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Summary

Atlantic salmon in Maine, once abundant but now seriously depleted, were
listed as endangered under the federal Endangered Species Act (ESA) in
November 2000. Thelisting coversthewild fishin eight Maineriversasa
single“ distinct population segment.” Thecontroversy in Mainethat accompa-
nied the listing led Congress to request the National Research Council’s
(NRC's) advice on the science relevant to understanding and reversing the
declinesin Maine’ ssalmon populations. ThechargetotheNRC’'sCommittee
on Atlantic SdlmoninMaineincluded aninterim report focusing onthegenetic
makeup of Maine Atlantic salmon populations. Thisis the interim report.

Understanding the genetic makeup of Maine's salmon isimportant for
recovery efforts, becausethedegreetowhich populationsin Mainediffer from
adj acent popul ationsin Canadaand the degreeto which popul ationsin different
Maineriversand tributariesdiffer from each other affect the choice of recov-
ery options that are most likely to be effective. This report focusesonly on
guestionsof genetic distinctiveness. Thecommittee sfinal report will address
thebroader i ssues, such asthefactorsthat have caused Maine’ s salmon popu-
lations to decline and the options for helping them to recover.

SALMON BIOLOGY
Naturally reproducing populationsof Atlantic salmonoccur inriversand
streamsfrom southwestern Maineto northwestern Europe. Historically, they

werefoundintheHudson River in New Y ork and north and east to the Cana-

1
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dian border but today arefound only inMaine, fromthelower Kennebec River
tothe Canadian border. Thepopulationshavedeclineddrastically, from per-
hapshalf amillion adultsreturningto U.S. riverseach year intheearly 1800s
to about 1,000 in 2000.

Salmon spawninfresh water, wherethe young hatch and grow for ayear
or 2beforemigratingto sea. At sea, they grow faster inthe rich marine envi-
ronment and then return to the rivers where they hatched (called natal
streams) to spawn. Most fish dieafter spawning, but somereturnto the ocean,
and some of thosereturnto spawnagain. Adultsreturntotheir natal streams;
only about 2% stray to other (usually nearby) streams.

The occasional straying is probably important evolutionarily, becauseit
allowsrecolonization of astreamif thelocal population diesout and provides
for small infusions of new genetic material for evolutionary adaptation to
changing conditions. Their homing providesan opportunity for thesalmonto
adapt to environmental conditionsintheir natal streams. Thiscomplex life-
history pattern makes salmon vulnerabl eto environmental disruptionsboth at
seaand in fresh water. It also complicates the understanding of the genetic
makeup of salmon popul ations because of therel ationship between local adap-
tations and exchange of genetic materia through occasional straying.

HATCHERIESAND AQUACULTURE

Augmentation of wild populationsof Mainesalmonwith hatchery releases
began inthe early 1870s. At first, young fish were obtained from Lake On-
tario, and then the Craig Brook Hatchery, using eggs from Penobscot River
fish in Maine, was the stocking source. By the 1920s, Canadian eggs were
being used, followed inthe 1940s by eggs from the M achias, Penobscot, and
Dennysriversof Maine. Inthe1950sand 1960ssomeeggsof Canadianorigin
were used again, but by the late 1960s, eggs from Maine’s Machias, Nar-
raguagus, and Penobscot riverswere used. Fishreared in hatcheriesderived
from Penobscot River fish were used until late 1991, when the practice of
river-specific stockingwasadopted. The protocol used sinceinvolvescatching
young, actively feeding fish (parr) intheriver, rearing themto maturity inthe
hatchery, mating them, and releasing the resulting fry into the rivers before
they start to feed.

Inadditionto stocking, which at least until 1992 added to riversmany fish
(and eggs) whose genotypesdid not reflect adaptation to thelocal environment,
aquaculture (farming) of Atlantic salmonbeganin Maineinthe 1980s, thefirst

Copyright © National Academy of Sciences. All rights reserved.
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fishfor market being producedin 1987. Derivedin part from European Atlan-
tic salmon, the genetic strains used for fish farming are even more different
from native strains than hatchery strains. Farmfish escape at all life stages,
despite the efforts of producers to prevent escapes. In some years and in
some rivers, more escaped farm fish return to spawn than wild fish. The
impact of escapeeson thegeneticsof wild populationsisnot well documented
inMaine, but both hatchery- and pen-reared fish compete poorly inriverswith
wild fish in other areas that have been studied. However, because there are
so many escaped farm fish compared with wild fish in some rivers, some
impactislikely to have occurred, especially asfarm production hasincreased
in recent years.

Theaddition of so many nonwild genotypesfrom hatcheriesand possibly
from agquaculture escapees hasled someto concludethat thefishreturning to
spawninMain€ sriverscould not possibly represent anything morethan some
nonnative mix of genotypes from Europe, Canada, and Maine. If that were
true, then optionsfor conservation might be considerably different fromthose
that might beundertakenif thewildfishinMaineweredistinct, and that iswhy
itisimportant to understand the genetic makeup of thewild salmon popul ations
in Maine.

THE DATA ON GENETICSOF MAINE SALMON

The committee’ sfocusin thisinterim report is on assessing how Maine
salmon populationsdiffer from other Atlantic salmon populationsand among
themselves. The committee has addressed the question at threelevels. First,
are North American Atlantic salmon genetically different from European
salmon? Second, areMainesamon distinct from Canadian salmon? Third, to
what degreeare salmon populationsintheeight Maineriversmentionedinthe
ESA listing distinct from each other?

Much of the evidence on genetic distinctiveness is based on laboratory
analysesof variationsinthegene products(proteins) andinthegenetic mate-
rial (DNA) itself. The preliminary evidence indicated distinctiveness at all
threelevels, andthat indicationled tothe ESA listing. However, theevidence
has been questioned on statistical, methodological, biological, and other
grounds, and so it bears close evaluation.

Thecommitteeeval uated theoriginal evidence, includingtechnical reports,
aswell asnewly publishedinformation. Itreviewed earlier studiesand studies
of similar situationsinvol ving other |ocationsand some other speciesof fishes

Copyright © National Academy of Sciences. All rights reserved.
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inthe salmon family and considered the questions rai sed about the evidence
onMainesalmon. Inaddition, thecommittee considered the effect that over-
lapping generations' of salmon might have on the evidence.

Theevidenceondistinctivenessof Mainesalmonincludesstatistical stud-
ieson avariety of protein and DNA markers. The statistical significance of
the results is so strong and the departures from random expectations are so
largethat the committeejudged theresultsto be persuasive. Many appropriate
guestions have been raised about the evidence, and the most recent studies
have benefited from criticismsof earlier work. Thosecriticismscould still be
used toimprovefuturework, but the general conclusionsare so strongly sup-
ported by the evidence that they are not invalidated by imperfectionsin the
data collections or analyses.

The committee concludesthat North American Atlantic salmonareclearly
distinct genetically from European salmon. Inaddition, despitetheextensive
additionsof nonnative hatchery and aquaculturegenotypesto Maine' srivers,
theevidenceissurprisingly strongthat thewild sdmoninMainearegenetically
distinct from Canadian salmon. Furthermore, thereis considerable genetic
divergenceamong populationsintheeight Maineriverswherewild salmonare
found.

Theheavy stocking of sailmoninMaine' sriversand streamshasincluded
periodsof heavy Canadian stocking, interspersed with strictly Maine stocking.
Exactly how much Canadian genetic material hasinfiltrated Maine salmon
populations is impossible to judge at this date.

Itisthusappropriateto ask whether wild salmonin Mainereflect only (or
mainly) theresult of decades of hatchery stocking. That seemsunlikely, be-
causeif that were so, Maine salmon should be more similar to Canadian sal-
mon than they are. In addition, if their genetic makeup were largely due to
stocking of nonloca salmon broadly acrossMaing’ srivers, salmon populations
within Mainewould be genetically much moresimilar thanthey are. A related
guestion is whether the genetic differences among the fish in the various
Maine streams reflect natural processes that occur in watersheds that are
connected in networks. More specifically, the issue concerns the relative
importance of natural selection over long periods, whichinfluenced thediffer-
entiation of Maine’ soriginal salmon populations, versus recent genetic drift
(sampling effects) caused by small populations. Thisquestion cannot bean-

'Before progeny hatched in a particular year can reproduce, progeny hatched in
earlier yearswill reproduce. Thus, the generations overlap.
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swered at present, but the pattern of genetic variation seen among Maine
streams is similar to patterns seen elsewhere in salmon and their relatives
whereno stocking hasoccurred. Mainestreams have salmon popul ationsthat
aregenetically asdivergent from Canadian salmon popul ationsand from each
other aswould be expectedin natural salmon populationsanywhereelseinthe
Northern Hemisphere.

Copyright © National Academy of Sciences. All rights reserved.
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1
| ntroduction

BACKGROUND

M aine was once the home of abundant popul ations of wild Atlantic salmon
(Salmo salar), but they have been declining since at |least the middle of the
nineteenth century (Baum 1997). Despite conservation efforts over the past
130yearsor so, popul ationsin Mai ne have continued to decline, and now they
areseriously depletedinall theriversthat till retain natural runs. Only about
1,000 adultsreturned to Maine streamsto spawnin 2000. Thedeclinesledto
the listing of Atlantic salmon in eight Maine rivers (Cove Brook, Dennys,
Ducktrap, East Machias, M achias, Narraguagus, Pleasant, and Sheepscot) as
endangered under thefederal Endangered SpeciesAct (ESA) by theFishand
Wildlife Service (FWS) and the National Marine Fisheries Service (NMFS)
(Figure l). Thoseeight riverstogether had only around 100 returning adults
in 2000.

No onedisputesthe general seriousnessof the declines, but many people
in Maine claim that the populations are not wild and, therefore, oppose the
ESA listing.! They argue that the fish are derived mainly from hatchery

The term wild is used by the committee to mean populations of salmon that have
been maintained by natural spawning for at least two full generations. The committee
agrees with Baum (1997) that pristine salmon populations—populations that have
aways been wild with no human influences on their genetic makeup—almost surely do
not exist in Maine. The term natural is used for salmon populations that are derived

6
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1. Aroostook
2. Meduxnekeag
3. Prestile Str.
4. St Croix
*5.  Dennys
*6. East Machias
*7. Machias
*8. Pleasant
*9.  Narraguagus
9a Tunk Stream

Vermont

21

10. Union
*11. Penobscot
*11a Cove Brook
*12. Ducktrap
*13. Sheepscot
14. Kennebec
15. Androscoggin
16. Saco

17. Cocheco
18. Lamprey
19. Merrimack
20. Pawcatuck

W o Comest

FIGURE 1 USA Atlantic salmon rivers with active restoration/recovery programsin
New England. * The eight DPSriversin Maine listed as endangered under the ESA are
(5) Dennys, (6) East Machias, (7) Machias, (8) Pleasant, (9) Narraguagus, (11a) Cove
Brook, (12) Ducktrap, and (13) Sheepscot. Source: E. Baum, Atlantic Salmon Unlim-
ited, unpublished material, 2001. Printed with permission of the author.

from parents’ reproduction in streams rather than stocking.

Copyright © National Academy of Sciences. All rights reserved.
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stocking and agquaculture escapes. If so, then appropriate measures to in-
crease the number of salmonin Maine' sriverscould be quite different from
appropriate measuresto increasewild salmonrunsinthoserivers. Thecontro-
versy led Congress to mandate a study of Atlantic salmon in Maine by the
National Research Council (NRC), includinganinterimreportintimeto help
any recovery efforts (see Appendix A for committee’ s statement of task).

Thisistheinterimreport. The NRC’s Committee on Atlantic Salmonin
Mainehopesit will helptoinform any future salmon-recovery efforts, whether
they are undertaken under the ESA or otherwise, becauseif the populations
aregenetically indistinguishabl e, then it would be hard tojustify recovery pro-
gramsthat treat the populationsin different drainages separately, whereasif
they aredistinguishabl e, then such programs might bejustifiable. Thereport
focuseson the genetic characteristics of thewild populationsin Maine, espe-
cialy in the listed rivers.

THE LISTING OF SALMON
UNDER THE ENDANGERED SPECIESACT

The ESA of 1973 as amended, most recently by Public Law 100-478 in
1988, defines speciesasincluding “ any subspeciesof fishor wildlifeor plants,
and any distinct population segment of any species o[f] vertebrate fish or
wildlifewhichinterbreedswhen mature” (Section 3{ 15} ). Thesalmoninthe
eight Mainerivers—including“ al naturally reproducing wild popul ationsand
thoseriver-specific hatchery populationsof Atlantic salmon having historical,
river-specific characteristics found north of and including tributaries of the
lower Kennebec River to, but not including, the mouth of the St. Croix River
at theU.S.-Canadaborder” —werelisted asan endangered distinct popul ation
segment (DPS) by FWS and NMFS (“the Services’) on November 17, 2000
(DOI and DOC 2000). The science that underlies the ESA; the concept of
species, including subspecies and DPSs; and the meaning of “endangered”
under the ESA arediscussedin considerabledetail intwo earlier NRC reports
(NRC 1995, 1996).

Inthisinterim report, the committee focuses only on the genetic makeup
of natural populationsof salmonin Maineand whether they aredistinct from
salmon populations elsewhere and from each other. The committee’ sfinal
report will address broader issues, such asfactors contributing to the decline
of Maine's salmon populations and options for helping them to recover.

Copyright © National Academy of Sciences. All rights reserved.
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THE PRESENT STUDY AND REPORT ORGANIZATION

For this study, the committee met twicein Maine. Atitsfirst meetingin
Bangor on June 12-14, 2001, the committee heard presentations from repre-
sentatives of the state government of Maine, including Governor AngusKing;
fromthe Services; fromtheAtlantic Salmon Commission; and fromavariety
of industry, academic, environmental, and other private organizations and
individuals. Atitssecond meetingon September 20-22, 2001, membersof the
committeevisited an Atlantic salmonfarm and two blueberry farmsin Wash-
ington County, aweir onthe Pleasant River, and thefederal hatchery at Craig
Brook. Thecommitteereceived additional briefingsin Bangor. A complete
list of the presenters and facilitiesvisited isin Appendix B. The committee
also considered an array of published literature and reports.

Section 2 of thereport briefly reviewsthebiology and evolution of Atlantic
salmoninMaine. Section 3 describesthe current state of Atlantic salmonin
Maine, includingtheir stocking history and the aquacul ture escapementsthat
are relevant to the question of wild- population genetic makeup. Section 4
provides a description of the available data on genetic makeup and analyses
of these data. Section 5 discusses data quality and related issues. Finally,
Section 6 presentsthecommittee’ sconclusion that thewild salmon popul ations
in Maine are genetically distinct from salmon in Canadaand el sewhere; fur-
thermore, there is divergence even among populations within Maine. This
pattern and degree of genetic variation among popul ationsis consi stent with
the patterns observed in wild salmon populations elsewhere.
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Biology and Evolution of
Atlantic Salmon

NATURAL HISTORY OF ATLANTIC SALMON IN MAINE
Anadromy

Atlanticsalmon, liketheir Pacific cousins, are anadromous: they begintheir
livesinfreshwater, wheretheyoung grow to several inchesinlength, andthen
migrateto the sea, wherethey grow morerapidly and become sexually mature
after 1, 2, or 3years' (Baum 1997). Maine' sAtlantic salmon exhibit two run
timingsthat arein partinfluenced by geneticfactors. “Early run” adultsenter
fresh water between May and mid-July, and “late-run” adults enter fresh
water later in the summer. Some rivers have only early or late-runs, large
rivershaveboth. Unliketheir Pacific cousins, which alwaysdieafter spawn-
ing, someAtlantic salmon survive spawning and returnto sea, either soon after
spawning or the following spring (1-6% according to Baum 1997). Some of
these fish might spawn again.

Homing

When salmon return to rivers from the seato spawn, they return to their
natal stream (the stream where they hatched). Straying, or returning to an-

Fish that return after 1 year are termed 1SW (one sea-winter) fish; 2SW and 3SW
mean fish that spend two and three winters at sea, respectively. Fish that spend
multiple winters at sea are called multi-sea-winter (MSW) fish.

10
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other stream, occurs, but only occasionally. For example, Penobscot River
salmon show more than 98% fidelity to the home stream (Baum 1997).

Distribution

Atlantic salmon aredistributed from about 40° N, northward, on both sides
of the Atlantic Ocean. In Europe, wild salmon breed from western Russiato
| celand and south to northern Spain; on thewestern side, wild breeding popul a-
tionsarefoundfrom Labrador to Maine. Thesedistributionshavebeeninflu-
enced by geological changes, including ice ages (MacCrimmon and Gots
1979). PopulationsintheUnited States probably datefromtheend of thelast
iceage 10,000 yearsago. Atlantic salmonwereprobably presentinall water-
sheds from the Hudson River in New Y ork north to the St. Croix River, the
Canadian border (Kendall 1935). Atlantic salmon onceoccupied 34 riversand
streamsin Maine(Beland 1984). Today, wild Atlantic salmon populationsin
the United States are found only in Maine,2 from the lower Kennebec River
in the southwest to the Canadian border.

Maine' ssalmontakepart in extensive marinemigrations, including move-
ments to the waters off western Greenland (Friedland 1994), where they
becomeasmall portion of alarge mixed-stock complex of salmon from both
European and North American sources. Unlike Atlantic salmon populations
acrossthe Canadian border from Maine, where 1SW fish are common among
spawning adults, about 94% of adults returning to Maine are 2SW fish
(USASAC1999). Thus, theaveragebody size of Maineadultsislarger than
Canadian adults. Because spawning populations of Maine salmon include
several age groups (especially 2SW and 3SW adults but al so precocious ma-
ture parr®), there is considerable exchange of genetic material across age
classes (cohorts).

Atlantic salmon spawninfreshwater streamson both sidesof the Atlantic
(Figure 2). The oceanic fishery inrecent years has been concentrated to the
west of Greenland, where fish from North Americaand Europe are encoun-
tered (Reddinand Friedland 1999). Natural movement (straying) of spawning

2 Many Atlantic salmon have escaped from farms off the west coast of North
America and concern has been expressed about their becoming established there (e.g.,
Volpe et a. 2001). Although adult Atlantic salmon have been observed in streams
there, they are not wild and have not become established.

3Parr are young salmon growing in fresh water. Precociously mature parr are
young males that spawn without first migrating to the sea.

Copyright © National Academy of Sciences. All rights reserved.
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fish from Europe to North America, or the reverse, is extremely limited
(Reddin et al.1984).

Reproduction

Spawning occursin autumn, andtheeggsdevelopin gravel neststhat are
dugby thefemale. Because Maine sfemalesarelarge2SW fish, they deposit
about 7,200 eggs. Thefry emergein mid-May and grow into parr. Vertical
bars onthe parr camouflage them, providing protection from predators. The
territorial parr attempt to occupy portionsof theriver that allow rapid growth
oninsect fauna. Most parr remainfor 2 yearsinfreshwater, before becoming
smolts and migrating to the ocean. Occasionally, parr will mature in the
stream® and can have some successin fertilizing eggs. Survival fromtheegg
to the smolt stage is estimated to be 1.25% (Bley and Moring 1988, Baum
1997), andthusarough cal culation from Baum'’ sdatasuggeststhat an average
of 90 smolts are produced by awild Maine 2SW female.

CONSEQUENCESOF SALMON LIFE HISTORY

The samon life-history patternisof enormousimport for the evolution,
survival, and current problems of Atlantic salmon. Becausethefish migrate
upstream to spawn, they are visible and a source of food and recreation to
many people, even those who do not live by the sea. Because salmon spend
time in both ocean and freshwater environments, they are subjected to the
vagaries of two systemsthat are only loosely connected. This pattern leads
toakind of doublejeopardy and complicatesunderstanding of thefactorsthat
affect their populations.

The pattern of homing to their natal streams leads to a variety of local
adaptations, including thetiming of spawning runs, growth rates, and other life-
history features (e.g., Gharrett and Smoker 1993, NRC 1996, and Smoker et
al. 1998 for Pacific salmon species, Kendal | 1935, Saunders 1981, Heggberget
etal. 1986, Verspoor etal. 1991, Kincaid et al. 1994, Webb and M cLay 1996,
Hutchingsand Jones 1998, and Nielsen 1998 for Atlantic salmon; and Allen-
dorf and Ryman 1987 and Taylor 1991 for both Atlantic and Pacific salmon).
The occurrence of at least some straying allows the development of what
geneticistscall ametapopul ation structure. Theimportance of the metapopu-
lationstructurefor the survival of Pacific salmon specieswasdiscussedinan
earlier NRC report (NRC 1996), and the conclusions apply to Atlantic

Copyright © National Academy of Sciences. All rights reserved.
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salmon aswell. Although strays probably have lower reproductive success
than fish that are returning to their native streams, they do provide some
potentia for new genetic combinations—important for the salmon’ sevol ution-
ary potential intheface of changing environments—and perhapsmoreimpor-
tantly, they allow for recol oni zation of streamsif alocal popul ation disappears.
In someways, ametapopul ation structure can be likened to the structure of a
largetree. A few branches can belost without serious damage, but if only a
few branchessurvivewithlittle communication among them, thetree ssurvival
isin doubt.

The complex physiological transition to salt water at the smolt stage re-
quiressuitesof behavioral adaptationsfor navigation and avoi danceof preda-
tors, including seal s, cormorants, and striped bass, and for finding marinefoods,
includinginvertebratesandfish. Survival of smoltto 2SW stagewould have
to beabout 2% (based on Baum’ sestimate of 90 smoltsproduced per femal €)
to maintain a steady population. Decrease in either freshwater or oceanic
survival would cause a decline of Maine’s wild salmon populations.

Theanadromous pattern, with somerepeat spawning, meansthat counting
the fish returning to a stream gives information only on a small part of the
population. The rest of the population is either in the river as fry, parr, or
smolts or at sea preparing to return. In addition, salmon have overlapping
rather than discrete generations. The presence of early maturing males (preco-
ciousparr) tendsto buffer the popul ation somewhat against random variation
among the anadromous (adult) male spawners each generation (Martinez et
al. 2000, Garcia-Vazquez et al. 2001). Repeat spawningisimportant because
of theincreased egg production of older femalesand their successintheface
of natural selection.

Finaly, for Atlantic salmon popul ationsto have col onized and survived for
extensive periods near the southern limit of the species range (currently
Maine), they probably had to acquire adaptationsto the distinct physical and
environmental challenges of local waters. Loca adaptations, promoted by
strong homing and strong sel ection pressures, are known for salmon popula-
tions throughout the world.

Copyright © National Academy of Sciences. All rights reserved.
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Current State of
Atlantic Salmon in Maine

WILD POPULATIONS

M aine has the last of the wild Atlantic salmon populations of the United
States. Historically, 300,000 to 500,000 adults probably entered U.S. rivers
eachyear (Stolte1981, Beland 1984). Ananalysisof thedistributionof U.S.
Atlantic salmon by the Biologica Review Team (1999)—using zoogeographic
informationto construct ecological provinces, including aguatic ecological units
(Bailey 1995, Maxwell et al. 1995)—suggests that historic Atlantic salmon
populationsweredividedinto at | east threedistinct groupsof populations: one
inLongIdand Sound, with eight mgjor river populations, including the Connect-
icut River; onein Central New England, including the Merrimack River; and
one in the Gulf of Maine, including the eight current DPS rivers.

The Long Island Sound populations were extirpated by the early 1800s
(Meyers 1994), and the central New England populations by the mid-1800s
(Stolte 1981, 1994). The remaining Gulf of Maine populations might have
produced 100,000 adultsper year, but these numbers have not been seen since
thelate 1800s. Sincethelate 1960’ s, the number of returning adults hasbeen
only about 5,000 or fewer. Fewer than 1,000 adultsreturned eachyear during
the beginning of the period and in 1999 and 2000 (Figure 3). The estimated
total returnfor the eight streams comprising the Gulf of MaineDPSwasonly
75-110adultsin 2000 (John K ocik, National Marine Fisheries Service, presen-
tation to NRC committee, June 12, 2001).

15
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6,000

No. of Salmon

FIGURE 3 Documented adult Atlantic salmon returnsto all Maine streams (rod and
trap catches combined). These numbers represent minimum adult returns. Source: E.
Baum, Atlantic Salmon Unlimited, unpublished material, 2001. Printed with permission

of the author.

STOCKING

Augmentation of wild populationswith hatchery rel easesbegan soon after
thefirst major declinesin Atlantic salmon in the 1870s. It is convenient to
divide Maine’ sstocking history into three phases: historical (1871 to 1970);
recent (1970to 1992); and contemporary (1992to present) (Figure4). Details
can be found in Baum (1997) and the report of the Biological Review Team
(1999).

Historical Period (1871-1970)

Thisperiod beganwiththerelease of parr from Ontario into the Sheepscot
River (probably from LakeOntario'). Astheimport cost washigh, ahatchery

The Atlantic saimon in Lake Ontario, extirpated by about 1900, might have
consisted of two runs, those that remained in the lake (landlocked) and those that went
to the ocean (anadromous). They might have spawned in the same or different
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FIGURE 4 Number of Atlantic salmon stocked in Mainerivers, 1871-1995. Source:
Adapted from Baum 1997.

tributaries of thelake (Kendall 1935, Parsons 1973, Scott and Crossman 1973). Itisnot
known whether the fish used for stocking purposes in Maine were lake- or ocean-run
fish or whether these two possible types were genetically different from each other.
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wasestablished at Craig Brook, and the Penobscot River becamethe primary
source of eggsfor artificial production for the next 50 years. Asruns began
to declineinthe Penobscot River, during the 1920s and 1930s, Canadian popu-
lations (primarily from the Miramichi and Gaspé rivers) became the main
sources of eggsfor the Craig Brook Hatchery. By the 1940s, Canadian eggs
werelargely replaced by eggsfrom the M achias and Penobscot riversand, to
alesser extent, from the Dennys River. In the 1950s and 1960s, declinesin
Penobscot runsonceagainresultedin the use of Canadian Miramichi salmon,
supplemented with eggs from the Machias and Narraguagus brood stocks.
Throughout this period, hatcheries stocked only fry and parr, and the results
werepoor. By thelate 1960s, stocking had switched largely to smolts, which
wasfollowed by therecovery of the salmon runin the Penobscot. Thelast of
the Miramichi-origin salmon were released in Maine in 1968, when the
Penobscot popul ation becamethe main supplier, but Maine salmon could have
been infiltrated with Canadian genetic material by then.

Recent Period (1970 to 1992)

Thisperiod wastypified by an emphasison producing and rel easing smolts,
assisted by the Green Lake National Fish Hatchery, and a focus on using
Mainesources, primarily the Penobscot but al so the Narraguagusand M achias
rivers. There was growing recognition that wide geographic movements of
genetic material werelessthanideal, often resulting in poor returnsand creat-
ing problemsfor local adaptation (Ricker 1972, Hindar et al. 1991, Waplesand
Do 1994, NRC 1996, Utter 1998). By the mid-1970s, the Penobscot brood
stock supported essentially al theartificial propagation needsof Maine. Dur-
ing thisrecent period, Atlantic salmon throughout Maine were managed asa
single population for stock-release purposes.

Contemporary Period (1992 to present)

Since 1991, stocking hasbeen river-specific and based on aconservation-
hatchery program. The Craig Brook National Fish Hatchery was converted
fromasingle-stock smolt-productionfacility toamultiple-stock fry-production
facility (BRT 1999). Brood-stock collections began with returning adultsin
1991, but insufficient numbersledto parr collectionsin 1992 (Buckley 1999).
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Thecurrent protocol involvesraising (river-caught) parr to adulthood, mating
them according to approved protocol sof theMaine Technical Advisory Com-
mittee (Beland et al. 1997, Copeland et al. 1998), rearing the embryos, and
releasing the fry (usually before they begin feeding). Fry stocking beganin
1992, and stocking level shad reached target density levelsby 1997. Thereis
no indication of asuccessful increasein returning adultsasyet. The shiftto
ariver-specific management and propagati on system wasbased onthe prem-
isethat naturally spawning fishfromeven moreloca waterswould providethe
best hope for success.

Consequences of Stocking Protocols

Two points about the stocking protocol areimportant. First, despite 130
years of stocking, using avariety of life stages (fry, parr, smolts, and even
adults) and rel easing about 120 million Atlantic salmon, the systematic decline
inrunsizeshasnot been reversed. That rai sesthe question of whether hatch-
ery stocking has ever had asubstantial impact on popul ationsof Atlantic sal-
moninMaine. Second, the consequencesof extensive stocking onthegenetic
makeup of Maine’ ssalmon areunknown. Hasthereleaseinto Maine’ srivers
of largeamountsof genetic material, somefrom outsidetheregion and always
withthepotential for genetic changethrough hatchery selection, overwhelmed
the gene pool of the aborigina Gulf of Maine popul ations?

TheBiological Review Team (1999) and Baum (1997) concluded that the
hatchery fish have not displaced thelocal gene pool because of the poor suc-
cessof historical hatchery stocking and thelikelihood that Canadianfishwere
poorly adapted to Maine streams. Inaddition, thereisnow considerableevi-
dencethat stocked fishdo very poorly (Lieder et al. 1990, Fleming and Gross
1993, Skaalaet al. 1993, Fleming et al. 1997, Petersson and Jarvi 1997). A
review of 31 studiesof incursion of hatchery genetic material intowild popula-
tions (Fleming and Petersson 2001) reported that 14 studiesshowed ittleor no
evidence of incursion, despite prolonged hatchery releases. Many of those
studies involved anadromous populations. In contrast, 16 of the 17 studies
showing an incursion involved nonanadromous popul ations, suggesting that
anadromous populations are more resistant to introgression (see also Utter
2000). If thatistrue, geneticinfiltration of Maine salmon by hatchery rel eases
would beminor. Inaddition, from 1970 to the present, an average of 84% of
stocked Atlantic salmonwere of natural originintheeight Maine DPSrivers
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(USASAC1999). TheGulf of Maine populations might have maintained their
geneticintegrity largely through natural processes. Although hatcheryintro-
ductions must have had some impacts, they may have been small.

AQUACULTURE AND ESCAPEES

Thesecond-most dramatic changeinvolving AtlanticsalmoninMaine(the
collapse of wild populations being the first) isthe production of farm-raised
Atlantic salmon through aquaculture. Although Maine produced only about
16,400 metric tons(t) of farm salmonin 2000, compared withaglobal produc-
tion of morethan 800,000t (Working Group on North Atlantic Salmon 2001),
itsproductionwaszero asrecently as1986. Fivefreshwater hatcheriesacross
the state provide smolts for about 600 net-pens floating in sheltered areas,
wherethefish grow onfood pelletsbroadcast into the pens and reach market
Size in about 18 months.

If productiongrowsin Maine, additional farm sitesin the protected waters
alongMaine’ scoast will beneeded. Thecurrent sitesapparently do not have
room for additional production. Productioniscurrently concentrated in Wash-
ington and Hancock counties—referred to asDowneast M aine—an areathat
includesfiveof theeight DPSrivers. Aquacultureintheareacould potentially
be affected by ESA provisions.

Thegeneticissuefor wild runsisthat salmon escapefrom aguacultureand
enter the riversto spawn (Hansen et al. 1991, Hindar et al. 1991, Carr et al.
1997, Y oungson et al. 1997, Gross1998). Thesefarmedfishareof adifferent
genetic makeup, because they include nonnative strains, because of directed
selection by the breedersfor traits valuableto the industry (e.g., growth rate,
fat content, disease resistance, and delayed maturity), and because of the
inadvertent sel ection by thenovel environment (e.g., reduced fright response,
diseaseresistance, and atered aggressive behaviors) (Gross 1998, Fleming and
Einum 1997, Johnsson et al. 2001). Those sametraits might not be adaptive
in the wild.

It is difficult to know what genetic lineages are being used in Maine
aquaculture. The Biological Review Team (1999) concluded that therewere
three brood-stock lines: Penobscot (Maine), Saint John (Canada), and Land-
catch (Scotland). Thelatter iscomposed primarily of Norwegian strains. The
predominant strain wasdevel oped from popul ationsfrom 41 riversand loca-
tions, and was supported in development by the Norwegian government
(Gjedremetal. 1991). Imported sperm of Norwegian origin, vialceland, also
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has been used in recent years. Baum (1998) suggested that European genetic
material permeates approximately 30-50% of farm salmon in Maine. The
genetic blend can be expected to evolve as time passes.

Farm salmon escape from containment at all life stages, from embryos
through adults, despiteeffortsto design and mai ntain escape-proof containers.
No accurate dataare avail abl e on escapement in Maine, but dataon the num-
ber of individualsentering riversas adultsand some dataon hatchery escapes
areavailable. Gross(2002) estimated 3% escapement from similar facilities
inBritish Columbiaand el sewhere (British ColumbiaEnvironmental Assess-
ment Office 1997). Based onthenumber of fishbeingraisedin Mainewaters,
3% escapement in Mainewould trand ateinto about 180,000 escapeesper year
from net pens. Continuedimprovementsare being madethat will reduce, but
not eliminate, the number of escapees. An escape rate as low as 0.17%,
whichwould beimpressive, would still provide 10,000 escapeesper year, 100
times the number of adults that returned to spawn in Maine's eight DPS
streams in 2000.

These escapees might not have much impact on healthy wild populations,
because farm (pen-raised) salmon have shown competitive inferiority inthe
wild (Fleming et al. 1996, 2000). However, because of the low numbers of
wild adultsreturning to spawn in recent years, farm salmon represent alarge
proportion (100% in some years) of the adults entering the rivers to spawn.
Theeffect might beameliorated to someextent by theprecociouswild parrin
the streamsand by thelow reproductive successof farmadults (Flemingetal.
1996). Inexperimental facilities, farm maleshad only 1-3% of the success of
wild males, and farm femal eshad only 20-40% of the successof wild females,
with most matingsinvolving wild males (Fleming et al. 1996). In addition,
Fleming et al. (2000) showed that farm salmon introduced experimentally into
awild population had only 16% of the success of wild salmon in producing
recruits. Thus, itispossiblefor wild populationsto“resist” geneticinfiltration
by farmfish, but that potential dropsasthe number of wild fish becomessmall,
relative to the number of farm fish. Even a10:1 adaptive advantage for wild
salmon might not be sufficient to overcome a 100:1 numerical advantagefor
aguaculture escapees. It remains unclear to what degree farm salmon have
infiltrated wild popul ationsgenetically, or conversely, how resistant wild salmon
have beento genetic infiltration. Based on samplestakenin 1994-1998, ge-
neticinfiltration of farmfishintowild Maine popul ationswasminimal (King et
al. 1999). However, if salmonfarmingin Maineexpanded further, the numeri-
cal impact (among likely spawners) of agua-culture escapeeswould havethe
potential to become significant.
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Wild Maine Salmon Populations

INTRODUCTION

W e now turnto areview and analysis of the genetic evidence. The commit-
tee' schargeisto describethe genetic makeup of wild popul ationsof Atlantic
salmon in Maine with afocus on their distinctiveness. In other words, the
committeeisasked to assessthe extent to which Maine popul ationsof Atlantic
salmon divergegeneticaly from other Atlantic salmon popul ationsand among
themselves. Thequestion of distinctivenessappliesat several levels. First, are
North American salmon genetically distinct from European salmon? Second,
areU.S. Atlanticsalmon (i.e., Mainesalmon) distinct from other North Amer-
ican (Canadian) salmon? Finally, towhat degree are salmon popul ationsinthe
eight DPSriversin Maine distinct from each other? The answers to these
guestionsare rel evant to questions about the most effective methodsfor pro-
tecting and restoring wild populations of Atlantic salmon in Maine (e.g.,
Hedrick 2001), but we defer those issues until the committee' s final report.
Atlantic salmon currently spawn in North American streams, ranging from
Labrador south to Maine. Quebec hasalocal population in eastern Hudson
Bay, and Newfoundland hasits own populations, which might have been estab-
lished by salmonfrom Europeaswell asNorth America. West Greenland has
at least one natural population and | celand, has several, which are normally
considered to be European popul ations. For purposes of thisreport, themajor
guestion concernstherel ationship between Maine popul ationsand neighboring
populations in Canada (New Brunswick and Nova Scotia), because of the

22
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extended history of stocking Maine hatcheries with fish from Canadian
streams.

Duringtheearly European colonization of North America, Atlantic salmon
werefound asfar south asthe Connecticut and Hudson rivers, but continuous
attemptsto reintroducethe speciesto the Connecticut havefailed to establish
salf-sustaining wild populations, and the southern limit of wild Atlantic salmon
isnow the Sheepscot River in Maine (Figure 1). The“at least eight [Main€]
rivers’ listed by NMFS and FWS (DOI and DOC 2000) as containing wild
salmon popul ations are (from west to east) Sheepscot, Ducktrap, Penobscot,
Narraguagus, Pleasant, Machias, East Machias, and Dennys. The Saint John
River, whosemouthisin New Brunswick, drainsareasin Maine’ snortheast-
ern highlands, but its salmon are considered to be among New Brunswick’s
popul ations. The Penobscot and itstributaries harbor thelargest popul ationsin
Maine, and thosefrom the Narraguagus, Machias, and Dennysare substantial .
Those from the other watersheds are smaller (Maine 2000). Occasionaly,
Atlantic salmon have been seeninthe Androscoggin, Kennebec, Union, and
several smaller rivers, but they probably include strays or aquaculture escap-
ees. Thoseadditional riversmight well figureinrecovery plans, but withthe
exception of the lower Kennebec and its tributaries, they are not thought to
support wild populations.

The Evidence

Much of the evidence on genetic distinctiveness of Atlantic salmon popula-
tionsisbased on laboratory analyses of the variationsin gene products(i.e.,
proteins) taken from samplesinthefield. Insomecases, the genetic material
itself (DNA) isanalyzed for variation. Ineither case, the variation observed
iscompared among populations, and avariety of testsare performed todecide
whether the populations are statistically distinct from each other and how
accurately an individual salmon can be identified correctly with its source
population. Although there might be some relationship between the genetic
variation detected in these analyses and adaptively significant differences
among the various populations, none can beinferred fromtheseanalyses. The
differences could be due to random processes (sampling effect or genetic
drift), and the markers themselves are thought to be adaptively neutral. In
other words, most of the laboratory analyses of genetic variation discussed
bel ow cannot provideinformation onthe degreeto which different populations
have adapted to different local conditions. They can provideinformation on
thedegreeof isolation of populations—andisol ation of populationsisaprereg-
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uisitefor the devel opment of genetically based adaptive differencesin them.
Analyses can also describe patterns of variation that can be compared with
other sets of populations about which more is known.

Stronger inferences about adaptive diff erencesamong popul ationscan be
obtained. Thesimpleobservation that populationsdiffer in phenotypictraits
that can affect fitness (such as fecundity, time of spawning, body size or
shape, and growth rates) isnot sufficient to infer adaptive genetic differences
among them, becausethosetraits can al so be affected by environmental condi-
tions. However, if salmon from different popul ations continueto show differ-
enceswhenrearedinsimilar environments(“common-garden” experiments)
or if thedifferences can be shownto segregate genetically in breeding experi-
ments, then the observed differencesaremorelikely toreflect genetic adapta-
tion. Thiskind of informationisnot yet availablefor AtlanticsalmoninMaine.

Several earlier genetic data sets provide us with information on the geo-
graphic structure of genetic variation in Atlantic salmon, and they are useful
in setting the stagefor morein-depth (and morerecent) anal ysesusing micro-
satellite! DNA markersof the North American populations. A brief overview
of those earlier studiesis given below.

Allozymes

Allozymes (short for allelic enzymes) are protein gene productsand can
be used asindicators of genetic variation. In many cases, different forms of
genes produce enzyme variantsthat can be detected in thelaboratory. Those
variants seldom have known adaptive significance, but likethe other markers
discussed bel ow, they might be physically linked on the same chromosometo
genevariantsthat are adaptively important, and they do provideinformation
that can be used to infer differences among individuals and popul ations.

Theallozymework reported to date on Atlantic salmon over their natural
range (Stahl 1987; reviewedin Davidson et al. 1989) and on Downeast Maine
salmon populations(May et al. 1994 and referencestherein) showsthat North
American and European continental populationsaredivergent and that popula-
tionsfrom the Baltic diverge from those in the eastern North Atlantic (Stahl

Short repeated sequences of two to four bases (the building blocks of DNA) that
provide multiple aleles for each of many genetic loci. They provide ample genetic
variation to characterize genetic differences between individuals, both within and
among populations. Currently, microsatellite data are the best avail able for population
screening for genetic variation.
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1987). Analysisof populationswithinregional zones, defined along national
linesin Europeand along provincia and statelinesinNorth America, indicates
that thereissubstantial genetic subdivisionwithin continental collections. The
spatial scale represented by national regions in Europe is greater than that
represented by provincial and state counterpartsin North America. Thereis
genetic divergence from watershed to watershed, within regions, and where
peoplehavelooked, evenamong tributarieswithin awatershed. Thereisalso
divergence among popul ationsthat spawn at different times. Thistypical pat-
tern has been attributed to precise homing of salmon to their natal streams
(Stahl 1987, Allendorf and Waples 1996, Nielsen 1998).

Mitochondrial DNA (mtDNA)

Mitochondriaarecellular organellesthat contain genetic material (DNA).
MtDNA ismaternally inherited asaunit. Thevarious markersof themtDNA
genome arefree of the recombination that characterizesall the other types of
variation under discussion. It conveysstronginformation about femalelineages,
but nothing about malelineages. Likeallozymes, variantsinthat DNA material
can provideinformation on population divergence. Themitochondrial genomes
of European and North American popul ations can be effectively discriminated
by the presence or absence of asingle RFLP?> marker of mtDNA (Berming-
hamet al. 1991). North American populations are dominated by two haplo-
types® and European popul ations by one, although the European haplotypehas
been recoveredin Newfoundland (Kingetal. 1999). Thereareless-categori-
cal genetic markersthat we can useto di stingui sh statistically among regional
and subregional populationswithin continents (Hovey et al. 1989, Palvaet al.
1989, McVeigh et a. 1991, King et a. 1993, Passon and Arnason 1994,
O’ Connell etal. 1995, Tessier et al. 1995, Nilsson et al. 2001). The essential
pattern of these studiesisdescribed by King et al. (2000), who partitioned the

ZRestriction fragment length polymorphism. Bacteriahave enzymesthat cut DNA
strands containing particular sequences—useful in degrading invasive viral DNA.
These (restriction) enzymes can be used to assay DNA samples. Genetic variation in
the population ensures that some individuals contain DNA seguences recognized by
the enzymes, while some do not. The DNA is cut into fragments wherever the
restriction enzyme encounters its specific recognition sequence. The position of the
resulting DNA bands on a gel indicates the individual’ s genotype.

*Combinations of genetic markersthat arelinked closely enough along the mtDNA
molecule to be inherited as a single unit.
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mtDNA hapl otypic variation among continents, regions, and watershed popul a
tions with the use of molecular analysis of variance. (Amova was used to
partition themolecul ar genetic variation into components; see Excoffier et al.
1992.) Themajority of thevariation (68%) isattributableto continental diver-
gence, almost enough to beinvariably diagnostic; 8% isattributableto popul a
tion differenceswithin continents (both regional and interwatershed variation),
and 24%i sattributableto variation amongindividua swithin single popul ations.
If weexaminejust the variation within the North American collection, 2% of
thevariation wasattributableto M aineversus Canadian divergence, and about
26%to popul ation divergencewithin either Maineor Canada. Theremaining
72% of thevariation wasfound within single popul ations.* Within Maine popu-
lations, only 2% of thevariationwasattributabl eto divergenceamong water-
sheds, 12% wasattributabl eto variation among tributariesin the samewater-
shed, and 86% wasattributableto variation withinatributary. Within European
populations, virtually none of the variation was attributable to regional (na-
tional) divergence, 19% was attributable to divergence among watersheds
within regions, and 81% wasattributableto variation within singlewatersheds.

Other Genetic Markers

A diagnostic genetic distinction between European and North American
populationsof Atlantic salmonwasalso established by an early study of ribo-
soma RNA variation using RFLPs (Cutler et a. 1991). A later study of
single-locusminisatellite® DNA markersshowed virtual separation of European
and North American popul ationsbut with alow frequency of European alleles
inNewfoundland (Taggartetal. 1995). Anearly anaysis(Schill and Walker
1994) using RAPD® markers of samples from the Sheepscot, Ducktrap,
Penobscot, Narraguagus, Pleasant, M achias, East Machias, Dennys, and Saint
John rivers showed that genetic divergence among watershed populations

“In samon, the highest percentage of genetic variation is normally among
individualsin a population.

SLong sequences of DNA repeated sequentially. Some individuals have more
copies of the repeat element than others, leading to DNA fragments that move
differently on an electrophoretic gel. Comparisons of minisatellite banding patterns
can be used as “genetic fingerprints” and to measure genetic differences.

SRandomly Amplified Polymorphic DNA. Small segments of DNA replicated
(amplified) to large quantities. Aswith other similar markers, variation is detected by
the presence or absences of bands on agel.
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represented 5.7% to 8.0% of the total variation, depending on which rivers
wereincludedinthetest. Thisresultiscomparableto corresponding allozyme
partition of variation. Interestingly, the Saint John River samplewasdifferen-
tiablefromtheothersbut not asdifferent from the popul ationsin nearby Maine
watersheds as from the popul ation in the more distant Sheepscot River. No
European versus North American contrast wastested, the distinction having
been firmly established by others as described above.

Recent Microsatellite Analyses

Microsatellite DNA markers, likethe other markersdescribed above, are
assumed to be adaptively neutral. Recently, the North American popul ations
have been sampled moreintensively, and genetic assayshave benefited from
thehigher resolution availablefrom microsatel litemarkers. Kingetd. (2001)
measured therel ative amounts of genetic variationfound withinsingle popula-
tions, among watersheds, among North American provincial and state popul a-
tions, and between European and North American collections. Such measure-
ments have been made in various ways, the simplest of which is Amova
(Excoffier et al. 1992). Theresultsaresummarizedin Table1. Theresults
arehighly significant,” withp<0.0001. European and North American popu-
lationsaredivergent enough (22% of thevariation) to makeit virtually impossi-
ble to mistake a North American genotype for a European genotype or vice
versa. Asmentioned above, European and North Americanfish can beartifi-
cially hybridized, but hybridization would not occur naturally because of the
vast separation of spawning habitats. If it wereto happenin North American

"The variation percentages extracted from an Amova table are the average per-
locus figures. It is quite usual (for any single locus) to have the mgority of
polymorphic variation within populations. In comparing populations, however, it is
important to remember that these are multi-gene breeding collections. The among-
population divergencein allel e frequencies, when multiplied over many loci, translates
into “gene pools’ that are substantialy (or sometimes) completely non-overlapping
in their genetic constitution (Smouse et al. 1982; Smouse and Chevillon 1998). The
alele-frequency differences between European and North American populations are
large enough that a salmon sampled from North America would amost never have a
multi-gene combination that would occur in any European population, and vice versa.
The differences between Canadian and Maine populations are smaller, and those
among populations in Maine streams (e.g., Sheepscot and Narraguagus) are still
smaller. The degree of gene-pool non-overlap increases with the size of the inter-
population percentage of the variation.
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watersbecause of escape and interbreeding of aguacultural stock, theF, (first-
generation) hybrids would be fairly obvious genetically, asare artificia F;s
(King et a. 1999).

European salmon aregenetically so different from North American salmon
that it should be easy to detect their presence (as aquacultural escapees)
among wild spawning adults. Even F, hybrids between North American and
European salmon should be evident. Detecting the presence of farm fish of
Penobscot or St. John origin will be more problematic, because the genetic
differencesfromthewildfishwill besmaller (Kingetal. 1999). The presence
of advanced generation hybridswill bedifficult toidentify with certainty. Fur-
ther genetic characterization of aquacultural stocksusedinNorthAmericais
needed.

From Table 1a, wediscover that @ (thefraction of total variationamong
individualsthat is accounted for by continental average differencesinallele
frequencies) =0.219, while @&, (thefraction of thewithin-continent variation
that separates populations) = 0.07. The fraction of the total variation that is
within populationsis 1 — @ = 0.726. From Table 1b, confined to North
American variation, we discover that @, (the fraction of North American
variationthat isdueto meanregional (provincia or state) differencesinallele
frequencies) =0.032, while &, (thefraction of thewithin-regionvariation that
separatespopul ations) = 0.032. Thefraction of total North Americanvariation
that is within populations/drainagesis 1 — @.; = 0.939. The corresponding
valuesfor European variation are @, (thefraction of European variationthat
isdueto mean national differencesin allelefrequencies) = 0.061, while @,
(thefraction of thewithin-nation variation that separates popul ations) = 0.060.
Thefraction of total European variation that iswithin popul ations/drainagesis
1 - &1 =0.886. These @values are analogous to F-statistics (Excoffier et
al. 1992), and they areall highly significant, as determined by permutational
testing.

Withinthe North American collection, the differencesamong provincial
and state collectionsof populationsaresmaller, representing about 3% of the
total variation. Divergence among watersheds within aprovince or state ac-
counts for another 3% of the variation. That raises the question of whether
drawing political linesaround collectionsfromdifferent watershedsisthe most
sensible way to delineate regional collections. Within-watershed variation
representstheremaining 94% of thevariation. The corresponding numbersfor
European popul ations are 6%, 5%, and 89%, respectively, but the European
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Continental and Infracontinental Analysis®

(1-P)=(1-P) *x(1- L)

Variance Percentage of O-Statistic
Source of Variation Components Variation Estimates
Among continents 112 21.88 @ =0.219
Among populations 0.28 5.49 @, =0.070
Within popul ations 3.72 72.63 D =0.274

North American Analysis®

(1= D) =(1- D) X (1- D)

Variance Percentage of - Statistic
Source of Variation Components Variation Estimates
Among 0.12 3.15 Do =0.032
provinces/states
Among populations 0.12 2.99 D, =0.032
Within populations 3.56 93.86 D, = 0.061

European Analysis’

(1= Do) = (11— Do) X (1 Do)

Variance Percentage of @-Statistic
Variation Source Components Variation Estimates
Among countries 0.29 6.13 @ =0.061
Among populations 0.25 5.28 @, =0.060
Within popul ations 4.15 88.59 D.=0.114

#Continental and infracontinental component.
®North American provincial variation partitioned into components for populations
(streams) and variation within popul ations.
‘European provincia variation partitioned into components for populations (streams)
and variation within populations.

Source: Adapted from King et a. 2001.

(national) regionsare physically more separated than North American (provin-
cial and state) regions. The North American and European popu- lationsare
much more divergent than the regional collections within a continent, and
watershed-specific popul ations within a province or state are less divergent
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still. Thispatternisfairly typical for salmonandtheir relatives, including vari-
ous Pacific salmon species (Ryman 1983, Allendorf and Waples1996). To-
day’ s pattern istypical of anadromousfish speciesin general and salmonin
particular (Stahl 1987).

Itisuseful to compare the recent microsatellite results with older allo-
zymeand mtDNA results. Thenuclear (allozymeand microsatellite) markers
tell aconsistent story, againwith p<0.0001. ThemtDNA markersshow more
continental divergence and about the same watershed-to-watershed diver-
gence, but they show less variation within watersheds than do the allozyme
studies. The RAPD studies indicate that 5.7% to 8.0% of the variation in
populationsfrom the Saint John River and southwestward isaccounted for by
watershed-to-watershed differences, therest being accounted for within popu-
lations.

Assignment Analyses

Another approach to determine the level of genetic divergence among
popul ations, particularly when separation islessthan compl ete, isto determine
thelikelihood that onefish can beidentified correctly asto its population of
origin based onthegeneticinformation. Thedegreeof confidencewithwhich
one can assign a particular fish is a measure of the nonoverlap of the gene
pools (Smouse and Chevillon 1998). Early work of this type used genetic-
distance methods (Spielman and Smouse 1976, Smouseet al. 1982), but more
recently, likelihood procedures have been used more often (Paetkau et al.
1997).

Regional Groupings

Weconsider first theregiona groupings, nested within North Americaand
European collections. Onthebasisof thegenetic markers, individual fishcan
be assigned to the regional population to which they are most similar (e.g.,
Brownet al. 1996, Paetkau et al. 1997, Smouseand Chevillon 1998). If there
were no genetic divergence among the 12 collections, one would expect a
successful assignment rate of 1/12 (8%, ignoring continental divergence) or 1/6
(17%, comparing only within a continent).

Thereisno overlap between North American and European popul ations
(Table 2), an observation that isin keeping with the large among-continent
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variance componentsin Table 1.2 Moreinteresting hereisthat the observed
correct assignment rateswithinacontinent rangefrom 62%to 100%, atelling
demonstration that the provincial and statecollections (in North America) and
thenational collections(in Europe) arestrongly separable among themselves
(Table 2). Although the European national collections (not the focus of this
report) are more strongly separated than provincial and state collectionsin
North America, the latter are markedly distinct from each other, despite an
extended history of widemovementsof Canadian genetic material for restock-
ing purposes in Maine.

W ater shed-Specific Populations

Assignments to watershed for large numbers of Maine salmon are pro-
vided in Table 3. The degree of correct assignment variesfrom 10% for the
Pleasant to 84% for the Penobscot rivers, but the average correct assignment
rate (49% overall) is consistent with expectations based on experience with
other populationsand islessthan theregional assignment rate. Published sam-
plesizesaresmaller thanideal here, andit would be useful to extend thissort
of interwatershed assignment analysis to the populations of the Canadian
provinces. Despitevoluminousand homogeneous stocking for most of these
watershedsuntil 1990, substantial subregional divergenceremains. Thissitua-
tionindicateseither that apreviously existing structure has persi sted because
of intense selection against hatchery fish or that watershed-specific stocking
since 1990, coupled with homing, hasallowed reemergence of asubregional
structure. Whether the current structureisdueto adaptation of distinct popula-
tions to divergent selective pressures or due to genetic drift, the degree of
regional substructureisstartling, particularly inview of the stocking and run-
size history of thelast several decades. Interestingly, astudy of DNA from
old scal e samplesof an endangered Danish Atlantic salmon popul ation (Niel -
sen et al. 1997) showed that ancestral genotypes can persist despiteyears' of
extensive stocking. Similarly, Guffey (2000) reported that brook trout
(Salvelinus fontinalis) populations in the southern Appalachians were able
to retain much of their ancestral southern genotypes despite 35 years of

SNewfoundland salmon are grouped with North American salmon, despite some
probable contribution to their gene pools of European origin. They would not be
confused with European salmon.
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TABLE 2 Numbers of Genetic Assignments of Individual Atlantic Salmon
to Regional Populations
ME NB NS QB NF LB IC NO FN SC IR SP

ME | 571 36 9 1 12 5 0 0 0 0 0 0

NB 8 76 7 23 5 3 0 0 0 0 0 0

NS 5 8 88 6 2 0 0 0 0 0 0 0

QB 0 25 5 89 1 2 0 0 0 0 0 0

NF 5 7 5 4 71 1 0 0 0 0 0 0

LB 0 6 1 2 2 32 0 0 0 0 0 0

NO 0 0 0 0 0 0 0 99 0 2 0 0

FN 0 0 0 0 0 0 0 0 61 0 0 0

Per centages Correctly Assigned

89 62 80 73 76 71 9 98 100 72 75 81

Abbreviations: ME, Maine; NB, New Brunswick; NS, Nova Scotia; QB, Quebec; NF,
Newfoundland; LB, Labrador; IC, Iceland; NO, Norway; FN, Finland; SC, Scotland; IR,
Ireland; SP, Spain.

Source: Adapted from King et al. 2001.
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heavy stocking of northern genotypes. These results lend credence to the
Atlantic salmon resultsin Maine.

This same assignment can be taken to examine temporal and subwater-
shed spatial variationin geneticfrequencies. If temporal and spatial variations
arelarge enough within awatershed, then the divergence among watersheds
becomeslessrelevant. Theresultsin Table 3 might bedue only to uncertain-
tiesassociated with the small sampleswithindifferent watersheds. Theavail-
able data on subwatershed divergence are sparse, but there is arecent study
of temporal variation within and among tributaries (subwatersheds) of the
Penobscot River (Spidle et al. 2001), and the data are instructive, as far as
they go. Thebasicideaistotreat each collection separately, assignindividuals
to collections (based on genotype), and then ask wherethemisclassifiedindi-
viduasshould beplaced. If substantial numbersof themisclassifiedindividuas
are placed in the wrong tributary, that argues against the reality of genetic
differences among them and in favor of sampling effects. If they are placed
in the wrong cohort but the correct tributary, that argues in favor of the sort
of cohort-to-cohort temporal variation expected of an organismwith overlap-
ping generations. The results are shown in Table 4.

Table4 showsthat asubstructure existsevenwithin the Penobscot River,°
bothamong tributariesand among cohorts; genetic differencesamong popul a-
tionsindifferent tributariesarearedity. Ontheother hand, themisclassifica-
tions are placed preferentially into other cohortsin the sametributary. That
isexactly what onewould expect, given the homing behavior of salmon. The
yearly cohort samplesfrom agiven tributary vary somewhat, but they show
moreincommon with other cohortsfrom the sametributary than they dowith
salmon from other tributaries. Thisstriking result has been seenin other ana-
dromous species (Brown et al. 1996), and it argues strongly for thegenetic
cohesion of these populations, notwithstanding predictabl e variation among
cohorts(Figure4) (Jordeand Ryman 1995, Ryman 1997). Evidently, thetem-
poral differenceswithin atributary are smaller than the average differences
among tributaries. The correct assignment rates in Tables 2, 3 and 4 are

®Note that for the Penobscot that we have 141 = (22 + 119) assigned to the correct
cohort, and 63 = (23 + 40) to the incorrect cohort, an indication of partial separation,
but also an indication of considerable overlap. The departure from the 102:102 null
expectation is significant, but the gene pools represented by cohorts of the same
population are not as different as tributary to tributary differences. The sameistrue of
the Kenduskeag, where the assignment numbersare 41 = (16 + 25) correct and 26 = (12
+ 14) incorrect. The Cove Brook cohort collections are more strikingly different.
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TABL E 3Numbersof Genetic Assignmentsof Individual Atlantic Sdlmonto
Watershed-specific Populations

KB SH DT PB NA PL MA EM DE

KB 140 1 5 8 2 6 5 14 4
SH 7 9 0 2 0 4 2 6 0
DT 4 1 17 0 4 0 1 3 0
PB 13 1 0 124 1 3 0 5 0
NA 20 4 3 4 38 16 11 19 1
PL 13 2 1 1 2 30 3 7 2
MA 7 2 0 2 5 4 3 3 0
EM 24 4 1 5 7 6 5 41 4
DE 6 0 0 2 0 1 1 3 17
Per centages Correctly Assigned
Water shed 74 30 57 84 32 56 10 41 57

Abbreviations: KB, Kennebec; SH, Sheepscot; DT, Duck Trap; PB, Penobscot; NA,
Narraguagus, PL, Pleasant; MA, Machias; EM, East Machias, DE, Dennys
Source: Adapted from King et al. 1999, Table 18.

collectively much larger than random expectation (p < 0.01) by formal chi-
square tests.
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TABLE 4 Numbers of Genetic Assignments of Individual Atlantic Salmon
to Cohort and Tributary of the Penobscot River
Pb-95 Pb-96 Cv-93 Cv-94 Cv-95 Cv-98 Kd-9% Kd-97

Pb-95 22 23 0 0 1 0 0 3
Pb-96 40 119 0 0 1 0 1 2
Cv-93 0 0 10 2 1 0 0 0
Cv-94 0 0 3 24 3 0 0 0
Cv-95 0 1 0 3 14 0 0 0
Cv-98 0 1 0 2 1 34 0 0
Kd-96 0 3 0 0 0 0 16 12
Kd-97 1 0 0 0 0 0 14 25
Per centages Correctly Assigned

Cohort 44 69 67 80 74 90 52 60
Tributary 92 95 92

Note: Numbers assigned to the wrong cohort but within the correct tributary are
shown initalics.

Abbreviations: Pb, Penobscot mainstem; Cv, Cove Brook; Kd, Kenduskeag Stream.
Source: Adapted from Spidle et al. 2001.

OVERALL SUMMARY OF GENETIC STUDIES

Theoverall patternthat emergesfromall of thesestudiesisthat European
and North American populations are substantially different. Newfoundland
salmon areapartial exception; they appear to be of North American ancestry
forthemost part, but they show someevidence of European genetic contribu-
tion, in keeping with their post-glacial colonization history.
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The microsatellite DNA data are the most extensive and therefore our
inferences are based most strongly on them. The other data are consistent
withthemicrosatellite DNA data, however, which increasesour confidence.
For allozyme and microsatellite markers, thereis broad regional divergence
among European (national) populations and somewhat less among North
American (provincial or state) populations, thelatter having lessspatial separa-
tion. TheRAPD resultsparallel thosefor theallozymesand microsatel litesto
theextent that the sampling framewas comparabl e. For mtDNA markers, the
patterns within Europe and within North America are reversed with respect
to the allozyme and microsatellite results, more variation occurring among
North American regionsthan among European regions. ThemtDNA markers
show about the same watershed-to-watershed divergence as the nuclear
markers, but they show lessvariation withinwatersheds. Within either conti-
nent, genetic similaritiesaredightly higher in populationsfrom different tribu-
tarieswithin maj or watershedsthanin popul ationsfrom different maj or water-
sheds.

Collectively, the results show the same pattern of hierarchical genetic
divergenceasthat shown by the previousextensiveallozymedata(May et al.
1994 and referencestherein) and that shown by theless-extensive protein and
DNA analysesof Atlantic salmonfrom North America(e.g., Verspoor 1986,
Stahl 1987, Berminghamet al. 1991, Kinget al. 1993, Schill and Walker 1994,
Kornfield 1994, Taggart etal. 1995, McConnell etal. 1997, King et al. 2000).
Theresultsshow largedivergence between continental (North Americanand
European) popul ations; broad regional divergenceon both sidesof theAtlantic,
European national popul ations being about twice asdivergent asNorth Amer-
ican provincial and state popul ations; and comparabl e interwatershed diver-
gencewithin Maineand withinthe Canadian provinces. Inaddition, intertribu-
tary divergenceinamajor watershed (e.g., the Penobscot River) issometimes
substantid, with predictabletemporal variation withinagiven samplinglocdity.
Thisisthetypical pattern seen in salmon and their relatives (Ryman 1983,
Stahl 1987, Allendorf and Waples 1996).
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BACKGROUND

Reservations have been voiced about the studies on Maine Atlantic salmon
reportedtodate. Somerelateto thesampling regimeintherivers, sometothe
reality of population delineation, someto thelaboratory assaysbeing used, and
othersto the statistical analyses. Some issues are more serious than others,
but all deservecomment. First, however, wediscusstheimportancefor these
studiesof takinginto account the consequencesof the overlapping generations
of salmon, in particular the temporal variability that is introduced.

OVERLAPPING VERSUS DISCREET GENERATIONS

Although the genetic processes in populations with overlapping and
nonoverlapping generationsareidentical in many respects, thetemporal alele-
frequency dynamicsaredifferent. Without proper consideration of such differ-
ences, it can be difficult to interpret population data (Ryman 1997). When
consideringtemporal changesin populations, textbookson popul ation genetics
refer almost exclusively to organismswith discrete (nonoverlapping) genera-
tions. However, unlike organismswith nonoverlapping generations, thosewith
overlapping generations have ademographic age structurewith thefollowing
features. (1) thetotal populationismade up of individual sthat belongto differ-
ent age classes, (2) arestricted set of age classesparticipatesin reproduction,
and their relative contributions to the newborns of the next year vary; (3) as

37
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aconseguence, the parentsof aparticular year-class(cohort) do not represent
arandom sampl e from the entire population of the previous year; and (4) as
afurther consequence, allele- frequency differences among the newborns of
consecutiveyearsdo not necessarily indicatetemporal frequency changesfor
the total population (Jorde and Ryman 1995).

In an age-structured population, the collection of individualsfor genetic
analysisfrequently focusesonarestricted set of ageclasses. For anadromous
Atlantic salmon, commercial catchesat seawill notincludetheyoungest age
classes, whereas el ectrofishing on thenursery groundsin streamswill primarily
samplesubadult cohorts. Comparisonsof different collections(say commer-
cia catchesand nursery-ground collections) are not comparisonsof compara:
ble age classes. Allele-frequency dynamicswithin ageneration are such that
comparisons among cohorts must be made with care.

Toillustrate the different genetic dynamics of populationswith discrete
versus overlapping generations, Ryman (1997) designed amodel of typical
Atlantic salmon popul ationsand simul ated the effectsover 200 years (Figure
5a). The most important observation from Figure 5aisthat apopulation with
overlapping generations displays considerably larger allele-frequency shifts
fromyear to year than does apopul ation with discrete generations of thesame
effectivesize. Moreover, thereisatendency for temporal correlationin the
overlapping generation population; allele frequencies tend to fluctuatein a
cyclical fashion that is not expected when generations are discrete.

Clearly, population sizeisnot theonly determinant of theamount of tempo-
ral allele- frequency changewhen generationsoverlap, becausethetotal popu-
lation does not represent a single genetically homogeneous unit. Rather, it
consistsof several age classes(six inthe Ryman 1997 simulation; Figure5b)
that are produced, partly or completely, from different sets of parents, and,
therefore, thedifferent cohortsmight exhibit different allelefrequencies. The
amount of temporal noiseintheallelefrequenciesof thetotal populationthus
depends on the age structure (the relative proportions of the different age
classes). Likewise, periodicity isintroduced, because each cohort of progeny
(young fish) is similar not to the cohort of progeny in the previous year but
instead to the cohort to which most of the breeding fish of the previous year
belonged. Those breeders were young fish severa years previously. The
magnitude of thevariation and thelength of the periodic cyclearefunctionsof
the number of cohorts present among the breeders (in any given year) and
their relative contributions to reproduction. The amount of temporal allele-
frequency noise also depends on the age-specific birth and death rates of the
particular population (Jorde and Ryman 1995).
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For apopulation with overlapping generations, all €l e-frequency homogene-
ity among age classesisnot expected for aneutral locus. Therandom compo-
nent of temporal variationisincreased—especially in small popul ations—by
genetic variation among cohorts (Waples 1989, Jordeand Ryman 1995, Ryman
1997). Conversdly, the observation of statistically significant differences
should not automatically beviewed asevidence of geneflow, natural selection,
nonrandom sampling (say of family groups), or an alarmingly small effective
population size (Waples 1989, Ryman 1997). Several reports have been pub-
lished comparing multiple samples from the same population for allele-fre-
guency heterogeneity for geneticloci (Ryman 1997, and referencestherein).
Toooften, regjecting thenull hypothesisof allele-frequency homogeneity (statis-
tically significant heterogeneity) hasled investigators to the conclusion that
somethingis“wrong” with the population or with the samples. Explanations
haveranged fromvery small effective popul ation sizes (genetic drift) to natura
selection ontheloci examined, to straying among popul ations, and to familial
sampling. Such conclusionsmight not bewarranted, giventhetemporal hetero-
geneity expected with overlapping generations.

FAMILIAL STRUCTURING OF SAMPLED FISH

All routine statistical tests assume that any collection of fish gathered as
asingle population sample (alocation and ayear, asampling event) represents
agenetically randomdraw. Basically, theassumptionisthat the collection of
individualsinthe sampleisaslikely to beagenetic draw of individualsfrom
that year and location as any other draw from that year and location. The
sampl eisconsidered to be exchangeablewith other samples. All thefishwithin
apopulationwill eventually becomerelated to somedegree or another, but that
isnot theissue. The question iswhether an exchangeable sample, relativeto
theblend of genotypesavailable, isdrawn. If thefish sampledinoneevent are
more closely related to each other (family members) than an exchangeable
draw, then subsequent analysiswill yield ahigher estimate of the genetic diver-
gence among sampl es, because the genetic divergence shown by closely re-
lated fish from asingle sample will be lessthan that shown by unrelated fish
from different samples (Jorde and Ryman 1995, Hansen et al. 1997).

Concern hasbeen expressed that some of the samplescollected inthe past
might not have met the exchangesability criterion (Kornfield 2000, Gold 2000).
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FIGURE 5 Simulated temporal allele-frequency shifts of aselectively neutral alelein
populations of identical effective size (N,= 124) with overlapping and discrete genera-
tions. Theinitial allele frequency isp =Y (a) total population results (and those for
age class 1 of the model with overlapping generations), each population simulated or
200 years; (b) contrast of single-cohort frequencies, followed through time, for years
100-120; (c) contrast of age classes 1 and 2 for years 100-120. Source: Ryman 1997.
Reprinted with permission from ICES Journal of Marine Science; copyright 1997,

Academic Press.
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Femalestypically lay several nestswithinasingleredd,! along ashort linear
segment of stream (#3 meters). Hatching fry fromasingleredd, representing
ablend of full- and half-siblings, tend to school inthevicinity of that redd. Parr
areterritorial and tend to spread out a bit more from their hatching locality.
Still, within asmall stretch of stream, they may be related to some degree.
Smoltsare solitary and are more likely to spread out over longer stretches of
thestream. Adults, collected either at the spawning sitesor downstream at the
weirs, can be viewed as representative, relative to the array of genotypes
drawn by homing to a particular natal tributary.

Many of the samplesstudied in previouswork, involvingfry, parr, smolts,
and adults, have been collected by electrofishing, accomplished by walking
along the stream with an electric wand that is effective over asmall area(1-2
square meters). Thetotal areaof coverage can belarge, but if fish within the
treated area have a higher probability of being close relativesthan arandom
draw of fishfromthetotal population, any interpopul ation measure of genetic
divergencewill beincreased. Thus, fry collected by electrofishingmightyield
overestimates of the degree of population differentiation. Collectionsof parr
are probably less affected, and collections of smolts and adults are probably
not affected to any significant degree. Given the sorts of mixed cohort sam-
pling that have been routinein the past, the di stinctiveness measures among
popul ationsmight bedightly increased, but the observed degree of divergence
among sampled popul ations appearsto betoo largefor familial samplingto be
amajor cause of itsmagnitude. Weview theresultsas (possibly) minimally
inflated but asneverthel ess credible and compelling. We suggest that fry and
parr should be collected from as wide a spatial area as possible within each
local population as a means of avoiding undue sampling of any one family.

POPULATION DESIGNATIONS

Theresultsto datefor Atlantic salmonin Maine make clear that thereis
genetic divergenceamong tributarieswithinlargewatersheds. Thisdivergence
is a common result for fishes of the salmon family. The results for the
Penobscot River (Table 4), for example, are clear that the entire watershed
doesnot contain acohesive, randomly mating population. Thekey tothissitua-
tionisthat genetic organi zation of salmon populationsishierarchical and orga-

A group of egg pits, or nests, prepared by asingle female. The eggsin each nest
arefertilized by one or more males—not necessarily the same male for each nest.
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nized by watershed. Straying occurs, but itismost likely from one spawning
segment of stream to the next, a bit less from one tributary to the next, and
evenlessfrom onewatershed tothe next. One could imagine situationswhere
alarge watershed might best be treated in tributary-specific fashion, asin
Pacific salmon species (e.g., Waples and Smouse 1990). That might make
some sensewithin the Penobscot and withinthe M achias-East M achiascom-
plex, but some degree of lumping within a watershed seems unavoidable,
particularly if brood stock are to be reared en masse at the hatchery.

It alsoisobviousthat watershedswithin aregion aredivergent fromthose
of the next region (on average), but what does regional divergence mean,
whentheregionsaredefined by political (rather than biophysical) criteria? For
exampl e, the Saint John River includestwo political unitsbutisassignedtothe
regional (political) unit that containsthe mouth of theriver. Anintriguing ques-
tioniswhether thecurrent (politically delimited) regionsmake optimal biologi-
cal senseand whether themanagement of Maine, New Brunswick, and Nova
Scotiasalmon might be coordinated profitably. Toward that end, it would be
productive to extend the assignment analyses of Maine fish to include the
relevant watersheds in New Brunswick and Nova Scotia. Having said that,
itisclear that the collective Maine population is distinct from the collective
New Brunswick and Nova Scotia popul ations.

LIMITATIONSOF GENETIC ASSAYS

Thelaboratory aspectsof genetic assays havereceived somecriticismas
well (Kornfield 2000, Gold 2000). All the genetic assaysin current use have
limitations, most associ ated with scoring the genetic markerson el ectrophoretic
gels. Thistechnique separates variant DNA fragments or proteins on a gel
when they migrate at different rates in response to an electric charge. The
basic operating premise of such work isthat if two individuals each have a
band (ascorable element) at the same position onthegel, thetwo bandsrepre-
sent the samething. For allozyme protein markers, different alleles (slightly
different amino acid sequences) can movethe samedistance onthegel under
theinfluence of an electric charge. Allozymesaredealt with asclasses, each
of whichisdefined by its(joint) position on an e ectrophoretic gel. Although the
formal popul ation genetic analysisisnot sensitiveto the hidden variationwithin
bands (i.e., the variation that is not separated by electrophoresis), thereisa
natural frustration with the inability to see everything.

The availability of DNA markers has greatly improved the resol ution of
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genetic variation, and most laboratorieshave now switched to DNA markers,
because the all ozyme classes can be separated into the sequences associated
with different protein alleles. To screen a population involving thousands of
fish, the required DNA sequencing would be too expensive. What has been
doneinstead—with avariety of molecular-genetic techniques, such asRFLPs
and RAPDs, with minisatellites, and (most important for this report) with
microsatellites—istorevert to gel-scoring techniquesfor DNA fragments, this
time separated by size (number of nucleotidesinthefragment). Thelumping
(different DNA sequencesof similar size) islessthanitisfor allozymes (dif-
ferent protein sequences of the same charge), but the principle that equal
movement impliesgeneticidentity isthe same, eventhough the principleim-
plies someloss of resolution. As mentioned earlier, the population genetic
theory isimperviousto the nuancesof lumping. Somevariationismissed but
what is seen is clearly present. Microsatellite methods reveal substantially
moregenetic variationthan earlier allozymemethods. Interestingly, however,
the conclusions drawn from the two sorts of data are qualitatively similar.

Kornfield (2000) rightly called attention to arelated issue with the early
microsatelliteresultsof Kingeta. (1999). With microsatellites, adjacent bands
arevery closetogether onthegel. There are so many alleles (fragmentswith
different lengths) for some of the loci that it can be difficult to make small
distinctions on the gel, and oneisforced to “bin”2 alleles, placing alleles of
almost the same sizeinto allelic classes and reducing the number of alterna-
tives under consideration. Even though there is variation within the allelic
classes, it is necessary to construct such classes. Thisis again the issue of
lumping. Althoughitistolerable, itisexacerbated, because allel es between
two adjacent bins (sizes) can be misallocated.

A variety of related scoring problems can beset such work, particularly
withlarge-scal e population-screening efforts. Microsatel litemarkersprovide
arich source of genetic information and permit popul ation assessments that
were previously impossible, but the best |aboratory control availablemust be
used. Fortunately, quality control continuestoimprove, andthe obstaclesare
al surmountablewith someextraattention givento detail inthelaboratory. The
morerecent published reports(Kingetal. 2001, Spidleet al. 2001) have prof-
ited from Kornfield’s (2000) timely reminders.

The binning approach to the analysis of genetic information has been widely
used in forensics (e.g., NRC 1992).
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STATISTICAL CONSIDERATIONS

Previous work has involved many statistical tests. A trio of statistical
issues have been raised about such tests, all of which must be dealt within
futurework (Kornfield 2000, Gold 2000). First, somesamplesizeshavebeen
small, particularly in view of the number of genetic characters examined
(Smouseand Chevillon 1998), callinginto question the precision and power of
the resulting statistical tests. In some cases, small sample sizes are unavoid-
able, because population sizes are themsel ves small, but whenever possible,
efforts should be made to obtain sample sizes of at least 100 fish per collec-
tion.®

Second, theanalysisof rareallelesor haplotypesis particularly sensitive
to sample-size effects. Given acollection of Salleles or haplotypesfrom the
popul ation being sampled, the expected number recoveredinasampleof size
N is computable (Chakraborty et al. 1988), but because the number of fish
sampled from a single population is sometimes smaller than the number of
potential alleles or haplotypes, no more than afew of thelatter can be seen.
In general, the common (high frequency) types are seen consistently with a
smattering of theraretypes. Although the pattern of raretypesisintriguing,
too much hasbeen made of that informationinview of avail able samplesizes;
any inference attributed to the presence or absence of rare types in small
samplesisunreliable. The genetic resol ution for measuring popul ation diver-
genceisinthe high-frequency genetic markers, and theresultsin Tables 1-4
are insensitive to rare alleles or haplotypes.

Thethird criticism of much of the previouswork isthat too many hypothe-
seswerebeing tested. Thenominal probability levelsaretoo generous, and it
would seem that more conservative Bonferroni or even stepwise Bonferroni
procedures (Rice 1989) would bebetter. M oreover, with K popul ation samples,
thereareK(K —1)/2 pairwisetestsof divergencebut only (K — 1) independent
contrasts, and the full set of pairwise tests is highly intercorrelated. For
multi popul ation comparisons, astandardized test criterion (Smouseand Wil-
liams 1982) might be better. For broad survey work, asmall number of inde-
pendent tests, such asthoseavailablefrom F-statistics, Amova, or assignment
procedures, would be best. Theavail able popul ation genetic datadepart sofar

3 There are many more fry in the rivers that can be sampled than returning adults,
so thisis areasonabl e expectation.
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fromthenull hypothesis(of homogeneity) that substantial divergenceisobvious
by inspection.

USEFUL INFERENCE

A statistically significant differenceisnot necessarily biologically meaning-
ful. Withlarge-enough samplesizes, any difference could be statistically signif-
icant. Theresultsof the studiesreviewed herearehighly statistically signifi-
cant. The question iswhether the differences are large enough to be biol ogi-
cally useful. The assignment testsin Tables 3-5 show that the multiple-locus
gene poolsof the various populations are substantially nonoverlapping. The
differencesarelargeand strongly suggest biologically important geneticisola
tion among the populations.
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T he genetic studies reviewed above lead to consistent conclusions: thereis
largedivergence between continental popul ationsof Atlantic salmoninNorth
Americaand Europe, considerabledivergenceamongregiona populationsin
CanadaandinMaine, and divergence between popul ationsin different water-
shedsinMaine. Inaddition, divergencecan besubstantial among popul ations
from different tributaries within awatershed, and temporal variation occurs
within agiven sampling locality. Thus, the committee concludes that wild
populationsof Atlantic salmonin Mainearedistinct from other wild Atlantic
salmon popul ationsand that differentiation occursamong popul ationswithin
Maine.

The question ariseswhether divergence of the adaptively neutral genetic
markersthat we describe aboveindicates anything useful about adaptation (of
otherloci). Thisquestion hasseriousrestoration and management implications.
Behind the ESA-important question of “Are they distinct?’ are the deeper
biological question of “How much doesit matter?’ and the derivative manage-
ment question of “How can we best use what we know for restoration?”
Here we address only the first question—that is, whether the genetic diver-
gence that exists has any biological importance.

Whilethereisobvioudly alimit to the adaptiveimportancewe canimpute
from the popul ation divergence that has been demonstrated, we are rel uctant
to dismisslocal adaptation casually. The pattern of variationisso typical of
wildsalmonthat it suggests considerable genetic cohesionandresilienceof the
resident populations, in spite of large scal e stock rel eases (over decades) that
could only havehomogeni zed the various popul ations, had they been effective.

46
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Stocking clearly hasnot been compl etely effective, asshown by decliningrun
sizes over the last 30 years. Whether today’ s genetic differences represent
aremnant of salmon population structure that predates human intervention,
following thousands of years of natural selection and genetic drift, typical of
salmon occupying different habitatswith avariety of environmental circum-
stances, or whether they represent five to six generations of genetic drift,
exacerbated by anincreasingly seriouspopulation collapse over ashort period,
is a question that we cannot answer by genetic characterization of neutral
genetic markers alone. Any conclusions we draw about the selection/drift
dichotomy will necessarily becircumstantial. Sufficeit to say that the patterns
of variation we see are typical of wild salmon exhibiting the effects of both
selection and drift.

Maine Governor AngusKing, in hispresentationto the committeeon June
12,2001, asked whether we are dealing with M aine salmon or merely salmon
inMaine. Thedistinctivenessof Mainesalmonisimportant, but itisnot the
whole question, which we consider to have two parts. For thefirst part, the
genetic evidenceavailablefor review indicatesthat wild salmon swimmingin
Maine'sDPS-designated riversare genetically distinct from salmon swimming
in Europe, from thosein Canada, and from those used in the M aine aquacul -
tureindustry. Collectively, thedataare persuasive on these points, fromwhich
we conclude that the natural salmon spawning in Maine's DPS-designated
rivers are “Maine salmon,” not just “salmon in Maine.”

The second part of thequestioniswhether theseMainesalmonaremainly
hatchery-created mixtures or theresults of natural processes—including mi-
gration, colonization, natural selection, and genetic drift—that occur in
network-connected watersheds. More specifically, the issue concerns the
relativeimportance of natural selection over long periods, whichinfluenced the
differentiation of Maine’ soriginal salmon popul ations, versusrecent genetic
drift or asampling effect related to small populations. Hatchery supplemen-
tation—including themovement and mixing of multiplestocks, adaptationto
hatchery husbandry practice, and genetic drift—hasthe potential to alter the
genepool of wild populations. If sssamoninMaineare merely thelocal “farm
crop,” rather than largely the result of natural processes, they might not be
“Maine sailmon.” We do not have data to answer this question completely.

We can, however, draw some inference from comparisons of the
watershed-specific samples of the current DPSrivers. If Maine salmon are
anartificial construct of non-river-specific hatchery supplementation, thenthe
separatewatershed-specific popul ationsshoul d begenetically indistinguishable.
Thegenetic evidenceavail ablefor review indicatesthat the natural populations
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aredistinguishablefromeach other. Moreover, their degree of distinctiveness
istypical of that found throughout the remaining world distribution of wild
Atlantic salmon. Thedatasuggest that current Mainesalmoninthe DPSrivers
are not mainly hatchery mixturesbut rather show thetypical metapopulation
structure that characterizes wild popul ations of salmon and their relativesin
placeswhere stocking hasbeen absent or insignficant. Mainehaswild salmon
populationsintheeight DPSriversthat are asdivergent from Canadian popu-
lationsand from each other asexpected among wild sal mon popul ations el se-
where in the Northern Hemisphere.
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Appendix A

Statement of Task

A multidisciplinary committeewill review theavailable scientificinformation
onthestatusof Atlantic salmon populationsin Maineand, whererelevant, in
adjacent areas. Thecommitteewill assess causes of thedeclinesof their popu-
lationsand the current threatsto the continued survival of salmon, will evaluate
the evidence on popul ation structure of those salmon, and will evaluate options
forimprovingthesurvival of sdlmon. In nginformation, thecommittee
will identify significant knowledge gaps and suggest additional research that
would be important to the conservation and recovery of salmon populations.

Factors to be evaluated include the nature and distinctness of salmon
populationsin Maineriversand surrounding areas; the interactions between
aquaculture, hatchery, and wild populations; terrestrial and marine environmen-
tal factorsaffecting salmon popul ations; the effects of changesin the hydrol-
ogy of Maine’ s streams on salmon; and the effects on salmon of subsistence,
recreational, and commercial fishing in freshwater and ocean areas in and
around Maine.

A brief interimreport will be produced within 9 monthsafter formation of
the committee. The interim report will address the genetic makeup of wild
salmon populationsin Maineandits possi blerelationship to recovery activities.
A final report at theend of the study will describeand synthesizetheinforma-
tionavailable onthebiology of Atlantic salmon, the causesof their population
declines, and threatsto their continued survival. Itwill evaluate and describe
optionsfor enhancing their continued survival and recovery, andwill provide
some approximate estimates of the relative costs of the various options.
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Appendix B

Meetings and Presenters

First Meeting: June 12-13, 2001, Bangor, Maine

The following individuals made presentations to the committee at the
public session that took place on June 12-13, 2001, at the Four Points
Sheraton Hotel, Bangor, Maine:

Edward Baum, Atlantic Salmon Unlimited
Elizabeth Butler, Pierce Atwood

Mary Colligan, National Marine Fisheries Service
John Gold, Texas A & M University

Governor Angus King, State of Maine

John Kocik, National Marine Fisheries Service

Irv Kornfeld, University of Maine

Chris Mantzaris, National Marine Fisheries Service
Paul Nickerson, Fish and Wildlife Service

Lee Perry, Commissioner of the Department of Inland Fisheries and
Wildlife

Alan Spear, Bangor Hydro-Electric Company
Adrian Spidle, U.S. Geologica Survey

Joan Trial, Maine Atlantic Salmon Commission
Fred Whoriskey, Jr., Atlantic Salmon Federation
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Second Meeting: September 20-21, 2001

Thefollowing sites were visited during a field trip held on September
20, 2001. Theindividuals who made presentations at the various sites
are listed below.

Maine Atlantic Salmon, LL C Facilities, Cross Island, Maine
Alf-Helge Aarskog, Maine Atlantic Salmon, Inc.

Sebastian Belle, Maine Aquaculture Association

Elizabeth Butler, Pierce Atwood

Daniel MacPhee, Maritime Veterinary Services

Stephen Page, Maine Atlantic Salmon, Inc.

Steve Swartz, Maine Atlantic Salmon, Inc.

Small Grower - Blueberry Farm, Whitneyville, Maine
David Bell, Wild Blueberries Commission

Lincoln Sennett, Wild Blueberry Grower

David Y arborough, University of Maine

Cherry Field Foods, Columbia Barrens, Maine
Brad Caswell, Cherryfield Foods
Sid Reynolds, Cherryfield Foods

Pleasant River Wier, Pleasant River, Maine
Joan Trial, Maine Atlantic Salmon Commission

Craig Brook National Fish Hatchery, East Orland, Maine
Tom King, Craig Brook Hatchery

Jerry Marancik, U.S. Fish & Wildlife Service

Ralph Pisapia, U.S. Fish & Wildlife Service

The following individuals made presentations to the committee at the
public session, held on September 21, 2001, at the Four Points
Sheraton Hotel, Bangor, Maine:

Edward Baum, Atlantic Salmon Unlimited

Kevin Friedland, National Marine Fisheries Service, University of
M assachusetts
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Andy Goode, Atlantic Salmon Federation

Terry Haines, U.S. Geological Survey

Fred Kircheis, Maine Atlantic Salmon Commission
George LaPointe, Maine Atlantic Salmon Commission
Jeff Reardon, Trout Unlimited

Copyright © National Academy of Sciences. All rights reserved.



