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Molecular systematics of gadid fishes:
implications for the biogeographic origins of
Pacific species

Steven M. Carr, David S. Kivlichan, Pierre Pepin, and Dorothy C. Crutcher

Abstract: Phylogenetic relationships among 14 species of gadid fishes were investigated with portions of two
mitochondrial DNA (mtDNA) genes, a 401 base pair (bp) segment of the cytochbogeme, and a 495 bp segment of
the cytochrome oxidase | gene. The molecular data indicate that the three species of gadids endemic to the Pacific
Basin represent simultaneous invasions by separate phylogenetic lineages. The Alaskan or walleye Thelackg
chalcogrammagis about as closely related to the Atlantic cd8ladus morhupas is the Pacific codGadus

macrocephalus which suggests thak. chalcogrammaand G. macrocephalusepresent separate invasions of the

Pacific Basin. The Pacific tomcodvjcrogadus proximusis more closely related to the Barents Sea navdgaginus
navagg than to the congeneric Atlantic tomcoticrogadus tomcog which suggests that the Pacific species is

derived from theEleginuslineage and thaEleginusshould be synonymized witMicrogadus Molecular divergences
between each of the three endemic Pacific species and their respective closest relatives are similar and consistent with
contemporaneous speciation events following the reopening of the Bering Strait ca. 3.0-3.5 million years BP. In
contrast, the Greenland coG#édus ogaf and the Pacific cod have essentially identical mtDNA sequences; differences
between them are less than those found witBinmorhua The Greenland cod appears to represent a contemporary
northward and eastward range extension of the Pacific cod, and should be synonymized with inasrocephalus.

Résumé: Les relations phylogénétiques ont été étudiées chez 14 especes de gadidés a I'aide de segments de deux
géenes d’ADN mitochondrial (ADNmt), un segment de 401 paires de base du géne cytodhmetimm segment de 495

paires de base du géne cytochrome oxydase I. Les données moléculaires indiquent que les trois espéces de gadidés
endémiques dans le bassin du Pacifique représentent des invasions simultanées de lignées phylogénétiques
indépendantes. La Goberge de I'Alaskiehéragra chalcogrammaest a peu pres aussi apparentée a la Morue franche
(Gadus morhupque la Morue du PacifigueGadus macrocephallisce qui semble indiquer quE chalcogrammaet

G. macrocephalusnt envahi le bassin du Pacifique séparément. Le Poulamon du Pacifijc®dadus proximusest

plus apparenté au Navaga de la mer de Bardalsg{nus navagpqu'a son congénére le Poulamon atlantique

(Microgadus tomcaf ce qui semble indiquer que le Poulamon du Pacifique est dérivé de la ligeésgifiuset le

nom Eleginusdevrait étre considéré comme synonymeMierogadus Les divergences moléculaires entre les trois

espéces endémiques du Pacifique et les taxons qui leur sont le plus apparentés sont semblables et rappellent les cas de
spéciation qui se sont produits apres la réouerture du détroit de Bényng ca. 3,0-3,5 millions d’années. Par

ailleurs, 'Ogac (GGadus ogay et G. macrocephalusnt des séquences d’ADNmt essentiellement identiques et les
différences entre ces taxons sont moins importantes que celles qui prévaler.chexhua Il semble donc que

I'Ogac représente une expansion d’aire contemporaine vers le nord et vers I'est de la Morhue de la Pacifique et devrait
donc étre considéré comme un synonymeGlemacrocephalus

[Traduit par la Rédaction]

Introduction (Scott and Scott 1988). The family is currently classified
into three subfamilies: Phycinae (27 species in 6 genera),
SLotinae (4 species in 3 genera), and Gadinae (22 species in
PE$p genera) (Cohen et al. 1990). Phycines and lotines resem-
Mble the ancestral form of the gadids, characterized by one or
two dorsal fins and one caudal fin and an elongate laterally
compressed body. Gadines are the more morphologically de-
rived members of the family, with greater differentiation of

The family Gadidae is a group of benthopelagic fishe
that inhabit coastal zones, continental shelves, and slo
primarily in the northern oceans at depths up to 1300
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Table 1. Scientific names, with references, for the 14 gadine species in eight genera used

in this study (after Cohen et al. 1990).

Scientific name

Genus authority

Boreogadus saiddLepechin, 1774)
Eleginus navagdPallas, 1811)
Gadus macrocephalugilesius, 1810
Gadus morhud.., 1758

Gadus ogadrichardson, 1836
Melanogrammus aeglefinus., 1758)
Merlangius merlangugL., 1758)
Microgadus proximugGirard, 1854)
Microgadus tomcodWalbaum, 1792)
Pollachius virens(L., 1758)
Theragra chalcogramméPallas, 1811)
Trisopterus esmarki{Nilsson, 1855)
Trisopterus luscuglL., 1758)
Trisopterus minutugl., 1758)

BoreogadusGiinther, 1862
EleginusFischer, 1812
GadusL., 1758

GadusL., 1758

GadusL., 1758
MelanogrammusGill, 1862
Merlangius Geoffroy, 1767
MicrogadusGill, 1865
MicrogadusGill, 1865
PollachiusNilsson, 1832
TheragralLucas, 1899
TrisopterusRafinesque, 1814
TrisopterusRafinesque, 1814
TrisopterusRafinesque, 1814

(haddock) are found in both eastern and western region®enaud 1989). Direct DNA sequencing of mitochondrial
Gadus ogadGreenland cod) andlicrogadus tomcodAt- DNA (mtDNA) has been used to study within-species varia-
lantic tomcod) are found primarily in coastal areas of thetion in G. morhua(Carr and Marshall 1994 1991; Pepin
western Atlantic and extend into the Arctic Ocean.and Carr 1993; Carr et al. 1995; Crutcher 199arr and
Merlangius merlangugwhiting) and the three species of the Crutcher 1998). Interspecies sequence comparisons have been
genus Trisopterus (T. esmarkii (Norway pout), T. luscus made betweerts. morhuaand G. ogac(Carr and Marshall
(pouting), andT. minutus(poor cod)) occur exclusively in 1991b) and many other fish species (reviewed by Lydeard
the eastern Atlantic and into the Mediterranean Seaand Roe 1997).
Boreogadus said# found in the northern Atlantic and has  In this study, we extend the examination of mtDNA se-
a circumpolar distribution in the Arctic Ocean. Species ofquence variation to include 14 species in nine genera from
Eleginus are found primarily in Arctic regionsEleginus the subfamily Gadinae in order to clarify their evolutionary
navagais restricted to coastal areas of the Barents, Whiterelationships and understand their biogeographic origins and
and Karas seas, arfleginus gracilisis found in the Bering distributions. We are particularly interested in the relation-
Sea and the North Pacific. Three species of gadines are eships of the three endemic Pacific species.
demic to Pacific watersTheragra chalcogrammédwalleye
or Alaska pollock) andGadus macrocephalu@acific cod -
are foundpon bc))th the eastern andIo wesﬁtjern contin)ent:!vlaterIals and methods
shelves of the Pacific Ocean, amicrogadus proximuss Specimens ofB. saida G. oga¢ and G. morhuawere col-
found from the southern Bering Sea to central California andected on the Newfoundland shelf between 1991 and 1993 (Depart-
inhabits coastal areas much like the Atlantic species of thenent of Fisheries and Oceans, St. John’s, Nff@ieragra chalco-
genus. gramma M. proximus and G. macrocephalusvere collected from
Although the gadids are a commercially important family, the Hecate Strait _off the west coast of British_ Columbia ?n 1993
their evolutionary relationships are relatively poorly under-(P€partment of Fisheries and Oceans, Nanaimo, B.Elgginus

: f avagawas collected in the Barents Sea in 1994 (Norsk Institutt
stood. Many of the species were known to Linnaeus, and a@or fiskeri og havbruksforskning AS, Tromsd, Norwaylelano-

of those descr'bed_above were originally placed in the 9€NUsrammus aeglefinuand P. virenswere collected from George’s
Gadus there has since been little agreement on their classigank off the east coast of New England in 1991 (National Marine
fication (reviews by Svetovidov 1948; Fahay and MarkleFisheries Service, Woods Hole, Mass., U.S.AMlerlangius
1984; Cohen 1989; Cohen et al. 1990) (Table 1). Previousnerlangus and the three species ofrisopterus (T. esmarkij
systematic work has relied on comparisons of morphologyr. luscus and T. minutu$ were collected from the North Sea in
(Svetovidov 1948) or adult and juvenile osteological charac1991 (Ministry of Agriculture, Food and Fisheries, Lowestoft,
ters (Dunn 1989), and has emphasized elucidation of highe¥-K.). Microgadus tomcodvas collected from the Gulf of St. Law-
order relationships among families and subfamilies. Severdfnce (Université Laval, Québec, Que.). Collecting localities for all
recent studies have examined genetic relationships withiﬁagﬁ’l'ﬁs are shown 'r(‘j ';'9' 1'f . i the acid
and among closely related species. Protein electrophoretig was extracted from frozen muscle tissue with the acl

. h b d ithih chal uanidium thiocyanate — phenol — chloroform DNA extraction
comparisons have been made within chalcogramma  ,aiqq (Bartlett and Davidson 1992). Two portions of the mito-

(Grant and Utter 1980), foiG. morhuaand G. macro-  chondrial genome were amplified by the polymerase chain reaction
cephalus(Grant et al. 1987; Grant and Stahl 1988), and for(pcR). A region including a 401 base pair (bp) segment at the 5
G. morhua G. macrocephalysG. ogag B. saidg T. chalco-  end of the cytochromeb sequence was amplified with oligo-
gramma E. gracilis, and M. tomcod(Renaud et al. 1986; nucleotide primers 'scgaagcttgatatgaaaaaccatcgttgd3l4724 of

2D.C. Crutcher. 1996. Population structure of Atlantic c@&h@us morhujin the northwest Atlantic as determined by mitochondrial DNA
sequence data. B.Sc. (Hons.) thesis, Memorial University of Newfoundland, St. John's.
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Fig. 1. Polar projection map showing locations of sample collections.

E. navaga

Bering

Irwin et al. 1991) and Bgcccctcagaatgatatttgtcctca{8i15149 of  transversion only, and 10 random taxon additions with the tree-
Kocher et al. 1989). A region including a 495 bp segment of thebisection-and-reconnection branch-swapping option); bootstrap
cytochrome oxidase | gene was amplified with oligonucleotideanalysis of parsimony trees was done with 1000 replicates, each
primers %cctgctggaggaggtgatcc-3Colfcod-L, modified from  with 5 random taxon additions and the nearest-neighbor-
Kessing et al. 1989) and-bcagagattagagggaatcagtgi@Gole-H of  interchange branch-swapping option.

Kessing et al. 1989). PCR reactions were carried out as described

by Carr and Marshall (19@1 1991), Crutcher (1996, see footnote

2), and Kivlichan (1997§. DNA sequencing was accomplished Results

with a fluorescent dye terminator chemistry and an Applied

Biosystems 373A automated DNA sequencer, and the same primer Among 14 gadid species, 273 of the 896 nucleotide posi-
pairs that were used for amplification (Carr and Marshall 1)91 tions examined from both gene segments were variable; 217
At least two individual fish from each species were analyzed. Thepf these were phylogenetically informative (sensu Nei
DNA sequences reported here are a consensus of _the two compl§987). Within the 495 bp segment of the cytochrome
mentary strands; all sequences are given as their coding-strandijase | gene, there were 141 variable nucleotide positions

qug’gleenrfiés ere analyzed with the SeqEd™ 675 DNA Seq o 2f which 122 were phylogenetically informative. Within the
u W yzZ WI u
Editor (Applied Biosystems, Inc.) and the ESEE program (Caboml bp segment of the cytochronbegene, there were 132

and Beckenbach 1989). Maximum-likelihood (ML), neighbour-R/aIrIIam? ”“C't?c’“d_l?hpos'“ons of which 95b""e.trte g?y'gge%et"k
joining (NJ), and maximum-parsimony (MP) analyses were per-Ca y Informative. The sequences were submitted o Lensan
formed with the PAUP (Phylogenetic Analysis Using Parsimony)@nd have been assigned the accession numbers AF081682—

program (version 4, release d63) (Swofford 1998). ML analysesAF081695 (cytochromé sequences foB. mor_huaG. macro-
were made with empirical estimates of the transition/transversiortephalus G. ogag T. chalcogrammaB. saidg M. aegle-
ratio (Ts/Tv) as 8.4 and the gamma parametgr,as 0.158, a finus P. virens E. navaga M. proximus M. tomcod T. minu-
heuristic search with five random taxon additions, and the nearestus, T. luscus andT. esmarkij respectively) and AF091696—
neighbour branch-swapping option, with and without enforcementAF081709 (cytochrome oxidase | sequences for these
of the molecular clock constraint. Bootstrap analyses were perspecies in the same order as above).

formed by a heuristic search with a taxon-addition order deter- Table 2 shows the genetic distances calculated for the
mined by NJ and a heuristic search with a single nearest- : g }
neighbour-interchange branch-swapping for each of 1000 rep"_comblned data set of 896 bp as uncorrected pairwise nucleo

cates. NJ analysis was performed on ML and Tamura-Nei (T-Njid€ differences and T-N distanceSadus macrocephalus
distances (Tamura and Nei 1993) (Ts/Tv and gamma parameters #d G. ogachave identical sequences for the two gene seg-
above, or a gamma parameter of 0.5); bootstrap analysis was dof@ents. Identical sequences fGr macrocephaluiave been
with 1000 replicates. MP analysis was done by heuristic searciobtained from four individuals from two separate sources;
(transversion to transition weightings of 1:1, 3:1, 8.4:1, andidentical sequences fo&. ogac have been obtained from

3D.S. Kivlichan. 1997. Biogeographic origins of gadid fishes as inferred from mitochondrial cytochrome oxidase | and cytdziseme
quences. B.Sc. (Hons.) thesis, Memorial University of Newfoundland, St. John’s.
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Table 2. Pairwise numbers of nucleotide differences (lower half of the matrix) and Tamura—Nei distances (upper half of the matrix)
calculated from 896 bp of mitochondrial cytochrohend cytochrome oxidase | genes from 14 gadid species.

G. macro- T. chalco-
G. morhua cephalus G. ogac gramma B. saida M. aeglefinus

G. morhua 0 0.054 0.054 0.043 0.061 0.130
G. macrocephalus 44 0 0 0.045 0.064 0.129
G. ogac 44 0 0 0.045 0.064 0.129
T. chalcogramma 35 37 37 0 0.052 0.130
B. saida 49 51 51 42 0 0.151
M. aeglefinus 95 94 94 94 104 0

M. merlangus 76 77 7 77 82 83

P. virens 82 86 86 80 86 106

E. navaga 97 90 90 95 105 122

M. proximus 104 107 107 105 110 121

M. tomcod 112 109 109 113 110 139

T. minutus 124 119 119 119 127 134

T. luscus 129 120 120 127 133 145

T. esmarkii 127 128 128 127 135 149

multiple individuals (P. Pepin and S. Carr, unpublished ob-vertebrate patterns (Kocher and Carleton 1997), trans-
servation in Pepin and Carr 1993), with only one nucleotideversions did not accumulate on deeper branches in these
variant, which is not shared with other taxa (not shown).data. In MP analyses with low weightings of transversions
Gadus ogaavas therefore removed from subsequent analyto transitions (3:1, or 1:1 as in Fig. 2CM. aeglefinus
ses, which were thus done on 13 taxa. Otherwise, the mosgfroups withM. merlangusas it does in the ML and NJ anal-
similar pair isG. morhuaand T. chalcogrammawhich dif-  yses, whereas when transversions are more heavily weighted
fer by 35 substitutions and a distance of 0.043. The leastempirical 8.4:1), the former species pulls out as a separate
similar pairs areM. aeglefinusandT. esmarkij which differ  lineage.

by 149 substitutions and a T-N distance of 0.234Mottom- Separate analyses of the cytochrome oxidase | (Kivlichan
cod and T. minutus which differ by 146 substitutions and a 1997, see footnote 3) and cytochrofmeequences identified
T-N distance of 0.242. the same four groups described above; however, bootstrap

ML (Fig. 2A), NJ (Fig. 2B), and MP (Fig. 2C) methods all supports were weaker than those in the combined analysis
produced trees with similar topologies. The following (results not shown).
groups were identified as clusters (ML and NJ analyses) or
clades (MP analysis) in at least 50% of the bootstrap repligy: =
cates from all three methods) @ll three Trisopterusspp., Discussion
T. luscusbeing the sister to the other two species, and the The biogeographic evidence provided by the present-day
genus being the sister group to the remaining tai;tlle  distribution of gadine species suggests that their original
two Microgadusspp. plusE. navagathe latter species being area of endemism was the eastern North Atlantic
more closely related taM. proximus than either is to (Svetovidov 1948). The molecular data confirm this, and
M. tomcod (iii) M. aeglefinus+ M. merlangus and further indicate that the three endemic Pacific species of ga-
(iv) Gadusspp. +B. saida+ T. chalcogrammaThe relation-  dids represent distinct phylogenetic lineages that have en-
ships of P. virenswere indeterminate: it falls outside all of tered the Pacific Basin independently (Fig. 3). The Atlantic
the above groups, but its exact relationships are otherwistomcod M. proximug is more closely related t&. navaga
indeterminate. Groupsi andiv occurred as sister groups in from the Barents Sea than to the congeneric Pacific tomcod
ML and MP but not NJ analyses. (M. tomcod. Boreogadus saidand T. chalcogrammaare
The lack of consistent bootstrap support for the deepeabout as closely related ®. morhuaas isG. macrocephalys
branches among the different analyses appears to be, in pawthich suggests that. chalcogrammandG. macrocephalus
a consequence of a high number and unusual pattern of nuepresent separate invasions of the Pacific Basin.
cleotide substitutions i. aeglefinusand M. tomcod(cf. The genusGaduspresently comprises three nominal spe-
Table 2): there are six unique amino acid substitutions ircies,G. morhua G. macrocephalusand G. ogac(Cohen et
M. aeglefinugs more than in any other taxon in this study. In al. 1990). The Greenland co&( ogaq is usually regarded
NJ analyses, T-N distances with the empirically estimateds more closely related to the partially sympatric Atlantic
gamma parameter produced extremely long branch lengthspeciesG. morhuathan either is to the allopatric, endemic
in M. aeglefinusand M. tomcod whereas ML distances Pacific speciess. macrocephalusGrant and Stahl (1988)
(Fig. 2B) or T-N distances with gamma parameters closer tshowed that, as measured by protein electropho@sisiacro-
0.5 produced results similar to the MP and ML analyses. Focephalusis less genetically variable tha@. morhua Low
relatively short DNA sequences, ML distances seem to b@enetic variability and the distribution of allele frequencies
more reasonable estimates of genetic distance than eithar the Pacific species are consistent with the notion that the
T-N or Kimura two-parameter models (D. Swofford, per- Pacific species underwent a bottleneck at the time of its ori-
sonal communication). As well, and in contrast to typicalgin. Those authors suggest tiat macrocephalusgs derived
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Table 2 (concluded.

M. merlangus P. virens E. navaga M. proximus M. tomcod T. minutus T. luscus T. esmarkii
0.100 0.112 0.134 0.146 0.171 0.187 0.191 0.190
0.100 0.117 0.123 0.153 0.165 0.176 0.172 0.188
0.100 0.117 0.123 0.153 0.165 0.176 0.172 0.188
0.102 0.108 0.130 0.149 0.174 0.179 0.186 0.190
0.110 0.120 0.151 0.161 0.170 0.196 0.199 0.207
0.110 0.155 0.179 0.178 0.228 0.204 0.227 0.234
0 0.120 0.136 0.151 0.184 0.177 0.199 0.192
87 0 0.159 0.149 0.159 0.167 0.196 0.178
99 110 0 0.064 0.144 0.214 0.199 0.219

107 105 52 0 0.135 0.199 0.197 0.214

118 105 98 94 0 0.242 0.223 0.237

121 116 141 133 146 0 0.135 0.102

133 131 136 134 144 97 0 0.148

129 122 145 140 145 78 107 0

from G. morhuaand migrated through the Bering Strait cludingG. ogag may stem from the same bottleneck that re-
when it first opened ca. 3.0-3.5 million years BP (Hermanduced nuclear gene variation (Wilson et al. 1985). Another
and Hopkins 1980). Although the Isthmus of Panama wasdndication of similarity betweenG. macrocephalusand
also submerged at this time, it is unlikely that gadidsG. ogacis that both produce negatively or neutrally buoyant
reached the Pacific Basin by that route, as no extant specieggs. This is in contrast t&. morhua T. chalcogramma
occur that far southGadus ogacis distinguished from and most other gadines, which have positively buoyant eggs
G. macrocephaludy the coloration of the peritoneum and (Microgadus and Eleginus also have negatively buoyant
by a marked difference in siz&. ogacis not usually longer demersal eggs, see below).
than 70 cm, wherea&. macrocephalugan grow to over Relationships among the nominal gener&adus
100 cm. The smaller size @&. ogacmay be due to the harsh Theragra and Boreogadusare not well resolved; however,
Arctic environment (Scott and Scott 1988; Brander 1995) pairwise sequence differences (Table 2 and Fig. 2D) suggest
Growth of G. macrocephalugs much faster in the south and the occurrence of more or less simultaneous separations con-
spawning occurs at a younger age than in colder northertemporaneous with those with®dadus If G. macrocephalus
waters (Cohen et al. 1990). However, despite these differwere the outgroup to the remaining taxa (cf. Fig. 2A), or less
ences, the current data, as well as previous protein electraiosely related toG. morhuathan wasT. chalcogramma
phoretic comparisons, show thd&. macrocephalusand (cf. Fig. 2D), then the nomenclature d@oreogadusand
G. ogac are genetically indistinguishable. Renaud et al.Theragramight require revision. Pending clarification of the
(1986) examined 21 electrophoretic loci@adus Of these, relative branching order of these taxa, we suggest that the
17 loci were fixed for identical alleles between the Pacificthird endemic Pacific speciesl. chalcogramma is yet
G. macrocephalusand the AtlanticG. ogacand 4 differed another independent invasion of the Pacific Basin that oc-
only by the presence of minor alleles at low frequencies. Ircurred as part of a rapid adaptive radiation at the time of
contrast, the sympatri@. morhuaandG. ogacshowed fixed the reopening of the Bering Strait. Grant and Utter (1980)
allele differences at 7 of these loci. In the same region of theshowed that this species, like. macrocephalysis geneti-
cytochromeb gene examined here, more than 50 genotypesally depauperate compared wiBh morhuawith respect to
have been identified i5. morhua some of which differ by its protein-electrophoretic alleles and that it, li&e morhua
as many as six nucleotide substitutions (Pepin and Camloes not occur as multiple genetically distinct local stocks
1993; Carr et al. 1995; Crutcher 1996, see footnote 2; Carfcf. Pepin and Carr 1993; Carr et al. 1995; Bentzen et al.
and Crutcher 1998). Although our population samples ard996; Carr and Crutcher 1998). Life-history characteristics
small, G. ogacand G. macrocephaluseem to be much less that have placeds. morhuaand T. chalcogrammaamong
genetically differentiated than transatlantic populations ofthe world’s most successful fishery resources may well be
G. morhua or even populations on the Grand Bank and thethe result of a common evolutionary history.
adjacent Flemish Cap (Crutcher 1996, see footnote 2; Carr The molecular data indicate thall. proximusis more
and Crutcher 1998). We therefore suggest tBatogacis  closely related toE. navagathan to the other congeneric
simply a northward and eastward extension of the range aiomcod,M. tomcod The genetic distance betweEnnavaga
G. macrocephalusand that gene flow probably continues andM. proximus(0.064) is approximately equivalent to that
throughout this regionGadus macrocephaluand G. ogac  betweenG. macrocephaluand G. morhua(0.053), whereas
should be synonymizedGadus macrocephaludilesius, the distance between the twdicrogadusspecies (0.135) is
1810 has nomenclatorial priority ov€&adus ogadrichard-  more than twice as large. If the divergence of the adus
son, 1836. A lower level of cytoplasmic genetic diversity species corresponds to a separation at the time of the first
with respect toG. morhuathroughout the range of a geo- opening of the Bering Strait, these data would suggest that
graphically widespreads. macrocephalugsensu lato, in- the separation of the Pacific and Atlantic lineages of
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Fig. 2. Relationships among 14 species of gadids suggested by three methods of phylogenetic analysis of 896 bp of mitochondrial
cytochromeb and cytochrome oxidase | genes. The number below the branch indicates the percent occurrence of that branch among
1000 bootstrap replicates. (A) ML analysis: Ts/Tv = 8.4 and gamma parameter = 0.16. (B) NJ analysis: ML distances, Ts/Tv, and
gamma parameter as above. (C) MP analysis: transitions and transverions equally weighted. (D) MP relationshigSaamesgp.,

B. saidg andT. chalcogrammaThe inferred number of nucleotide substitutions along each branch is indicated. None of the branches
are supported by bootstrap analysis (cf. C).

T. luscus = T. Juscus
90 T. minutus 76 T. minutus
T. esmarkii T. esmarkii
100 P. virens 100 P. virens
98 [ M. tomcod 100 M. tomcod
li'l— M. proximus —E M. proximus
E. navaga E. navaga
97 pe— M. aeglefinus 50 92 g M. aeglefinus
73 S M. merlangus b M. merlangus
95 G. macrocephalus/ogac (. macrocephalus/ogac
69 G. morhua 80 e G, morhua
B. saida e B. saida
(A) ML = T. chalcogramma (B) NJ | chalcogramma
T. luscus M. merlangus
62 T. minutus
T. esmarkii
50 P. virens 59
100
98 M. tomcod
_1&: M. proximus T. chalcogramma
; E. navaga 20
4 M. aeglefinus G morhua B. saida
o1 —L v merlangus 16 |8 ’
G. macrocephalus/ogac 19
91 e G morhua
. G. macrocephalus/ogac
(C) MP —— B. saida (D) P g
e T chalcogramma

Fig. 3. Hypothetical reconstruction of the biogeographic origins and distributions of gadids as inferred from DNA sequence data. The
cladogram is based on a ML analysis (cf. Fig. 2A) with the molecular clock constraint enforced. Relationships@adosgpp.,

Theragra and Boreogadusare unresolved and have been collapsed at the average distance among these taxa. Shaded lines indicate
present-day distribution of extant lineages; lines with dashes indicate secondary distributions. Distributitegirafsand Pollachius

include those folE. navagaand P. pollachius which were not included in this study (see the text). The time scale is based on data in
Table 2; the calibration rate is 1.5% per million years per pair of lineages (cf. Bermingham et al. 1997, p. 119).

E. Atlantic Trisopterus luscus

T. minutus

T. esmarkii

W. Atlantic & = Microgadus tomcod
' = Eleginus

M. proximus

Pollachius

Melanogrammus

Merlangius

@ Boreogadus

- G. macrocephalus/ogac

Gadus morhua

Theragra

18 15 12 9 6 3 million years BP

Microgadusmust have occurred well before this time, and (Fig. 3). The ancestor dfl. proximusevidently evolved in
that the Pacific species was derived frdfteginusat about the Barents Sea and migrated eastward through the Siberian
the same time as the two species Gfadus separated Sea and Bering Strait to the Pacific Ocean (Messtorff 1973).
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To keep Microgadus monophyletic (sensu Farris 1974), requires 33 changes in the morphological data and 517
E. navagashould be included in the genus BBcrogadus changes in the molecular data. Svetovidov recognized
navaga (Pallas, 1811). The relationships d. gracilis  Trisopterusas the outgroup to the remaining gadines, and a
(which was not included in this investigation) will require close relationship betweddlicrogadusand Eleginusas suc-
clarification. We hypothesize that this species represents eessive taxa in his key (though they are therefore not each
fourth independent invasion of the Pacific Basin and is mosbther’s closest relative). The poor fit of Svetovidov's ar-
closely related tdVl. navaga The ranges of. gracilisand rangement to the molecular data is due in part to his separa-
M. proximusoverlap extensively in the waters around thetion of Gadusfrom Boreogadusand Theragra

Aleutian Islands south of Alask&leginusand Microgadus We conclude that although morphological data are com-
are distinct from all other gadines in possessing continuoupatible with the molecular tree, the reverse is not true. Dunn
lateral lines along all or part of their length, which would (1989) acknowledged that analyses of gadiform morphologi-
seem to be a synapomorphy of the group. These taxa alsgal data are troubled with a high degree of homoplasy
have negatively buoyant eggs, unlike most other gadines eXparallel change) and difficulties in determining character
ceptG. macrocephalusensu lato, as noted above. The ex-polarity. Many of the internal and external features of these
panded parapophyses of the precaudal vertebrae igpecies seem to have arisen independently in different lin-
M. navagawould appear to be autapomorphic and the partiaeages. We concur, and suggest that reevaluation of the evo-
expansion of these structures i gracilis an intermediate lution of osteological and morphological characters among
stage. AlternativelyE. gracilis might be more closely re- gadids is required in light of the molecular analysis pre-
lated toM. proximusand its distribution north of the Bering sented here.

Strait a reinvasion of this area. This seems less likely, both
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