This suggests that the populations are fairly localized
but with some movement (e.g. for feeding or spawning
within the population home range).

We show that cod on the Norwegian Skagerrak coast
generally use small areas, stretching a few tens of kilo-
meters along the coast. This pattern has been fairly
stable through the last century, although the border
delimiting the area used by the population differs
somewhat between studies. The movement within the
studies also seems to be bound within the population
home range.

When comparing the cross-section of the population
density distribution from Riser in 2005 with estimates
of genetic differences, and contrasting these findings
for Riser with other coastal locations in both directions
along the coast, we demonstrate that the movements of
coastal Atlantic cod are bounded within the distance
where genetic similarities appear (Fig. 5). The distance
from Riser to the untruncated o = 0.95 isolines (Fig. 5)
is nearly 10 km while genetic differences do not
appear between populations less than 30 km apart
(Jorde et al. 2007). In some years, particularly 1937,
1970 and 1971, and 2005 (Riser), the areas occupied by
a = 0.95 of the population density distributions exten-
ded farther along the coast and partially overlap. This
does not necessarily mean that there was an exchange
of individuals between populations since the data rep-
resent the utilization distribution for the entire period
the cod were available for recapture.

The genetic disparities recorded were found amongst
Atlantic cod sampled during spawning; i.e. when cod
appeared to aggregate inside different fjords (Jorde et
al. 2007, Knutsen et al. 2007). The areas charted in
Figs. 2 & 3 were composed both of the spawning areas
and area usage outside the spawning season for forag-
ing. This indicates that the cod used the periods
between spawning to migrate intermediate distances
for the purposes of foraging, thus creating contiguous
population areas. The areas depicted in Figs. 2 & 3 rep-
resent the regions where there is 95% probability of
recovering a tagged fish. Some of the fish tagged in
these studies were recovered far outside these bound-
aries, like the North Sea and Danish side of the
Skagerrak (Fig. 1). These fish may represent North Sea
cod returning after previously being transported to
Skagerrak as eggs or larvae (cf. Knutsen et al. 2004). In
4 of the studies, the effect of degree of shelter in the
GAM models is significant, but in opposite directions.
This could be an effect of variable influx of eggs and
larval recruitment from the North Sea (Knutsen et al.
2004, Stenseth et al. 2006) settling in the outermost
skerries.

If large seasonal migrations were present, these
could be expected to be correlated with ‘day in year’
scales rather than the ‘days at liberty' scale. However,
in most of these studies the mass of releases are con-
centrated in time so these 2 scales would be nearly
identical. With the exception of the 1905 and 2005



240 Mar Ecol Prog Ser 372: 231-241, 2008

datasets, the GAMs do not show any signs of cyclical
movement throughout the year as would be expected
for migrating populations. This was the case even
when day in year was used in the models as a covari-
ate. Since tagging and recovery data consist of only 2
positions, release and recovery, this regression tech-
nique may have low power when describing the tem-
poral cyclic pattern of migration in only some fish. Cod
would have to move in an ongoing, uniform fashion for
the cyclic behavior to be detected. Fish alternating
between spawning and barren seasons, as well as a
few sedentary fish, would obscure the pattern. Elec-
tronic tagging, as data storage tags and acoustic track-
ing, may provide more detailed information on some
individuals and may be combined with traditional
tagging as a valuable supplement.

Our findings, using novel techniques to re-analyse
past data, are important as they highlight the relation-
ship between individual movements, populations’ uti-
lization areas and genetic spatial structure. Through
this combined approach we have been able to describe
how genetically distinct populations distribute them-
selves in space with regard to neighbouring popula-
tions. It is apparent that a stock may be structured on a
smaller scale than the scale of appearance of genetic
differences (Fig. 5). This will have consequences for
the management of coastal Atlantic cod, and the same
principles may be applied to other marine populations.
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