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Introduction

Worldwide, there have been significant changes in life his-

tory traits of fish stocks that are consistent with a

response to fishing pressure (Jørgensen et al. 2007). How-

ever, in most cases it remains inconclusive whether these

changes reflect an evolutionary response to fishing mor-

tality or merely phenotypic plasticity (Marshall and Brow-

man 2007; Kuparinen and Merilä 2008). Evidence in

support of contemporary fisheries-induced evolution has

accumulated from both experimental (reviewed by

Conover and Baumann 2009) and retrospective studies

(Walsh et al. 2006; Conover and Munch 2007). The latter

include investigations of long-term trends in empirical

field data (Edeline et al. 2007; Kendall et al. 2009), which

have most frequently utilized observations on the age and

size at which individuals mature (Jørgensen et al. 2007).

The analysis of such data has been facilitated by the

development of the probabilistic maturation reaction

norm (PMRN) approach (Heino et al. 2002; Barot et al.

2004), a statistical tool developed to help disentangle

genetic variation in maturation from phenotypic plastic-

ity, resulting from variation in growth and survival (Hei-

no and Dieckmann 2008). Indeed, the major difficulty

faced by investigations of fisheries-induced evolution in

natural populations is that genetic changes and pheno-

typic plasticity are confounded in the phenotypic trait

upon which most previous studies have had to rely. The

need for a direct genetic approach has been noted

(Kuparinen and Merilä 2007; Allendorf et al. 2008), but

unambiguous genetic evidence of contemporary evolution

in marine fish populations has proven elusive because of

the limited availability of adaptive variation estimates, as

well as historical molecular data sets (Conover et al.
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Guðrún Marteinsdóttir, Institute of Biology,

University of Iceland, 101 Reykjavı́k, Iceland.

Tel.: +354 525 4621; fax: +354 525 4069;

e-mail: runam@hi.is

Received: 14 November 2010

Accepted: 18 November 2010

First published online: 5 January 2011

doi:10.1111/j.1752-4571.2010.00176.x

Abstract

The intense fishing mortality imposed on Atlantic cod in Icelandic waters dur-

ing recent decades has resulted in marked changes in stock abundance, as well

as in age and size composition. Using a molecular marker known to be under

selection (Pan I) along with a suite of six neutral microsatellite loci, we analy-

sed an archived data set and revealed evidence of distinct temporal changes in

the frequencies of genotypes at the Pan I locus among spawning Icelandic cod,

collected between 1948 and 2002, a period characterized by high fishing pres-

sure. Concurrently, temporal stability in the composition of the microsatellite

loci was established within the same data set. The frequency of the Pan IBB

genotype decreased over a period of six decades, concomitant with considerable

spatial and technical changes in fishing effort that resulted in the disappearance

of older individuals from the fishable stock. Consequently, these changes have

likely led to a change in the genotype frequencies at this locus in the spawning

stock of Icelandic cod. The study highlights the value of molecular genetic

approaches that combine functional and neutral markers examined in the same

set of individuals for investigations of the selective effects of harvesting and

reiterates the need for an evolutionary dimension to fisheries management.

Evolutionary Applications ISSN 1752-4571

562 ª 2011 Blackwell Publishing Ltd 4 (2011) 562–573



2006). Population genetic analyses of historical samples

can provide invaluable insights into human-induced

changes in the genetic composition of fish populations

(Nielsen and Hansen 2008; Hansen et al. 2009). In recent

years, attention has thus been drawn to archived collec-

tions of otoliths and scales as a source of DNA for long-

term temporal genetic studies of natural fish populations

(Nielsen and Hansen 2008; Palstra et al. 2009; Palstra and

Ruzzante 2010). Although genetic studies have commonly

focused on neutral variation, recent approaches have

shown that non-neutral or functional markers (loci sub-

ject to selection) are more likely than neutral markers to

reveal processes leading to changes in allele frequencies

over short temporal scales (Conover et al. 2006). Indeed,

because of the large effective population sizes of exploited

marine fishes, neutral markers are unlikely to exhibit

changes in a signal over a relatively short time period,

while loci under selection might readily respond to

changes in selection regime.

Like most cod (Gadus morhua) stocks in the North

Atlantic, Icelandic cod has experienced a drastic reduction

in abundance and spawning stock biomass (SSB) during

the last few decades. SSB has declined from about 1 mil-

lion tonnes in the early 1950s to <200 000 tonnes at the

beginning of this century (Fig. 1). Since the 1980s, esti-

mates of SSB have remained below the long-term average,

rarely exceeding 200 000 tonnes. Concurrently, there has

been a long-term increase in fishing mortality (F), with

exploitation rates exceeding 0.8 during three different

time periods (Fig. 1). These levels of F are considerably

higher than the target of 0.3–0.4, which would enable a

sustainable fishery that is within biologically safe limits

(Marine Research Institute 2007).

Prior to World War II (WWII), both international

trawlers and the Icelandic fleet focused their fishing effort

on the relatively shallow inshore areas around Iceland

(‡ór 2005), with landings of cod reaching a maximum of

just short of 52 000 tonnes in 1933 (Marine Research

Institute 2009). During the war, the international fleet was

absent from Icelandic waters and therefore fishing pressure

was considerably lower. Since WWII there have been sub-

stantial spatial and seasonal changes in the exploitation

pattern of Icelandic cod. Immediately after the war, the

inshore cod fishery increased again because of the contin-

ued exploitation by the national fleet and return of inter-

national vessels, resulting in a peak catch of 548 000

tonnes in 1954 (Marine Research Institute 2009). In 1952,

Icelandic authorities banned the use of bottom trawls and

Danish seine within four nautical miles of the shoreline.

This regulation was followed by a gradual extension of the

national fishery jurisdiction, culminating at 200 nautical

miles in 1976 (Ministry of Fisheries 2004; ‡ór 2005). This,

combined with the stricter inshore fishing regulations,

improvements in fishing technology, and the introduction

of larger vessels, resulted in the redirection of fishing effort

into deeper offshore waters. Concurrently, trawlers were

able to follow the seasonal migration of cod (Jónsson

1996), rather than being restricted to inshore breeding

grounds during the spawning season.

Alongside the declines in stock abundance, there have

been notable alterations in the life history of Icelandic cod,

whereby far fewer fish now survive beyond 7 years of age,

resulting in severely truncated age and size distributions

(Schopka 1994; Marteinsdóttir and Thorarinsson 1998).

Furthermore, Icelandic cod now reach maturity at younger

ages and smaller sizes (Marteinsdóttir and Begg 2002). A

recent study, which estimated PMRNs for 36 cohorts of

Icelandic cod, found evidence that a shift towards matura-

tion at smaller sizes and younger ages has occurred inde-

pendently of changes in growth, condition and temperature

(Pardoe et al. 2009). This change in the maturation

schedule of Icelandic cod, along with the loss of older and

larger repeat spawners, raises concerns for the stock’s

reproductive potential, and consequently its ability to with-

stand harvesting and future environmental change (Law

2007; Árnason et al. 2009). An investigation into whether

the fishery has also had a long-term effect on genetic

variation in the Icelandic cod stock is thus imperative.

In this study, we used archived otoliths, collected

between 1948 and 2002, to jointly examine phenotypic and

genetic data. Our goal was to examine historical trends in

the genetic composition of the Icelandic cod stock using

both selected and neutral markers. Temporal stability in

the allele frequency distribution of neutral markers would

reflect stability in population structure and minimal drift,

as is expected when effective population sizes are large.

When such stability at neutral markers is accompanied by

temporal changes in allele frequency distributions at func-

tional loci then one can infer the population has been sub-
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Figure 1 Estimated total spawning stock biomass (histogram bars) and

average fishing mortality of age groups 5–10 (line) of cod in Icelandic

waters during the period 1948–2002 (Marine Research Institute 2009).
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jected to changes in selection regimes. We examined poly-

morphism at the Pantophysin (Pan I) locus (Pogson et al.

1995; Pogson 2001), a genetic marker known to be under

selection or closely linked to a gene under selection, as well

as a suite of six microsatellite loci assumed to be neutral.

The two main allele classes within the Pan I locus, Pan IA

and Pan IB, are differentiated by a Dra I restriction site

(Pogson 2001). The distribution of this diallelic system has

been the focus of numerous population genetics studies in

cod (Pampoulie et al. 2006, 2008; Nielsen et al. 2007; Skar-

stein et al. 2007; Árnason et al. 2009 and references within

these studies).

We found clear evidence that major changes in genetic

variation at the Pan I locus of Icelandic cod have occurred

alongside those in fishing patterns and age composition of

the stock, whereas no temporal changes were detected with

neutral genetic markers. These results strongly demonstrate

the importance of long-term genetic data, and more specif-

ically the use of both functional and neutral genes, when

studying anthropogenic disturbances in a highly dynamic

system such as that characterizing the Icelandic cod stock.

Material and methods

Sampling

A total of 16 samples, comprising 1471 spawning or

near-spawning individuals, were collected from three

relatively shallow locations known to be major spawning

grounds for Icelandic cod (South West = SW, Faxaflói

Bay = FAX and the West Coast Bay, Breidafjör-

dur = BRE; see Table 1 for exact details on location).

DNA from 1286 of those individuals was successfully

amplified and used for genetic analysis. Otoliths col-

lected during the period 1948–1996 were recovered from

the archived collections at the Icelandic Marine Research

Institute (MRI). Otoliths collected prior to 2000 were

stored in dry paper envelopes, while the more recent

historical samples (collected in 2000) were stored in spe-

cially designed plastic storage wells. A contemporary

sample (2002) was obtained from fresh gill tissue. The

choice of sample years was based on the availability of

individuals (sample size) stratified by years of known

high and low stock size. Biological information, i.e. total

length, age, sex and maturity status, for all individuals

used in the genetic analyses was retrieved directly from

the MRI database. Individuals were pooled into 10-year

cohort classes based on their year of birth (1931–1940

through to 1991–2000).

DNA extraction and analysis

DNA was extracted from the otolith surface using a Che-

lex/Proteinase K protocol (Estoup et al. 1996). The DNA

was preserved at 4�C during this study and subsequently

Table 1. Overview of Icelandic cod samples used in this study: year, date and subarea of sampling (see Note for corresponding coordinates),

sampling depth (meters; entries with asterisks show depth distributions [10–90% quantiles] within the subarea for those samples where actual

depth of the catch was not available), number of individuals (n), amplification success (Asucc), proportion of females (Pfem), mean total length (cm;

TLmean), length range (cm; TLrange), mean age (years; Amean), age range (years; Arange). For all samples, DNA was derived from archived otoliths

with the exception of 2002 for which DNA was obtained from fresh gills.

Year Date Subarea Depth n Asucc Pfem TLmean TLrange Amean Arange

1948 18/4–22/4 BRE 100 132 68.9 83.9 87.48 67–150 9.84 5–16

1957 20/3–2/4 SW 37 111 95.6 40.7 93.95 73–136 9.38 5–19

1959 14/4 SW 37–74* 90 83.3 21.3 96.22 78–115 9.64 6–14

1966 15/4 SW 37–74* 95 94.7 51.1 91.81 74–112 8.42 5–13

1972 6/4–8/4 FAX 38–83* 94 88.3 44.6 87.12 75–100 8.54 4–11

1973 3/5 FAX 68 95 64.2 59.0 90.37 76–124 8.84 6–12

1973 26/4 SW 70 86 97.7 46.4 88.26 76–103 8.84 6–11

1976 19/4 FAX 55 88 77.5 55.1 88.27 61–121 7.26 4–13

1976 10/4 SW 45 90 100.0 30.0 88.77 47–130 6.93 3–11

1979 26/4 FAX 50 85 97.6 34.9 85.39 69–115 6.98 6–10

1985 18/4 SW 37–74* 93 100.0 54.8 96.53 70–129 8.84 5–18

1996 16/4–19/4 BRE 63 87 82.2 50.0 86.28 57–128 7.26 4–11

1996 25/3–9/4 FAX 55 98 68.4 56.7 97.24 79–130 7.36 5–14

1996 27/3 SW 56 85 100.0 43.0 101.20 82–128 7.55 5–13

2000 6/4–8/4 BRE 150 68 97.1 45.5 77.50 50–104 6.75 5–11

2002 5/4 SW 54 74 98.5 40.5 85.54 53–117 6.18 3–12

1471 87.4 47.4

Note: Exact coordinates and mean depth of subareas are as follows: subarea South West (SW): 63.5–64�N, 20–21�W; subarea Faxaflói bay (FAX):

64–64.5�N, 22–23�W; subarea West Coast Bay, Breiðafjörður (BRE): 65–65.5�N, 23–24�W.
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moved to a )80�C freezer for long-term storage. Primers

specially designed to amplify a short fragment (142 bp) of

the Pan I locus from DNA that has experienced consider-

able degradation (Nielsen et al. 2007; forward: 5¢-GGCAA

ATGAAACCCAGAAAA, rev: 5¢-ATGACACTTGTGGCAA

GCAG) were used for the polymerase chain reaction

(PCR). PCR was performed in a 17 lL volume containing

3 lL of DNA product, 1.7 lL 10· buffer, 0.51 lL of

1.5 mm MgCl2, 1.7 lL of 2.5 mm DNTP, 0.25 lL of each

10 lm primer solution, 0.25 lL of 20 mg/mL BSA (Fer-

mentas) and 0.5 units of DyNAzyme polymerase (Finn-

zymes Oy, Espoo, Finland). Cycles were performed on

GeneAmp2700 thermal block using ‘Touchdown’ proce-

dures as follows: initial denaturation step of 2 min at

95�C followed by 10 cycles of 30 s at 94�C, 45 s of anneal-

ing temperature that decreases in each cycle by 0.5�C until

55�C was reached and 30 s of 70�C. This was followed by

25 cycles of 30 s at 94�C, 50 s at 55�C and 30 s at 70�C. A

final elongation step of 5 min at 72�C was performed.

Immediately after the PCR, a restriction analysis was car-

ried out on the PCR product (17 lL) using 18 units of the

enzyme DraI (Fermentas) and accompanying buffer

(2 lL). DraI cuts at the diagnostic restriction sites in the

PCR product, discriminating between the Pan IA and the

Pan IB alleles. Fragments were visualized on a 3.5% aga-

rose gel stained with ethidium bromide. As expected, the

digestion pattern was similar to that described by Nielsen

et al. (2007): a single band at 142 bp for the Pan IAA

homozygote, two bands of 40 and 102 for the Pan IBB

homozygote and all three bands for the heterozygotes.

We also analysed genetic variation at six microsatellite

loci assumed to be neutral using a subset of those indi-

viduals from the Pan analysis: Gmo2 (Brooker et al.

1994), Gmo8, Gmo19 (Miller et al. 2000), Tch5, Tch14

and Tch 22 (O’Reilly et al. 2000). PCR were performed in

10 lL volumes containing 2 lL of DNA, 1 lL of 10·
Buffer, 1 lL of 2.5 mm DNTP, 0.2–0.4 units of DyNA-

zyme� DNA polymerase (Finnzymes) and 1–2 lm of

each primer. PCR were performed on a GeneAmp�2700

thermal block using the ‘Touchdown’ procedure described

earlier. PCR products were multiplexed and detected on

an ABI-automatic sequencer (ABI 377; Applied Biosys-

tem) using GeneScan 3.1.2 (Biosystems 2000) and scored

using GeneMapper 3.7 (Biosystems 2004). The occurrence

of genotypic errors resulting from technical artefacts (null

alleles) or DNA quality (large allele dropouts) was

assessed using the program MICRO-CHECKER (Van

Oosterhout et al. 2004).

Extra care was taken to minimize chances of potential

contamination during laboratory procedures. Samples

were processed in a designated area that was decontami-

nated between procedures using a chlorine solution and

UV light. Negative controls were run, and comparisons to

microsatellite readings were conducted to test for possible

contaminations between neighbouring DNA wells.

Statistical analyses

Changes in the age distribution between sampling years

were tested using chi-square tests. In situations of low

expected values (<5), samples from cod aged 6 years or

younger, and eleven years or older, were pooled together.

The changes in Pan I genotype frequencies between age

groups and cohort classes were also tested using chi-

square tests. For these tests, individuals aged 5 years or

younger, and aged twelve years or older, were pooled,

while all intermediate age classes were kept separate.

To investigate the long-term consistency of genotypic

change by age, we pooled the samples in three time peri-

ods. The earliest period consisted of samples collected in

1948, 1957, 1959 and 1966 when average fishing mortality

is estimated to have been <0.3. The middle period, char-

acterized by an average fishing mortality of 0.6, contained

samples from 1972, 1973, 1976 and 1979. The latest

period comprised samples collected in 1985, 1996, 2000

and 2002 and featured several peaks of very high fishing

mortality (>0.8).

We used a multinomial log-linear model (Venables and

Ripley 2002) to explore changes in genotype frequencies

with time. The purpose of the model was to describe

the long-term changes in genotype frequencies of cohorts

1932–1999, after taking into account that some cohorts

were only sampled at a younger age and other cohorts only

at an older age. In a single model, we fitted the frequencies

of Pan I genotypes Pan IAA, Pan IAB and Pan IBB as a

smooth function of both cohort and age. The smooth func-

tions for cohort and age were natural cubic splines, each

with 3 degrees of freedom. The multinomial model ensures

that the predicted relative frequencies of the three Pan I

genotypes sum to one within each cohort-age stratum.

Potential differences in growth between the Pan I geno-

types were investigated by analysing length-at-age data,

combined for all years. The analyses included cod aged

7–9 years only since those age classes contained sufficient

individuals from all three Pan I genotypes in all time

periods. To test whether differences in growth of Icelan-

dic cod were related to their Pan I genotype, mean length

was modelled using analysis of covariance (ANCOVA)

with Pan I genotype as the categorical independent vari-

able and age as continuous covariate.

For the suite of six microsatellite loci, observed (HO) and

expected (HE) heterozygosity were calculated in GENETIX

4.03 (Belkhir et al. 1999). Tests for deviations from Hardy–

Weinberg equilibrium (HWE) were conducted for both the

Pan I locus and the suite of six microsatellite loci using the

exact test in GENEPOP 3.1 (Raymond and Rousset 1995).

Jakobsdóttir et al. Fisheries selection
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Genetic differentiation between sampling sites and all pairs

of populations was estimated with pairwise FST estimates

following Weir and Cockerham (1984), and 95% confi-

dence intervals were determined by bootstrapping over loci.

The program FSTAT 2.9.2 (Goudet 1995) was used for this

analysis. An analysis of molecular variance (AMOVA) was

carried out for both the Pan I locus and the suite of six

microsatellite loci in ARLEQUIN 3.0 (Excoffier et al. 2005)

to assess hierarchical partitioning of genetic variance. The

genetic relationships among samples were further analysed

using principal component analysis and visualized with a

multidimensional scaling (MDS) plot based on a matrix of

pairwise FST¢s.

Results

A hierarchical AMOVA revealed that overall variation at

the Pan I locus was because of temporal (FSC = 0.122,

P < 0.001) rather than spatial variation (FCT = )0.025,

P = 0.92) (Table 2). Furthermore, no trend was detected in

sampling depth (Table 1). Therefore, in the following anal-

yses, samples were grouped into sample years (or cohort

classes) independently of sampling location (and depth).

Results from the analysis of genetic variation at the Pan I

locus are presented in Table 3. Genetic diversity among

sample years was highly variable, with observed heterozyg-

osities ranging from 0.153 (2002) to 0.988 (1979), with an

average value of 0.617. Genetic diversity within cohort clas-

ses was relatively moderate, with observed heterozygosities

ranging from 0.395 (1991–2000 cohort class) to 0.761

(1951–1960 cohort class). Significant deviations from HWE

were found in 50% of the sample years, whereas five of

seven cohort classes contained samples that were not in

HWE. Heterozygote excess was the cause of all of the devia-

tions from HWE (Table 3).

As has been previously observed with an independent

data set (Marteinsdóttir and Thorarinsson 1998), the age

composition of Icelandic cod changed markedly through

the study period. The observed shift towards a narrower

age distribution resulted from the loss of older age classes

and an overall reduction in mean age (v2
½55� = 851.0,

P < 0.001) (Table 1, Fig. 2). Moreover, our analyses

revealed that the Pan I locus has been subject to major

changes in allele frequencies during the study period, in

relation to both age and cohort class. Within cohorts, the

frequencies of the homozygous genotypes were age depen-

dent (Figs 3 and 4). The Pan IBB genotype was more

common among the older spawning cod, while the Pan

IAA genotype was most frequently observed among the

younger age classes (v2
½14� = 187, P < 0.001; Fig. 3). In

fact, no spawning cod younger than 6 years of age carried

the Pan IBB genotype. These age-dependent trends in

homozygote frequency were still present when the data

were split into three different time periods (Fig. 4).

A high proportion of heterozygote individuals were found

in all age classes (Figs 3 and 4). Indeed, as stated earlier,

a lack of HWE both within sample years and cohort clas-

ses was mainly because of heterozygote excess (Table 3).

At the inter-cohort level, there was a gradual but strong

decline in the frequency of Pan IBB over the study period

(v2
½12� = 199.3, P < 0.001) (Fig. 5). Concomitantly, the

Pan IAA genotypes increased in frequency, exceeding 50%

in the last 20 years of the study at the expense of the Pan

IBB and Pan IAB individuals (v2
½4� = 85.9, P < 0.0010)

(Fig. 5). For those ages represented in our data through-

out the study period, predicted genotype frequencies from

a multinomial model showed similar temporal trends

(Fig. 6). According to the model (likelihood ratio test ver-

sus null model v2
½12� = 276.4, P < 0.001), the gradual

increase in Pan IAA genotype frequency started in the

1960s and was accompanied by decreases in the relative

proportions of the two other genotypes.

Distinct differences were observed in length-at-age

among the Pan I genotypes, whereby Icelandic cod carrying

the Pan IAA genotype had significantly higher length-at-age

on average than cod of the Pan IAB and Pan IBB genotypes

(P = 0.048) (Fig. 7).

Multilocus genotype information from six microsatel-

lites was obtained from 892 of the individuals utilized in

the Pan I analyses, representing the same sampling years

and sites (SW, FAX, BRE; Table 1). Genetic diversity in

the samples was moderate to high, with observed hetero-

zygosities ranging from 0.594 (Tch22) to 0.951 (Tch14).

The numbers of alleles ranged from 5 (Tch22) to 35

(Tch14). Deviations from HWE were detected in 3 of 105

tests after Bonferroni correction for multiple tests and

Table 2. Hierarchical partitioning of genetic variance at the Pan I locus, based on an analysis of molecular variance (AMOVA) of samples of Ice-

landic cod (see Table 1).

Source of variation d.f.

Variance

components

Percentage

variation Fixation indices P-values

Among locations 2 )0.006 )2.49 CT = )0.025 0.917

Among years, within locations 13 0.031 12.47 SC = 0.122 <0.001

Within years 2556 0.220 90.02 ST = 0.100 <0.001

Total 2571 0.244 100

Fisheries selection Jakobsdóttir et al.

566 ª 2011 Blackwell Publishing Ltd 4 (2011) 562–573



were not because of any specific loci or sample. The

microsatellite analysis revealed that there was no genetic

differentiation (FST) among sampling sites (FST = 0.0004,

P = 0.100). Of 105 pairwise (FST) comparisons among all

samples, none were found to be significantly different

from zero and there was an overall FST = 0.0018

(P = 0.538). This pattern was also evident in a hierarchical

AMOVA, which showed that only 0.03% of total genetic

variance (FCT = 0.0003) could be attributed to variance

among sampling locations. The variance between temporal

samples was slightly higher (0.13%, FSC = 0.0013). How-

ever, both values were nonsignificant (P > 0.05). This lack

of differentiation confirms long-term temporal stability

under the assumption of neutrality and a MDS analysis

(not shown) further confirmed the lack of spatial or

temporal pattern in the data.

Discussion

Our study is the first, to our knowledge, to analyse func-

tional and neutral genetic markers in combination with

fisheries data, over a multidecadal time period, in an

attempt to explain distinct changes in genetic and pheno-

typic variation in a fish stock that has been heavily

exploited since the 1940s and 50s. By isolating DNA from

archived cod otoliths, gathered over a 60-year period at

spawning sites on the SW coast of Iceland, we were able

to detect long-term temporal changes in genotype fre-

quencies at the Pantophysin (Pan I) locus, whereas no

changes were observed at six microsatellite loci. The sig-

nificant decline in the Pan IBB genotype, which repre-

sented 26% of the sampled population in the 1930s but

Table 3. Observed (HO) and expected (HE) heterozygosity and

observed frequencies of Pan IB allele in Icelandic cod samples (n: sample

size) by cohort class and sample year. Bold values indicate significant

deviations of FIS values from Hardy–Weinberg expectations, after

correction for multiple tests.

Cohort class n HO HE FIS

Freq. of

Pan IB allele

1931–1940 62 0.629 0.490 )0.278 0.573

1941–1950 182 0.621 0.499 )0.242 0.525

1951–1960 113 0.761 0.495 )0.534 0.549

1961–1970 383 0.640 0.496 )0.290 0.453

1971–1980 184 0.712 0.500 )0.422 0.497

1981–1990 215 0.502 0.385 )0.302 0.261

1991–2000 147 0.395 0.377 )0.044 0.252

1286

Sample

year n HO HE

Freq. of

Pan IB allele

1948 91 0.637 0.497 )0.277 0.539

1957 106 0.670 0.499 )0.338 0.476

1959 75 0.480 0.453 )0.053 0.653

1966 90 0.867 0.499 )0.734 0.522

1972 83 0.723 0.484 )0.490 0.590

1973 145 0.731 0.493 )0.480 0.559

1976 158 0.449 0.375 )0.195 0.250

1979 83 0.988 0.500 )0.976 0.506

1985 93 0.559 0.495 )0.124 0.548

1996 224 0.500 0.384 )0.301 0.259

2000 66 0.652 0.486 )0.333 0.417

2002 72 0.153 0.187 )0.188 0.104

1286
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shown on the right axis.
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only 5% in the 1990s, followed changes in the exploita-

tion pattern, which were characterized by increased effort

in deeper waters facilitated by larger ships and technologi-

cal advancements in fishing gear.

In the current study, the frequencies of Pan I genotypes

varied both within and between cohorts. Within cohorts,

the frequency of the Pan IBB genotype increased with age

(Figs 3 and 4). Currently, the age-specific distribution of

the Pan I genotypes is unknown for immature Icelandic

cod. However, this result strongly indicates that fish of dif-

ferent genotypes mature at different ages. The absence of

the Pan IBB genotype among spawning fish aged 3–5 years

is therefore most likely due to cod carrying that genotype

not having matured yet and thus not being present on the

spawning sites, which provided the data for this study. The

gradual increase in the frequency of the Pan IBB genotype

from 6 to 9 years of age is thus likely to reflect differences

in the rate of maturation. The potential existence of life

history variation between cod of different Pan I genotypes

was also supported by the observation that cod exhibiting

the Pan IAA genotype grew at a significantly higher rate

than those carrying the Pan IAB and Pan IBB genotypes

(Fig. 7). Furthermore, our findings complement emerging

evidence from tagging studies using data storage tags of

two groups of Icelandic cod associated with foraging strat-

egy and habitat selection during the feeding season (Páls-

son and Thorsteinsson 2003; Pampoulie et al. 2008). The

so-called coastal cod inhabit shallow shelf waters character-

ized by seasonal temperature trends. In contrast, ‘frontal’

cod undertake migrations to cold, deep waters (>250 m)

where they forage at thermal fronts, making frequent verti-

cal migrations between temperature extremes (<0 and

>7�C). Pampoulie et al. (2008) revealed that individuals

carrying the Pan IAA genotype are most likely to be classi-

fied as coastal cod based on their behaviour during feeding

migrations, while individuals carrying the Pan IBB genotype

most frequently exhibit the migratory behaviour of frontal

cod. The heterozygotes were found to exhibit mixed feed-

ing migration strategies.

In the present study, we have shown a gradual decline

in the frequency of the Pan IBB genotype among spawn-

ing cod during the last 60 years. Concurrently, the Pan

IAA genotype increased in frequency, exceeding 50% in

the last 20 years of the study at the expense of the Pan

IBB and Pan IAB individuals (Fig. 5). We cannot be certain

of the primary driving force behind these changes in the

proportions of the different genotypes. However, four

different hypotheses, three of which can be linked to

changes in exploitation patterns, warrant our scrutiny.

First, changes in genotypic frequencies may have resulted

from changes in stock composition because of the consis-

tent removal of older fish during a period of increased fish-

ing mortality (Marteinsdóttir and Thorarinsson 1998;

Fig. 2 in this study). By the end of the last century, rela-

tively few cod survived to 10 years of age in Icelandic

waters (Marine Research Institute 2009). Accordingly, the

mean age of spawning cod declined from 10 to 6 years

during the study period (Table 1, Fig. 2). As previously

discussed, the oldest cod in our samples were predomi-

nantly of the Pan IBB or Pan IAB genotype, whereas rela-

tively few cod carrying the Pan IAA genotype were found to

be aged 9 years or older. Therefore, the truncation of the
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Figure 5 Observed Pan I genotype frequencies (white: Pan IAA, grey:

Pan IAB, black: Pan IBB) for Icelandic cod from different (10 year) cohort

classes. The corresponding sample size is listed above each column.
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age distribution of Icelandic cod, a common feature of

commercially exploited fish stocks, is likely to have resulted

in the removal of the Pan IBB genotype from the spawning

stock at a proportionally faster rate than that of the

Pan IAA genotype.

Secondly, the gradual decline in the frequency of the

Pan IBB genotype may also have resulted from the sub-

stantial spatial and seasonal changes in fishing effort on

Icelandic cod that have occurred since WWII. Following

the termination of fishing by Danish seine and bottom

trawl within four nautical miles of the coast, the fishery

jurisdiction was gradually extended to 200 nautical miles

(see also the Introduction). At the same time, the intro-

duction of larger vessels resulted in the redirection of

fishing effort into deeper offshore waters. This also

enabled trawlers to follow the seasonal migration of adult

cod, rather than being restricted to inshore breeding

grounds during the spawning season (Jónsson 1996). The

bathymetric distribution of the Pan I genotypes has been

recorded for both spawning and migrating cod around

Iceland (Pampoulie et al. 2006, 2008; Árnason et al.

2009), while this information for juvenile cod is unfortu-

nately scarce. Spawning cod sampled in 2002–2003 in the

SW of Iceland, the area covered by this study, ranged

from being predominantly of the Pan IAA genotype at the

shallowest stations to predominantly of the Pan IBB and

Pan IAB genotypes at the deeper stations (Pampoulie et al.

2006). Similar changes in genotypic frequency with depth,

at stations all around Iceland, were observed by Árnason

et al. (2009). Therefore, changes in the exploitation pat-

tern of Icelandic cod during the study period are likely to

have resulted in relatively greater fishing mortality in

deeper water and on the feeding grounds and thus may

have led to the disproportionate removal of the Pan IBB

genotype from the stock by the commercial fishery.

Thirdly, we may not be able to fully explain the causes

of these long-term temporal changes in genotypic fre-

quency in Icelandic cod until our understanding of the

population structure further improves. The distinct varia-

tion in life history traits, behaviour and Pan I genotype

frequencies of Icelandic cod is persuasive evidence that

the current stock designation does not capture the actual

geographic scale of population differentiation (Pampoulie

et al. 2006, 2008; Marteinsdóttir and Pardoe 2008). Tradi-

tionally, studies of genetic population structuring have
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utilized neutral molecular markers. Accordingly, our

microsatellite analysis did not indicate any spatial struc-

ture and the long-term stability of the population under

the assumption of neutrality could not be rejected. How-

ever, the absence of heterogeneity using neutral genetic

markers does not contradict the hypothesized existence of

different life history components in our data. Neutral

markers are poorly suited to the detection of changes in

genetic diversity because they segregate independently of

the selected loci, and in populations with relatively large

effective population sizes in particular the level of genetic

drift will be low (Conover et al. 2006; Allendorf and Hard

2009). Indeed, the population components might experi-

ence differential postsettlement selection, likely influenced

by environmental factors, but still exhibit a relatively high

level of gene flow as a consequence of larval dispersal or

mixing on breeding sites, or both. However, if there is

some degree of gene flow restriction between the stock

components, as a recent study suggests (T. B. Grabowski,

B. McAdam, V. Thorsteinsson and G. Marteinsdóttir,

unpublished manuscript), high effective population sizes

and recent separation history are two nonexclusive expla-

nations that could mask underlying stock structure (Case

et al. 2006). If the Icelandic cod stock indeed comprises

populations with limited gene flow and/or different selec-

tion schedules, then the changes in exploitation patterns

described above will have affected the stock complex by

removing the Pan IBB genotype at a faster rate than the

Pan IAA genotype. Furthermore, the different populations

may also have been targeted by the fishery in an uneven

manner. The overall effects are similar, i.e. they result in

long-term changes in genotype frequencies.

Finally in our fourth hypothesis, we recognize that the

genotype distribution at the Pan I locus may have changed

because of selection by other agents such as those of cli-

matic origin. Temperature is the only available long-term

proxy for potential environmental changes during this time

period. Examination of temporal changes in sea surface

temperature (SST) off the northern coast of Iceland

(Hanna et al. 2006) did not reveal any significant correla-

tions with changes in frequency of the Pan I genotypes

(P > 0.05). This is perhaps not surprising as ocean condi-

tions in this area have fluctuated extensively during the

study period. Between 1925 and 1964, there was a high

inflow of warm Atlantic water onto the Icelandic shelf

resulting in relatively mild temperatures (Malmberg 1986;

Astthorsson et al. 2007). In the late 1960s, the climate

shifted dramatically because of increased inflow of icy

freshwater from the Arctic (Jakobsson 1980; Malmberg

1986; Dickson et al. 1988). During this period, identified

locally as the ‘Ice Years’, temperatures dropped far below

the long-term average, reaching the lowest recordings in

1968–1969 (Astthorsson et al. 2007). Conditions subse-

quently remained more stable, until the current situation of

gradual warming, which started in 1996 (Astthorsson et al.

2007). These striking fluctuations in temperature and salin-

ity of Icelandic waters thus do not appear responsible for

the gradual and consistent changes in the genotype fre-

quencies observed in this study. Other studies have also

shown that there does not appear to be a direct link

between Pan I genotype frequencies in cod and water tem-

perature (Nielsen et al. 2007). Unfortunately, the quantita-

tive investigation of this potential relationship for Icelandic

cod is limited by the quality and quantity of available envi-

ronmental data. Although the SST time series from north-

ern Icelandic waters (Hanna et al. 2006) is thought to be

relatively representative of the average environmental con-

ditions experienced by the stock in general, Icelandic cod

are confronted with highly fluctuating environmental con-

ditions throughout their lifespan (Jakobsson and Stefáns-

son 1998); variability that can probably only be reliably

captured through data storage tags. Furthermore, the life

history stage(s) at which temperature affects the genotypic

distribution of the Pan I locus of cod is unknown. In con-

clusion, although the observed changes in genotype fre-

quencies at the Pan I locus could be the result of

simultaneous selection by both trends in temperature and

fishing, the information that does exist indicates that

although there have been persistent changes in environ-

mental conditions in Icelandic waters, those changes alone

are insufficient to explain the strong selection against the

Pan IBB observed during the last 20 years of the study.

A recent study has also attempted to explore the effects

of exploitation on genetic diversity at the Pan I locus in

Icelandic cod using samples from spawning areas around

Iceland over a 3-year period (2005–2007) (Árnason et al.

2009). The authors estimated the fitness across age groups

at the inter-cohort level and concluded that, in contrast

to our study, the changes in the frequencies of the Pan

IAA and Pan IBB genotypes were because of selection

against the Pan IAA genotype (the coastal component) by

high near-shore fishing pressure. Two potential explana-

tions for the contrasting conclusions from these studies

are evident. First, the changes in Pan IBB homozygote fre-

quencies observed in our historical time series appear

concomitant with the known changes that took place in

the fishery during that period. It is, in principle, possible

for an abrupt shift in the selection regime to have taken

place in recent years, and this is the conclusion reached

by Árnason et al. (2009) in their study using contempo-

rary, but not historical, samples. It is worth noting

though that the frequencies of the Pan IAA genotype did

not appear to have declined in our contemporary sample

(collected in 2002) in comparison with the earlier years.

Secondly, our study indicates that the genotypic variation

observed within cohorts is because of differences in matu-
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ration rates, with cod carrying the Pan IBB genotype more

likely to mature at a later age. Árnason et al. (2009) also

detected distinct changes in Pan I genotype frequencies at

the intra-cohort level, i.e. the Pan IBB genotype increased

in frequency with age of the cod. Therefore, the reported

change in the frequency of the Pan IAA genotype over the

3-year period in their study may actually have been

because of a gradual increase in the number of Pan IBB

individuals as they matured and entered the spawning

grounds, rather than the intense removal of Pan IAA cod

by the fishery. A thorough investigation of maturation

rates of cod in relation to Pantophysin genotypes would

therefore help resolve the conflicting conclusions from

these two studies. What is apparent is that historical or

temporally replicated data, such as that used in our study,

are of the utmost importance when examining changes in

the genetic composition of populations that could have

been potentially brought about by anthropogenic effects.

Significant excess of Pan I heterozygotes was observed

in five of seven cohort classes and 50% of sampling years.

Heterozygote excess at the Pantophysin locus has been

reported in other studies of Atlantic cod (Jónsdóttir et al.

1999, 2001; Beacham et al. 2002; Karlsson and Mork

2003; Árnason et al. 2009); however, the magnitudes in

the present study are higher than typically reported. The

possibility of genotyping errors because of incomplete

enzyme digestion, leading to inflated heterozygote scores

(this would not affect Pan IAA homozygotes) was thus

examined. However, repetitions of samples (ca. 30%)

showed consistent results thus rendering the hypothesis

of mis-scoring because of partial digestion unlikely.

Another explanation for the heterozygote excess observed

in this study is that heterozygotes have a selective advan-

tage i.e. in a highly fluctuating environment, such as that

inhabited by Icelandic cod, preservation of both alleles

could be beneficial both in the short and in the longer

term. The fact that polymorphisms have been maintained

at the Pan I locus for at least two million years (Pogson

and Mesa 2004) indicates there are ongoing natural selec-

tion processes influencing the genotypic distribution

(Canino et al. 2005). However, heterozygotes do not

appear to have an advantage in growth or longevity.

Indeed, even if a fluctuating environment can provide a

favourable basis for protected polymorphisms, the condi-

tions required for this are often quite restrictive (Hedrick

2006). The strength of selection needed to explain such

departures from HWE would probably thus be unrealisti-

cally elevated. Significant heterozygote excess at the Pan I

locus has also been attributed to the confounding effect

of sexes (Karlsson and Mork 2003); however, this was

not supported by our data. We therefore propose another

explanation: if heterozygotes have maturation rates that

are similar to those of Pan IAA homozygotes, i.e. allele

A exhibits some dominance (Fig. 3), the recruitment of

Pan IAA and Pan IAB cod to the spawning grounds would

occur before the Pan IBB homozygotes and would thus

generate excesses of heterozygotes. We therefore find it

likely that the observed heterozygote excess represents a

dynamical system influenced by behavioural differences

in the stock (Árnason et al. 2009). Once again, this

hypothesis could be examined through future investiga-

tions of maturation rates associated with the Pan I geno-

types.

In conclusion, decades of high fishing pressure have

resulted in evident changes in the age composition of Ice-

landic cod (Marteinsdóttir and Thorarinsson 1998; this

paper) and are also likely to have altered the maturation

schedule of this important fish stock (Pardoe et al. 2009).

In the present study, we also show that commercial

fishing has likely led to loss of adaptive variation at the

Pantophysin locus over a period of six decades. The anal-

ysis of historical genetic material from archived otolith

collections, and more specifically non-neutral markers

such as the Pan I locus, has thus proved their worth in

the assessment of the long-term effects of exploitation on

commercial fish stocks such as Atlantic cod. Our results

suggest that fisheries can shape the genetic composition

of a fish population over a relatively short time period,

thus supporting the calls for an evolutionary dimension

to fisheries management (e.g. Conover 2000; Law 2000;

Jørgensen et al. 2007; Kuparinen and Merilä 2007), ideally

through the establishment of genetic monitoring pro-

grams based on an examination of functional as well as

neutral markers (Bradbury et al. 2010) and incorporation

of genetic perspectives (André et al. 2010) into manage-

ment objectives that are concerned with the long-term

sustainability of harvested populations.
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Árnason, E., U. B. Hernandez, and K. Kristinsson. 2009. Intense

habitat-specific fisheries-induced selection at the molecular Pan I

locus predicts imminent collapse of a major cod fishery. PLoS ONE

4:e5529.

Astthorsson, O. S., A. Gislason, and S. Jonsson. 2007. Climate

variability and the Icelandic marine ecosystem. Deep Sea Research

Part II: Topical Studies in Oceanography 54:2456–2477.

Barot, S., M. Heino, L. O’Brien, and U. Dieckmann. 2004. Long-term

trend in the maturation reaction norm of two cod stocks. Ecological

Applications 14:1257–1271.

Beacham, T. D., J. Brattey, K. M. Miller, K. D. Le, and R. E. Withler.

2002. Multiple stock structure of Atlantic cod (Gadus morhua) off

Newfoundland and Labrador determined from genetic variation.

ICES Journal of Marine Science 59:650–665.

Belkhir, K., P. Borsa, J. Goudet, and F. Bonhomme. 1999. GENETIX:

logiciel sous Windows pour la génétique des populations, Version

4.03. Laboratoire Génome & Population, CNRS-UPR, Université de
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Jónsdóttir, Ó. D. B., A. K. Imsland, A. K. Danı́elsdóttir, V.
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