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Preface

Atlantic salmon are symbolic of a time when the biological endow-
ment of the eastern United States was richer and more diverse than today.
These impressive fish were once abundant in the rivers of Maine, and
their range extended south and west as far as the Connecticut River and
perhaps even to the Hudson River. Today the distribution of wild Atlantic
salmon in the eastern United States is restricted to a few rivers of Maine
where total annual runs are numbered in hundreds of fish rather than the
tens or perhaps hundreds of thousands of the past.

In the year 2000, the U.S. Fish and Wildlife Service and the National
Marine Fisheries Service listed Maine Atlantic salmon as an endangered
species under the distinct population segment language of the Endan-
gered Species Act (ESA). This decision has the potential to trigger regula-
tory actions that might have economic impacts on agriculture, aquacul-
ture, forestry, and other activities in Maine.

This National Research Council committee was asked to describe
what is known about the genetic makeup of Atlantic salmon in Maine,
and we did so in a report issued in January 2002. We were also asked to
assess the causes of decline and to suggest strategies for the rehabilitation
of Atlantic salmon in Maine. This document responds to that latter charge.

To set the stage, we must consider the remarkably complex life cycle
of Atlantic salmon. This is a species that is exquisitely adapted to two
very different environments. Adult fish mature in an ocean environment
and then return to their natal freshwater streams to breed. The newly
emerged fry develop, and after a period in their natal streams, the fish go
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xvi PREFACE

down river to the ocean where they must transition to a very different
physiological state as they enter the ocean environment. The fish migrate
as far as the western coast of Greenland, and after approximately 2 years
the surviving adult fish return to their natal streams to breed, thus com-
pleting the cycle. Unlike their Pacific relatives, a small number of Atlantic
salmon may once again return to the ocean to repeat the cycle. The basic
problem is that too few adult fish now return to maintain a stable popula-
tion, and the present demographic trajectory appears to predict extinction
of Atlantic salmon in Maine.

Obviously, the current plight of Atlantic salmon in Maine cannot be
discussed in isolation. They are embedded in a larger biological and physi-
cal system that is highly dynamic and is in part responding to imperfectly
understood global processes of change. Global climate systems have fluc-
tuated over the past 100,000 years, and the range of Atlantic salmon must
have expanded and contracted repeatedly in response to those larger
forces. The history of European colonization of North America coincides
first with a cooling of climate associated with the little ice age and then
with a subsequent warming period that is still in progress. These global
factors are superposed on many regional and local influences. For ex-
ample, most Maine rivers are dammed, often multiple times, denying
suitable spawning habitat. Industrial logging and agricultural activities
have influenced local watersheds, stream quality, and stream flow re-
gimes. Acid rain from regional industrial activity has also affected stream
quality. Yet many of these factors have improved over the past quarter
century in response to environmental legislation and to changing indus-
trial and land-use patterns. The biological community has also changed,
owing to introductions of nonnative species and concomitant ecological
shifts driven by the changing physical setting. Fishing was once a serious
cause of mortality, but that is now much reduced by prohibitions on
fishing, both in Maine’s rivers and in the ocean, although some mortality
might still occur as the result of bycatch with other fishing activities.
Thus, the picture appears to be one of gradual environmental improvement.
Despite that, populations of Atlantic salmon in Maine are still declining.

Clearly, a large number of potentially interacting factors impinge on
the fate of Maine Atlantic salmon. There are very few quantitative data on
the impacts of most of these factors on salmon reproduction and survival.
Our committee has worked diligently to assess the threats to salmon in
Maine and to make reasonable inferences about how these might be miti-
gated in the face of limited information. We are faced with a problem of
ecosystem management where management choices are shrouded in un-
certainty. Many variables affect the system, some yet to be identified, but
only a small subset of these variables is subject to manipulation. In short,
the challenge faced by our committee was to address a real-world prob-
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lem in applied biology. This challenge has humbled us. It presented us
with a case study in the manifold complexities of biological and human
systems, and it taught us that there are few strong levers available to the
real-world system manager.

The practical question of what is happening to the fish and to the
ecosystems in which they are embedded remains. What factors are re-
sponsible for the observed decline and what levers are available to the
manager to move the system toward a more sustainable end point? Our
committee has debated this central question at length. From the manage-
ment perspective, we review the governance system and consider the
success or lack thereof of hatchery supplementation. We also consider the
likely effects of dam removal as options worthy of special attention. We
do not claim to have a magic solution to the long-standing problem facing
Atlantic salmon in Maine. What we offer instead is an analytical frame-
work for evaluating management options and for establishing priorities.
This framework is drawn from risk and decision analyses; at its best,
those techniques can assist in setting priorities and in identifying those
actions most likely to be effective. Like any algorithm, risk and decision
analyses are no better than the quality of the available data, but the appli-
cation of the framework does assist in identifying crucial missing infor-
mation, and it can reveal those factors of minimal importance, because the
larger system is insensitive to their manipulation. We appreciate the diffi-
cult and challenging tasks faced by those charged with the implementa-
tion of a recovery plan for salmon, and we hope that the analytical frame-
work described in this report will serve to assist both managers and
recovery planners.

The task of our committee was made much easier by the many indi-
viduals who testified before us during the course of our open meetings in
the State of Maine. We are grateful for their willingness to share their
collective wisdom. Space does not permit the individual acknowledg-
ment here of everyone who helped the committee through testimony,
advice, and sharing of written information, although we are extremely
grateful to all of them, and the wiser for their efforts. They and others who
helped the committee in various ways range from elected officials to vol-
unteers and from government biologists to members of private organiza-
tions. They and the experts who reviewed this report, to whom we also
are extremely grateful, are listed in the Acknowledgments. However, Ed
Baum deserves special mention here for his long service in generating
knowledge of Atlantic salmon in Maine and for the wealth of information
that he shared with this committee through his book and presentations
to us.

Chairing a committee faced with a difficult and controversial charge
can be very hard work. In this case the burden was made light by an
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exceptionally knowledgeable and cooperative committee. I learned a great
deal from my colleagues, and I approach the end of this report with a
sense of regret that the fellowship associated with our work has reached
an end. The superb staff of the National Research Council also eased our
task. Our study director, Dr. David Policansky, is himself an expert in fish
biology, genetics, and conservation policy. Dr. Policansky contributed to
the final report in numerous ways, and the report is much better because
of his professional touch. Dr. Susan Roberts and Leah Probst contributed
their expertise and skill to the report’s quality as well, and we are grateful
to Jennifer Saunders, Bryan Shipley, Dominic Brose, and John Brown for
their attention to the needs of the committee throughout its meetings and
for their attention to detail in production of the report. We also thank
Ruth Crossgrove and Mirsada Karalic-Loncarevic for their editorial and
research efforts.

Michael T. Clegg
Chair, Committee on Atlantic Salmon
in Maine
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1

Summary

Atlantic salmon in Maine, once abundant, are now seriously depleted.
Hundreds of thousands of adults returned to Maine’s rivers and streams
each year in historical times. In 2002, it is estimated that only 871 salmon
returned to spawn in all Maine rivers. Atlantic salmon were listed as
endangered under the federal Endangered Species Act (ESA) in Novem-
ber 2000. The listing covers the wild fish in eight Maine rivers (Figure S-1)
as a single “distinct population segment” (DPS). Only 33 fish returned to
those eight rivers, often called the DPS rivers, in 2002. (These estimates of
returning salmon are minimal estimates, and the actual numbers are prob-
ably greater; nonetheless, the decline in salmon numbers is real and very
serious.)

The controversy in Maine that accompanied the ESA listing led Con-
gress to request the National Research Council’s (NRC’s) advice on the
science relevant to understanding and reversing the declines in Maine
salmon populations. The charge to the NRC’s Committee on Atlantic
Salmon in Maine (Box S-1) included an interim report that focused on the
genetic makeup of Maine Atlantic salmon populations; that report was
published in January 2002. The charge for the final report included a
broader look at factors that have caused Maine’s salmon populations to
decline and the options for helping them to recover. This is the final
report.
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2 ATLANTIC SALMON IN MAINE

FIGURE S-1 USA Atlantic salmon rivers with active restoration and recovery
programs in New England. The eight DPS rivers in Maine with Atlantic salmon
listed as endangered under the ESA are (5) Dennys, (6) East Machias, (7) Machias,
(8) Pleasant, (9) Narraguagus, (12a) Cove Brook, (13) Ducktrap, and (14) Sheepscot.
SOURCE: Baum et al. 2002. Reprinted with permission of the author.
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SUMMARY 3

SALMON BIOLOGY

Naturally reproducing populations of Atlantic salmon occur in rivers
and streams from southwestern Maine to northwestern Europe. Histori-
cally, they were found in the Hudson River in New York and north and
east to the Canadian border, but today they are found only in Maine, from
the Sheepscot River to the Canadian border. The populations have de-
clined drastically, from perhaps half a million adults returning to all U.S.
rivers each year in the early 1800s to a minimum estimate of 1,050 in 2001.
Most U.S. Atlantic salmon are in Maine rivers, and 780 (90%) of those
returned to only one river, the Penobscot, in 2002.

Salmon spawn in freshwater, where the young hatch and grow for 1–
3 years before migrating to sea. At sea, they grow faster in the rich marine
environment and then return as adults to the rivers where they hatched
(called natal streams) to spawn—a life history called anadromy. Most
adult salmon die after spawning, but some return to the ocean, and some
of those fish return to spawn again. Some males mature early and survive
spawning more often than adults do.

BOX S-1
Committee Statement of Task

A multidisciplinary committee will review the available scientific information on
the status of Atlantic salmon populations in Maine and, where relevant, in adjacent
areas. The committee will assess causes of the declines of their populations and
the current threats to the continued survival of salmon, will evaluate the evidence
on the population structure of those salmon, and will evaluate options for improv-
ing the survival of salmon. In assessing information, the committee will identify
significant knowledge gaps and suggest additional research that would be impor-
tant to the conservation and recovery of salmon populations.

Factors to be evaluated include the nature and distinctness of salmon popula-
tions in Maine rivers and surrounding areas; the interactions between aquaculture,
hatchery, and wild populations; terrestrial and marine environmental factors affect-
ing salmon populations; the effects on salmon of changes in the hydrology of Maine
streams; and the effects on salmon of subsistence, recreational, and commercial
fishing in freshwater and ocean areas in and around Maine.

A brief interim report will be produced within 9 months after formation of the
committee. The interim report will address the genetic makeup of wild salmon
populations in Maine and its possible relationship to recovery activities. A final
report at the end of the study will describe and synthesize the information available
on the biology of Atlantic salmon, the causes of their population declines, and the
threats to their continued survival. It will evaluate and describe options for enhanc-
ing their continued survival and recovery and will provide some approximate esti-
mates of the relative costs of the various options.
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4 ATLANTIC SALMON IN MAINE

The homing of salmon provides an opportunity for the salmon to
adapt to environmental conditions in their natal streams. The occasional
straying of returning adults to streams other than their natal streams is
probably important evolutionarily, because it allows recolonization of a
stream if the local population dies out and provides for small infusions of
new genetic material for continued evolutionary adaptation to changing
conditions. The complex life-history pattern of anadromy exposes salmon
both in the ocean and in streams to predation, fishing, habitat degrada-
tion, and other environmental perturbations. Understanding the causes
of population decline is thus also complicated.

In addition to anadromous Atlantic salmon, Maine has populations
of Atlantic salmon that complete their entire life history in freshwater.
They are called landlocked salmon or ouananiche. They are the same
species as the anadromous form, although there is some genetic differ-
ence between them. They are not endangered, but because they strongly
resemble anadromous salmon and sometimes compete with them, they
can complicate efforts to rehabilitate wild anadromous populations.

HATCHERIES AND AQUACULTURE

Augmentation of wild populations of Maine salmon with hatchery
releases began in the early 1870s. At first, young fish were obtained from
Lake Ontario. Later, the Craig Brook Hatchery in East Orland, Maine,
using eggs from Penobscot River fish, was the stocking source. By the
1920s, Canadian eggs were being used, followed in the 1940s by eggs
from the Machias, Penobscot, and Dennys rivers of Maine. In the 1950s
and 1960s, some eggs of Canadian origin again were used, but by the late
1960s, eggs from Maine’s Machias, Narraguagus, and Penobscot rivers
were used. Fish reared in hatcheries derived from Penobscot River fish
were used until late 1991, when the practice of river-specific stocking was
adopted. The protocol used since involves catching young, actively feed-
ing fish (parr) in the river, rearing them to maturity in the hatchery,
mating them, and releasing the resulting fry into their native rivers before
they start to feed.

Stocking, at least until 1992, added to rivers many fish (and eggs)
whose genotypes did not reflect adaptation to the local environment. In
addition, aquaculture (farming) of Atlantic salmon began in Maine in the
1980s, the first fish for market being produced in 1987. Derived in part
from European Atlantic salmon, the genetic strains used for fish farming
are even more different from native strains than are hatchery strains.
Farm fish 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 escapees on the genet-
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SUMMARY 5

ics of wild populations is not well documented in Maine. Both hatchery-
and pen-reared fish compete poorly with wild fish in other rivers that
have been studied, but because there are so many escaped farm fish
compared with wild fish in some rivers, some impact is likely to have
occurred.

The addition of so many nonwild genotypes from hatcheries and
from aquaculture escapees has led some to conclude that the fish return-
ing to spawn in Maine’s rivers could not possibly represent anything
more than a mix of genotypes from Europe, Canada, and Maine. If that
were true, then options for conservation might be considerably different
from those that might be undertaken if the wild fish in Maine were geneti-
cally distinct, and that is why it is important to understand the genetic
makeup of the wild salmon populations in Maine and the effects that
hatcheries might have on it.

THE GENETICS OF MAINE SALMON

In its January 2002 interim report, the committee assessed how Maine
salmon populations differ from other Atlantic salmon populations and
among themselves. The committee addressed the question at three levels.
First, are North American Atlantic salmon genetically different from Eu-
ropean salmon? Second, are Maine salmon distinct from Canadian
salmon? Third, to what degree are salmon populations in the eight Maine
rivers in the ESA listing distinct from each other?

The committee concluded that North American Atlantic salmon are
clearly distinct genetically from European salmon. In addition, despite
the extensive additions of nonnative hatchery and aquaculture genotypes
to Maine’s rivers, the evidence is surprisingly strong that the wild salmon
in Maine are genetically distinct from Canadian salmon. Furthermore,
there is considerable genetic divergence among populations in the eight
Maine rivers where wild salmon are found. The committee concluded
that wild salmon in Maine do not reflect only (or even mainly) the result
of decades of hatchery stocking. It is not possible to say whether or to
what degree the genetic differences reflect adaptation to local conditions
as opposed to random processes associated with small population sizes
or some influence of stocking. However, the pattern of genetic variation
seen among Maine streams is similar to patterns seen elsewhere in salmon
and their relatives where no stocking has occurred.

HUMAN ALTERATION OF THE ENVIRONMENT

Maine’s environment has been substantially altered by human use.
Before humans arrived, the advance and retreat of continental ice sheets
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6 ATLANTIC SALMON IN MAINE

during the Pleistocene epoch (10,000 to about 1.5 million years ago) had a
dominant influence on landforms and resulting stream networks and soils
of Maine. Glaciers shaped mountains and valleys; left sand and gravel
deposits; and carved out hundreds of lakes, ponds, and depressions that
are now wetlands. The dominant soil types are a direct result of glacia-
tion, a cold, wet climate, and forest succession over the past 10,000 years.
In general, the soils are well drained, acidic, and relatively unfertile. The
properties of the soils and watersheds generally yield high-quality streams
and rivers.

Anthropogenic disturbance has occurred for centuries in New Eng-
land’s forests. Before European settlement, Native Americans used fire to
alter wildlife habitat and enhance or maintain the productivity of wild
foods and medicinal plants. Since the mid-1700s, Maine’s environment
has been altered by timber harvesting, clearing for agriculture, gradual
abandonment of farmlands, industrial development, and more recently,
residential land use. Maine was more than 92% forest in 1600. The for-
ested area decreased dramatically as the combined effects of forest clear-
ing for agriculture, industrial logging and milling, and subsequent forest
fires reduced coverage to 53.2% by 1872. Forests have since regenerated
on abandoned agricultural land and “cutover” areas, reversing the trend
of deforestation of earlier centuries. In 1995, the Forest Service of the U.S.
Department of Agriculture estimated that Maine’s forest cover was 89.6%,
but the composition of the vegetation was much different than it had been
a few centuries ago.

By 1920, most of the forest left in the Penobscot, Kennebec, and An-
droscoggin watersheds had been altered by one or more logging cycles.
By contrast, the Down East region (the part of Maine near and along the
coast from roughly Penobscot Bay east to the border with Canada) still
had areas of virgin forest exceeding 25,000 acres (10,125 hectares). A suite
of socioeconomic and ecological factors might have contributed to the
continued survival of wild Atlantic salmon in such rivers as the Nar-
raguagus, Pleasant, Machias, East Machias, and Dennys. They include
lower human population densities, less industrial use of the rivers, and a
cooler climate.

One trend that has not been significantly reversed is the presence of
dams placed on Maine’s rivers for mills and other purposes. Most rivers
there have one or more dams that reduce or eliminate fish passage and
that alter riverine habitats. Some of the dams seem to have outlived their
economic usefulness.

To a significant degree, salmon recovery will depend on changing
human activities that are threatening the survival of salmon. Understand-
ing the factors that affect human activities is a prerequisite for designing
effective policies that will alleviate the threats that the activities pose to
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the survival of salmon. In addition, many governance organizations are
involved with salmon management. They include agencies of the federal
and state government as well as local and nongovernmental organiza-
tions. The large number of such organizations complicates understanding
of how their actions affect salmon. It also means that their ability to
work together depends on thoughtful and careful communication and
agreements.

THREATS TO ATLANTIC SALMON IN MAINE

Human activities that directly or indirectly threaten salmon include
dams and hydropower projects, Atlantic salmon aquaculture, water ex-
traction for agriculture, fishing, hatcheries, logging, road construction,
development of land sites, acidification of their streams, and research.
Predation—always part of the environment of salmon—has been influ-
enced by declines in the number of salmon and by changes in the num-
bers and kinds of their predators. Those factors interact with many other
factors on land, in freshwater, and at sea. The difficulty is not only to
identify factors that threaten salmon but also to decide which ones are
most critical and which ones can be mitigated or reversed.

To address the difficulty of ranking the threats, the committee used a
form of risk analysis. After threats have been identified and their severity
and urgency ranked, decisions need to be made to address them. In some
cases, legal or biological considerations might make the decisions obvi-
ous, but in most cases, decisions must be weighed against their likely
effectiveness, cost, societal and political implications, and other conse-
quences. The decision-making process should include people with local
knowledge and people who must live with the consequences.

In this report, the committee has provided two decision analyses it
conducted as examples: placement of dams and managing risks of salmon
farms. These examples of decision analyses are not intended as conclu-
sions, because people with local knowledge and people who must live
with the consequences of the decisions did not take part in the analyses.
The committee’s conclusions focus on biological issues and on methods of
gaining knowledge and understanding.

The committee’s approach has been statewide, without a specific or
exclusive focus on the eight DPS rivers or on the specific requirements of
the ESA. That statewide approach was the committee’s charge, and it has
a sound scientific basis: much additional salmon habitat in other water-
sheds should be used in rebuilding salmon populations. By far the great-
est natural environmental asset for salmon in Maine is the Penobscot
River. It is the largest river wholly in Maine, and it has more than 90% of
all the adult Atlantic salmon returns in Maine. For years, the Penobscot
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8 ATLANTIC SALMON IN MAINE

was the major source of brood stock for salmon hatcheries. The Kennebec,
Androscoggin, Saco, St. Croix, St. John, and other non-DPS rivers also are
environmental assets for salmon. Biologically, a restoration program for
Maine salmon would not make sense if it did not take advantage of those
rivers as well as the DPS rivers.

Dams

Dams obstruct adult and juvenile salmon passage and alter riverine
habitats, including water quality. As a result, they degrade or eliminate
spawning and rearing habitat for Atlantic salmon in Maine. Although
dams are not as important a problem on the DPS as on other Maine rivers,
they have made an enormous amount of habitat unavailable to Maine
salmon and have affected much of the habitat that is still available. Fish-
passage facilities help migrations to some degree, but they have no effect
on the riverine habitat affected by dams, and they are inadequate or com-
pletely absent on many dams.

Hatcheries

Hatcheries have been used in Maine to attempt to increase the popu-
lations of salmon since the 1870s. At first, no attention was paid to genet-
ics. Fish used for brood stock came from various Canadian and Maine
rivers. Canadian fish or eggs were not used in Maine after 1967 except in
1985 and 1986, but many nonnative fish were introduced in the earlier
decades. In 1992, river-specific stocking was instituted for the eight DPS
rivers.

Even with river-specific stocking and the best available breeding pro-
tocols, hatcheries change the genetic makeup of salmon populations. De-
spite the efforts and money spent on rearing fish in hatcheries and stock-
ing Maine’s rivers, salmon populations are now at the lowest levels ever
recorded. The available information is not sufficient to conclude whether
hatcheries in Maine can actually help to rehabilitate salmon populations,
whether they might even be harming them, or whether other factors are
affecting salmon so strongly that they overwhelm any good that hatcher-
ies might do.

Aquaculture

Salmon farms rear salmon from eggs in hatcheries and then grow
them to market size in net-pens near the coast. The salmon farms were
established in Maine in the 1980s. Risks to wild populations from salmon
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farms include the transmission of disease, the concentration of parasites
(sea lice) and predators around the net-pens to the detriment of wild
salmon migrating nearby, and the escape of fish that can migrate up
rivers and compete for space and mates with wild salmon. Disease has
caused net-pens in Cobscook Bay to be dismantled and sterilized.

Only limited research on and monitoring of the effects of salmon
farms on Maine salmon have been carried out. Adverse effects of farms
on wild fish have not been documented in Maine, but they have been
elsewhere. There is no reason to believe that the harm to wild fish that has
been documented elsewhere could not occur in Maine.

Acid Deposition

Deposition of sulfates and other chemicals from the atmosphere has
acidified many lakes and streams in northeastern North America. In
nearby Nova Scotia, acidification has led to the extirpation of salmon
from more than a dozen rivers. Acid deposition has decreased in the past
25 years, but not all rivers and streams in Maine have become less acidi-
fied. The altered water chemistry of acidified streams especially affects
the younger life stages of salmon and can be accompanied by a high
mortality of smolts making the transition from freshwater to seawater.
Although acidification has not been conclusively identified as a source of
death for Atlantic salmon in Maine, recent information on poor survival
of smolts and on water chemistry in Maine makes it appear that acidifica-
tion could be a serious problem.

Fishing

Fishing has affected Maine salmon until very recently. At first, fishing
was for subsistence, and its intensity is not well quantified. Commercial
and recreational fishing were well established in the nineteenth century.
Recreationally caught salmon were almost all killed before about 1985;
but since 1994, most salmon caught have been released. High-seas fishing
for salmon differs from fishing in rivers in that specific stocks cannot be
targeted, so the number of Maine salmon caught by commercial ocean
fishing is not easy to quantify. By 2000, all recreational angling for anadro-
mous Atlantic salmon, even catch-and-release, was prohibited in Maine.
Directed commercial fishing was eliminated by 1948 in Maine and almost
completely eliminated at sea in 2002. Some poaching, accidental catch
(bycatch), and take because of mistaken identity (anadromous Atlantic
salmon resemble landlocked Atlantic salmon and brown trout) occur, but
their magnitude is not known.
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10 ATLANTIC SALMON IN MAINE

Change in Atmospheric and Ocean Climate

Atmospheric climate and oceanic conditions on earth have been
changing for at least as long as life has existed; they will continue to
change. Maine’s climate has warmed over the past three decades, and
ocean conditions have changed as well. Continued warming would make
it more difficult to rehabilitate wild salmon populations in Maine. Change
in precipitation patterns and related phenomena, such as ice cover and
timing of snowmelt, probably also would make things more difficult.

Predation and Food Supply

Predation has always been a feature of the lives of salmon, but human
activities have probably increased its severity. Salmon predators include
birds, mammals, other fish, and—at some life stages—invertebrates. Many
rivers now contain nonnative species of fish, some of which are strongly
piscivorous. Ocean fishing has changed the composition and food supply
of potential salmon predators. In addition, protection afforded to marine
mammals under the Marine Mammal Protection Act has resulted in in-
creases in species that prey on salmon. Finally, the human depletion of
salmon populations might have made them more vulnerable to other
predators. These changes have probably also affected the kinds and
amount of food available to salmon at various life stages.

Research and Monitoring

Research and monitoring are essential for understanding the dynam-
ics, status, and trends of Atlantic salmon in Maine and for assessing the
effects and effectiveness of management actions. However, the trauma
associated with capturing, handling, anesthetizing, and sampling fluids
and tissues from fish—especially young fish—can result in some deaths.
When populations are very small, as they now are in most Maine rivers, it
is essential to weigh the value of new information against the possibility
of the harm to wild fish caused by handling.

Governance

Governance institutions have a strong influence on the success or
failure of management of natural resources in general, as they do for
anadromous Atlantic salmon in Maine. Although a considerable amount
is known about relationships between governance structure and resource
management, each case is unique, and much basic information is needed
before governance structures can be fully adapted to improve resource
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management. In Maine (as in most other places), much of the required
information has not been collected or analyzed. In addition, most gover-
nance structures have much broader mandates than only resource man-
agement, and that can make resource management more difficult. It would
be helpful to increase coordination of efforts across local, state, federal,
and international levels of organization; adapt governance structures to
more closely match the biology and geography of salmon populations;
include stakeholders in the risk-assessment and risk-management pro-
cesses; and develop and improve of adaptive-management approaches
that allow people to test the efficacy of various governance structures.

RANKING THE THREATS

The committee’s risk assessment led it to conclude that the greatest
impediment to the increase of salmon populations in Maine is the ob-
struction of their passage up and down streams and degradation of their
habitat caused by dams. This finding applies more to the non-DPS than to
the DPS rivers, because the potential salmon habitat in the non-DPS rivers
is so great.

The mortality of salmon—especially smolts and post-smolts—in estu-
aries and at sea appears to be a very serious problem. Despite some uncer-
tainty about the causes of the excess mortality, the committee concludes
that acidification of streams has the potential to be a major impediment to
the increase of salmon populations in Maine by contributing to that mor-
tality.

At the next level of importance, salmon farming has the potential to
adversely affect salmon populations in Maine genetically and ecologi-
cally and might already have done so. Over the long term, hatchery
supplementation of salmon populations in Maine is also likely to have
deleterious genetic and possibly ecological effects. Predation and changes
in oceanic conditions could be serious problems for salmon. Because
populations of wild salmon in Maine are so low, the mortality associated
with research and monitoring could be problematic.

Current agricultural practices, including forestry, do not appear to be
an important problem for Atlantic salmon in Maine, although their effects
should be monitored, especially for erosion, reduction of vegetation cover,
and water withdrawals. Fishing is currently prohibited; therefore, it is not
an important problem for Maine salmon. A rich and complex network of
governance institutions in Maine influences how humans affect salmon.
As is often the case with complex environmental problems, more infor-
mation is needed on how well governance institutions are working to-
gether, and whether the government authority is sufficient to develop
and implement effective recovery programs.
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RECOMMENDATIONS

Many recommendations have been made for the rehabilitation of At-
lantic salmon populations in Maine. Most of them are sound, but there are
too many recommended actions to take at once. Moreover, not all of them
are equally urgent. Most of the actions discussed below also have been
recommended by others, such as the Maine Atlantic Salmon Task Force,
but here an attempt is made to set priorities for them and to recommend
those actions most likely to be effective.

Urgently Needed Actions

There is an urgent need to reverse the decline of salmon populations
in Maine if they are to be saved. Other than the Penobscot River, only 80
adult salmon were recorded to have returned to Maine’s rivers in 2002.
The serious depletion of salmon populations in Maine underscores the
need to expand rehabilitation efforts to as many of Maine’s rivers as pos-
sible. Since most Maine salmon are now in the Penobscot River, that
population should be a primary focus for rehabilitating the species in
Maine. The committee recommends the following urgent actions:

• A program of dam removal should be started. Priority should be
given to dams whose removal would make the greatest amount of spawn-
ing and rearing habitat available, which means that downstream dams
generally should be considered for removal before dams upstream of
them. In some cases, habitat restoration will likely be required to reverse
or mitigate some habitat changes caused by the dam, especially if the dam
is many decades old. A recent agreement to remove two Penobscot River
dams is encouraging.

• The problem of early mortality as smolts transition from freshwa-
ter to the ocean and take up residence as post-smolts needs to be solved.
If, as seems likely, early mortality in estuaries and the ocean is due in part
to water chemistry, particularly acidification in freshwater, the only meth-
ods of solving the problem are changing the water chemistry and finding
a way for the smolts to bypass the dangerous water. Liming has had
considerable success in counteracting acidification in many streams, and
the techniques are well known. Examples of its application are in nearby
Nova Scotia. Liming should be tried experimentally on some Maine
streams as soon as possible. Bypassing the dangerous water is best
achieved by rearing smolts and acclimating them to seawater in con-
trolled conditions. This approach is not appealing because of the degree
of human intervention required and because of the adverse selection that
must result from it. Given the extreme depletion of salmon populations,
however, desperate measures are needed.
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• Hatcheries need to continue to be used, at least in the short term, to
supplement wild populations and to serve as a storehouse of fish from the
various rivers. There is an urgent need to understand the relative effi-
ciency of stocking of different life stages in the rivers in terms of adult
returns per brood-stock fish and their reproductive success. Additional
research on hatcheries and scientific guidance for their use is needed,
because hatchery-based restoration of wild salmon populations remains
an unproven technology.

The committee was asked to provide estimates of the approximate
relative costs of the various options. Although it has not been able to
provide detailed cost estimates for all of its recommendation, it does esti-
mate that dam removal would cost between $300,000 and $15 million per
year; and liming would cost on the order of $100,000 per stream initially
plus $50,000–$100,000 per year. The cost of changing hatchery operations
as recommended would not require major additional expenditures
beyond what is currently spent on federal hatchery operations for Atlantic
salmon in Maine. Although the costs of changes to salmon farming
cannot be reliably estimated, it is clear that most of the modifications
would likely cost enough to eliminate the profitability of salmon farm
operations.

Actions Important over the Longer Term

• Over the longer term, the committee recommends a comprehen-
sive decision-analysis approach to the rehabilitation of Atlantic salmon
populations in Maine. The analysis should be conducted along the lines of
the examples in Chapter 5 of this report but in more detail and with all
major groups of stakeholders involved. Taking a Maine-wide view is more
likely to be successful than focusing only on some rivers.

• No anadromous Atlantic salmon of any life stage should be stocked
in rivers that have populations of wild Atlantic salmon unless those rivers
are specifically identified as part of a hatchery-recovery program that
uses river-specific stocks (that is, a program that takes brood stock from
the river to be stocked with the aim of retaining any local genetic differen-
tiation). Stocking of nonnative fish species and landlocked salmon also
should be avoided in those rivers. Other rivers that once supported wild
Atlantic salmon runs, but which lack them now, will probably become
repopulated by strays from nearby streams if populations in those nearby
streams recover. The advantages of such natural repopulation, which
would be more likely than stocking to lead to local genetic adaptation,
should be given serious attention before any decision is made to stock
streams that currently lack wild Atlantic salmon runs.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


14 ATLANTIC SALMON IN MAINE

• The current prohibition of commercial and recreational fishing for
salmon in Maine, including catch-and-release fishing, should be contin-
ued. Any further reduction in the take of Maine salmon at sea would be
helpful. Maximum and minimum size limits for trout and landlocked
salmon should be established in rivers that have anadromous Atlantic
salmon. The minimum size for retention should be large enough to pro-
tect Atlantic salmon smolts, and the maximum size should be small
enough to protect adult Atlantic salmon. Any fishing that might take a
wild Atlantic salmon, even inadvertently, constitutes an additional risk to
the species. This risk should be carefully evaluated for all Maine rivers
with Atlantic salmon, and additional measures should be taken if the risk
is judged to be important. Habitat zones most heavily used by Atlantic
salmon young and adults should be closed to fishing for all species until
salmon populations have recovered.

• Research that increases the risk of death to wild fish should be
curtailed. The value of any information obtained needs to be weighed
against the likelihood of increased death of wild fish subjected to
handling.

• Every effort should be made to further curtail the escape of salmon
from farms. If accumulation of parasitic copepods (sea lice) or other patho-
gens is found to be a problem for wild salmon, the aquaculture facilities
should be moved to a place where they will not adversely affect wild
salmon.

• Hatchery practices should be evaluated in an adaptive-manage-
ment context to further reduce adverse genetic and ecological effects and
modified as needed.

• The monitoring of water quality and gauging of streams should be
augmented. A network of metereological-monitoring, stream-gauging,
water-quality-monitoring, and biological-monitoring sites should be
linked to a geographic information system and an online database within
2 years.

• Government, industry, and private organizations and landowners
should cooperate to evaluate forestry best-management practices and for-
est-road networks. Mitigation and pollution prevention should be orga-
nized to maximize the effectiveness of storm-water management and sedi-
ment control and the removal of barriers to fish passage.

• The State Planning Office should conduct a systematic governance
assessment to see whether there are gaps in authority, overlapping au-
thority, conflicts of goals and interests among agencies, and adequate
cooperation among agencies.

• The State Planning Office, in cooperation with all other agencies,
should implement adaptive management to monitor performance of gov-
ernance activities related to Atlantic salmon, to experiment with alterna-

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


SUMMARY 15

tive institutions for salmon recovery, and to systematically learn and
adapt to the results of new information.

• The Maine Atlantic Salmon Commission should consider shaping
governance structures so that they are consistent with salmon biology.
That process could involve developing multistakeholder governance in-
stitutions for each drainage basin, each nested within larger scale gover-
nance bodies to address effects that are larger than individual basins,
such as climate change and aquaculture.

• The suite of additional options with multiple environmental ben-
efits outlined in Chapter 5 should be adopted. Those strategies are likely
to help Atlantic salmon in Maine, and they will have other environmental
benefits even if they do not help salmon. The energy and commitment of
the members of many local watershed and river-specific groups focused
on restoring salmon and their habitats is an important asset and should be
included in any overall approach to rehabilitating Atlantic salmon and
their habitats in Maine.
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1

Introduction

BACKGROUND

Maine was once the home of abundant populations 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 130 years or so, populations in Maine have continued to decline,
and now they are seriously depleted in all the rivers that still retain natu-
ral runs. Only an estimated 862 adult salmon returned to Maine streams
to spawn in 2002, down from 940 in 2001 (MASC 2002). Most of those fish
returned to one river, the Penobscot (782 in 2002 and 786 in 2001). The
declines led to the listing of Atlantic salmon in eight Maine rivers (Cove
Brook, Dennys, Ducktrap, East Machias, Machias, Narraguagus, Pleasant,
and Sheepscot) as an endangered distinct population segment (DPS)
under the federal Endangered Species Act (ESA) by the Fish and Wildlife
Service (FWS) and the National Marine Fisheries Service (NMFS) on
November 17, 2000 (50 CFR 17, 224). Figure 1-1 and Table 1-1 show New
England rivers with Atlantic salmon; the eight so-called DPS rivers are
identified. Those eight rivers together had minimum estimates of 64 re-
turning adults in 2000, 81 in 2001, and 33 in 2002 (MASC 2002, USASAC
2003). In 2002, no returning adults or redds were observed in Cove Brook,
the Ducktrap River, and the Pleasant River.
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FIGURE 1-1 USA Atlantic salmon rivers with active restoration and recovery
programs in New England. The eight DPS rivers in Maine with Atlantic salmon
listed as endangered under the ESA are (5) Dennys, (6) East Machias, (7) Machias,
(8) Pleasant, (9) Narraguagus, (12a) Cove Brook, (13) Ducktrap, and (14) Sheepscot.
SOURCE: Baum et al. 2002. Reprinted with permission of the author.
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18 ATLANTIC SALMON IN MAINE

TABLE 1-1 Inventory of Current U.S. Atlantic Salmon
Rivers

Drainage
Length Area

No. River States (km) (sq ha)

1 Aroostook ME 115 5,931
2 Prestile Stream ME 39 562
3 Meduxnekeag ME 65 1,287
4 Saint Croix ME 50 6,475
5 Dennysd ME 32 342
6 East Machiasd ME 59 650
7 Machiasd ME 98 1,191
8 Pleasantd ME 45 220
9 Narraguagusd ME 78 601

10 Tunk Stream ME 27 104
11 Union ME 100 1,295
12 Penobscote ME 267 22,196
13 Ducktrapd ME 17 93
14 Sheepscotd ME 55 591
15 Kennebec ME 242 15,540
16 Androscoggin ME 207 6,475
17 Saco ME and 201 4,395

NH
18 Cocheco NH 70 479
19 Lamprey NH 100 500
20 Merrimack MA and 302 12,976

NH
21 Pawcatuck RI
22 Connecticut CT, MA, VT 667 29,138

and NH
TOTAL 2,836 111,041

aAtlantic salmon habitat is defined as riffles and runs.
bData based upon surveys in 1950s–1960s; a + indicates that some tributar-
ies (mostly minor) have not been surveyed.
cNorth Atlantic Salmon Conservation Organization (NASCO) categories: L,
lost; M, maintained; R, restored; T, threatened with loss; N, not threatened
with loss. U indicates current population status unknown.
dAtlantic salmon populations in these rivers listed as endangered under the
federal Endangered Species Act.
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Atlantic Salmon Habitat Unitsa

(unit = 100 sq mi)

Total Salmon
Surveyed Estimated Amount Population
Amount Amountb (minimum) Statusc

30,000 30,775 60,775 L
– 835 835 U
– 10,000 10,000 U

29,260 + 29,260 L
2,414 + 2,414 T
3,006 + 3,006 T
6,156 + 6,156 T
1,220 + 1,220 T
6,014 + 6,014 T

– 627 627 L
– 8,370 8,370 L
– 125,000 125,000 Tf

845 + 845 T
2,797 + 2,797 T

43,483 114,300 157,783 Tf

– 47,900 47,900 L
12,540 15,000 27,540 L

+ 0 L
+ 0 L
+ 0 L

4,490 + 4,490 L
243,000 + 243,000 L

385,225 352,807 738,032

eCove Brook, a tributary to the lower Penobscot River, is one
of the eight rivers identified in footnote 1 above.
fDesignation applies to selected tributaries below the first
hydrodam.
Abbreviations: sq mi, square mile; km, kilometer; sq ha, square
hectare.
SOURCE: Adapted from NASCO Special Session on Salmon
Habitat, Faroe Islands, June 2002.
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20 ATLANTIC SALMON IN MAINE

No one disputes the general seriousness of the declines, but many
people in Maine claim that the populations are not wild1 and, therefore,
oppose the ESA listing. They argue that the fish are derived mainly from
hatchery stocking and aquaculture escapes. If so, then appropriate mea-
sures to increase the number of salmon in Maine’s rivers could be quite
different from appropriate measures to increase wild salmon runs in those
rivers. The controversy led Congress to mandate a study of Atlantic
salmon in Maine by the National Research Council (NRC). An interim
report was to be prepared in time to help any recovery efforts (see Box S-1
for committee’s statement of task).

The interim report (NRC 2002a) by the NRC Committee on Atlantic
Salmon in Maine focused on the genetic characteristics of the wild popu-
lations in Maine, especially in the listed rivers. In this report, the commit-
tee focuses on the broader issues contributing to the decline of salmon in
Maine and options for helping them to recover.

THE LISTING OF SALMON
UNDER THE ENDANGERED SPECIES ACT

The ESA of 1973, as amended in 1988 (Public Law 100-478), defines
species as including “any subspecies of fish or wildlife or plants, and any
distinct population segment of any species o[f] vertebrate fish or wildlife
which interbreeds when mature” (Section 3 {15}). A detailed description
of the ESA’s provisions as they affect Atlantic salmon in Maine is in
Appendix C. The salmon in the eight Maine rivers, including “all natu-
rally reproducing wild populations and those river-specific hatchery
populations of Atlantic salmon having historical, river-specific character-
istics found north of and including tributaries of the lower Kennebec
River to, but not including, the mouth of the St. Croix River at the U.S.-
Canada border,” were listed as an endangered DPS by FWS and NMFS
(“the Services”) on November 17, 2000 (65 Fed. Reg. 69459 [2000]). The
eight rivers are often referred to as the DPS rivers. The science that under-
lies the ESA; the concept of species, including subspecies and DPSs; and

1The 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. This practical definition is
used by the committee to distinguish salmon populations that are supported by human
activities (hatchery fish) from those that have established themselves in the wild. The com-
mittee agrees with Baum (1997) that pristine salmon populations that have always 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 from parents’
reproduction in streams rather than stocking.
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the meaning of “endangered” under the ESA are discussed in consider-
able detail in two earlier NRC reports (NRC 1995, 1996a).

THE PRESENT STUDY AND REPORT ORGANIZATION

For this study, the committee met three times in Maine and heard
presentations from representatives of the state government of Maine, in-
cluding Governor Angus King; from the Services; from the Atlantic
Salmon Commission; and from a variety of industrial, academic, environ-
mental, and other private organizations and individuals. The committee
also visited an Atlantic salmon farm and two blueberry farms in Wash-
ington County, a weir on the Pleasant River, the federal hatchery at Craig
Brook, the site of the former Edwards Dam on the Kennebec River, road
crossings over salmon streams, and other sites. Lists of the presenters and
facilities visited are in the front matter. The committee met once each in
Boston and Woods Hole, Massachusetts, and once in Washington, D.C.,
and considered an array of published literature and reports.

The committee has attempted to bring a new perspective to this much-
studied problem. There is no lack of factors known to have adversely
affected Atlantic salmon in Maine and throughout their historical range
in eastern North America. Indeed, the problem is that too many such
factors are known, and the difficulty is how to prioritize them and how
consequently to prioritize potential actions to rehabilitate2 the salmon
populations and their environments. The committee has taken a risk-
assessment and decision-analysis approach, in part for illustrative pur-
poses but also to help it assess the importance of the factors affecting
salmon and to prioritize potential rehabilitation options. The committee
also considered the entire state as potentially available for rehabilitation
efforts, rather than only the eight DPS rivers. As a result, our focus is
much broader than only the requirements of the ESA. The committee’s
work along these lines is only a beginning, but we hope that by following
the example and guidance in this report, decisions and actions taken by
those responsible for and interested in rehabilitation of salmon popula-
tions in Maine will be made more productive and effective.

The report begins with a description of Atlantic salmon in Maine and
the environments they inhabit (Chapter 2). Chapter 3 describes the most
significant threats to salmon in Maine. The committee then describes risk

2Following the usage of the NRC Committee on Protection and Management of Pacific
Northwest Anadromous Salmonids (NRC 1996a), the committee has chosen to consider
rehabilitation as a practical and achievable strategy, rather than restoration, which implies
return of ecosystems to some previous but unknowable pristine condition.
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22 ATLANTIC SALMON IN MAINE

assessment and decision analysis and the committee’s Atlantic salmon
risk model in some detail (Chapter 4). Chapter 4 also discusses the
committee’s decision analyses for dams and for salmon farms; they are
provided as examples of how to think about such issues systematically
but not as a substitute for such analyses by the people who have to live
with the results. Chapter 5 discusses methods of addressing the threats to
Atlantic salmon in Maine, and Chapter 6 provides the committee’s find-
ings and recommendations.
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2

Salmon Life History and Ecology

INTRODUCTION

Atlantic salmon (Salmo salar) once spawned in northern hemisphere
rivers from Long Island Sound, New York, to arctic regions in the western
and eastern North Atlantic, the Barents Sea, the Baltic Sea, and south to
Spain and Portugal. The historical range has contracted northward in the
past century (for the U.S. population, see Baum 1997; for current distribu-
tion, see also Collette and Klein-McPhee 2002). Climate warming may be
a large factor in range contraction due to temperature and other weather-
related effects on lacustrine and coastal marine conditions (see discussion
by Dickson and Turrell 2000), but overexploitation of the salmon fishery
and loss of habitat due to human activities (for example, dam construction,
pollution, stream siltation, and introduction of nonnative species) must
also be considered factors (Baum 1997). Natural runs of Atlantic salmon
currently occur from Maine to northern Spain and Portugal (Figure 2-1),
but spawning runs are at low or even endangered levels in most of those
areas (Hutchinson and Mills 2000, O’Neil et al. 2000). The widespread
hemispheric decline in salmon, even in streams with high-quality habitat
where exploitation has been restricted or prohibited, points to a strong
climatic impact in either the riverine or the oceanic portions of the salmon
life history or both (Cairns 2001, Hutchinson and Mills 2000, Reddin et al.
2000). The strong coherence of declines for stocks from many varying
areas implicates the marine part of the life cycle as a major factor (Reddin
et al. 2000), although the spatial patterns of decline are complicated and
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SALMON LIFE HISTORY AND ECOLOGY 25

suggest that a number of factors and adaptations (such as migration paths)
may be at work.

Maine has the last of the wild Atlantic salmon populations in the
United States. At one time, 300,000 to 500,000 adults probably entered
U.S. rivers each year (Beland 1984, Stolte 1981). The Biological Review
Team (1999) used zoogeographic information to construct ecological prov-
inces, including aquatic ecological units (Bailey 1995, Maxwell et al. 1995),
to analyze the distribution of Atlantic salmon in the United States. The
results suggest that Atlantic salmon populations were divided into at
least three distinct groups of populations: (1) those in Long Island Sound,
in eight major rivers, including the Connecticut River; (2) those in Central
New England, including the Merrimack River in the southern Gulf of
Maine; and (3) those in the rest of the Gulf of Maine including the eight
DPS rivers, where salmon are listed as endangered under the Endangered
Species Act (ESA) (see Chapter 1). A map of Down East Maine showing
Atlantic salmon habitat along these rivers is shown in Figure 2-2.

The Long Island Sound populations were gone by the early 1800s
(Meyers 1994), followed by the central New England populations in the
mid-1800s (Stolte 1981, 1994). The remaining U.S. populations might once
have produced 100,000 adults per year, but those numbers have not been
seen since the late 1800s. Fewer than 3,000 adults returned per year in the
1960s and 1970s (Figure 2-3). Large stocking efforts in the Penobscot River,
especially of smolts, led to a brief period of annual returns numbering
3,000–5,000 fish, but returns to the Penobscot and the other DPS rivers
have declined precipitously since the early 1990s (Figure 2-4 [returns ver-
sus time]). The decline has occurred despite sustained efforts at stocking
and remediating anthropogenic impacts on the Penobscot, strict conser-
vation measures on the DPS rivers, and general improvements in the way
that riparian zones are managed. The total return of Penobscot fish for the
cohort of smolts released in 1999 (now virtually all accounted for as 1, 2,
or 3 sea-winter [SW] fish by 2002) was fewer than 700 adults; for the Gulf
of Maine DPS rivers, a minimum estimate of 33 adults returned in 2002
(MASC 2002, USASAC 2003). (Spidle et al. [2003] provide estimates of
returns modeled on redd and adult counts from a trap. These estimates
include means and 95% confidence limits.) The population decline has
been associated with lower return rates, which are now about 1% in the
Narraguagus and about 0.2% in the Penobscot. These are below the 2–4%
return rate published for many populations (e.g., Reddin et al. 2000).
Recent electronic tagging studies in the Narraguagus indicate about half
(range = 32–67%) of the total post-riverine mortality is experienced before
smolts leave the coastal bay where the Narraguagus enters the sea, but it
is not known whether this distribution of the total marine mortality is
normal (J. Kocik, NMFS, unpublished data, 2001).
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26 ATLANTIC SALMON IN MAINE

The purpose of this chapter is to provide background on the biology
and environment of Atlantic salmon specific to the task of understanding
why the numbers of fish returning to Maine rivers are declining and
recommending steps that would help ensure the survival of these popula-
tions. Topics covered in this section include salmon life history, historical
and recent changes in abundance, and distribution and migrations. Then,
the characteristics of environments that comprise salmon habitat are de-
scribed: (1) geology and hydrology of soils and forests (including impacts

FIGURE 2-2 Atlantic salmon habitat in Down East Maine. SOURCE: Data from
Maine Office of Geographic Information Systems. Drawing by Yanli Zhang, Uni-
versity of Massachusetts-Amherst.
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FIGURE 2-3 Documented adult Atlantic salmon returns to all Maine streams.
These are rod and trap catches combined for the Penobscot River and primarily
rod catches for other rivers. These numbers represent minimum estimates of adult
returns. SOURCE: E. Baum, Atlantic Salmon Unlimited, unpublished material,
2001. Printed with permission of the author.

by human activities); (2) aquatic environments; (3) biological communi-
ties in the streams and estuaries and along the ocean migration routes;
and (4) climate variability. Baum (1997) provides a readable and compre-
hensive history of salmon in Maine, including maps of individual salmon-
producing rivers, detailed histories of stocking efforts, a map of historical
fishing weirs, and tables of catch statistics. Those details are not repeated
in this report. Bigg (2000) and Dickson and Turrell (2000) provide over-
views of climate change and salmon, primarily from the perspective of
European stocks. Drinkwater (2000) provides evidence of northern hemi-
sphere climate impacts on North American fisheries. While there are
strong suggestions of impact, the exact causal relationships remain un-
known. Cairns (2001) provides a lengthy discussion of the many factors
that affect salmon abundance and attempts to prioritize them on the basis
of their likely and/or potential role in the recent declines. This is an assess-
ment based on the experience and professional judgment of over 60 scien-
tists throughout the range of Atlantic salmon. Finally, a combined report
from U.S. National Marine Fisheries Service (NMFS) and U.S. Fish and
Wildlife Service (Anadromous Atlantic Salmon Biological Review Team
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28 ATLANTIC SALMON IN MAINE

FIGURE 2-4 (a) Minimum estimates of number of fish returning to the Penob-
scot and Narraguagus rivers and the return rate (%) for that cohort. Penobscot
return rate has been adjusted for all multi-sea-winter (SW) returns; the Narragua-
gus assumes all 2SW fish. SOURCES: Data from K.F. Beland, Maine Atlantic Salm-
on Commission, unpublished data, 2003; USASAC 1996–2004. (b) Minimum esti-
mates of number of fish returning to seven of the DPS rivers. Solid lines are from
fish counts based on rod catches. Broken lines are estimates based on redd counts.
(The regression of returns to redds was done on the Narraguagus.) These are
underestimates. SOURCES: Data from USASAC 1996–2004.
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30 ATLANTIC SALMON IN MAINE

1999) provides an excellent summary of salmon biology and conservation
issues.

SALMON LIFE HISTORY

This subsection provides basic information about the natural history
of the Atlantic salmon necessary to understand problems facing their
continued existence. The first topic is a description of the sequence of
developmental stages and their timing in an individual Atlantic salmon.
The second topic concerns key characteristics of the life history of Atlantic
salmon as a species. These characteristics include alternative reproduc-
tive strategies and anadromy. Finally, recent and historical changes in the
distribution and abundance of Atlantic salmon are explained.

Complex Life Cycle

Atlantic salmon are anadromous: they begin their lives in freshwater
where the young grow to several inches in length, then migrate to the sea,
where they grow more rapidly and become sexually mature after 1, 2, or
3 years1 (Baum 1997). The complex life cycle of the Atlantic salmon con-
sists of a series of morphologically, behaviorally, and physiologically dis-
tinct stages as the fish migrate from freshwater to the sea and back to
freshwater again. This cycle differs from the simple life cycle of many fish
species that complete the transition from juvenile to adult without mi-
grating between different environments. The terms used to describe the
Atlantic salmon’s developmental stages are given in Table 2-1.

Key aspects of the stages and of transitions between them are as fol-
lows. The egg and alevin stages rely on the yolk deposited in the egg by
the mother for nutrition. Hence the nutritional state of the adult spawning
female affects the welfare of the offspring. Furthermore, any lipophilic
pollutants (e.g., polychlorinated biphenyls) consumed by the adult fe-
male tend to be deposited into the lipid-rich yolk of the eggs. Embryonic
development is especially susceptible to disruption by chemical agents.
Successful transition to the feeding fry stage requires functional organ
systems and appropriate behavioral responses. Timing of fry emergence
from the gravel is important because of seasonal changes in prey avail-
ability. An important aspect of the parr stage is the rate of growth. Growth
and size determine the timing of the parr-smolt transformation. Parr are
young salmon with 8–11 vertical dark bands on their sides. Transforma-

1Fish 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.
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TABLE 2-1 Stages in the Life Cycle of the Atlantic Salmona

Term for Stage Begins Duration Appearance Behavior

Egg Mid-October to 2–6 weeks Amber, Buried
Mid-November 6 mm diameter in gravel

Eyed egg November 3–5 months Two black eyes Twitch

Alevin or At hatching in 5–8 weeks Mostly transparent Remain
sac-fry March or April with large yolk-sacs in gravel

Fry Mid-May 1 summer Pigmented Emerge
from
gravel
and feed

Parr July 1 Stocky with black Territorial
0+ parr July 1 6 months vertical parr marks and
1 and 1+ parr January 1 1 year solitary
2 and 2+ parr January 1 1 year
3 and 3+ parr January 1 1 year

Smolt April 3 months Streamlined and Schooling
1+ smolt 1 year old silvery and
2+ smolt 2 years old migratory
3+ smolt 3 years old

Post-smolt July 1 6 months Silvery Marine
and
migratory

Salmon January 1 of Variable Subadult and Feeding
first year at sea adult migration

aThe terms used reflect an arbitrary hatching date of April 1 (equivalent to birth), and many
stage increments are arbitrarily set at beginning and end dates of the calendar year (January
1 and December 31).
SOURCE: Adapted from Baum 1997.

tion to the smolt stage occurs in the winter and spring. Smolts are silvery,
without parr marks and with a more streamlined body. As indicated in
Table 2-1, most Atlantic salmon in Maine grow fast enough to transform
to smolt in their second spring (they are called 2 parr), whereas slower-
growing parr transform in their third spring (called 3 parr). The parr-
smolt transformation is of key importance because the smolt faces the
energetic challenge of seaward migration and the osmoregulatory chal-
lenge of the transition from freshwater to seawater. For the remainder of
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the calendar year in which smolts enter seawater they are called post-
smolts. Beginning January 1, they are thereafter called salmon. The term
salmon was used in English by the thirteenth century to describe the silvery
salmon in the sea. It was not recognized then that the small parr in the
streams were members of the same species.

Understanding the life cycle of Atlantic salmon is complicated by
their alternative life-history strategies. For example, before reproductive
maturity, these alternatives include variable durations in the stages be-
fore their seaward migration and variable numbers of years growing in
the ocean (see Table 2-2). Reproductive alternatives include variable age
and size at maturity, variable timing of homeward migrations to spawn,
variable number of years of spawning, and variable fecundity between
years. Maine’s Atlantic salmon exhibit two run timings that are in part
influenced by genetic factors. “Early run” adults enter freshwater between

TABLE 2-2 Life-History Strategies and Alternatives of the Atlantic
Salmon in Rivers in Maine

Life History Factor Description of Primary and Alternative Strategies

Development
Duration of parr stage Primary: 2 years (80%)

Alternative: 3 years (20%) or 4 years (small %)

Anadromy Primary: migrates to the sea for a growth period
Alternative: landlocked populations
Alternative: male parr become mature (precocious parr)

Time-at-sea 2 sea-winters (2SW, estimates of 84–94%)
Alternative: 1SW, occurs in males, termed grilse (<0.3%);

also estimates of <10% 1SW with >95% males
Alternative: multiple sea winters (MSW, such 2SW, 3SW)

Reproduction
Age at maturity Primary: fifth fall of life

Alternative: genetics and environment lead to alternatives

Timing of migration River dependent
to natal streams Early runs from May to mid-July

Late runs from mid-July through September

Spawning frequency Primary: Semelparity—spawn only once, then die
Alternative: Iteroparity or repeated spawns
Alternative: Precocious male parr constitute a large

percent, which varies widely among rivers and years
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May and mid-July, and “late-run” adults enter freshwater later in the
summer. Most Atlantic salmon are semelparous, meaning they spawn
once and die. However, 1–6% of anadromous spawning adults survive,
return to the sea, and migrate home later to spawn again. Thus, a small
percentage of anadromous fish is iteroparous. However, an unknown
percentage of mature male parr survive to breed again, either as a parr or
as an anadromous adult. The terms used to describe salmon with differ-
ent reproductive alternatives are given in Table 2-2.

In addition to anadromous Atlantic salmon, Maine has populations
of Atlantic salmon that complete their entire life cycle in freshwater. They
are called landlocked salmon or ouananiche. They are the same species as
the anadromous form. In Maine, they were originally found only in four
drainages, but they have been widely stocked elsewhere in Maine. Al-
though there is some small degree of genetic difference between land-
locked and anadromous populations, it is not necessarily greater than the
differences among anadromous populations, and it is not clear whether
the difference in life history has a genetic basis (Tessier and Bernatchez
2000). Landlocked salmon are not endangered, but because they strongly
resemble anadromous salmon and in some cases compete with them, they
can complicate efforts to rehabilitate wild anadromous populations.

The salmon life-history pattern has major implications for the species’
evolution and survival in different regions. Because the fish migrate up-
stream to spawn, they are particularly vulnerable to fishing. Because
salmon migrate between ocean and freshwater environments, they are
subjected to the vagaries of two ecosystems during different parts of their
life history. This anadromous life history greatly increases the number of
factors that could affect population size.

Salmon are known for their ability to return to the streams where they
were hatched. Salmon return to their natal streams to spawn, a trait that
segregates populations and leads to a variety of local adaptations, includ-
ing the timing of spawning runs, growth rates, and other life-history fea-
tures (e.g., Allendorf and Ryman 1987, Gharrett and Smoker 1993, Hegg-
berget et al. 1986, Hutchings and Jones 1998, Kendall 1935, Kincaid et al.
1994, Nielsen 1998, for Atlantic salmon; NRC 1996a, Saunders 1981,
Smoker et al. 1998 for Pacific salmon species; Taylor 1991 both Atlantic
and Pacific salmon; Verspoor et al. 1991, Webb and McLay 1996). Straying
to another stream occurs at low frequency. For example, Penobscot River
salmon show over 98% fidelity to the home stream (Baum 1997).

The low frequency with which salmon stray to neighboring streams
results in the development of a metapopulation structure—a set of local
breeding populations connected by exchange of some individuals. This
network of local populations provides a balance between local adaptation
and the evolutionary flexibility that results from exchange of genetic
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material among local populations (NRC 1996a). That NRC report con-
cluded that “maintaining a metapopulation structure with good geo-
graphic distribution should be a top management priority to sustain
salmon populations over the long term.” That conclusion was drawn for
Pacific salmon, but it applies to Atlantic salmon as well.

Although strays probably have lower reproductive success than fish
that are returning to their native streams, they provide a source of new
genetic combinations—important for the salmon’s evolutionary potential
in the face of changing environments—and they may recolonize streams
that have lost their own native runs. For Atlantic salmon populations to
have colonized and survived for extensive periods near the southern limit
of the species’ range (currently Maine), they probably acquired adapta-
tions to the distinct physical and environmental challenges of local wa-
ters. Local adaptations, established by strong homing and selection pres-
sures, are a known property of salmon populations throughout the world
(Allendorf and Ryman 1987, Taylor 1991).

The complex transition to saltwater at the smolt stage requires suites
of behavioral adaptations for navigating, avoiding predators (including
seals, cormorants, and striped bass), and finding marine invertebrate and
fish prey. During the oceanic phase, juveniles from most river systems
migrate to subpolar seas to feed for 2 or more years before returning to
their native streams. A small number of fish, referred to as grilse, return
after only 1SW. A known exception to this pattern occurs in rivers drain-
ing into the Bay of Fundy, Canada. Fish from these rivers remain within
the Gulf of Maine and most return to their natal streams after only one
winter at sea. For Maine salmon, maintenance of a stable population
would require about 2% survival of smolt to 2SW stage (based on Baum’s
[1997] estimate of 90 smolts produced per female). A decrease in either
freshwater or oceanic survival would cause a decline of Maine’s wild
salmon populations.

Adult salmon return to their natal streams from spring until fall. The
peak migration time is a characteristic of individual populations and en-
vironments. Spawning occurs in autumn, and the eggs develop in gravel
nests (redds) that are dug by the female. Because Maine’s females are
mostly large 2SW fish, they deposit more eggs, about 7,000 each. The fry
emerge in mid-May and grow into parr during the summer. Vertical bars
on parr provide camouflage protection from predators. Most parr remain
in freshwater for 2 years before becoming smolts and migrating to the
ocean. Some male parr mature in the stream and have some success in
fertilizing eggs. Survival from the egg to the smolt stage is estimated to be
1.25% (Baum 1997, Bley and Moring 1988), and thus a rough calculation
from Baum’s data suggests that an average of 90 smolts are produced by
a wild Maine 2SW female.
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The anadromous pattern, with some repeat spawning, means that
counting the fish returning to a stream gives information only on part of
the population. The rest of the population is either in the river as fry, parr,
or smolts or still at sea growing and maturing. In addition, salmon have
overlapping rather than discrete generations as a result of precocious
development and repeat spawners. The presence of early maturing males
(precocious parr) tends to buffer the population somewhat against ran-
dom variation in the return rate of anadromous (adult) male spawners
(Garcia-Vazquez et al. 2001, Martinez et al. 2000). Repeat spawners are
important because of the increased egg production of older females and
their proven success in the face of natural selection. However, 3SW salmon
and repeat spawners make up less than 1% of spawning adults (Baum
1997).

The use of freshwater habitats for reproduction and juvenile rearing
improves the survival of early life stages because they are inaccessible to
marine predators, although they are still susceptible to freshwater preda-
tors. Predation depends on the density of predators (Mills 1989), but it
was recognized in early studies of juvenile salmon (Huntsman 1938) that
precipitation, and thus stream flow and water depth, could affect preda-
tion rates and thus juvenile survival (Ghent and Hanna 1999).

When Atlantic salmon smolts enter the sea, they are entering that
portion of their life that seems to have the largest variation in survival rate
(Cairns 2001, Reddin 1988). At this point, they range in size from 13 to 23
cm fork length—most often 16 to 20 cm—and are 2 or 3 years old. Parr-
smolt transformation is influenced by the size of the fish. Approximately
80% (range 70–90%) of the smolts are 2-year-olds that leave the river in
spring (late April to mid-June). Most of the remaining fish leave the river
as 3-year-old smolts in an outmigration the following spring. Despite the
additional growing season, these smolts average only 1.1 cm longer than
the 2-year-olds. A very small fraction of fish has been known to leave as 4-
and 5-year-olds (Baum 1997). Initial feeding in the marine environment
(estuaries) is on insects (at the surface), euphausiids, amphipods, and
decapod crustaceans. (These groups may be found in the upper layer of
the ocean, although deeper feeding cannot be ruled out.) Smolts soon
begin feeding on herring, sand lance, capelin, and shrimp (Baum 1997).
Smolts appear to spend most of their time in the upper part of the water
column. Electronic tagging data near the mouth of the Bay of Fundy
indicate most smolts are in the upper 10 m (G. Lacroix, unpublished data,
2001; see methods in Lacroix and McCurdy 1996). Norwegian studies
show a rapid reduction in smolt catch rates when the upper portions of
sampling trawls drop below the surface.

Salmon mortality is high during the rapid passage from river to Gulf.
Studies conducted in the Narraguagus River from 1996 to 2000 (J. Kocik,
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NMFS, unpublished data, 2001) indicate a loss of 38–63% of outmigrating
smolts in this small bay (mean = 50%). This is nearly half of the total losses
averaged over 1SW and 2SW fish from this river. The average survival of
grilse plus 2SW fish from the Narraguagus is 1.1% (annual averages
ranged from 0.87% to1.4% in this study), whereas the true “at-sea” sur-
vival over this period was >2% when corrected for the initial losses in the
bays (J. Kocik, NMFS, unpublished data, 2001). While the near-shore loss
is a large proportion of the total marine losses reported here, it must be
remembered that the average return rate for this river and for all rivers in
the Gulf of Maine and south for the period of record is low.

Salmon pass through the estuarine environment quickly. Electronic
tagging reveals that smolts exiting the Narraguagus River pass out of
Narraguagus Bay within a few days (J. Kocik, NMFS, unpublished data,
2001). In Penobscot Bay, where electronic tagging and detection are less
practical, special trawling methods were used to follow the passage of
elastomer-marked fish in 2001 (R. Brown, NMFS, unpublished data, 2001).
Smolts passed through counting traps in the main stem of the Penobscot
(Veazie Dam, north of Bangor) beginning in late April. By middle to late
May, they were widely distributed throughout the bay (80% of tows were
positive for smolts) and some had entered the shelf environment (more
than 50% of tows outside the bay caught smolts).

Migration and Distribution

Oceanic migration affects growth, maturity schedules, availability to
fisheries, and eventually recruitment of salmon populations (Friedland
1998, Narayanan et al. 1995). Migration routes in the Gulf of Maine are
unknown. The migration patterns of European post-smolts appear to take
advantage of prevailing strong residual currents, such as the Norwegian
Coastal Current or the Slope Current along the margin of the shelf (Han-
sen and Quinn 1998, Holst et al. 2000). If post-smolts leaving the Down
East rivers and Penobscot Bay exhibit similar behavior, a likely pathway
would involve passage westward along the shelf to the central coast
(Penobscot Bay region) and then across the Gulf following the prevailing
circulation patterns around Jordan Basin, Georges Basin, and the north-
ern edge of Georges Bank. Passive drift alone could cover this distance in
a few weeks. The opposite choice for leaving the Gulf would involve
migration eastward across the mouth of the Bay of Fundy and across the
southern Scotian Shelf against a residual current that may average about
15–20 kilometers per day at this time of year. Some tagged post-smolts
from Maine rivers have been recovered in the Bay of Fundy. Intermediary
routes across the open Gulf are also possible and would result in interme-
diate advantages or disadvantages with respect to the influence of the
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residual circulation. A clockwise migration would keep the fish in colder
water, and perhaps seawater temperature dominates the migratory be-
havior. Whichever route is taken, tag returns indicate that post-smolts
arrive off northern Nova Scotia (Cape Breton Island) 45–50 days after
leaving coastal Maine bays, and in southern Newfoundland shortly there-
after (mid-August, 60–65 days after leaving the Maine coast). In 100–110
days, many salmon have made it to the southern coast of Labrador (see
review by Baum 1997; also see data from Friedland et al. 1998). Another
factor that might influence post-smolt migration paths is the feeding envi-
ronment, but this has not been studied in sufficient detail to resolve the
relative advantages of the various routes. Bley and Moring (1988) and
Friedland (1994a) compared return rates for rivers at different latitudes
on both sides of the Atlantic Ocean and suggested that low rates might be
characteristic of populations whose natal rivers are located near the limit
of the species’ range. The hypothesis was that mortality was higher due to
the longer distances traveled between the natal rivers, winter feeding
areas, and back. Despite the relatively large numbers of returning fish, the
return rate for the Penobscot is less than half that for the Narraguagus, so
other factors remain important. The highest return rates in the Gulf of
Maine and south occur in the St. John River of New Brunswick and Maine.
These higher rates might be due in part to the greater percentage of 1SW
fish in the St. John (more than 90% vs. less than 10% in the Maine rivers).

Perhaps more important with respect to interpretation of mortality
and return data, most fish from the inner Bay of Fundy do not leave the
Gulf of Maine and therefore do not undertake the long migrations of
Maine salmon (Ritter 1989). While the return rate for these fish is higher
than that for salmon from Maine rivers, these rates also have been declin-
ing through the 1990s. Maine’s salmon take part in extensive marine mi-
grations, including movements to the waters off western Greenland
(Friedland 1994a), where they become a small portion of a large mixed-
stock complex of salmon from both European and North American
sources. Unlike Atlantic salmon populations across the Canadian border
from Maine, where 1SW fish are common among spawning adults, about
94% of adults returning to Maine are 2SW fish (USASAC 1999). Thus, the
average body size of Maine adults is larger than Canadian adults. Because
spawning populations of Maine salmon include several age groups (espe-
cially 2SW and 3SW adults but also precocious parr2), there is consider-
able exchange of genetic material across age classes (cohorts).

2Parr are young salmon actively feeding in freshwater. Even younger fish, with egg sacs,
are called fry. Fish about to migrate to sea are called smolts. See Table 2-1.
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The winter feeding grounds of Atlantic salmon are in the Labrador
Sea (primarily North American stocks) and in the North Atlantic east of
Greenland (mostly European and Icelandic stocks). These locations are
associated with an apparent thermal preference of 4–8 °C (Reddin et al.
2000). There is a small amount of mixing of stocks from the two continents
at this time of the life cycle, but straying of spawning fish from Europe to
North America, or the reverse, is very unusual (Reddin et al. 1984).

PHYSIOLOGY

Physiology is the functioning of the individual, and it ties together
genetics and ecology. There are three key concepts of particular signifi-
cance to the discussion of Atlantic salmon. They concern homeostasis,
temperature effects on rates, and the neuroendocrine transduction of en-
vironmental information (Figure 2-5). They are briefly explained, and
their impacts on the timing of parr-smolt transformation and outmigration
in the Atlantic salmon are discussed.

Homeostasis is the maintenance of a constant internal environment,
which is necessary for life. The internal stability reflects a dynamic equi-
librium and requires work. The internal environment differs from the
external environment, whether the salmon is in a stream or the sea. The
difference is created and maintained at the interfaces between the animal
and its environment. These interfaces in the Atlantic salmon are the gills,
gut, kidneys, and skin, and they are important for two reasons: First, it is
these interfaces that are most susceptible to infection and insult; and,
second, the roles of these sites change to meet the challenge imposed by
the transitions between freshwater and seawater. At no site is this more
obvious than in the gills. Gills regulate internal salts, gases, and nitrog-
enous wastes. The proxy used by salmon physiologists for indicating
seawater readiness in Atlantic salmon during the parr-smolt transforma-
tion is an increased level of activity of the enzyme Na+/K+-ATPase in the
gill. Gills are damaged by the environmental hazard of steam acidity, as
discussed elsewhere.

Temperature affects all aspects of physiological functioning. The At-
lantic salmon is ectothermic, meaning it has the temperature of its envi-
ronment. Because the environmental temperature fluctuates, physiologi-
cal functioning fluctuates as well. A general rule is that metabolic rate
doubles with every 10 °C increase. Metabolism underlies development
and growth. This means that hatchery, stream, reservoir, estuary, and
ocean temperatures strongly affect rates of development and growth.

Neuroendocrine signals are specific chemical signals linking a salmon
to its environment (Hoar 1965). A complex array of detectors receives
information about the external and internal environments. This informa-
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FIGURE 2-5 Multiple interactions between the environment and the organism
that lead to smolt development. Growth conditions such as temperature, food,
photoperiod, and competition determine growth of Atlantic salmon parr. A criti-
cal size (or size-related development stage) is necessary for smolting to proceed,
and thus environmental conditions determine the age at which smolting occurs.
Once this developmental stage has been reached, photoperiod and to a lesser
degree temperature regulate neuroendocrine changes that bring about physio-
logical changes in the spring. Releasing factors such as temperature, flow, and
turbidity may have rapid effects (dashed arrows) to initiate downstream migra-
tion. Development of the smolt physiological condition (which presumably in-
cludes a behavioral readiness or a migration disposition), induced by prior devel-
opment, photoperiod, and temperature, is necessary for releasing factors to
initiate downstream migration (see Baggerman 1960). The possible neuroendo-
crine or physiological mediators of these rapid effects are not currently known.
SOURCE: McCormick et al. 1998. Reprinted with permission; copyright 1998,
NRC Research Press, Ottawa, Ontario.

tion includes daylength, sight, sound, odors, water flow, ambient and
internal salinity, pH, and energy stores. Typically the central nervous
system integrates the information and governs the effectors that regulate
survival, reproduction, and behavior. All behavior requires neuromuscular
activity and the expenditure of energy. In this way, behavior is shaped
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not only by genes but also by the interaction, mediated by the neuroendo-
crine system, between the salmon and the environment.

The requirement for homeostasis, the rate-setting role of environmen-
tal temperature, and the powerful role of the neuroendocrine system all
interact to affect the timing and success of outmigration (see Figure 2-6).
The Atlantic salmon prepares in advance for the transition to seawater

FIGURE 2-6 Simple mathematical model of the interaction of migration timing
and environmental conditions and their effect on adult survival. Migration tim-
ing and survival estimates are typical for Atlantic salmon (e.g., Jonsson and Ruud-
Hansen 1985, Hvidsten et al. 1995), but the temporal changes in environmental
conditions are largely hypothetical. Values for migration timing are migrants per
week. Adult returns are calculated from the weekly number of migrants and
weekly survival rates. When migration timing and optimal environmental condi-
tions coincide (solid lines), adult returns are high (total returns, 166). When mi-
gration timing and optimal environmental conditions are out of phase by 2 weeks
(dashed lines), adult returns are lower (total returns, 94). Results of this simula-
tion indicate that even when the magnitudes of migration and environmental
conditions remain the same, alterations in their timing can have significant effects
on adult returns. SOURCE: McCormick et al. 1998. Reprinted with permission;
copyright 1998, NRC Research Press, Ottawa, Ontario.
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rather than adjusting to it (Boeuf 1993); this is called physiological preadap-
tation. Preadaptation contrasts with acclimatization that occurs in many
other species of coastal fishes that adjust to changes in salinity met while
moving in and out of estuaries and rivers. The timing of preparedness has
been an important issue because of the need to decide when to release
hatchery-reared smolts or how to regulate water outflow from dams. It is
also an important issue to be considered in our effort to understand the
causes of low survival in the transition to the marine environment. The
relevance to these issues is explained below.

The environmental cue or zeitgeber for the parr-smolt transformation
is photoperiod, specifically the rate of day lengthening (Duston and Saun-
ders 1990). The increase in daylength in the spring is transduced by the
neuroendocrine system largely into increased output of pituitary growth
hormone, which has the actions of elongating the stocky parr into a sleek
and fast smolt and of coordinating preparation for osmoregulation in
seawater (Björnsson 1997). Temperature is not a zeitgeber for smolting in
Atlantic salmon, but rather temperature affects the rate of change in re-
sponse to photoperiodic information (Johnston and Saunders 1981,
McCormick et al. 2002). There is strong evidence for the significance of
photoperiod and temperature in the timing of smolting (Sigholt et al.
1998, Solbakken et al. 1994). Smolting is a developmental phenomenon
dependent on reaching a critical size of about 10 cm total length at the end
of the previous growing season (Hoar 1988); this is an issue separate from
the actions of growth hormone during smolting. This knowledge restricts
solutions to the decline in Atlantic salmon to those including springtime
seaward migration.

The environmental information used by smolting Atlantic salmon to
time outmigration is complex and likely includes temperature, rainfall,
and water flow, and the behavior of other smolts as “proximate cues” or
“releasing factors” (Jonsson 1991, McCormick et al. 1998). Much of the
endocrine system is highly activated for a prolonged period of weeks
during smolting (Hoar 1988). The thyroid hormones and cortisol are
linked with mobilization of energy stores, change in rheotactic behavior
from an upstream to downstream orientation, and outmigration (Iwata
1995, Specker et al. 2000). Thyroid hormones and cortisol are not mediat-
ing photoperiodic information; rather they are mediating information
about temperature, rainfall, and water flow, and possibly the behavior of
other smolts.

The physiology of Atlantic salmon indicates that there is a “smolt
window” that both opens and closes in the spring. Our current under-
standing of the impact of temperature on the window is that warmer
temperatures accelerate the opening and closing of the window and can
shorten the time during which salmon can successfully transition to the
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sea. Thus, dams and impoundments and other changes to the riparian
environment can interfere with physiology and development. Three kinds
of studies taken together illustrate the importance of the rate-setting role
of environmental temperature in the timing and success of outmigration
in Atlantic salmon. The first are studies providing evidence that increased
temperature can accelerate the loss of smolt characteristics in Atlantic
salmon in hatcheries (Duston et al. 1991). The second are studies conclud-
ing that hatchery-reared smolts released as smolt characteristics were de-
clining had lower recapture rates, indicating reduced survival (Staurnes
et al. 1993, Virtanen et al. 1991). The third study showed that migrating
Atlantic salmon smolts in the Connecticut and Penobscot rivers lost their
high salinity tolerance and gill Na+/K+-ATPase activity as the rivers
warmed at the end of spring, whereas Atlantic salmon smolts in the more
northern and colder Conne River and Catamaran Brook retained their
smolt characteristics longer (McCormick et al. 1999). In the southern riv-
ers, there was also year-to-year variation, supporting the conclusion that
warm temperatures caused a more rapid decline of smolt characteristics.

AQUATIC ENVIRONMENTS

Salmon are a cold-water species. They spawn in streams character-
ized by clear, flowing water with gravel areas for egg deposition and
embryonic development and productive, physically heterogeneous sec-
tions of river habitat for juvenile growth and survival. Stream size varies
and ultimately affects the size of local runs through limitations of habitat
space for spawning and the growth of parr.

The Pleasant, Narraguagus, Machias, and East Machias rivers empty
into small coastal bays that develop seasonal stratification during warm
months of the year. The Dennys River empties into a larger and more
complex bay system (Cobscook and Passamaquoddy bays) with stronger
tidal flows and less vertical stratification. The entire region is tidally ener-
getic. All the Down East bays open to a coastal shelf (out to a 100-m
isobath) that is dominated by the Eastern Maine Coastal Current (EMCC,
see below). The Penobscot River empties at the head of Penobscot Bay,
which is second in size on the East Coast only to Chesapeake Bay. The
Ducktrap River also empties into Penobscot Bay, about halfway down its
western shore (Figure 1-1). Penobscot Bay opens to the coastal shelf near
the western end of the EMCC. The Kennebec and Androscoggin rivers
empty into Merrymeeting Bay near Bath, and then the Kennebec River
flows into the ocean just east of Casco Bay. The St. John River, more than
twice as large as the Penobscot in drainage area and flow volume, is
partly in Maine, partly shared with New Brunswick, and flows into St.
John Harbour in New Brunswick.
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The Gulf of Maine is characterized as a marginal sea because its con-
nections with the North Atlantic are significantly constrained by large
offshore banks (Georges Bank and Browns Bank). The Gulf has a general
cyclonic (counterclockwise) residual circulation (the flow that is left after
removing the tides). Surface water (upper 75 m) enters the Gulf of Maine
across the southern Scotian Shelf, originating from the Labrador Sea and
Gulf of Saint Lawrence to the north. Except for the occasional presence of
a warm-core ring, the surface water is colder than the rest of the Gulf for
most of the year. The temperature and biota associated with this circula-
tion pattern provide a relative continuity of habitat between the Maine
DPS rivers and the winter feeding grounds in the Labrador Sea. By con-
trast, rivers to the west of Penobscot Bay empty into an aquatic regime
that is distinctly different during warm months of the year, approximately
May to October. Most of the water exiting the Gulf does so via a narrow
jet along the northern edge of Georges Bank, while a smaller volume
leaves through the shallower Great South Channel.

CLIMATE CHANGE

Atlantic salmon distributions have been influenced by geological
changes, including ice ages (MacCrimmon and Gots 1979). Populations in
the United States probably date from the end of the last ice age 10,000
years ago. Atlantic salmon were probably present in all watersheds from
the Hudson River in New York north to the St. Croix River at the U.S.-
Canadian border (Kendall 1935). Atlantic salmon once occupied 34 rivers
and streams in Maine (Beland 1984, Rounsefell and Bond 1949). Today,
wild Atlantic salmon populations in the United States are found only in
Maine,3 from the lower Kennebec River in the southwest to the Canadian
border, a range contraction that may in part be due to climate change.

Few fish species in the North Atlantic are as affected by climate varia-
tion over as wide a region as Atlantic salmon. The ocean migrations of
Atlantic salmon rival those of the large pelagic species such as tuna, with
documented returns of North American salmon from the eastern side of
the Atlantic and European fish from the western side (Hansen and Jacob-
sen 2000, Tucker et al. 1999). The migrations themselves vary in response
to currents and temperature distributions, among other factors. But the
environment’s effect on salmon is not limited to the conditions that adult

3Many 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 al. 2001).
Although adult Atlantic salmon have returned from the sea to spawn there, no population
has yet become established.
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salmon experience at sea. Freshwater mortality, hitherto considered less
variable than marine mortality (Chadwick 1987), may be amplified by
direct and indirect effects of changes in precipitation, seasonal ice forma-
tion, temporal patterns of stream flow and other local properties associ-
ated with global climate change (Cunjak et al. 1998). During their first
year at sea, the migration cues, first feeding opportunities, and ocean
nursery conditions affecting juveniles may be strongly affected by climate
(Drinkwater 2000, Friedland et al. 1998, Montevecchi et al. 2002). To under-
stand the relationship between salmon and climate variation, it is impor-
tant to deal with three critical life-history stages of salmon: juveniles in
freshwater, juveniles during their first year at sea, and maturing adults.

Climate can affect the dynamics of juvenile salmon populations in
freshwater nurseries through modulation of growth rates, principally by
the effect of temperature on growth. Habitat is a limiting factor in the
production of juvenile salmon, and the factors that affect the pace at which
cohorts move through rearing habitat the overall production of pre-re-
cruits to the stocks (Bardonnet and Baglinière 2000). Juvenile rearing in
freshwater may last for as long as 7 years in northern streams to as little as
1 year in southern habitats (Power 1981). Since migration from freshwater
is growth-mediated, climate conditions that affect growth will determine
the pace at which cohorts leave nursery streams. Smolt ages will probably
decrease, and precocious maturation will probably become more frequent
across much of the rearing habitat in North America if the anticipated
increases in temperature associated with global climate change are real-
ized (Juanes et al. 2000, Minns et al. 1995).

Concerns about parr mortality during the winter before they leave
freshwater have increased recognition of the relationship between cli-
mate and the structure of the rearing habitat. Winter mortality is associ-
ated with the relationship between premigrant parr and their rearing
habitat, which may be marginal in providing refuge during their last
winter in freshwater. During their last winter in freshwater, premigrant
parr are relatively large for their habitat and they often live beneath win-
ter ice (Cunjak et al. 1998). The mortality of premigrant parr may be quite
high for some populations and subject to climate variations that affect the
stability of the ice cover (Whalen et al. 1999a,b). The smaller members of
the nursery population may be better adapted to surviving these shifting
conditions because their smaller size makes more specialized refuges
available (Cunjak 1988). Changing climate conditions could destabilize
ice cover and cause pre-migrant parr mortality to increase.

The next transition for salmon is the movement of smolts into the
ocean, which is affected by climate conditions in many ways. At the out-
set, smolt migrations are cued by environmental signals, such as tempera-
ture in freshwater rearing areas (Jonsson and Ruud-Hansen 1985, Solomon
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1978). In theory, smolts have adapted to environmental cues that deliver
them to specific “migration windows” in the coastal ocean, where the fish
are able to take advantage of prey, avoid predators, and find suitable
habitat conditions. The fish are already under physiological stress since
they are challenged by the transition of moving from freshwater to salt-
water; timing the migration to optimize ecological conditions improves
survival (Friedland and Haas 1988). If adaptations to initiate the migra-
tion to sea are not robust to climate variability, the consequence for re-
gional stock groups may be profound, especially for stocks at the margins
of salmon distribution that may already have low return rates.

Although many sources of mortality affect salmon throughout their
marine life, the largest source is thought to be predation during their first
few weeks at sea (Fisher and Pearcy 1988, Holtby et al. 1990). The size and
variability of this source of mortality make it an important determinant of
the return rate (Pearcy 1992, Salminen et al. 1995). Many attempts have
been made to establish a link between salmon survival and climate (Fried-
land 1998, Friedland et al. 2000, and references therein). Although prog-
ress has been made with correlations, the causal mechanisms have re-
mained elusive. Recent analyses (Friedland et al. 2003) provide the first
indication for North Atlantic salmon that survival is negatively correlated
with sea-surface temperature (SST) in June if SST exceeds the preferences
of the local stocks of salmon. The importance of temperature during the
first few months at sea is supported by data on salmon from Iceland and
the Baltic (Salminen et al. 1995, Scarnecchia 1984).

The nursery zone for European post-smolts is located in the open
ocean, whereas North American post-smolts appear to use inshore habi-
tats. Holm et al. (2000) described the distribution of European post-smolts
from surface-trawling operations in the northeastern Atlantic. The nurs-
ery is confined to a region within the Norwegian Sea, the northern extent
of which appears to be defined by current transport. The post-smolts co-
occur with surface schools of herring and mackerel and occupy a similar
ecological niche (Jacobsen and Hansen 2000). In North America, post-
smolts can be found in high numbers in the Labrador Sea during the fall
of the year (Reddin and Short 1991). However, during the earlier part of
the post-smolt period (i.e., through the spring and summer) fish are also
found in the Gulf of St. Lawrence, along the coast of Nova Scotia, and
elsewhere (Dutil and Coutu 1988, Friedland et al. 1999, Ritter 1989). Fur-
thermore, North American stocks may not mix for many months after
entering the ocean, while European stocks appear to be concentrated in a
single, albeit large, ocean area (Friedland and Reddin 2000).

Age at maturation has important consequences for the total comple-
ment of eggs deposited during spawning. Younger fish do not produce as
many eggs as multi-sea-winter salmon. Although the decision to mature
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has a strong genetic component (Gjerde 1984), environment also plays a
significant role through effects on growth (Saunders et al. 1983a). Growth
at various times during the post-smolt year may be important for achiev-
ing maturity (Duston and Saunders 1999, Gudjónsson et al. 1995, Scar-
necchia et al. 1991). Alternatively, some investigators have suggested that
climate variations that extend migrations beyond the normal return dis-
tance affect the proportion of grilse in the return (Martin and Mitchell
1985).

The North Atlantic Oscillation (NAO) is the dominant mode of atmo-
spheric variation in the North Atlantic (Dickson et al. 2000) and has been
associated with the effects of climate variation on the survival and matu-
ration of Atlantic salmon. The spring thermal habitat areas associated
with post-smolt survival of central European salmon stocks are derived
from large ocean areas where the distribution of SST is affected by the
NAO (Dickson and Turrell 2000). Likewise, the winter thermal habitat
associated with the abundance of specific age components in the North-
west Atlantic are also derived from areas where SST distribution is corre-
lated with the NAO (Friedland et al. 1993). However, it would be prema-
ture to suggest that the NAO is the only mode of climate forcing that
affects salmon. For example, high-frequency fluctuation in currents in the
Barents Sea appears to create a lagged linkage between Icelandic and
Russian salmon stocks (Antonsson et al. 1996). Other atmospheric indices
might be useful in developing hypotheses about transoceanic and global
stock synchrony and in explaining salmon population trends (Klyashtorin
1998).

The unprecedented decline in Atlantic salmon abundances over the
past few decades raises concerns about the effect that climate change may
have on Atlantic salmon. With climate at the core of many of the factors
contributing to the decline of stocks, the effect of further shifts, beyond
the reactive norms to which salmon populations have adapted, now poses
the threat of a range shift for the species. If climate changes are com-
pounded by other anthropogenic factors affecting the health and size of
the stock (e.g., through habitat effects on the freshwater part of the life
cycle), local populations may be driven to extinction.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


47

3

Threats to Atlantic Salmon in Maine

INTRODUCTION

The current state of Atlantic salmon in Maine appears to be the prod-
uct of the cumulative effects of centuries of anthropogenic and environ-
mental impacts. At present, the threats to Atlantic salmon in Maine are
many and diverse. The challenge is not to identify them—that is relatively
easy to do—the challenge is to make sense of all the threats and to rank
them. The committee has attempted to do that in a risk-analysis model
described in Chapter 4. In this chapter, we discuss the major factors that
have adversely affected wild salmon in Maine since human contact.

Others have evaluated factors that adversely affect Atlantic salmon in
eastern North America. For example, Cairns (2001) summarized a group
effort to evaluate the possible factors contributing to the decline of salmon
from 1984 to 1999. The document attempted to “catalogue all potential
causes with any reasonable claim to credibility” and “systematically as-
sess the plausibility of each hypothesized factor.” Sixty-three factors (“hy-
potheses for the decline”) were identified. They covered all stages of
salmon life history and all aspects of their natural environments; they
included human activities and structures, such as aquaculture, fishing,
dams, and pollution. The conclusions were drawn from expert judgment,
based on the literature and on a great deal of personal insight and experi-
ence. The plausibility analysis used a weighted scoring system and cov-
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ered salmon originating from rivers in Quebec, the Canadian Maritime
Provinces, and New England. Cairns’s (2001) assessment was done before
a workshop was held to develop research strategies. The deliberations
and conclusions of that workshop were summarized by O’Neil et al.
(2000). A separate report covers the potential causes of low salmon re-
turns to Newfoundland and Labrador (Dempson and Reddin 2000).

The group of experts whose efforts were described by Cairns (2001)
gave each factor a numerical score between 0 and 1 for its magnitude
(proportion of habitat affected times degree to which the factor constrains
survival or reproductive output) and its trend (positive numbers for in-
creasing mortality or constraint on reproductive output and negative
numbers for the reverse). Those two numbers were multiplied and the
product was plotted. Five factors were ranked highest in the following
order: (1) post-fishery marine mortality is higher than that assumed by
fishery models (thus, the degree to which fishing reduces pre-fishery
abundance is overstated); (2) smolt survival is reduced due to fish preda-
tion; (3) predation by birds and mammals is high at sea; (4) altered ocean
conditions alter migration routes; and (5) bird and seal predation in rivers
and estuaries affects smolts and adults. Limited spawning habitat ranked
57th and barriers to spawning migration ranked 60th out of the 63 factors.
The low ranking does not mean that the factors are unimportant; it means
only that their effects on salmon have not changed in a way that explains
the recent declines in salmon populations. Two predictions arising from
climate-change projections were listed but not scored.

The highest-ranked factor and two of the next three highest ranked
were in the marine environment. The second highest-ranked factor over-
all was in the estuarine environment. The highest ranked factor in fresh-
water was ranked seventh overall. This analysis was done for all of east-
ern North America. Although most of the factors apply in Maine, they are
not necessarily of the same rank there.

The primary causes cited by the U.S. Fish and Wildlife Service and the
National Marine Fisheries Service (50 CFR 17, 224) to support listing At-
lantic salmon as endangered under the Endangered Species Act (ESA) are
(1) “Documented returns of adult Atlantic salmon within the DPS [dis-
tinct population segment] range are low relative to conservation escape-
ment goals,” and (2) “densities of young-of-the-year salmon and parr
remain low relative to the potential carrying capacity. These depressed
juvenile abundances, where not supplemented by stocking, are a direct
result of low adult returns in recent years.”

The services concluded that the threats contributing to the danger of
extinction of Atlantic salmon in Maine posed by low adult return and
depressed juvenile abundance are (1) predation or disease—potential for
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disease outbreaks in wild and in hatchery brood stocks; (2) inadequacy of
existing protective mechanisms—insufficient protection against threat
posed by agricultural water withdrawals, disease, and aquaculture; and
(3) other natural or artificial factors affecting its continued existence—
existing aquacultural practices and low marine survival rates.

This committee had somewhat different imperatives from those of
the services because its charge leads it to take a broader focus than only
the listed populations in the eight DPS rivers and the ESA’s specific man-
dates. It is important to distinguish between those threats leading to en-
dangerment of Atlantic salmon in the DPS rivers and the measures needed
for recovery (in terms of regulations) of salmon throughout Maine. Fol-
lowing its charge, the committee considered the threats and evaluated
recovery and restoration options for salmon in Maine rivers in general,
not only in the DPS rivers. In general, threats on the listed rivers are
similar to those on all Maine rivers, although there are some differences.
For example, the complex problems associated with the presence of dams
are not considered significant threats on the DPS rivers, yet the committee
regards dams as a serious problem for successful restoration of salmon on
a statewide scale because the larger drainages have greater potential to
support large salmon populations.

As discussed above, the list of potential threats is broad, complicating
the task of conservation planners. While a recovery plan called for under
the ESA is being developed, conservation efforts are being carried for-
ward under the Atlantic Salmon Conservation Plan for Seven Maine Riv-
ers (Maine Atlantic Salmon Task Force 1997). The task force plan estab-
lishes conservation goals in terms of returning adults for seven of the DPS
rivers (excluding Cove Brook), identifies threats, poses conservation mea-
sures, sets time tables and establishes responsibilities for implementation,
and estimates implementation costs.

The factors judged by this committee to be the most important threats
to the continued survival of Atlantic salmon in Maine are described be-
low. Most of the threats identified by the committee are also considered
by the Maine Atlantic Salmon Task Force (1997). The primary limitation
of the existing plan is the lack of priority-setting for conservation actions.
Following the recommendation in the final listing rule, the committee
recommends that recovery planners develop a priority setting process for
recovery actions with the use of information acquired after the adoption
of the 1997 conservation plan. The recovery plan should focus resources
and efforts to abate the most consequential threats. Because of different
environmental conditions and land uses in the various watersheds
affected, these actions will need to be adapted for specific watershed
application.
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A HISTORY OF THREATS
TO ATLANTIC SALMON IN MAINE

Centuries of human activities and environmental change have in vari-
ous ways influenced Atlantic salmon populations in Maine. Until the
more recent population declines, the effects of these changes were differ-
ent in the Kennebec, Penobscot, and Down East rivers. Tracing the pat-
terns and trends of anthropogenic activities and environmental change in
the region may provide insight into cumulative effects on Atlantic salmon
and their habitat in Maine, helping to identify factors behind their pattern
of persistent but regionally varied decline.

Geologic History

The advance and retreat of continental ice sheets during the Pleis-
tocene epoch (10,000 to about 1.5 million years ago) had a dominant influ-
ence on the landforms, stream networks, and soils of Maine (Marvinney
and Thompson 2000). Glaciers shaped mountains and valleys and the
resulting stream and river networks; left sand and gravel deposits; and
carved out hundreds of lakes, ponds, and depressions that are now wet-
lands. The dominant soil types are a direct result of glaciation; a cold, wet
climate; and forest succession over the past 10,000 years. In general, soils
are well drained, acidic, and relatively unfertile. The properties of the
soils and watersheds generally yield high quality freshwater streams and
rivers with good salmon habitat.

Changes in Climate and Ocean Conditions

For as long as information about the earth’s and New England’s cli-
mates has been available, the information tells a story of continual climate
change. It is certain that climates will continue to change. The precise
nature and magnitude of future changes is not predictable at present.
However, as described in Chapter 2, there is evidence that Maine’s cli-
mate has been warmer over the past half century than it was over the
previous century. In addition, salmon in Maine seem to be at or near the
southwestern limit of their range in North America. Thus, any prolonged
or large warming of Maine’s climate would probably make the survival of
Atlantic salmon in Maine more difficult by warming the water in Maine’s
streams and changing their historical flow patterns. As an example, Table
3-1 shows that the number of ice days on the Narraguagus River has
decreased in the past three decades, and the snow melt has occurred
earlier. In addition, changes in the hydrologic regime not directly related
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to temperature could also complicate the rehabilitation of wild Atlantic
salmon populations.

The committee judges that some degree of climate warming or change
in the hydrologic regime could be tolerated if most of the other problems
affecting Maine’s salmon are reduced. In addition, some methods are
available to mitigate such climate changes. They include making sure that
streams are protected by riparian vegetation and that their watersheds
are managed so that flow volumes and seasonality are maintained. How-
ever, if climate warming is large and prolonged, eventually Maine’s envi-
ronment may not be within the natural range of Atlantic salmon.

Climate change also involves ocean conditions. The oceans represent a
large black box into which many salmon venture and few return. The oceans
are known to be highly variable, beginning with variations in atmospheric
forcing from wind and temperature (see Dickson et al. [1996] and Dickson
[1997] for a focus on the northwestern Atlantic and Dickson and [Turrell]
2000 for a discussion of the North Atlantic Oscillation [NAO] and Euro-
pean salmon). These forcings are linked to changes in the earth’s climate
system (Hurrell and van Loon 1997), which itself responds to feedback
from the underlying ocean and to interactions between system compo-
nents associated with the various ocean basins (Bigg 2000). Atmospheric
forcing affects the large ocean current systems that transport heat and
plankton, thereby affecting the physical and biological conditions experi-
enced by fish (Colebrook 1991, Drinkwater 2000, Frank et al. 1996, Pickart
et al. 1999, Reid and Planque 2000). The responses of fish populations to
such changes are complicated, and the understanding of them is still
small, especially in the high seas where biological data (in particular) are

TABLE 3-1 Snow-Water Equivalent (SWE) (Amherst, Maine), Channel
Ice Effects, and Median February and May Stream Flow (Narraguagus
River), 1970–2000

Feb. 1 May 1
March 1 March 15 April 1 Ice Effect Median Q Median Q

Year SWE (in.) SWE (in.) SWE (in.) (no. of days) (ft3/sec) (ft3/sec)

1970 5 5 4.5 60 300 600
1980 4 4.5 3.5 60 330 570
1990 3 3.5 2 55 350 520
2000 2.5 3 1.5 45 380 490

SOURCE: Dudley and Hodgkins 2002.
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scarce. Still, the evidence for large-scale impacts that can be traced to
population changes is strong (Hare et al. 1999, Mantua et al. 1997) even if
the mechanisms remain elusive.

Variation in the ocean environment has emerged as a primary expla-
nation for the changing abundance of salmon, because data on return
rates permit an accounting of losses between freshwater and the ocean
(Cairns 2001). Return rates clearly have been declining in many areas,
including in all of Maine’s rivers (Reddin et al. 2000). However, most
return-rate data do not distinguish between losses occurring shortly after
emigration to the sea and those occurring on the high seas. That makes it
difficult to evaluate causes: those near land are easier to identify, and
those at sea operate over a much longer period and may be harder to
detect. Quantification is difficult in either case. The strong similarity of
patterns along both sides of the Atlantic suggests a common cause of
salmon losses in the ocean, probably modified by local processes. That
idea is based on the improbability of different river and estuarine condi-
tions co-varying to the degree needed to produce the coherent population
responses observed if the dominant causes were continental or coastal in
origin (see Friedland 1998). Among North American populations, salmon
abundance patterns in Labrador and Newfoundland correlate with each
other and not with patterns to the south, and those to the south (Quebec,
Gulf of St. Lawrence, Nova Scotia, Bay of Fundy, and Maine) correlate
with each other (Reddin et al. 2000). Although justifying and promoting
the need to investigate ocean conditions, the authors are cautious about
using the same arguments to deny other influences.

Identifying the causes of salmon losses in the ocean is difficult, espe-
cially since the international closure of the high-seas fisheries has elimi-
nated a major source of data on the movements of salmon that might be
correlated with remotely sensed data and augmented with increased re-
search measurements. Friedland et al. (1993) showed that warmer tem-
peratures in spring favored post-smolt survival of salmon in the north-
eastern Atlantic. They subsequently defined a spring habitat index (area
of habitat between 7 and 13 °C) for two stock complexes (from Norway
and Scotland) and showed a close correlation between the first principal
component of that habitat and landings. The relationship is consistent
with what is known about the migration of post-smolts in these stocks;
therefore, its insight, although untested for its predictive ability, is prom-
ising. However, both data sets occupy a single cycle with a well-defined
peak, and other modes of influence would not be surprising.

In addition, marine biotic assemblages have changed, partly in re-
sponse to human exploitation of them and perhaps partly as a result of
natural environmental changes. These changes mean that salmon in the
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ocean experience changing kinds and amount of food as well as changing
kinds and degree of predation.

NATURAL PREDATION AND COMPETITION

Maine’s Atlantic salmon confront documented predation and compe-
tition from other species both in Maine’s rivers and in the estuarine envi-
ronment. Natural predation and competition may also be factors in the
natural mortality of migrating and overwintering salmon in the ocean
environment, but that has not been well studied. Nonnative species that
prey on salmon and compete with them are a potentially important an-
thropogenic threat to Atlantic salmon in Maine’s rivers and estuaries.

Fish Predators and Competitors in Maine’s Rivers

In addition to Atlantic salmon, Maine’s rivers support populations of
many other fish species. Some are prey of salmon, but others are competi-
tors and predators. The list of fishes in Table 3-2 is for the Sheepscot River
(Meister 1982), but it is fairly representative of other Maine coastal rivers,
with a few notable exceptions.

Meister did not provide information on the relative abundances of
those fishes, but it is clear from the table that the river supports a diverse
fish assemblage, many of whose members are strongly piscivorous. In
particular, the introduced brown trout, and largemouth and smallmouth
bass and the native striped bass, chain pickerel, and lake trout are vora-
cious fish eaters. Many of the other species also take fish, especially the
larger individuals of the species. Other coastal rivers have similar assem-
blages. For example, the Machias River (Fletcher et al. 1982) lacks brown
and lake trout and largemouth bass but supports rainbow trout (Onco-
rhynchus mykiss), bluefish (Pomatomus saltatrix), and Atlantic mackerel
(Scomber scombrus), the latter two being in estuaries. In the Narraguagus
and Pleasant rivers, non-anadromous Atlantic salmon also are listed among
the fauna (Baum and Jordan 1982). Changes have probably occurred in
these assemblages over the past 20 years, especially in regard to non-
native species.

In addition to preying on young salmon, many of the species compete
with them, and many eat their eggs. Salmon evolved in environments that
had predators and competitors but not the introduced species and not
under today’s conditions, when salmon populations are seriously de-
pleted.

Compounding the problems faced by young Atlantic salmon in Maine
rivers is the stocking of streams with various competitive and predatory
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species, native and nonnative, that has been and is occurring. Among the
species stocked are such predators as striped bass, smallmouth bass, and
various species of trout, including brown trout. At least three agencies in
Maine are stocking fish (most of which are piscivorous): The Maine Atlan-
tic Salmon Commission, the Maine Department of Inland Fisheries and
Wildlife, and the U.S. Fish and Wildlife Service.

TABLE 3-2 The Fishes of the Sheepscot River

Sea lamprey (Petromyzon marinus)
Shortnose sturgeon (Acipenser brevirostrum)
Atlantic sturgeon (Acipenser oxyrhynchus)
American eel (Anguilla rostrata)
Blueback herring (Alosa aestivalis)
Hickory shad (Alosa mediocris)
Alewife (Alosa pseudoharengus)
American shad (Alosa sapidissima)
Atlantic salmon (Salmo salar)
Brown trout (Salmo trutta)a

Brook trout (Salvelinus fontinalis)
Lake trout (Salvelinus namaycush)
Rainbow smelt (Osmerus mordax)
Chain pickerel (Esox niger)
Golden shiner (Notemigonus crysoleucas)
Common shiner (Notropis cornutus)
Blacknose dace (Rhinichthys atratulus)
Fallfish (Semotilus corporalis)
White sucker (Catastomus commersoni)
Brown bullhead (Ictalurus nebulosus)
Atlantic tomcod (Microgadus tomcod)
Banded killifish (Fundulus diaphanus)
Mummichog (Fundulus heteroclitus)
Brook stickleback (Culaea inconstans)
Threespine stickleback (Gasterosteus oculeatus)
Ninespine stickleback (Pungitius pungitius)
White perch (Morone americana)
Striped bass (Morone saxatilis)
Pumpkinseed (Lepomis gibbosus)
Smallmouth bass (Micropterus dolomieui)a

Largemouth bass (Micropterus salmoides)a

Yellow perch (Perca flavescens)

aNot native to Maine.
SOURCE: Adapted from Meister 1982.
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Predators at Sea and in Estuaries

Due to the protection now afforded certain predator groups (birds
and seals), predation on Atlantic salmon in estuarine areas in Maine is
probably higher than it was during the period of higher return rates in the
1970s. After a period of virtual elimination by people, cormorants became
reestablished on the Maine coast in the 1920s. Since then, their numbers
have increased, and attempts have been made to control the population.
Cormorants were added to federal bird protection laws in 1972, and the
number of breeding pairs in Maine increased more than 80% but may
now be relatively stable (Krohn et al. 1995). Double-crested cormorants
(Phalcrocorax auritus) are a significant predator on smolts at the time they
are leaving the rivers (Baum 1997). Studies conducted in the 1960s and
1970s showed high rates of predation (e.g., 55 Carlin tags from salmon
smolts in the stomach of a single bird [Baum 1997]). These rates are attrib-
uted partly to less-adept predator-avoidance skills on the part of hatch-
ery-bred fish (Hockett 1994). Despite this conspicuous threat to smolts,
the overall loss of hatchery-reared fish to cormorants in the Penobscot
River was estimated at less than 7% by Blackwell (1996), and the rate
seems to be much lower for wild smolts (for which there are few docu-
mented instances of consumption by cormorants [Baum 1997]). The loss
might be higher in the smaller salmon rivers with shallow water and
pools closer to the coastal rookeries, but the committee has seen no evi-
dence that the overall return rate of salmon to those various rivers is
significantly less than the return rate to the Penobscot.

Similar facts and arguments can be developed for another conspicu-
ous predator in the coastal marine environment: seals (mainly harbor
seals, Phoca vitulina, and the larger gray seals, Halichoerus grypus). Seals
are protected by the Marine Mammal Protection Act of 1972, and their
populations in Maine have increased since the law was enacted. The fre-
quency of seal bites on surviving salmon returning to the Penobscot River
on spawning runs increased from less than 0.5% to greater than 3% from
the early 1980s to the mid-1990s. (Data extend back earlier than 1980, but
with much smaller sample sizes and perhaps less focus on this question.
The 3% figure is lower than that shown by Baum [1997] and is meant to
reflect questions raised by that author about possible observer bias in the
data.) There are no data with which to estimate the number of salmon
consumed. One would need to know the relative rates of encounters,
unsuccessful pursuits, nonfatal “near-misses” (bite marks detected on the
survivors), and successful pursuits. From such a model, one might pro-
pose that the rate of encounters in the smaller estuaries in Down East
Maine is higher than that in the Penobscot due to more confined spaces,
possibly denser concentrations of seals, and possibly lower concentra-
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tions of alternative natural prey in the smaller systems. The possibility
that seals have a significant impact on returning salmon cannot be dis-
missed. However, as with bird predation, the committee has seen no
indication that salmon in the smaller rivers experience a higher predation
rate than in the Penobscot.

It remains unclear whether seals significantly affect the abundance of
outmigrating smolts. Seals are opportunistic feeders, so they could be a
serious threat under certain circumstances. A beach-seine study in the
Narraguagus estuary showed that smolts composed less than 1% of the
similarly sized small pelagic fish (J. Kocik, NMFS, unpublished material,
2001). Some of these fish are known prey of harbor seals, the most abun-
dant pinniped species along the Maine coast. The abundance of other
forage species might make it less likely that seal predation has a signifi-
cant impact on smolts.

Predation is a major factor determining the abundance of many ani-
mals in the sea. For salmon, this seems to occur both in a focused time and
area (as in the case of an estuary at the time of outmigration) or as a
gradual process over the 1–2 years of at-sea migration and growth. The
transition from freshwater to saltwater imposes additional physiological
challenges for anadromous fishes, and some of the mortality in the ma-
rine environment may be the result of additional stresses experienced
during the riverine phase. It is not clear in the Kocik study how much of
the estuarine mortality is due to predation, but no single source emerges
as a likely candidate. When salmon populations are low, perhaps the
impact is significant. The question is important for distinguishing be-
tween factors that might threaten the populations when they are small
and those, if any, that might be responsible for the populations’ current
condition.

ABORIGINAL, COMMERCIAL, AND RECREATIONAL
SALMON FISHERIES IN MAINE

Atlantic salmon have long been valued for sport and for food. Native
Americans used them for subsistence, at least to some degree, as did early
European settlers. They have been commercially fished by the United
States, Canada, and Greenland. Sport fishing for salmon has been impor-
tant in Canada and New England since the mid-nineteenth century. Fish-
ing was by hook and line and nets both in rivers and at sea (Baum 1997).
Commercial fishing for salmon in Maine was eliminated in 1948. All di-
rected fishing—including catch-and-release angling—for anadromous
Atlantic salmon in Maine and its offshore waters was prohibited by 2000.
Some Atlantic salmon were caught in the Greenland fishery, but that was
eliminated or very nearly eliminated in 2002.
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Fishing in the Past: Pre-1800s

Although the history of human use of salmon prior to European settle-
ment is murky and poorly documented, salmon—particularly adult
salmon—may have been targeted by humans since the first aboriginal
occupations of Maine several thousand years ago. The history of the sub-
sistence, cultural, and commercial importance of salmon to Native Ameri-
cans in Maine appears to be relatively poorly documented and subject to
dispute. The archaeological record shows a succession of aboriginal occu-
pations of the Maine area following the Ice Age, starting with Paleoindians
between 11 and 10 thousand years ago. Archaic Indians came second and,
by the time of the Middle Archaic period (7500–6000 BP), Maine had a
substantial Indian population that is thought to have hunted white-tailed
deer and to have fished for a variety of species along rivers and stream
and lake inlets or outlets. Bourque (1995) suggests that they fished sea-
sonal runs of shad, alewives, salmon, and eels.

Late Archaic (6000–3000 B.P.) human populations were larger than
earlier and more dispersed. Late Archaic coastal archaeological sites have
shell middens containing animal and fish remains. These remains have
been protected from acid soils by mollusk shells that render middens
slightly alkaline (Bourque 1995). Late Archaic peoples have been divided
into three somewhat distinct cultures: Laurentian Tradition, Small
Stemmed Point Tradition (SSPT), and the Moorehead Phase. Analysis of
the contents of a refuse pit in Penobscot Bay has produced clam, sea
urchin, cod, swordfish, deer, and duck remains. Cod and deer bones were
found in the tidal falls on the Sheepscot River estuary. Cod and swordfish
appear to have been important in the diets of people in the Moorehead
Phase. The Susquehanna Tradition replaced the Moorehead Phase around
3800 B.P., occupying the same coastal sites but having a more shore-based
diet consisting of deer, moose, shallow-water fish, shellfish, and seals.
Around 2500 B.P., Maine Indians occupied most coastal shell middens
and showed a renewed dependence on fish and marine mammals, such
as gray and harbor seals; moose and deer; and shallow-water fishes such
as flounder, sturgeon, and cod (Bourque 1995).

Historical accounts of Maine Indians may reflect earlier contacts with
Europeans, including effects of the devastating diseases introduced as
early as the fifteenth century. There is some disagreement as to whether
early descriptions by Champlain and others represent traditional cultures
(Bourque 1995) or whether archaeological reconstruction is the more reli-
able source for assessing aboriginal use of salmon in New England during
pre- and post-contact periods (Carlson 1993).

Common folklore and some historical accounts suggest that Atlantic
salmon were abundant at the time of European colonization and that
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salmon runs were a valuable resource for Native Americans in New En-
gland (Carlson 1993). In historical records and accounts from the seven-
teenth and eighteenth centuries, Carlson finds ambiguities in the use of
the term salmon (e.g., salmon could be used to refer to shad); salmon is
less prominent in descriptive accounts, possibly indicating that salmon
were relatively less abundant than cod, shad, bass, and some other spe-
cies. In addition, salmon may have been difficult to catch at variable run
times of short duration (Carlson 1988). The authors may have been en-
couraged to “put a brighter picture on life in New England to folks back
in the old country than was necessarily the case” (Carlson 1988), implying
that they may have inflated statements about salmon abundance.

Archaeologists have identified a critical role for anadromous salmon
in the development of Pacific Northwest aboriginal cultures on Canada’s
west coast. There may be a tendency to extrapolate this finding to New
England, according to Carlson (1988). However, her archaeological re-
search on bone remains from over 75 sites in New England found only
four possible reports of salmon vertebrae, all of which could have been
from trout (Carlson 1993). The absence of salmon bones in the archaeo-
logical record could reflect a scarcity of fish or difficulty in catching them.
Alternatively, salmon bones may not be preserved in the archaeological
record. Carlson concludes that there is no basis for the loss of salmon
remains, therefore salmon were probably not fished either for cultural or
biological reasons. She considers the biological explanation (that salmon
were relatively rare) to be the most probable because the archaeological
record contains ample evidence that Native Americans had the capacity
to harvest salmon (Carlson 1988, 1993).

Carlson (1988) argues further that “the generally disappointing re-
sults of the modern salmon enhancement programs in New England may
be due more to the fact that salmon is not naturally abundant in these
waters than to historical and modern dams and pollution.” According to
Carlson’s hypothesis, salmon did not migrate from Europe to North
America until relatively recently (A.D. 900–1300). The presence of salmon
in New England’s rivers was a consequence of the Little Ice Age between
1550 and 1800 when cooler water may have temporarily extended the
southern range of salmon, a pattern that reversed after 1800 (Carlson
1993).

Carlson acknowledges that cultural factors may have influenced the
consumption of salmon by Native Americans. Archaeological remains
suggest that aboriginal culture in New England, unlike the Pacific North-
west, was based on marine fish exploitation rather than anadromous fish
exploitation (Carlson 1988). Salmon runs in New England occur in the
spring and summer when other resources are abundant, and “there is
little evidence in the ethnohistorical accounts for New England of exten-
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sive fish storage and preservation technology” (Carlson 1988). In short,
there may well have been salmon in New England’s rivers that were not
targeted by Native people.

There may be a problem with using the archaeological record as the
basis for assessing the use and abundance of Atlantic salmon in Maine in
the past. Faunal remains survive best in New England soils when shell-
fish are present to neutralize soil acidity. Shellfish would be primarily
associated with marine and estuarine sites. Given that most salmon inter-
ceptions would have happened in riverine environments, it is possible
that salmon remains have been particularly poorly preserved in the ar-
chaeological record.

1800s to Present

Most of the commercial landings in Maine came from upper
Penobscot Bay and the tidal mouth of the Penobscot River. The majority
of the catch was clearly of Penobscot River origin, although a cluster of
weirs at the mouth of the Ducktrap River in the late 1800s indicates a
sizeable run in that (DPS) river as well (Baum 1997). Anadromous fish
were plentiful in the Penobscot, but there are only fragmentary data spe-
cific to salmon prior to 1867. Although there are gaps in the record, the
period from 1867 to 1890 seems to have sustained catches of more than
75,000(lb) per year. The reported harvest in 1880 was 110,016 lb (10,016
fish).

Although the salmon landings of the late nineteenth century appear
to have been high, legislative actions in the mid-1800s directed at protect-
ing and restoring the runs of fish in inland waters demonstrate that the
stocks were already in an obvious decline. A 3-year period from 1888 to
1890 recorded harvests of over 145,000 lbs per year. Whether this was the
result of extraordinary runs or of large runs coupled with extraordinary
fishing effort is not clear, but the following 5 years witnessed a decline in
landings, suggesting a decrease in the stock. By 1895, commercial fishing
effort declined by about 20%, but the catch declined by 50% and never
fully recovered to pre-1888 levels. From 1895 to 1914, the harvest aver-
aged about 50,000 lb per year, with a noticeable dip from 1907 through
1909. Except for a few years surrounding the Great Depression, harvests
never rebounded. The two world wars, and declining stocks, water qual-
ity, and human interest probably all contributed to the variable but inexo-
rably downward trend in salmon landings after 1910. The commercial
fishery in the region was closed after 1948, when fewer than 500 lb were
landed.

The long-distance migrations of Maine salmon to their overwintering
areas was discovered relatively recently, dating to the capture of a tagged
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Narraguagus fish at approximately 67 ºN off the west coast of Greenland
in 1963 (Baum 1997). Before 1963, the known extent of migration was the
Atlantic coast of Nova Scotia. Tag returns from the escalating high-seas
fisheries in the 1960s through early 1980s identified the northern extent of
overwintering areas and provided estimates of the take of Maine-origin
salmon in distant waters. The estimates vary widely, from 1,534 fish per
year (1967–1989) to over 7,000 per year (1980–1992). The best estimate,
made for the 1987–1992 seasons, suggests a catch of 2,896 Maine salmon/
yr (Baum 1997). As late as 1997, commercial fishing off Canada and
Greenland took 144 metric tons of adult salmon, equivalent to about 27,000
multi-sea-winter (MSW) fish (Nightingale 2000).

Despite uncertainty in the estimates, high-seas landings are large com-
pared with the Penobscot returns of the periods (about 3,000 fish per
year), even after adjustment for age. High-seas landings were mostly 1SW
fish (about 95%), whereas most river returns are 2SW fish (70–90%). Baum
(1997) estimated that the 1SW take should be reduced by 12% to estimate
the impact on returning fish. Empirical evidence of the declining stocks in
the overwintering areas is evident based on landings data since 1986. The
high-seas fisheries for salmon were gradually reduced through regula-
tions and international treaties, beginning with partial closures in Canada
in 1985 and culminating in virtual elimination of sanctioned fisheries in
regions affecting North American stocks after 1992. Despite this ban, re-
turning salmon (and return rates) have continued to decline in Maine (see
Figure 2-3) and in most North American rivers (MASC 2002, WWF 2001),
as well as in many of the rivers of Europe and Scandinavia (e.g., Hutch-
inson and Mills 2000, Reddin et al. 2000, WWF 2001). Possible explana-
tions are discussed in sections that follow.

Recreational angling for salmon has also taken its toll. Baum (1997)
reports 16,864 salmon caught and killed by recreational anglers between
1935 and 1994, the latest year for which any kill was reported. Recre-
ational kills peaked at 1,396 in 1980. Many salmon were caught before
then, but Baum (1997) estimates that 80% of all recreational catches of
salmon occurred after 1950. Until 1985, very few fish were released alive.
Beginning in that year, 392 were released, and the number of fish released
exceeded the number retained every year from 1989 until 1995, when no
angled fish were reported kept (Baum 1997). Since 2000, all recreational
angling for salmon in Maine, even catch-and-release angling, has been
prohibited.

Fishing Today

Even though catch-and-release angling for Atlantic salmon is now
prohibited in Maine, some unknown number of salmon are killed by
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anglers each year, a consequence of catching them (mainly as parr or
smolts) by accident while fishing for other species; retaining them by
mistake, thinking they are something else (mainly brown trout or land-
locked Atlantic salmon); or illegally targeting them (poaching). Not all
fish caught and released, either by commercial or recreational fishing,
survive (Muoneke and Childress 1994, Policansky 2002). Wilkie et al.
(1996, 1997) reported hooking mortalities as high as 40% for Atlantic
salmon at water temperatures of 22°C (but zero at 6°C).

Recreational angling for salmon continues in some areas of Canada
today, although no-take (catch-and-release) angling is much more wide-
spread than it was even when New Brunswick instituted a no-take policy
in 1984 (Nightingale 2000). Take of salmon by First Nation peoples in
Canada does continue, although much less than formerly (Nightingale
2000). Canadian recreational angling probably involves few if any Maine
salmon.

Almost all commercial fishing for Atlantic salmon in the waters off
North America has ceased, but some continuing catches likely take some
Maine salmon. Approximately 2 metric tons (t) per year are taken by the
French islands of St. Pierre and Miquelon off the coast of the Canadian
province of Newfoundland (Chase n.d.), although NASCO (2003a) re-
ported a catch of 3.6 t in 2002, with almost one-third of that total being
taken by recreational anglers. In Greenland, allowable commercial catches
of salmon were as high as 924 t per year in the late 1980s and early 1990s,
but decreased thereafter (NASCO 2003b). Reported landings declined
from 966 t in 1987 to 237 t in 1992 and less than 100 t per year thereafter
(ICES 2002). In 2002, an agreement was negotiated between the North
Atlantic Salmon Fund and its partners, and the Greenland Association of
Hunters and Fishers (KNAPK), to suspend the commercial part of the
salmon fishery, similar to the agreement that covered the years 1998–
2000. Fishing for internal subsistence consumption is allowed. The total
taken for that purpose has been estimated at 20 t per year (NASCO 2003a, b).
The agreement is for a total of five years, and is automatically renewed
annually unless one of the parties gives notice in advance of the fishing
season of their intention to withdraw. In addition to the foregoing, bycatch
of Atlantic salmon occurs in other fisheries; its extent is not fully known.
Ocean fishing for other species probably affects the availability of food for
salmon and the amount and kind of predation on them.

FORESTRY, FARMING, AND FRESHWATER HABITAT QUALITY

Anthropogenic disturbance has occurred for centuries in New
England’s forests. Before European settlement, Native Americans used
fire to alter wildlife habitat and enhance or maintain the productivity of
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wild foods and medicinal plants (Cronon 1983, Russell 1980). The com-
mercial exploitation of Maine’s land-based natural resources has taken
place over the past three centuries. European settlers and their descen-
dents made sweeping changes to forests, wetlands, streams, rivers, and
the atmosphere. Since the mid-1700s, Maine’s environment has been al-
tered by timber harvesting, clearing for agriculture, farm abandonment,
industrial development, and more recently, residential land use. These
changes can affect water quality and hence interact with aspects of salmon
physiology described in Chapter 2.

Estimates of Maine’s forest area between 1600 and 1995 were recently
compiled and analyzed by Irland (1998). He estimates that Maine (land
area of 19,253,300 acres) was 92.1% forest in 1600. The forested area de-
creased dramatically when the combined effects of forest clearing for ag-
riculture, industrial logging and milling, and subsequent forest fires re-
duced coverage to 53.2% by 1872. Forests regenerated on abandoned
agricultural land and cutover areas, reversing this trend. The most recent
(1995) U.S. Department of Agriculture Forest Service estimate places
Maine’s forest cover at 17,689,100 acres or 89.6% (Griffith and Alerich
1996), but the composition is much different from that of a few centuries
ago.

In Maine, virgin white pine forests were the first to be cut, followed
by an increasing proportion of red spruce. Maine led the nation in lumber
production in 1850 (Irland 1999). After that, a suite of factors influenced
the industrial use of Maine’s forests. They include but are not limited to
migration of the industry to the Adirondacks (New York), the Alleghany
Plateau (Pennsylvania), and northern Lake States (Michigan, Minnesota,
Wisconsin); railroad links between the Midwest and East Coast; industri-
alization during and after the Civil War; expanding markets in the Mid-
west; technological change (steam mills and logging railroads); the Cali-
fornia Gold Rush; and the steady depletion of Maine’s forests relative to
other areas of the United States.

The declining fortunes of Maine’s timber barons changed dramati-
cally when “the development of wood pulp paper in the 1880s produced
a spectacular change in the region’s paper industry, and the industry
moved north to find wood” (Irland 1999, p. 278). At a time when much of
New England was cleared for agriculture, only Maine had abundant sup-
plies of small diameter softwood pulp (Whitney 1994) close to major ur-
ban markets, such as Boston and New York. The Maine forest industry
readily transitioned from large, high-value saw timber to smaller, low-
value pulpwood used for the manufacture of paper (Irland 1999, Whitney
1994). Between the 1890s and World War I, the ownership of industrial
forests in Maine was radically reshuffled as major firms, such as Interna-
tional Paper Company, St. Regis, Great Northern, Champion, and others,
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were formed (Irland 1999, p. 79). Large conglomerates, such as the Inter-
national Paper Company (established 1898) and Great Northern Paper
Company (established 1899), located in Maine so that they could simulta-
neously obtain an enormous supply of high quality raw material (red
spruce) and access large, lucrative markets. A second wave of logging
then began to supply pulp mills as well as sawmills capable of efficiently
using smaller logs. Even before major companies began operations, Maine
led the nation in the production of wood pulp by the 1890s. Maine’s
lumber production peaked in 1909, exceeding even the enormous vol-
umes of the mid-1800s. Logging and related activities were widespread in
Maine through the nineteenth and much of the twentieth centuries.

Forests in Maine: 1900–1990

At this point along the timeline for Maine’s forests, it is important to
make a clear distinction between exploitive logging and sustainable for-
estry. Simply put, exploitive logging operations “cut the best and leave
the rest,” with the best being defined by species, size, quality, accessibil-
ity, and market demand at a given place and time. In this case, the land-
owner or mill is only interested in maximizing the short-term profits from
cutting. This is not necessarily done by clearcutting large areas, although,
again, they are often perceived to be the same thing. More often, exploitive
logging is referred to by foresters as “high grading” wherein only the
largest, most valuable trees are cut. Smaller, poorly formed, damaged, or
diseased trees are left.

The principles and practices of forestry were transplanted from Eu-
rope to North American beginning in about 1900 as the antidote to
exploitive logging. Forestry is the art and science of managing forests for
multiple benefits and values (e.g., wood, water, biological diversity, wild-
life, fisheries, recreation, and aesthetics) over the long term. Foresters
usually face the complex task of balancing multiple conflicting demands
for natural resources in a financially (in relation to the firm) and economi-
cally (in relation to societal values) sound manner. Although they are
often used interchangeably, logging (also lumbering and timbering) and
forestry, far from being synonymous, define a broad spectrum of motives,
standards, and effects. Like most of the history of forests in the United
States and Canada, the history of forests and forestry in Maine tracks the
gradual transition from exploitive logging to sustainable forestry during
the twentieth century. This is important because the overall condition of
a forest ecosystem (e.g., water quality, and aquatic habitat) is directly
affected by when, where, and how trees are cut.

Maine is unique in the region for the proportional area (about 85%)
and sheer size of its forest, the dominance of spruce and fir, land owner-
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ship patterns, and low population density. Relative to other parts of New
England, Maine was least affected by the conversion of forests to agricul-
tural land in the 1800s. Before and after World War I, and even during the
Great Depression, forest products companies assembled large landhold-
ings through purchases from families long engaged in logging and mill-
ing, tanning, and iron production. Even with more land, the legacy of
repeated logging (young forests with small trees) meant that the 1920s
were “years of hard scratching for wood to keep mills turning” in many
areas (Irland 1999, p. 80). The Depression reduced demand for wood and
other manufactured goods and allowed more time for forests to recover.
The mobilization and supply efforts for World War II caused many forest-
ers, firms, and public agencies to relax or abandon standards in order to
“get the wood out.” Many areas were damaged as severely as they were
during the 1800s. The pulp and paper industry grew dramatically be-
tween 1940 and 1970 across the United States (primarily in the Southeast).
Maine lagged behind other regions until corporations, such as Georgia-
Pacific and Scott, purchased land, refitted and expanded mills, and, along
with companies like International Paper, changed the nature of field op-
erations in the 1960s and 1970s.

The overall changes in forestry operations, standards of practice, and
associated environmental impacts reflect and will continue to reflect
changes in science and technology, population and markets, and compe-
tition (regional, national, and global). Little changed in the forests until
hand tools, horses, and log drives were supplanted by chainsaws, bull-
dozers, skidders, and trucks after World War II. (Logging railroads were
used in some parts of Maine but not as extensively as in the Adirondacks,
Lake States, and Pacific Northwest.) Mechanized logging equipment
(feller-bunchers, forwarders, and cut-to-length systems mounted on tracks
or low ground pressure tires) and large trucks (up to 80 tons when loaded)
have replaced chainsaws and skidders in many areas since the mid-1980s.
Forest-cutting practice acts and increased enforcement efforts substan-
tially reduced logging and road construction impacts.

Milling technologies and water and air pollution control measures
changed even more dramatically during the twentieth century. The un-
regulated discharge of noxious and toxic compounds was first curtailed
in the 1970s with the passage of the Clean Water and Clean Air Acts.
Further improvements in pollution prevention (during storage, process-
ing, manufacturing, and transport) and pollution control along with more
stringent environmental laws and regulations have dramatically reduced
total pollutant discharge and toxicity in recent years. Waste materials,
such as sawmill slabs, edgings, chips, and bark, are being converted to
such products as landscape mulch or used to generate steam and electric-
ity instead of being burned, pushed into mountainous piles, or dumped
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directly into rivers. Similarly, pulping chemicals are being recycled or
converted to other products rather than being discharged into rivers.

It is beyond the scope of this study to quantify the net effect of a
century of changes in logging, transportation, milling, and environmental
regulation on aquatic ecosystems and Atlantic salmon in Maine. How-
ever, by all accounts, acute disturbance from log drives and the toxic
effects of point-source discharges have been replaced by the chronic ef-
fects of road networks (sedimentation and barriers to fish passage), other
forms of non-point-source pollution (e.g., fuel spills), and regional air
pollution. When evaluated with general metrics, such as biochemical oxy-
gen demand, temperature, dissolved oxygen, turbidity, and specific con-
ductance, water quality has improved.

Contemporary Forestry

Foresters use single-tree or small-group selection or small-patch cuts
(less than 1 acre) to mimic canopy gaps or small openings during timber
harvesting operations (Barten et al. 1998, Smith et al. 1997). Clearcutting,
sometimes with prescribed fire, complete overstory removal (so named
when regeneration is already present in the understory), or shelterwood
cuts (two or three stages about 5 to 15 years apart to prepare seed trees,
establish regeneration, then remove the seed trees) are used to mimic
“stand replacement events,” such as hurricanes or fires (Oliver and Larson
1990, Smith et al. 1997). Diverse forest ecosystems are more resistant to
rapid, undesirable changes and are more compatible with other forest
uses than industrial tree farms.

Of Maine’s 17.7 million acres of forest, approximately 7.3 million acres
are owned by forest-products companies (Irland 1999, MFS 1999). During
the 1990s, timber harvesting increased from about 400,000 to more than
500,000 acres per year. The increase in area harvested reflects a shift away
from clearcutting toward selection and shelterwood systems (MFS 1999,
2000), because a larger area must be selectively cut to yield the same
amount of timber as one from a clearcut. In 1999, clearcutting was used on
only 3.5% of the area harvested (18,754 acres). Virtually all clearcuts (99%)
were less than the 75-acre limit mandated by the Forest Practices Act of
1989; 83% were prescribed by landowners with more than 100,000 acres.

Farming

During the late nineteenth century, large areas of forest were con-
verted to farms. By 1920, a wide swath from York to Hancock County was
a “hay and dairy region,” while most of Washington County remained
“forest and hay.” (See Figure 3-1 for a map of the counties of Maine and
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FIGURE 3-1 Boundaries of major watersheds and counties in Maine. SOURCE:
Data from Maine Office of Geographic Information Systems. Drawing by Yanli
Zhang, University of Massachusetts-Amherst.
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the boundaries of watershed areas.) Table 3-3 highlights the differences in
forest clearing for agriculture between Washington County and the other
coastal counties between 1880 and 1995 (Irland 1998). Some of the land in
the 1880 survey was recently cut and, therefore, classified as open. Most,
however, was agricultural land that was abandoned for a variety of
reasons.

Legacies of Logging, Milling, and Farming

About 22% of Maine is secondary forest land that regenerated after
farm abandonment (Irland 1998). Almost all of the remaining 78% is pri-
mary forest (cut, perhaps repeatedly, but never cleared for farming). A
very small area of virgin forest (never cut) might still survive in inacces-
sible areas (Foster 1999, Foster and O’Keefe 2000). It is reasonable to as-
sume that most forested land in Maine has been subject to one or more
cycles of logging. By 1920, most of the forest left in the Penobscot, Ken-
nebec, and Androscoggin watersheds had been altered by one or more
cycles of logging. By contrast, a larger proportion of the Down East region
still had areas of virgin timber greater than 25,000 acres (Whitney 1994). A
suite of factors related to the lower impacts of farming and logging in

TABLE 3-3 Forest Area for Selected Counties in Maine in 1880 and
1995

Total 1880 1995
Area Forest Area 1880 Forest Area 1995 % Change

County (km2) (km2) % Forest (km2) % Forest 1880 to 1995

Androscoggin, Kennebec, and Penobscot watersheds and estuaries
Androscoggin 1,218 425 35 850 70 100
Kennebec 2,247 661 29 1,653 74 150
Knox 947 353 37 706 75 100
Oxford 5,382 2,949 55 4,915 91 67
Penobscot 8,796 7,013 80 7,793 89 11
Piscataquis 10,273 8,477 83 9,972 97 18
Sagadahoc 658 250 38 499 76 100
Somerset 10,171 5,800 57 9,668 95 67
Waldo 1,890 538 28 1,537 81 186

Down East watersheds and estuaries
Washington 6,653 5,110 77 6,012 90 18

SOURCE: Data from Irland 1998.
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Down East Maine may have contributed to the continued survival of wild
Atlantic salmon in the rivers such as the Narraguagus, Pleasant, Machias,
East Machias, and Dennys.

Early logging operations were associated with a variety of environ-
mental impacts. Large, stream-side trees were the first to be felled by
loggers, removing trees whose roots supported stream banks and that
would have eventually become large woody debris. The loss of both func-
tions inevitably reduced stream channel stability and increased bed and
bank erosion. During and after spring ice breakup, log drives on streams
swollen with melting snow and early season rains carried enormous vol-
umes of wood to downstream mills. Dams were used on many headwater
lakes to store water, raise levels, and regulate outflow. On smaller streams,
“splash” dams were built to store water (and energy) for the drive. These
splash dams were deliberately breeched by releasing blocks, removing a
key log, or setting off a well-placed charge of black powder, sending a
torrent of water and logs downstream (Irland 1999, Verry 1986, Williams
1976). The log and pulpwood drives must have had a devastating impact
on stream-channel stability and aquatic habitat quality in some stream
and river reaches. At the mills, booms that were used to capture and store
logs also fouled the water and riverbeds with tannins, loose bark, and
“sinkers.” In addition, mill waste and sawdust were commonly discarded
directly into rivers. Before conversion to steam power, all the mill equip-
ment was powered by water. Eventually, many large mills with high
dams also generated hydroelectric power. Augusta, Bangor, Bath, Ells-
worth, Orono, Old Town, Skowhegan, and Waterville all had large mill
complexes in the 1800s. Bangor alone had 410 saws (Holbrook 1938). The
huge salmon runs in 1888–1891 may have been related to short-term re-
ductions in logging, log drives, and milling and the corresponding im-
provements in water quality and habitat conditions through the 1880s.
Beginning in the 1700s, large, high-quality white pine and red spruce logs
close to streams and rivers were cut for the manufacture of lumber.
Smaller, inferior trees were left behind and species such as balsam fir and
red spruce filled openings in the forest. In the 1890s and early 1900s, these
trees would be exploited once again. For more than a century, water
quality had been degraded by waste products (principally sawdust) from
mills and residues from log drives and booms. Small dams constructed
for log drives and large dams for booms (log storage in streams and
rivers) and water power at mills blocked and degraded salmon habitat
(Judd 1997). Water pollution from logging and milling, barriers to fish
passage, and degradation of aquatic habitat increased in direct propor-
tion to soaring industrial production and population growth. The brief
window of ecological opportunity for Atlantic salmon in Maine’s streams
and rivers of the late 1800s was closed.
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The statistics summarized in Table 3-3 describe the state of the land,
and they indicate the biophysical conditions encountered by Atlantic
salmon for more than a century in the Kennebec, Penobscot, and Down East
watersheds. Timber harvesting changes the water balance, energy balance,
and rates of soil erosion and biogeochemical cycling in a watershed (Likens
et al. 1977). The magnitude and persistence of changes in the quantity,
quality, and timing of stream flow depends on the proportion of the water-
shed that is treated and the proportion of the biomass removed (Bosch and
Hewlett 1982; Hornbeck et al. 1993, 1997; Reinhart et al. 1963; Verry 1986).
Even when every tree in the watershed is logged, the treatment effect
decreases rapidly from the first-year maximum back to an equilibrium
condition when the leaf area of the new vegetation approaches that of the
mature stand. Although the tree seedlings and saplings are small, their high
densities (e.g., up to 100,000 white pine seedlings per acre) and rapid
growth rates usually restore watershed functioning in 5 to 10 years. A light
thinning or timber stand improvement cut that removes a small percentage
of the biomass may have no measurable effect on the quantity, timing, or
quality of stream flow. The residual trees quickly and completely make use
of the temporary surplus of light, water, and nutrients.

Changes in soil erosion and biogeochemical cycling rates, and atten-
dant degradation of water quality, are closely linked to water and energy
balance changes. In most forest soils, water moves through the soil sur-
face at a rapid rate (known as infiltration capacity) because the soil is rich
in organic matter, contains large pores, and is protected by leaf litter.
Overland flow does not occur unless the soil mantle is saturated. Unless a
logging operation exposes and compacts the soil surface, initiating rain-
drop splash and overland flow, detached soil particles and organic matter
(now sediment) will not be lifted and carried to streams, lakes, or wet-
lands. When overland flow and soil erosion occurs, nutrients that are
adsorbed to the surface of sediment particles (especially clay and silt
particles with charged surfaces) will be carried downstream.

Forest soils are unsaturated most of the time because of their high
permeability. When some or all of the forest vegetation is removed, soil-
water content increases with a consequent increase in the rate of subsur-
face flow. Tree removal also reduces nutrient uptake, increases dry depo-
sition (dust and aerosols from the atmosphere that would have been
deposited on the forest canopy), and stimulates microbial decomposition
of organic matter due to higher soil temperature and water content. This
increases the concentrations of nutrients, dissolved organic carbon, and
trace metals that, when combined with the increased subsurface flow,
results in greater loading to streams, lakes, and wetlands.

Recent reviews of paired watershed experiments show that vegeta-
tion must be removed from about 25% of the watershed to produce a
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significant increase in stream flow. The soil water content and stream
flow increases are the necessary precondition for increased sediment yield
and nutrient loading (non-point-source pollution) in receiving waters.
Because logging was dispersed over large areas, it is unlikely that Wash-
ington County reached this threshold at the peak of forest clearing around
1880 (Table 3-3). Except for the two large northern counties, Piscataquis
and Penobscot, the forest cover in other areas of the Kennebec and Penobscot
drainages ranged from 28% to 55%, with a mean of about 40%. Because a
large proportion of the land was converted to agriculture rather than
naturally regenerating as forest, the changes in stream flow, and associ-
ated increases in nutrient and sediment loading, were probably much
more severe. Mean annual erosion rates from active agricultural land
range from 2 to 5 tons/acre, while forests rarely generate more than
0.1 ton/acre (Patric 1976). So while aquatic ecosystems in the Down East
watersheds, such as the Narraguagus, Pleasant, Machias, East Machias,
and Dennys rivers, may have been somewhat affected by logging and log
drives, the Penobscot and Kennebec watersheds were subject to signifi-
cant and sustained changes.

DAMS

Dams are a major cause of salmon declines worldwide. Dams have
two major effects on anadromous fishes, such as salmon. They prevent or
impede fish passage up- and downriver, and they change or destroy habi-
tat (American Rivers et al. 1999, Heinz Center 2002, NRC 1996a, NWPPC
2000). The first effect, especially the blocking of upstream migration of
adults, has long been recognized, even in the writings of Atkins (1874)
and Kendall (1935).

Although fish-passage facilities can alleviate the difficulties that
adults have in upstream migration, the effects of dams on the down-
stream migration of smolts has been recognized only recently, and they
are more difficult to reverse. The slow-moving pools behind dams con-
fuse smolts during migration, increase the energetic costs of their move-
ment, and can increase predation on them. The dams can injure smolts or
block their passage. Athough smolts do swim, their travel time to the
estuary also can be greatly increased as a result of dams, as has been
shown on the Columbia River system in the Pacific Northwest (NMFS
2000b). Although the western dams are larger than those in Maine, effects
documented in the West are likely to occur to some degree on dammed
streams in Maine.

The second effect needs wider recognition. By creating pools behind
them, dams change habitat by eliminating flowing water and riffles. They
flood riparian habitats, and they change the patterns of sedimentation
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and erosion. Dams usually cause changes in water temperatures and
chemistry, and reservoirs behind dams are often stratified, while un-
dammed rivers usually are not (American Rivers et al. 1999, Heinz Center
2002). In addition, the large woody debris, gravel, and sediment that were
formerly carried down the river and that provided spawning and rearing
habitat, as well as cues that helped adults to return home to their natal
streams, are now stopped by dams. As a result, these altered habitats are
less suitable for spawning and juvenile rearing. Rivers behind dams be-
come pools, more like lakes than rivers. Most anadromous salmonids are
not adapted to such habitats. Other species of vertebrates and inverte-
brates that can thrive in lakes proliferate and thereby change the prey
resources available to salmon, as well as the number and kinds of their
competitors and predators.

Dams on Maine’s Salmon Rivers
and Their Legacy

Maine’s rivers and streams have many hundreds of dams (Figure 3-
2). Not all dams are necessarily large and completely impervious barriers
to fish, especially in Maine. Even the relatively large wood and concrete
Edwards Dam on the Kennebec River, which was removed in 1999, had
previously been breached by high flows. Thus, the upstream habitat had
been available (at least to the next dam) for adult salmon for periods up to
12 months. Other Maine dams are smaller, and many are made entirely of
wood. Those often allow some passage during periods of moderate-to-
high flow, thus allowing some downstream passage of small fish. Many
are not maintained and have deteriorated to varying degrees. Many dams
in Maine are breached, overwashed, or even washed out during periods
of high flows. Therefore, simple inspection of maps that illustrate dam
placement is not sufficient to assess the availability of habitat to migra-
tory fishes or the quality of that habitat in Maine.

The effects of dams on salmon in New England rivers are sobering.
Kendall (1935), citing Atkins (1874) but adding newer information, pro-
vided the summaries below, starting from the southwest. (Rivers with no
mention of dams or records of salmon abundances are omitted except for
the eight DPS rivers.)

• Housatonic River—Salmon disappeared from this river many years
ago. There is a record of plenty about 1750; about 1868 one of seven or
eight pounds was reported to have been caught below the dam at
Stratford.

• Connecticut River—This magnificent stream was formerly one of
the best of New England rivers in which salmon are said to have been
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plentiful up to 1797, after which they disappeared, owing to a dam just
below the mouth of Miller’s River.

• Thames River—Salmon formerly inhabited the Thames and some
of its tributaries until dams effectively prevented ascent. There are no
records of salmon since 1822.

• Merrimack River—The Merrimack was once one of the best salmon
rivers in the United States, but for years after the erection of dams at
Lowell, Lawrence, and Manchester no salmon were able to pass them.

• Piscataqua River—Formerly salmon were very abundant, breed-
ing in the Salmon Falls branch and to some extent in the Cocheco. The
rivers have been obstructed by dams for over 200 years.

• Presumpscot River—This was once one of the finest salmon rivers
for its size in the state of Maine, but was early obstructed by dams and
only a few salmon have since been taken.

• Royal River—Salmon were common in the river up to 1800, and
some occurred later. The last salmon seen here was taken in 1853. For
years, owing to the dams at Yarmouth, no fish could ascend the river, and
in later years besides the dams, excessive pollution has effected occlusion
of fish of any kind in that vicinity.

• Androscoggin River—The Androscoggin and its tributaries were
naturally adapted to salmon and were frequented by them until dams
prevented ascent.

• Kennebec River—In its original condition, the Kennebec was
scarcely surpassed by any salmon river in the country. The salmon fisher-
ies of the Kennebec were in flourishing condition in 1873, when the dams
at Augusta were completed. For a few years they continued plenty, and
then rapidly declined until they almost disappeared.

• Sheepscot River—The Sheepscot was formerly frequented by
salmon in great numbers, but the stream was obstructed many years ago.
However, occasional salmon have been observed and taken in recent years
below the dam at Alna.

• Medomac River—Obstructed for many years, the only salmon
taken in recent years have been caught near the mouth of the river. It has
been over 100 years since any considerable numbers were taken. In those
early days they used to be dipped below the dam at the head of tidewater.

• Penobscot River—At the present time [1935] the Penobscot is the
only New England river affording any extent of commercial salmon fish-
ery. Atkins [1874] wrote that besides being the largest between the Saint
John and the Connecticut, it is distinguished by the manner in which it
discharges its waters into the sea, namely, through a large bay or estuary,
narrow at its head, where it receives the waters of the river, but widening
gradually to its junction with the open ocean. The works of man have
interfered less with the migration of salmon in the Penobscot than in any
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other large river south of the Saint John. Owing to its great volume and
other favorable circumstances, dams, quite impassable by salmon, have
never been in existence many years at a time. The four points on the lower
part of the river at which dams have been built are Veazie, Ayer’s Falls,
Great Works, and Oldtown.

• Union River—Once a productive salmon river, it has not yielded a
single salmon for over seventy years. Formidable dams at Ellsworth,
within three miles of tide water, effectually obstruct the ascent of fish.

• Narraguagus River—Salmon were plentiful here 90 or 100 years
ago and the river afforded a productive salmon fishery. A few salmon
even now appear at Cherryfield.

• Machias River—It is stated that in olden times salmon were ex-
tremely abundant in this river. Something over 80 years ago, it is said, a
fisherman with a dip net could take 60 salmon in a day at the lower falls.
As in other streams, dams have practically effected extermination so far
as that river is concerned, although a few appear at times below the dam.

• East Machias River—While in former times Machias River was
regarded as the better salmon river, at present and for a long time the East
Machias is and has been the better stream. Salmon are now and then
taken, and apparently they breed to some extent in Chace’s Stream, the
outlet of Gardner’s Lake. Several salmon were caught with a dip net at
East Machias in the latter part of June 1876 (S.B.H. 1876).

• Orange River—It does not appear that salmon ever very numer-
ously frequented this stream, although before dams obstructed it, some
entered it for breeding.

• Dennys River—Atkins [1874] wrote that in its primitive state
salmon abounded in this river. In Notes from Dennysville, Robert T. Mor-
ris (1900), under the date of July 1, 1909 [sic], wrote: “As a salmon stream
the name of the river is Dennys. Sawmillafecit1—Until very recently, the
river was full of salmon. But these things are all spoken of in the past
tense, because the lumber company has a sawmill at the head of tide
water, and the artificial fishway will not allow breeding fish to pass.”

• St. Croix River—The St. Croix by its eastern and western branches
respectively discharges the waters of two extensive lake systems, and
salmon, once abundant, ascended nearly to the headwaters of both
branches. Obstruction and pollution, augmented by poaching, have prac-
tically eliminated salmon from the river, excepting the few which yearly,
at least up to recent times, appeared in the pool at Calais or Milltown.

1Jocular latinization meaning “The sawmill did it.”
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The dams on the Penobscot were the subject of acrimonious debate
beginning in 1825 (Judd 1997). The mill owners argued the dams pro-
vided a much greater community benefit than anadromous fish. On
smaller rivers with smaller mills, dams, and communities, moral argu-
ments and traditional rights held more sway than in the large cities where
“Dams were an exercise of class prerogative, perpetrated by ‘gentlemen
lawyers’ in league with the mill owners” (Judd 1997). On the Machias
River in about 1850—“where fisheries were rebounding under patient
care”—as well as the Pleasant and Narraguagus rivers, communities were
concerned about poaching and other conditions that were detrimental to
the alewives, shad, and Atlantic salmon runs. They urged state and local
officials to be more diligent in protecting the resource (Judd 1997). A
recent agreement has been reached to remove the Veazie Dam above
Bangor and the Great Works Dam in Old Town, significantly improving
Penobscot habitat and access to it (Richardson 2003).

HAZARDS OF CHEMICAL CONTAMINANTS
IN RIVERS AND STREAMS

Synthetic chemicals that could cause detrimental effects on salmon
originate from residential, industrial, and agricultural activities. An im-
portant question is how quickly sick and dying fish disappear in nature.
The answer is probably quickly, so it is difficult to know the extent of
potential damage. This section briefly reviews a few key concepts in toxi-
cology, highlights some examples that specifically concern salmon, and
comments on progress in this area. More extensive treatment can be found
in publications by the National Research Council (NRC 1999, 2000) and
the Society of Environmental Toxicology and Chemistry (SETAC; DiGiulio
and Tillitt 1999); also see e-Hormone 2003.

Ecological toxicologists investigate impacts at ecosystem, population,
individual, and suborganismal levels of organization. Basic mechanisms
of toxicity at the suborganismal level include damage to cell activities and
cell death. The distinguishing feature of endocrine-disrupting chemicals
(EDCs), also known as hormonally active agents (HAAs), is that they tend
to exert their actions by mimicking hormones or by blocking the action of
hormones; that is, they operate through specific receptors. EDCs may also
alter metabolism of hormones and receptors. Hormones of the neuroen-
docrine system coordinate growth and development, metabolism, physi-
ological adaptation to a changing environment, reproduction, behavior,
and, importantly to salmon, the parr-smolt transformation. A generaliza-
tion with many exceptions is that the end point in toxicology tends to be
mortality, whereas many actions of EDCs are sublethal.
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There are important research findings that concern Atlantic salmon.
For example, the lowest returns of Atlantic salmon to 16 rivers in eastern
Canada over the period 1975–85 coincided with spraying Matacil 1.8D, an
insecticide used in forestry (Fairchild et al. 1999). The culprit was 4-
nonylphenol (4-NP), a nonionic detergent metabolite, and the spray was
reformulated as Matacil 1.8F, without 4-NP. In retrospect, 4-NP was prob-
ably having estrogen-like effects in juvenile salmon. As an additional
example, milt production and reproductive hormones of mature male
parr are reduced by exposure to atrazine under experimental conditions
(Moore and Waring 1998). Atrazine is an herbicide that inhibits photosyn-
thesis in atrazine-sensitive plants used on food crops and in non-crop
areas across the United States (EPA 2002a). Atrazine is persistent and
mobile. As a final example of research on this topic, Atlantic salmon from
a stream contaminated with polychlorinated biphenyls (PCBs) were found
to have greater expression of the gene coding for the detoxifying enzyme
cytochrome P4501A (CYP1A) than were salmon from a nearby stream
with no known contamination (Rees et al. 2003). The gills and kidney,
both interfaces involved in osmoregulation, showed induction levels of
two and five orders of magnitude. Induction of CYP1A in fishes in remote
ocean areas has been suggested as an indicator for chemical contaminants
(Stegeman et al. 2001).

The Toxic Substances Hydrology Program of the U.S. Geological Sur-
vey used new analytical methods to measure pharmaceuticals, hormones,
and other organic wastewater contaminants in 139 streams in the United
States (Kolpin et al. 2002). 4-NP was found in half the samples at concen-
trations adequate to affect reproduction in mature male parr (discussed
above). Hexazinone, found in the herbicide Velpar, is used for controlling
weeds in blueberry stands. Hexazinone is toxic to juvenile Pacific salmo-
nids, although at fairly high concentrations (276 liter, Wan et al, 1988).
The potential for ecotoxicity of hexazinone to Atlantic salmon in Maine
merits investigation.

There are a number of sites in Maine listed as Superfund sites by the
U.S. Environmental Protection Agency, with 13 sites on the National Pri-
orities List, and 58 sites on CERCLIS—a list of potential and confirmed
hazardous waste sites. Six sites have been cleaned up. The sites were used
by clothing mills, paper companies, and the military, for example. They
tend to be near streams and rivers and some are being cleaned up, al-
though funding was cut in 2003. For example, the Sebasticook is a tribu-
tary of the Kennebec River and the former site of the Eastland Woolen
Mill, which declared bankruptcy in 1996 and is now a Superfund site. The
groundwater in the area was heavily contaminated with chlorobenzene
compounds used in the dyeing of wool cloth. The mill dumped the chemi-
cals directly into the Sebasticook or into a tail-race that led to the Sebasti-
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cook. Another example is the Eastern Surplus site in Meddybemps, near
Meddybemps Lake and the Dennys River, formerly used for storing mili-
tary surplus from 1946 through 1976 and placed on the National Priorities
List in 1996. The Agency for Toxic Substances and Disease Registry
(ATSDR) began investigations in the 1980s that found chemical contami-
nants, such as organic compounds (e.g., benzene, PCBs, DDE) and metals
(e.g., mercury, chromium, arsenic, and lead). Fish collected in 1997 in-
cluded brook trout; and pesticides, PCBs, and metals were found above
comparison values in the fish fillets. The Passamaquoddy Tribe lives
downstream of the site; however, because of lack of data, ATSDR had to
classify “the current and future exposures at the site as posing indetermi-
nate public health hazard” (ATSDR 2003). No additional monitoring is
planned. The Penobscot Nation is advocating the cleanup of the sites
owned or previously owned by paper companies. The Great Northern
Paper Company filed for bankruptcy in January 2003. Some polluted sites
it owned are near the Millinocket Stream, which empties into the West
Branch of the Penobscot River upstream of the Penobscot Indian Reserva-
tion. Monitoring water quality in streams throughout Maine would con-
tribute substantially to habitat assessment and management. Efforts like
those of Maine’s Board of Pesticides Control to monitor pesticides (Jack-
son 2002, 2003) should be continued and strengthened. Where possible,
they should be coordinated with streamflow, water-quality, and biologi-
cal assessments conducted by the U.S. Geological Survey, the Maine At-
lantic Salmon Commission, the University of Maine, and others.

HATCHERIES

Stocking of hatchery fish has long been a major component of fishery
management programs. With the increasingly widespread decline of fish
populations, managers have turned to hatcheries to rehabilitate depressed
populations. A fundamental premise of these programs is that use of
hatchery programs, when properly designed and implemented, provides
one tool for rebuilding wild populations of salmon. Although the evi-
dence available in Maine does not allow an evaluation of that premise—
Atlantic salmon populations there had not been rebuilt as of 2002—it
seems clear that success will not be achieved without the use of the best
available techniques, if then. In addition, careful research and monitoring
are needed to increase the likelihood that hatchery stocking will help to
achieve the goal of recovering wild fish populations. When salmon popu-
lations are as low as they are now in many of Maine’s streams, hatcheries
might offer the only possibility of avoiding extinctions in the short term
while longer-term solutions are implemented.

Three caveats are important (Miller and Kapuscinski 2002). First, with-
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out proper adherence to genetic, evolutionary, and ecological principles,
integration of hatchery and naturally reproducing salmon could lead to
adverse consequences for naturally reproducing fish, thus undermining
other rehabilitation efforts. Second, the use of hatcheries to rebuild de-
pressed populations is still an unproven technology; therefore, it should
be conducted with a commitment to the concept of adaptive manage-
ment. Adaptive management requires explicit design and implementa-
tion of actions or programs as experiments, regular monitoring to obtain
reliable data and track progress toward program goals and objectives,
systematic evaluation of outcomes of actions, and most crucially, adop-
tion of adaptive changes (mid-course corrections), on the basis of conclu-
sions drawn from such evaluations (Lee 1995, NRC 1996a, Walters 1986).
Finally, hatcheries should be viewed as only one part of a more compre-
hensive strategy to remedy factors, such as lack of habitat and poor habi-
tat quality, that cause decline or impede recovery. Hatchery use should be
limited to specific situations where its advantages outweigh its disadvan-
tages. In general, the committee favors the discontinuation of hatchery
supplementation for wild salmon when the populations are recovered to
a specified degree, as discussed below.

History and Status of Hatcheries
for Atlantic Salmon in Maine

Enormous numbers of Atlantic salmon have been produced and
stocked in Maine waters for well over a century. In spite of these efforts,
salmon runs have continued to decline. Failure to monitor hatchery fish
after their release and to compare them with wild populations whose
natal streams did not receive hatchery-stocked fish makes it impossible to
determine the effect of the stocking program on the continuing decline in
salmon abundance. At best, stocking might have retarded the decline; at
worst, stocking might have accelerated it.

Overfishing of migratory fish species was recognized as a problem in
U.S. waters as early as 1762, concerns being raised about striped bass and
sturgeon in the Exeter River of New Hampshire. By 1790, destruction of
alewife spawning runs due to dam construction was recognized as a prob-
lem (Bowen 1970). By the mid-1800s, some of the southern New England
Atlantic salmon runs had been destroyed, and others were declining be-
cause of pollution, and commercial fishing (Moring 2000a). The decline
stimulated a long period of translocations of Atlantic salmon among
widely separated watersheds, and importation of nonnative eggs for
hatchery programs began soon thereafter.

By 1870, the Canadian Samuel Wilmot was selling Atlantic salmon
eggs, probably from Lake Ontario, to various states in the United States

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


THREATS TO ATLANTIC SALMON IN MAINE 79

(Atkins 1874, Milner 1874). Atkins bought 8,000 salmon eggs from the
Canadian government in 1871 and stocked the Sheepscot River with about
1,500 fingerlings (Atkins 1874).

The Craig Brook Hatchery in Maine, the first public salmon hatchery
in the United States, was established in 1871 (Moring 2000b) to rehabilitate
depressed runs of wild Atlantic salmon throughout their range in New
England. The U.S. Fish and Fisheries Commission and Maine established
another hatchery at Bucksport in 1872. That hatchery produced 876,000
fish derived from Penobscot River stock in its first year of operation for
stocking in various states, including Maine (Baird 1876). Additional de-
tails associated with early attempts to spawn and stock Atlantic salmon in
New England can be found in Baum (1997) and Stickney (1996a,b).

Genetic sources shifted between Maine and Canada from the early
history of hatchery use. The Bureau of Fisheries (the successor to the U.S.
Fish and Fisheries Commission) obtained salmon eggs from the Miramichi
River in New Brunswick and from the Gaspé region of Quebec, between
1920 and 1937, as a result of altercations between the bureau and commer-
cial fishermen who were collecting adults from the Penobscot (Baum
1997). Several reports described key shifts in the life stage stocked and the
increasing numbers of hatchery fish stocked throughout the history of
Maine’s stocking programs (Baum 1997, Smiley 1884). Baum showed the
annual take of Atlantic salmon eggs from Maine and Canadian rivers
from 1871 through 1995 (see Appendix F).

Both parr and fry were stocked during most years, beginning in 1873,
according to Baum (1997), although Moring et al. (1995) indicated that
parr stocking began in 1890. Fry and parr stocking continued until the late
1920s, after which annual parr stocking continued until 1958. Fry stocking
was conducted only during some years between 1928 and 1941, after
which no fry were stocked again until 1972 (Baum 1997). Fry were stocked
in alternate years from 1979 to 1986 and annually thereafter (Baum 1997).
Modest numbers of smolts were stocked from 1945 to 1947. Smolt stock-
ing began again in 1962 and continued through at least 1995 (Baum 1997).

Current River-Specific Stocking of Fish:
A Supportive Breeding Approach

River-specific management was instituted in 1991 for six of the DPS
rivers (Sheepscot, Narraguagus, Pleasant, Machias, East Machias, and
Dennys) listed under the ESA, a major shift in the strategy of hatchery
production in Maine. The other two DPS rivers (Ducktrap and Cove
Brook) are not being stocked. Non-DPS rivers still receive hatchery-raised
fish from other sources. The Saco River, for example, is being stocked
with Penobscot fish (MASC 2001).
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The river-specific stocking in the six listed rivers also involves a type
of captive brood-stock program, referred to in this chapter as “supportive
breeding” (Ryman and Laikre 1991), that intends to increase the popula-
tion size without introducing exogenous genes into the managed popula-
tion. Supportive breeding involves bringing a fraction of the wild popula-
tion into captivity to increase survival of early-life stages in the protective
captive environment, followed by release of the offspring into the natural
habitat, where they will mix with wild salmon. Starting in 1992, parr were
captured in each of the six rivers and maintained at the Craig Brook
hatchery until reaching adulthood (Beland et al. 1997; Craig Brook hatch-
ery officials, personal communication, 2001). Initial parr collections for
the Pleasant River were held at North Attleboro National Fish Hatchery,
but later collections were maintained at Craig Brook Hatchery. The cap-
tive adults were used as brood stock, and their offspring were released,
primarily as sac fry, back into the streams of parental origin on the premise
that if released at about the time fry normally begin searching for food,
they would adapt better to their native stream habitat, thus improving
survival and future adult return and spawning in the wild. Starting in
2001, managers have aimed at spawning each captive adult only once,
preferably at age 4, when the fecundity of females should be high enough
to meet production targets for the target DPS river (Buckley 2002a,b). The
rationale is to reduce common ancestry of parents and to equalize their
reproductive contributions to the next generation, minimizing the loss of
genetic variation during the captive breeding phase. Hatchery managers,
however, had to include some adults from older age classes in the matings,
because fewer females than expected were mature at age 4. Rather than
producing mature gametes every year, many of the captive adult brood
stock appear to do so only in alternate years, as is the normal pattern in
the wild.

Each year since 1995, additional collections of parr have been ob-
tained and reared to adulthood. Sufficient numbers are collected to en-
sure survival to spawning of at least 50 pairs from each of the six streams
(Beland et al. 1997). As soon as two year-classes (cohorts) of adults be-
came available, brood fish from different cohorts were crossed to produce
the next generation. The range of crosses was expanded to incorporate
additional cohorts in the breeding design for subsequent years. After cap-
tive brood stock from one cohort have contributed progeny over a few
years, the survivors are released back into their natal streams.

Little is known about survival rates of released swim-up fry to the
parr stage, although studies are under way with tagged fry to determine
both survival rates and the degree to which hatchery-spawned fish are
recaptured as parr to contribute to future cohorts of captive spawners. An
experiment conducted in the Connecticut River (no natural population of
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Atlantic salmon) was designed to investigate stocked fry survival up
through the smolt stage (Orciari et al. 1994). Eggs were obtained from the
Penobscot River and fry were stocked in 1982, 1984, and 1985. Stocking
Penobscot fry at mean densities of 125/100 square meters (m2) resulted in
mean densities of 34 age-0 parr, 10 fall age-1 parr, and 3.6 smolts/100 m2

averaged over the 3 years. The study also included stocking fry from an
Icelandic strain in 1983, yielding poor survival. The transferability of the
results of this study to the restoration program for wild populations in
Maine rivers is limited for two reasons. First, both groups of nonnative fry
had a relatively low chance of being adequately pre-adapted to environ-
mental conditions in the Connecticut River, whereas river-specific fry
produced in the Craig Brook hatchery and released into their own rivers
of origin have a higher chance of being adequately adapted. Second, the
crucial information needed to evaluate effectiveness of fry stocking is the
number of adult returns that contribute to the next generation, but such
data are not yet available from this study. Still, for all Maine rivers, 79% of
adult returns in 2001 had been stocked as smolts (USASAC 2002). Despite
this overall result, there is a need for reliable tests of the relative survival
of stocked fry and smolts estimated from matched trials in selected rivers.
There also is a need to quantify the fitness of the parr from the hatchery
program and compare it with the fitness of wild parr (that is, their pre-
sumed fitness had they been left in the river). The hatchery program in
Maine rivers has the capability to perform these important comparisons, a
capability that emphasizes its value for doing crucial experiments.

Moring et al. (1995) suggested that restoration and rehabilitation of
salmon in Maine will not be possible without the use of hatchery-reared
fish. However, the establishment of large numbers of stocked fish has not
led to the establishment of large runs of fish. In fact, the populations have
declined precipitously since the 1970s and have reached historical lows in
many streams. At best, stocking may have slowed the decline. More im-
portant, nobody can determine whether hatchery stocking has had any
effects at all, because controlled, matched trials have never been done.

AQUACULTURE

The potential effects of net-pen salmon aquaculture (salmon farms)
on the wild salmon of Maine have been much debated, but little direct
evidence from Maine is available. This section evaluates information from
Maine and elsewhere, as well as methods to reduce adverse effects of
salmon farming. The problem is intensified because one of the DPS rivers,
Dennys, empties into Cobscook Bay, which is one of the most concen-
trated areas for the Maine salmon aquaculture industry. Cobscook Bay
also adjoins Passamaquoddy Bay, the focal center of the East Coast Cana-
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dian salmon aquaculture industry. Thus, transboundary issues are im-
portant as well.

History and Status of
Net-Pen Salmon Aquaculture in Maine

Commercial salmon aquaculture is the latest addition to the long list
of items that some have pointed to as threats to wild salmon in Maine.
Although the industry is being criticized, it has also been experiencing
important internal problems, one of which is historically low prices for
the product. In 2001, infectious salmon anemia (ISA), which had been
present in New Brunswick, Canada, fish farms for several years (Getchell
1997), appeared in Maine (Veneman 2001). By early 2002, all the farms in
Cobscook Bay were forced to destroy their fish and begin sanitizing equip-
ment in an attempt to eradicate the disease. The general economic down-
turn, coupled with ISA, resulted in substantial layoffs of employees and a
worsening of the socioeconomic situation in Down East Maine. The fed-
eral government has promised $16.4 million over 2 years to help fight the
disease and to provide compensation to the industry for some of the
financial loss incurred as a result of destruction of the fish. The Canadian
federal government also has subsidized the costs of its aquaculture indus-
try. The following information relates to the development of the industry
before the appearance of ISA.

According to the Maine Aquaculture Innovation Center (2003), laws
governing leasing of public marine waters by the private sector were
promulgated in 1973, although the first net-pen operation was established
in 1970. That operation, and others, produced steelhead trout (Onco-
rhynchus mykiss) and coho salmon (O. kisutch), which were species of
choice into the 1980s, a decade that saw rapid expansion of what had been
a fledgling industry. The Atlantic salmon aquaculture industry began to
develop in the mid-1980s in Cobscook Bay, connected to Passamaquoddy
Bay, where the Canadians had established their New Brunswick industry
(Conkling 2000). Falling prices for farm salmon led to consolidation of the
industry in Maine and to the purchase of many of the farms and hatcher-
ies by feed companies, including multinational corporations.

The Maine industry provides about 800 jobs on the farms, in the
hatcheries, and in the processing plants (many of them in Washington
County [Alden 1997]). The industry has a production valued at approxi-
mately $60 million (Wilson 2000) and produces approximately 13,000
metric tons of Atlantic salmon annually (ICES 2002) and a small amount
of steelhead. Seventeen companies hold leases in Maine, 12 of which are
in salmon and/or steelhead production, on 42 leased sites covering a total
of nearly 300 hectares (ha) (DMR 2001, see Maine Aquaculture Innovation
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Center 2003). If production increases in Maine, additional farm sites in the
protected waters along Maine’s coast will be needed. The current sites
apparently do not have room for additional production.

Production is concentrated in Washington and Hancock counties—
referred to as Down East Maine—an area that includes five of the eight
DPS rivers. ESA provisions could potentially affect aquaculture in the
area. Siting criteria for the farms include suitable water temperatures and
tidal flushing rates (see Brooks et al. 1998). Regulations allow a maximum
of 60 ha (150 acres) of leased water per company, with 40 contiguous ha
(100 contiguous acres) maximum per site. Five-year goals (1997–2002)
included (1) tripling the contribution of aquaculture to the state’s economy
to $192 million, (2) doubling employment to 1,620, (3) actively farming
1,000 acres of subtidal habitat, (4) leasing 30 acres for testing the potential
for new species, and (5) establishing 10 new aquaculture firms or aquacul-
ture support firms. Table 3-4 lists current leases and sizes of the areas
leased.

The original source of fish used to stock commercial net pens in Maine
apparently came from Scotland and Ireland, although the ultimate source
was probably Norway. According to representatives of the company At-
lantic Salmon of Maine, who spoke with members of the committee, brood
stock resulting from those European fish (proprietary name Landcatch)
were crossed with St. John River, Canada, fish to produce first-generation
hybrids. The hybrids were subsequently crossed with Penobscot fish to
produce second generation derivatives, which are the source of brood
stock currently used to produce fish for stocking the net-pens. Baum (1998)
estimated that there is a European genetic influence in 30–50% of the
production fish in Maine.

The inclusion of European strains of salmon in the Maine industry
has been controversial. These strains have superior characteristics (for
example, growth rate) that are desired by the industry, but concern arises
from the potential effects that escapes of such genetically foreign fish
might have on the wild Atlantic salmon populations of Maine. On May
28, 2003, the U.S. District Court in Maine banned the use of European
strains in the decision for U.S. Public Interest Research Group vs. Atlantic
Salmon of Maine and Stolt Sea Farm (Civil Nos. 00-151-B-C, 00-149-B-C).2
Moreover, the Agricultural Research Service (USDA) has been directed
by Congress to develop a National Cold Water Marine Aquaculture Cen-
ter in Maine, in part, to address genetic issues related to Atlantic salmon
aquaculture.

2On August 6, 2003, the 1st U.S. Circuit Court of Appeals upheld the ruling (Docket Nos.
03-1830 and 03-1831).
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TABLE 3-4 Atlantic Salmon Net-Pen Lease-Site Locations and Sizes in
Maine Waters as of June 2001

Size of
Lease

Lease Location (hectares) Lease Duration Lease Holder

Hancock County 14.0 03/2000–03/2010 Acadia Aquaculture, Inc.
Washington Country 10.0 09/1997–09/2007 Atlantic Salmon of Maine
Washington County 8.0 01/1997–01/2007 Atlantic Salmon of Maine
Washington County 8.0 04/1995–04/2005 Atlantic Salmon of Maine
Washington County 4.0 09/1994–09/2004 Atlantic Salmon of Maine
Washington County 16.0 04/1992–04/2002 Atlantic Salmon of Maine
Washington County 8.0 11/1993–11/2003 Atlantic Salmon of Maine
Washington County 4.0 12/1996–12/2006 Atlantic Salmon of Maine
Washington County 11.4 04/2000–04/2010 Birch Point Fisheries
Washington County 18.0 12/1996–12/2006 Connor’s Aquaculturea

Washington County 0.5 09/1997–09/2007 Connor’s Aquaculturef

Washington County 3.4 07/2000–07/2010 Connor’s Aquaculturef

Washington County 10.0 12/1996–12/2006 Connor’s Aquaculturef

Washington County 11.0 03/1998–03/2008 Connor’s Aquacultureb

Washington County 12.0 05/1997–05/2007 Connor’s Aquaculture
Washington County 4.0 06/1998–06/2008 D.E. Salmonc

Washington County 4.0 10/1995–10/2005 D.E. Salmonc

Washington County 4.0 03/1993–03/2003 D.E. Salmona

Hancock County 6.0 03/1999–03/2009 Island Aquacultured

Hancock County 7.5 06/1994–06/2004 Island Aquaculturee

Hancock County 7.2 06/1999–06/2009 Island Aquaculturef

Washington County 4.0 07/1996–06/2006 International Aqua Foodsg

Washington County 4.0 07/1995–07/2005 International Aqua Foodsh

Washington County 8.8 09/1997–09/2007 International Aqua Foodsi

Washington County 11.8 03/1992–03/2002 International Aqua Foods
Washington County 10.6 12/1996–12/2006 International Aqua Foodsj

Washington County 9.9 04/2000–04/2010 L.R. Enterprises
Washington County 9.9 04/2000–04/2010 L.R. Enterprisesc

Washington County 6.0 12/1996–12/2006 L.R. Enterprisesa

Washington County 4.0 07/1997–07/2007 Maine Coast Nordicj

Washington County 2.5 12/1997–12/2007 Maine Coast Nordici

Genetically engineered salmon are not being produced in Maine. In
the United States, the Food and Drug Administration (FDA) has claimed
lead regulatory authority over commercial uses of transgenic animals,
including fish (OSTP/CEQ 2001) on the basis of its authority to regulate
new animal drugs under the Food Drug and Cosmetic Act (FDCA) (21
USC §§ 371-379d and § 321[g]). The Trade Secrets Act (18 USC 1905 and
301[j] of the act) requires FDA to keep secret the investigations, review,
and approval of commercial applications and premarket notifications for

continues
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Washington County 2.8 09/1993–09/2003 Maine Coast Nordic
Washington County 4.0 03/1992–03/2002 Maine Coast Nordic
Washington County 4.0 05/1992–04/2002 Maine Coast Nordic
Washington County 3.3 01/1999–01/2009 Maine Salmonk

Washington County 8.0 07/1994–07/2004 Stolt Sea Farmj

Washington County 4.0 06/1997–06/2007 Stolt Sea Farma

Washington County 4.0 06/1998–06/2008 Stolt Sea Farma

Washington County 6.0 12/1997–12/2007 Treats Island Fisheriesl

Washington County 4.1 09/1997–09/2007 Treats Island Fisheriesm

Washington County 4.0 05/1997–05/2007 Treats Island Fisheriesn

Washington County 2.0 01/1998–01/2008 Treats Island Fisheriesa

Hancock County 10.0 03/1993–03/2003 Trumpet Island Salmon Farmo

aLease includes rainbow trout.
bLease includes rainbow trout, Atlantic halibut, soft-shell clams, and scallops.
cLease includes sea urchins and giant sea scallops.
dLease includes Atlantic cod, Atlantic halibut, haddock, and blue mussels.
eLease includes and Donaldson trout (Donaldson strain of rainbow trout).
fLease includes Atlantic cod, Donaldson sea trout, and haddock.
gLease includes rainbow trout, Atlantic halibut, abalone, blue mussels, European oysters,
American oysters, bay scallops, hard- and soft-shell clams, seaweed, red algae, and fan
worms.
hLease includes Donaldson trout, Atlantic cod, haddock, and Atlantic halibut.
iLease includes rainbow trout, and Atlantic halibut.
jLease includes Atlantic cod, Atlantic halibut, and haddock.
kLease includes rainbow trout, Atlantic halibut, sea scallops, American oysters, and Euro-
pean oysters.
lLease includes rainbow trout, Atlantic halibut, flounder, pollock, sea scallops, and clams.
mLease includes rainbow trout, Atlantic halibut, haddock, sea scallops, and clams.
nLease includes rainbow trout, Atlantic halibut, and red algae-nori.
oLease includes rainbow trout and blue mussels.
SOURCE: DMR 2001.

Size of
Lease

Lease Location (hectares) Lease Duration Lease Holder

new animal drugs, including the existence and content of an application
unless the applicant chooses to disclose the information. The existence of
one first-stage application to FDA for approval of a growth-enhanced
genetically engineered salmon line has been publicly disclosed by the
applicant (OSTP/CEQ 2001). Under the ESA, 16 USC § 1536(a)(2), any
possible approval of genetically engineered salmon for use in commercial
aquaculture would be a federal action requiring a determination of
whether those salmon jeopardize the continued existence of a threatened

TABLE 3-4 Continued
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or endangered species (OSTP/CEQ 2001). Thus, before FDA approves the
pending application for commercial use of genetically engineered Atlan-
tic salmon, the National Marine Fisheries Service (NMFS) and the Fish
and Wildlife Service (FWS) would have to determine whether approval
would harm federally listed salmon populations, including the listed DPS
populations in Maine. However, FDA may require that NMFS and FWS
keep secret their written biological opinion due to FDA’s lead authority
and its need to comply with the Trade Secrets Act.

Possible Threats to Recovery of Wild Salmon

Interactions between farm and wild Atlantic salmon can be classified
as ecological and genetic. Ecological interactions can involve the transfer
of diseases (including parasites); predation; or competition for space, food,
or mates between wild and escaped farm fish. Depending on the direction
and strength of these interactions, growth and survival of both wild and
farm fish can be affected. Interactions also can involve modification of the
timing and pattern of natural migrations and complex interactions during
spawning that can affect survival of fish of either origin. Genetic interac-
tions result from exchange of genetic material (hybridization) and the
alteration of selection pressures caused by interactions between wild and
farm fish (reviewed in Hindar et al. 1991, Verspoor 1998). Ecological and
genetic interactions are not mutually exclusive. Rather, ecological interac-
tions can alter selection pressures and the probability of hybridization,
and genetic interactions through hybridization can influence the likeli-
hood of ecological interactions in subsequent generations.

Disease Transmission

The transmission of parasites and diseases between farm and wild
fish can flow in both directions. In this section, the concern is about the
potential impacts on wild populations. The high density of fish in net-
pens provides the opportunity for rapid spread of diseases within the
facility, no matter what the origin, particularly when the fish are stressed.
Although documented cases of the spread of diseases and parasites from
farm to wild fish are not common, mainly due to a lack of investigation,
they are known to occur (Brackett 1991). Most of the cases involve the
transmission or introduction of new diseases or parasites. For example,
evidence strongly indicates that the planting of infected Atlantic salmon
smolts from Sweden by Norwegian hatcheries resulted in the introduc-
tion of the freshwater parasite Gyrodactylus salaris, and its subsequent
spread was facilitated by the movement of smolts among aquaculture
sites along the Norwegian coast (Johnsen and Jensen 1986, 1991). The
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parasite has been responsible for the near extirpation of Atlantic salmon
in about 40 Norwegian river systems. Similarly, the importation of Atlan-
tic salmon smolts from Scotland in the mid-1980s to meet aquaculture
needs was almost certainly responsible for an introduction of furunculo-
sis (Aeromonas salmonicida) to Norway and its subsequent spread. It has
been difficult to determine fully the effects of furunculosis on wild fish in
Norway, but the effect was clearly negative and significant (Johnsen and
Jensen 1994).

A final example relating to the dangers of the importation and move-
ment of fish is the introduction of the salmonid viral pathogen IHN (in-
fectious hematopoietic necrosis) to Japan from a shipment of infected
sockeye (Oncorhynchus nerka) salmon eggs from a hatchery in Alaska,
subsequently causing epizootic mortality in Japanese chum (O. keta)
salmon and in two species of landlocked salmon that are only in Japan
(McDaniel et al. 1994). Accidental disease and parasite introductions are
now better controlled, but clearly problems still remain.

Net-pen aquaculture can also biologically increase disease pathogens
and parasites. In Europe, farm salmon appear to be increasing the pro-
duction of sea lice (Caligus elongates and Lepeophtherius salmonis). The re-
sulting sea-lice epidemics have affected wild salmonid populations (At-
lantic salmon and brown trout) in Ireland, Scotland, and Norway (Bjorn
and Finstad 1998, 2002; Bjorn et al. 2001; Finstad et al. 2000; Heuch and
Mo 2001; Tully et al. 1999). Wild smolts passing lice-infested net pens
appear to be highly susceptible, and their mortality can be high.

In Maine, sea lice and bacterial infections, such as furunculosis, have
been the source of disease epizootics in salmon farms for many years.
Hitra disease, caused by Vibrio salmonicida, apparently first became a seri-
ous problem in Maine in 1993 (Griffiths 1994). Vaccines have been devel-
oped against some diseases and are routinely used by at least some pro-
ducers. There is concern that ISA may have been transmitted from
cage-cultured to wild Atlantic salmon in New Brunswick (Atlantic Salmon
Federation 1999). Little research or monitoring has been done on the de-
gree to which diseases and parasites spread from farms to wild salmon in
Maine, and consequently little is known.

Behavioral Interactions

Although farm salmon can escape as fry, parr, and smolts into fresh-
water, most escapes occur in the marine environments as smolts, post-
smolts, and adults. Escapees can then move from one habitat to the other
and interact directly or indirectly with wild salmon. As farm escapees
begin to mature, they tend to migrate into rivers in the vicinity of the site
of escape (Hansen and Jonsson 1991, Whoriskey and Carr 2001, Youngson
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et al. 1997). In Maine, farm escapees have been found in the St. Croix,
Penobscot, Dennys, East Machias, and Narraguagus rivers (Baum 1998,
USASAC 1996, 1997, 2002). As of 2001, only three of the eight DPS rivers
have fish traps that allow direct assessment and exclusion of farm escap-
ees from the runs. The number of farm escapees in the salmon runs of two
of these rivers, Dennys and Narraguagus, ranged from 2 to 65 and 0 to 8
fish, representing 44% to 100% and 0 to 22%, respectively, of the runs
during 1993–2001. In the St. Croix River, there were 58 farm escapees,
constituting 75% of the fish captured during brood stock collections in
2001.

In freshwater, the entry of escaped farm spawners can potentially
influence natural migration and spawning, and behavioral interactions
can affect mating selectivity and interbreeding, which control genetic in-
teractions and population performance. Escaped farm salmon can spawn
successfully in the rivers they enter (Clifford et al. 1998; Lura and Sægrov
1991; Webb et al. 1991, 1993), although their breeding performance at
times is inferior to that of wild salmon (Fleming et al. 1996, 2000). There is
little evidence to date of farm salmon directly disrupting spawning by
wild salmon (Fleming et al. 1996, 2000, but see Garant et al. 2003). Al-
though farm and wild males sometimes compete for spawning females,
there is little indication that the competition affects fertilization rates or
the performance of females. Occasionally, farm males exhibit inappropri-
ate spawning behaviors that result in reduced fertilization success of a
female’s eggs when no wild males are involved in the spawning event
(Fleming et al. 1996). The most likely negative ecological interaction dur-
ing the breeding season will be the destruction of early nests by later
spawning females (Lura and Sægrov 1991, Webb et al. 1991). In that case,
the farm and wild females spawning time, which can vary considerably
among populations (Fleming 1996, Fleming et al. 1996, Lura and Sægrov
1993), will be a critical determinant of the impact.

Although interactions between farm and wild fish during breeding
may have minimal immediate ecological effects on wild populations (de-
pending on relative spawning times), genetic (gene flow) and subsequent
ecological interactions are important to the next generation. Successful
breeding and interbreeding by farm salmon will produce the next genera-
tion of pure farm and hybrid (farm and wild) offspring that will compete
directly with wild offspring. These latter genetic and ecological interac-
tions may profoundly affect the productivity of wild populations.

Interactions among wild, farm, and hybrid juveniles in freshwater are
likely to involve one of two main factors: (1) escape from freshwater
rearing stations and hatcheries, and (2) successful spawning and produc-
tion of offspring by farm salmon. The possibility that juvenile farm salmon
escape between the fry and smolt stages from hatcheries into rivers has
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generally been ignored (but see Stokesbury and LaCroix 1997). However,
at least two hatcheries supply smolts to the sea cages located within the
Maine drainages containing native salmon populations where there is
some evidence of juvenile escapees (USASAC 2000, 2001, 2002). Between
the fry and smolt stages, competition for food and space can be altered by
the introduction of conspecific organisms with a distinct developmental
and size advantage. Farm juveniles typically outgrow wild juveniles, even
in nature (Einum and Fleming 1997, Fleming et al. 2000; McGinnity et al
1997, 2003), reflecting the directed domestication selection for growth that
farm fish have undergone (Gjedrem et al. 1991, Glebe 1998). Although the
mortality of farm juveniles may be higher, particularly during the first
few months of life in the river, their interactions with wild fish can lead to
competitive displacement of the latter (Fleming et al. 2000; McGinnity et
al. 1997, 2003). That result probably reflects differences in growth rate and
related differences in behavior, such as aggression, dominance, and risk-
taking (Einum and Fleming 1997, Fleming and Einum 1997, Fleming et al.
2002, Johnsson et al. 2001). Such interactions can ultimately depress the
productivity of the wild population (Fleming et al. 2000).

Genetic Interactions

Farm salmon differ genetically from wild salmon, because the
broodstock used to propagate the fish destined for growing cages have
origins different from the wild fish (Clifford et al. 1998, Gjedrem et al.
1991, King et al. 1999). The difference is accentuated in Maine because
many of the farm strains have incorporated strains of European origin
(NRC 2002a). Additional causes of genetic differences are founder effects
and genetic drift (Mjølnerød et al. 1997, Norris et al. 1999) and response to
the aquaculture environment through intentional and unintentional do-
mestication selection (Fleming and Einum 1997, Fleming et al. 2002,
Johnsson et al. 2001). Farming generates rapid genetic change, resulting in
large enough differences between farm and wild fish that Atlantic salmon
might be considered one species with two biologies (Gross 1998).

When farm salmon interbreed with wild salmon, the resulting off-
spring (hybrids) can lose fitness, relative to wild fish in the natural envi-
ronment, due to disruption of local adaptation and of co-adapted gene
complexes (outbreeding depression); similar fitness; or even temporarily
superior fitness due to hybrid vigor (see hatchery discussion). Informa-
tion about releases of salmonids shows that the effects are frequently
negative (Hindar et al. 1991), and samples taken in 1994–1998 show that
genetic infiltration of farm fish into wild Maine populations has been
minimal (King et al. 1999). In Europe, where introgression from farm to
wild fish has had a longer history than in North America, hybrids are
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generally behaviorally intermediate between wild and farm juveniles
(Einum and Fleming 1997; McGinnity et al. 1997, 2003). Hybrids’ growth
performance as fry and parr in nature is superior, but their survival in
nature is poorer than that of wild juveniles (Einum and Fleming 1997;
Fleming et al. 2000; McGinnity et al. 1997, 2003).

Other Potential Interactions

The following environmental effects could potentially develop as a
consequence of aquaculture (derived from Stickney 2002, Waknitz et al.
2002), some or all of which might affect wild salmon directly or indirectly.
The committee is unaware of information gathered in Maine to determine
whether the following factors are important.

• Alteration of predator-prey interactions induced by the presence
of large numbers of farm fish, attracting and concentrating predators
(Bailey 1998).

• Degradation of water quality through nutrient enrichment in sur-
rounding waters.

• Concentration of cage sites affecting migratory behavior and hom-
ing success of wild salmon returning to rivers.

• Benthic pollution (heavy metals) and biological deposits (fish feces
and uneaten feed) from farm operations that alter community ecology in
the benthos may also affect other trophic levels.

• Effects of therapeutic compounds at net-pen farms on nontarget
organisms, including migrating wild salmon.

• Toxic effects of algal blooms, enhanced by the dissolved inorganic
wastes in the water column around net-pen farms.

ACIDIFICATION OF STREAMS
AND RELATED PROBLEMS

Acidity in streams, mainly due to acid precipitation, has caused con-
cern for the fate of Atlantic salmon in northeastern North America (Cairns
2001). There is widespread acceptance that acid precipitation is acidifying
rivers in Scandanavia, Canada, and Maine. Salmon population declines
have coincided with pH reductions to 5.0–5.5 (e.g., see Leivestad and
Muniz 1976). Some of Nova Scotia’s rivers have been seriously affected
(Stoddard et al. 1999, Watt and Hinks 1999). Maine’s rivers do not appear
to show as much acidification, but there is cause for concern there as well.
The toxicity of acidity generally manifests itself below a pH of 5.4 (DFO
2000). Fry mortality becomes important at a pH of 5.0; smolts begin to be
affected at 5.0, and parr and smolt mortality approaches 100% as pH
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approaches 4.6 (DFO 2000). Eggs and alevins become affected below a pH
of 4.8. Low pH has been blamed for the extirpation of salmon from at least
14 Nova Scotia rivers (DFO 2000). The buffering capacity of rivers varies,
and although acid deposition has decreased over the past 20 years, not all
rivers have recovered equally well (DFO 2000, Watt and Hinks 1999).

The hazard of acid pH in freshwater systems to Atlantic salmon spe-
cifically is well documented. The hazard is exacerbated in the smolt stage
because of the challenge they face in transitioning to seawater. The deli-
cacy of the gills of the Atlantic salmon and their important roles in many
physiological processes has been noted. The gills are particularly vulner-
able to acidic pH and aluminum. Fry-stage (about 1 gram) Atlantic salmon
exposed to pH 5.6 in the presence of 107 micrograms per liter (mg/L) of
labile monomeric aluminum for 30 days displayed swelling and fusion of
the feathery-like lamellae of their gills, whereas in the absence of the
aluminum the damage was reduced (Smith and Haines 1995). Smolt-stage
Atlantic salmon exposed to pH 5.6 with and without aluminum (158 mg/
L) for 16 or 23 days displayed structural and proliferative damage to
chloride cells, which are specialized for ion exchange (Jagoe and Haines
1997). Atlantic salmon respond to acidic conditions by feeding and grow-
ing less (Farmer et al. 1989, Saunders et al. 1983b); reduced growth may
account for lower survival in the marine environment (Friedland et al.
1993). Both endocrine and osmoregulatory physiology are disturbed by
acid pH, leading to some mortality (Brown et al. 1990, Haya et al. 1985,
Magee et al. 2001, Saunders et al. 1983b, Staurnes et al. 1996).

Haines et al. (1990) measured pH and aluminum in rivers and tribu-
taries in eastern Maine clearly showing acidic conditions concurrent with
elevated aluminum that could impair osmoregulation and survival in
juveniles, parr, and smolts. A recent study illustrates the detrimental im-
pact of even short episodes of acid pH on smolt physiology and survival.
Episodic exposure, concomitant with elevated labile aluminum, is a more
realistic event in river systems in Maine. Magee et al. (2003) exposed
Atlantic salmon smolts to pulses of a pH reduction from 6.0 to 6.6 (con-
trol) to pH 5.2 for 48 hours weekly (episodic) for 4 weeks. They also
maintained a group that was exposed chronically to pH 4.4–6.1 (chronic).
When smolts were transferred to seawater, even the episodic exposure,
with a 30-hour recovery, led to 35% mortality, compared with 0% in con-
trol smolts and 100% in chonically exposed smolts. The episodically ex-
posed smolts that survived seawater lost weight in seawater. Magee et al.
(2001) had previously observed using ultrasonic telemetry that migratory
behavior of acid-exposed smolts could make them more vulnerable to
predation than behavior of other smolts, because they wandered in and
out of the freshwater and seawater interface, where many predators lin-
ger, rather than heading out to sea.
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Liming (CaCO3) rivers to neutralize the pH is an immediately avail-
able remedy already tested and recommended (e.g., DFO 2000). Liming
has the advantage of being amenable to the adaptive management ap-
proach. Liming is known to eliminate osmoregulatory disturbances and
increase survival of salmon eggs, fry, and smolts (Farmer et al. 1989,
Rosseland and Skogheim 1986, Rosseland et al. 1984). Acidification is
known to harm salmon populations and is likely a culprit in the poor
survival and low returns of salmon in Maine. Liming could be a quick and
effective remedy whose efficacy would be clear within years.

RESEARCH AND MONITORING

Research and monitoring are needed to understand the status and
trends of populations of wild salmon in Maine and to understand the
effects and effectiveness of management and other human actions on
salmon. The committee has pointed out knowledge gaps that make man-
aging salmon more difficult. Yet research itself can affect the fish. As the
Maine Atlantic Salmon Task Force (1997) pointed out, “Despite careful
handling, fish may die from trauma when fisheries biologists capture
salmon to collect necessary growth and population data.”

In most cases, the number of fish killed by research is so small that it
is not a serious consideration, but in several Maine rivers there are so few
wild salmon that killing even one parr or smolt could affect the popula-
tion. In addition, some kinds of handling and sampling seem likely to
entail greater risks than others. The committee has concerns in particular
about research that requires fish to be anesthetized, samples of blood or
scales to be taken from very small fish, and the fish to be caught and held
for long periods in strong currents, as might occur in a rotary-screw trap
for smolts during high flows. The value of any information obtained needs
to be weighed carefully against the possibility of the death of any wild
fish subjected to handling, especially where wild populations are very
small.

GOVERNANCE

Salmon recovery will depend, to a significant degree, on changing
those human activities that are threatening the survival of salmon. The
principal human activities that directly or indirectly threaten salmon in-
clude dams and hydropower projects, salmon aquaculture operations,
fisheries, hatcheries, forestry, roads, land development and use, research
and monitoring, among others. Understanding the regulations, incentives,
and other forces that shape the nature and extent of these human activi-
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ties is a prerequisite for designing effective policies that will alleviate the
threats they pose to the survival of salmon.

There are three general mechanisms that govern human activities
related to the survival of Atlantic salmon: government, markets, and non-
governmental institutions (NGOs) and arrangements, which together
constitute a system of governance (Juda 1999).3 These mechanisms dy-
namically interact through complex interrelationships, which has been
described by Hennessey (1994) as an ecology of governance. Individually
and collectively, they influence human interactions with natural environ-
ments at various temporal and spatial scales. The governance ecology
related to the survival of Atlantic salmon in Maine is comparable in com-
plexity and importance to the natural ecology of Atlantic salmon in Maine.

Government regulations and requirements, at local, regional, national,
or international levels, affect the human activities listed above. Govern-
ments establish and enforce rules that regulate the use of environmental
resources and affect the way goods and services are produced.4 The gov-
ernment also produces goods and services that cannot be efficiently orga-
nized by the market. For example, governments fund and conduct re-
search on fisheries and other environmental and natural resources. These
and other government activities may have a profound influence on how
environmental and natural resources are used and on the potential for
recovery or rehabilitation of degraded environments and endangered
species.

Markets generate prices, which structure the incentives faced by busi-
ness firms and households, and in turn affect humans’ choices on how to
use environmental and natural resources. Markets for electric power,
wood products, food, and land have been major drivers of the nature and
extent of the human activities that threaten salmon in Maine. Markets
often fail to reflect the full value of nature’s services in their prices. For
example, wild Atlantic salmon in the water have unpriced values, i.e.
values that are not reflected in market prices. Unpriced resource values
(e.g., fish in public water bodies and many other ecosystem goods and
services) artificially deflate the cost of using such resources. The salmon
resource is devalued currently and over time, and markets tend to dis-

3Juda (1999) defines governance as “the formal and informal arrangements, institutions,
and values that determine how resources are used; how problems and opportunities are
evaluated and analyzed; what behavior is deemed acceptable or forbidden; and what rules
and sanctions are applied to affect the pattern of resource and environmental use.”

4Systems of regulation and requirements and the allocation of rights and responsibilities
are associated with the development of complex institutions, and this complexity can slow
the responsiveness of institutions and may fragment effort, authority, and responsibility
leading to a lack of accountability (NRC 1996b).
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count the resource benefits to future generations (NRC 1996a). In these
circumstances, human users do not face the full social and environmental
cost of fishing, habitat destruction, waste disposal, and so forth, which
encourages excessive use and results in depleted fish stocks, too little
essential habitat, and too much pollution. These and other failures of
markets form the basic rationale for government regulation of human
activities.

Since government and markets do not always adequately represent
individual values, those individuals with sufficient resources to do so
often form and participate in NGOs and arrangements.5 Even people who
may be well supported by government may form NGOs to protect that
support or to produce more support for their interests. Perhaps the most
visible manifestation of these is the voluntary NGOs that are often active
in public debates on environmental and natural resource policy. Less
visible forms of these values and institutions are the social norms and
customs embraced by members of communities, which include such in-
formal rules on the treatment of fish, wildlife, land, and forests as, for
example, the local cultures of resource use in northern New England
described by Judd (1997). The social forces generated by NGOs and ar-
rangements influence the patterns of use for these resources. They are
dependent on the values people attach to their community and neighbor-
hoods, traditions, and long-standing social networks.

The following sections briefly describe the current status of the three
governance mechanisms (government, markets, NGOs and arrangements)
that influence the human activities related to the survival of Atlantic
salmon in Maine. As with other sections in this chapter, this section ide-
ally would begin with a history of governance that explains how govern-
ment, markets and NGOs and arrangements over time have influenced—
both restrained and encouraged—the human activities that have affected
the survival of Atlantic salmon in Maine. Unfortunately, the limited time
and resources available to the committee has made such historical recon-
struction infeasible. Instead, we begin with a description of the existing
state of governance as it relates to Atlantic salmon in Maine.

Government Organizations and Programs

There are six levels of government organizations and programs that
influence the human activities related to the survival of Atlantic salmon
in Maine: local, tribal, state, federal, regional, and international.

5NGOs reflect some of the values held by people concerned about Atlantic salmon and
the environment (NRC 1996a) that are not necessarily fully accounted for by government
and markets.
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Local Town Governments

Local town governments have agencies with the authority to regu-
late, or otherwise influence, aquaculture, fisheries, forestry, roads, agri-
culture, land use, and boating within their borders.6 Some town agencies
conduct inspections of aquaculture leases and are involved in the leasing
process concerning leased areas in the town. Local government agencies
also have conservation commissions and fisheries constables who regu-
late use of local area resources (for example, town agencies such as con-
servation commissions that regulate forestry). Towns and cities in the
state of Maine have municipal agencies, such as the Department of Public
Works and others, that maintain, design, and construct roads and bridges
within their jurisdictions. Local agencies, such as the board of health, are
responsible for monitoring conditions in which crops are maintained and
harvested, and charged with monitoring the treatment and care of animal
facilities. Local municipalities (e.g., Conservation Commission, Building
Department) undertake the role of the Maine Land Use Regulatory Com-
mission (LURC) in organized areas. Some local coastal towns have de-
partments, such as a Harbormaster or Department of Natural Resources,
that enforce local, state, and federal laws pertaining to boating.

In the unorganized areas of Maine (for which there is no local govern-
ment), state agencies (such as LURC and the Maine Department of Envi-
ronmental Protection) regulate land use, forestry, and several other hu-
man activities. Most of these unorganized areas are in the northern inland
portion of the state; however, a few unorganized areas exist near the coast
in Hancock and Washington counties, the Downeast region of the state.7

Native American Tribal Government

Native American Tribes in Maine include the Passamaquoddy Tribe
in Washington County, the Penobscot Indian Nation based at Indian Is-
land on the Penobscot River, the Houlton Band of Maliseets, and the
Aroostook Band. The Maine Indian Tribal-State Commission (MITSC), an
independent commission made up of tribal and state representatives, has
exclusive authority to establish regulations that govern fishing within any
section of a river for which both sides are within the reservation or trust

6An amendment to the Maine state constitution in November 1969 delegated broad “home
rule” ordinance powers to cities and towns. Ordinances range from the control of a town’s
growth, to the review of real estate development projects, to the banning of herbicide spray-
ing, and to the regulation of local timber harvesting (MMA 2002).

7For a map that shows the unorganized areas of Maine, see Maine Revenue Services
(2003b).
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lands (lands owned by the U.S. and held in trust for the tribe). (More
information on tribal government in Maine is contained in Appendix B.)

State Government

There are at least 12 state government agencies involved in regulat-
ing, or otherwise influencing, the human activities that affect the survival
of Atlantic salmon. (These agencies, and the activities that they influence,
are listed in Table 3-5; and brief descriptions of each agency’s roles and
responsibilities related to these activities are given in Appendix B.)

The Maine Atlantic Salmon Commission (MASC) is one of the most
important state agencies related to the restoration of Atlantic salmon in

TABLE 3-5 State Agencies Related to Salmon Conservation in Maine

Human Activities That Impact Salmon
Atlantic Salmon Dams Aquaculture Fisheries Forestry

Maine State Departments and Agencies 3 5 5 2

Atlantic Salmon Commission X

Department of Inland Fisheries & Wildlife
Bureau of Resource Management X X
Bureau of Fish Warden Service X

Department of Marine Resources
Bureau of Resource Management X X
Bureau of Marine Patrol X X

Department of Environmental Protection
Bureau of Land & Water Quality X X

(Salmon Rivers)

Department of Conservation
Land Use Regulatory Commission X X
Maine Forest Service X

Public Utilities Commission X

Department of Agriculture X

Department of Transportation

State Planning Office

SOURCE: Compiled from agency information, including Web sites.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


THREATS TO ATLANTIC SALMON IN MAINE 97

Land Recreational Monitoring Planning and
Roads Agriculture Use Boating and Research Coordination

2 2 2 4 5 3

X X

X X
X

X X
X

X X

X X X X

X

X

X X

Maine. Established in 1999, the MASC is charged with restoration and
management of Atlantic salmon throughout its original range in Maine
and is involved with all aspects of Atlantic salmon management in coastal
and eastern Maine, the MASC has the sole authority to introduce Atlantic
salmon to inland waters. Other than commercial aquaculture facilities,
the commission has the sole authority to limit or prohibit the taking of
Atlantic salmon, may issue licenses for the taking of Atlantic salmon, and
may adopt rules establishing the time, place, and manner of Atlantic
salmon fishing in all waters of the state.

The MASC manages the Atlantic Salmon Conservation Plan (ASCP)
for Seven Maine Rivers. The commission conducts routine monitoring of
the abundance and status of salmon in most of Maine’s Atlantic salmon

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


98 ATLANTIC SALMON IN MAINE

watersheds. In addition, the commission supplies brood stock to federal
hatcheries, conducts electrofishing surveys to evaluate juvenile fish pro-
duction in salmon rivers and measures the success of fry stocking pro-
grams. The MASC also helps coordinate and support nongovernmental
groups of volunteers that have an interest in the restoration and manage-
ment of Atlantic salmon. For example, in 2001, the MASC provided local
watershed councils organizational support and funds to address specific
restoration and habitat protection projects.

Ten other state government agencies play prominent roles in regulat-
ing fisheries, forestry, agriculture, dams, aquaculture, roads, land use,
and recreational boating. (For a full list of state agencies and a description
of their responsibilities, see Appendix B.) Prominent among the state agen-
cies are the following:

• The Department of Inland Fisheries and Wildlife (DIFW) estab-
lishes and enforces rules and regulations that govern fishing, propagation
and stocking of fish, the registration of watercraft and all terrain vehicles,
and the issuing of licenses (e.g., hunting, fishing, trapping, guide) and
permits. The DIFW also enforces the rules adopted by the MASC.

• The Department of Marine Resources (DMR) regulates marine
aquaculture operations, marine fisheries, recreational boating and oper-
ates programs for research and monitoring of living marine and resources.
For salmon aquaculture, DMR issues permits for aquaculture sites, en-
forces the Aquaculture Lease Law, administers the Finfish Aquaculture
Monitoring Program (FAMP), and monitors for toxic contaminants under
and in net-pens. For fisheries, the DMR issues fishing licenses, enforces
saltwater fishing laws and regulations, and operates research and habitat
conservation programs.

• The Department of Environmental Protection (DEP) governs a
wide range of human activities, including hydropower and dams, natural
resource protection, shoreline zoning, site development, erosion and sedi-
mentation control, wastewater discharge, and others. With respect to hy-
dropower projects, the DEP, in cooperation with the Land Use Regulatory
Commission (LURC), issues permits for the construction, reconstruction,
or the structural alteration of a hydropower project; and enforces state
laws concerning unapproved hydropower projects. With respect to salmon
aquaculture, the DEP tests water for effluent quality from aquaculture
sites, and issues permits as part of the Maine Pollution Discharge Elimi-
nation System (MPDES). In addition, the DEP issues permits for activities
on land adjacent to any freshwater wetland, great pond, river, stream, or
brook that could wash harmful material into these resources.

• LURC regulates land use in the state’s townships, plantations, and
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unorganized areas, and cooperates with the DEP to regulate hydropower
projects.

• The Maine Public Utilities Commission (MPUC) enforces all state
laws that apply to public utilities, such as hydropower dams. The MPUC
shares these responsibilities with the DEP and the LURC, the two agen-
cies that issue permits for the construction, reconstruction, or the struc-
tural alteration of a hydropower project; and enforces state laws concern-
ing unapproved hydropower projects.

• The Department of Transportation (DOT) designs, builds, and
maintains many of the roads, highways, and bridges in the state and is the
main oversight agency for projects involving roads, railroads, and associ-
ated facilities. The DOT restores habitat by addressing non-point-source
pollution associated with transportation facilities located in salmon
watersheds.

In addition, the State Planning Office is charged with coordinating
the development of the State’s economy and energy resources with the
conservation of its natural resources (including Atlantic salmon and its
habitat); providing technical assistance to the governor, legislature, and
local and regional planning groups.

Federal Government

There are at least 11 federal government agencies that regulate, or
otherwise influence, the human activities related to the survival of At-
lantic salmon in Maine. (These agencies, and the activities in Maine that
they influence, are shown in Table 3-6; and brief descriptions of each
agency’s roles and responsibilities related to these activities are given in
Appendix B.)

Two of the most relevant federal agencies are the U.S. Fish and Wild-
life Service (FWS) and the National Marine Fisheries Service (NMFS). As
explained above, these two agencies, which share responsibility for ad-
ministration of the Endangered Species Act (ESA), listed Atlantic salmon
as an endangered distinct population segment in November, 2000. The
FWS implements ESA programs and regulations for terrestrial and fresh-
water species, while NMFS implements programs and regulations for
marine and anadromous species.

The FWS operates programs to protect and restore fish and wildlife
resources and their habitats, including the National Fish Hatchery Sys-
tem, which in Maine consists of two fish hatcheries (Craig Brook and
Green Lake).

NMFS also operates programs for the protection, conservation, and
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recovery of species protected under the ESA. In addition, NMFS imple-
ments the 1988 marine fishery management plan for Atlantic salmon,
which applies in federal marine waters. This management plan estab-
lished explicit U.S. management authority over all Atlantic salmon of U.S.
origin to complement state management programs in coastal and inland
waters and established federal management authority over salmon of
U.S. origin on the high seas. The plan prohibits commercial fishing for
Atlantic salmon, directed or incidental, in federal waters (3–200 miles)
and prohibits the possession of Atlantic salmon taken from federal waters.

In 2001, the Northeast Fisheries Science Center of the National Marine
Fisheries Service opened a field station in Orono, Maine, not far from the
University of Maine campus and the Maine Atlantic Salmon Commission.
This office serves as home base for several federal researchers and manag-
ers who work on anadromous fish in Maine, primarily Atlantic salmon.
The move brought researchers closer to their research subjects, but per-
haps more important, it brought federal officials closer to local stakehold-
ers, political leaders, agencies, councils, media, and researchers.

Nine other federal government agencies significantly influence fish-
eries, forestry, agriculture, dams, aquaculture, roads, land use, and recre-
ational boating in the state of Maine. A brief description of some of the
other prominent federal agencies follows:

TABLE 3-6 Federal Agencies

Human Activities that Impact Salmon
Atlantic Salmon Dams Aquaculture Fisheries Forestry

Federal Governmental Agencies 4 7 3 2

Fish & Wildlife Service X X X X
National Marine Fisheries Service X X
Environmental Protection Agency X X
Food & Drug Administration X

Department of Agriculture X X
(APHIS, NRCS, USFS)

Army Corps of Engineers X X
Federal Energy Regulatory Commission X
Coast Guard X X
Federal Highway Administration

SOURCE: Compiled from agency information, including Web sites.
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Land Recreational Monitoring Planning and
Roads Agriculture Use Boating and Research Coordination

3 3 3 1 6 0

X X X
X

X X X
X X

X X

X X
X

X
X

• The U.S. Environmental Protection Agency (EPA) works with the
Maine Department of Environmental Protection, its primary state partner
related to Atlantic salmon. EPA has funded a $1.9 million cooperative
agreement with the Gulf of Maine Council in its efforts to protect and
sustain regionally significant Gulf of Maine coastal and marine habitats.
EPA indirectly and directly affects Atlantic salmon farming and agricul-
ture operations by, for example, approving and regulating the use of
pesticides around and monitoring the effluent quality from aquaculture
facilities.

• The U.S. Army Corps of Engineers (USACE) regulates activities in
navigable waterways, including dredging and filling of waterways, and
issues permits for dams and dikes placed in interstate waterways. USACE
also enforces regulations that require the installation of suitable culverts
and bridges, designed to withstand and prevent restriction of high flows
and maintain existing low flows, for roads that cross bodies of water.

• The USDA has several programs that affect Atlantic salmon in
Maine. Its Animal and Plant Health Inspection Service serves aquacul-
ture, especially those aspects involving disease, pest prevention, and wild-
life damage management, and has become involved in facilitating the
importation and exportation of aquaculture products. USDA’s Natural
Resources Conservation Service operates a voluntary program for indi-
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viduals who want to develop and improve wildlife habitat primarily on
private land by providing both technical assistance and up to 75% cost-
share assistance to establish and improve fish and wildlife habitat. The
Natural Resources Conservation Service also assists local authorities to
rehabilitate or remove aging dams by providing 65% of the total cost of a
rehabilitation project. Other relevant programs of the USDA include the
Small Watershed Program, the Forestry Incentives Program, and the Stew-
ardship Incentive Program. The Forest Service also manages the White
Mountain National Forest, which includes part of the drainages of the
Androscoggin and Saco rivers. Those rivers have some potential for
salmon rehabilitation. (For more information on these and other activities
of the USDA, see Appendix B.)

• The Federal Energy Regulatory Commission (FERC) authorizes
construction of existing hydropower facilities. FERC issues licenses for a
period of up to 50 years and is expected to equally consider developmen-
tal and environmental values, including hydroelectric development and
fish and wildlife resources (including their spawning grounds and habi-
tat). Small hydro plants that are 5 megawatts or less that use an existing
dam, or that utilize a natural water feature for headwater, and existing
projects that propose to increase capacity are exempt from FERC licensing.

• The U.S. Coast Guard enforces fisheries laws at sea, such as the
Magnuson-Stevens Fisheries Conservation and Management Act, in con-
junction with the NMFS. As part of its mission to manage waterways, the
Coast Guard participates in aquaculture leasing permit processes and
ensures that offshore structures are not hazards to navigation.

Regional Intergovernmental Organizations

The New England Fishery Management Council, with jurisdiction
extending from Maine to southern New England, develops management
plans that are approved and implemented by the Secretary of Commerce
and are implemented by the NMFS. The council developed the Fishery
Management Plan for Atlantic salmon, which was implemented by NMFS
on March 17, 1988, and explicitly established U.S. management authority
over all Atlantic salmon of U.S. origin. The plan prohibits any commercial
fishery for Atlantic salmon, directed or incidental, in federal waters
(3–200 miles) and prohibits the possession of Atlantic salmon from federal
waters.

The Atlantic States Marine Fisheries Commission was formed in 1942
by 15 Atlantic coast states (Maine through Florida, including Pennsylva-
nia) to assist in managing and conserving the states’ shared coastal fish-
ery resources. While the Commission’s Interstate Fisheries Management
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Program aims to promote the cooperative management of marine, estua-
rine, and anadromous fisheries in state waters of the East Coast through
interstate fishery management plans, it currently does not have a fishery
management plan for Atlantic salmon.

International

The principal international organization governing Atlantic salmon is
the North Atlantic Salmon Conservation Organization (NASCO).8
NASCO, established in 1984, aims to contribute to the conservation, resto-
ration, enhancement and rational management of salmon stocks. NASCO
was organized by the Convention for the Conservation of Salmon in the
North Atlantic Ocean. The North American Commission of NASCO re-
quires each of its members, which include Canada and the United States,
to implement measures to minimize the bycatch of Atlantic salmon that
originate in the rivers of other members. NASCO has developed guide-
lines on containment of farm salmon, which governs farm site selection,
equipment used, and procedures, for each member country to follow.

The St. Croix International Waterway Commission (SCIWC) is an
international body established by the Maine and New Brunswick legisla-
tures to manage the St. Croix boundary river corridor (SCIWC 2003). The
SCIWC operates the St. Croix’s native Atlantic salmon program for re-
search, management, and restoration in this watershed.

The Gulf of Maine Council on the Marine Environment is an interna-
tional body that promotes and facilitates cross-border cooperation among
government, academic, and private groups. The council’s action plan for
the protection and conservation of coastal and marine habitats in the Gulf
of Maine guides state, provincial, and federal policy and budgeting deci-
sions affecting the Gulf’s coastal and marine environments.

Nongovernmental Organizations and Institutions

There are several NGOs that are actively engaged in efforts to restore
and conserve Atlantic salmon in Maine. These organizations include river
and angling conservation groups, Native American, and industry organi-
zations. The Maine Atlantic Salmon Commission lists nearly 50 of these
groups and organizations (MASC 2003). (MASC’s list of the NGOs is
reproduced in Appendix B). These groups and organizations rely heavily

8The North Atlantic Fisheries Organization governs fisheries in the North Atlantic that
exploit species other than Atlantic salmon.
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on volunteers and external funding to execute their Atlantic salmon con-
servation. A few selected examples of these efforts follow.9

• Members of the Narraguagus River Watershed Council donated
funds and labor to stabilize erosion sites in the Cherryfield reach of the
river. Their project was supplemented with funds from the MASC and
Maine Department of Environmental Protection. On the Machias River,
the River Watershed Council secured landowner permission and coordi-
nated the efforts of volunteers to plant a riparian buffer along a 300-foot
section of Dan Hill Brook in Whitneyville.

• In the Ducktrap River Watershed, the Coastal Mountains Land
Trust completed three land-conservation projects in 2000. A conservation
easement donated by MBNA (a private company) protects 1,467 feet of
frontage on the river and 8 acres of steep forested riparian land. A 3.5-acre
property with 640 feet of frontage on Black Brook, a primary tributary to
the river, was purchased. A second property on Black Brook was placed
under a donated conservation easement that protects 66.3 acres and 1,460
feet of frontage. As a result, more than 70% of the riparian buffer of the
Ducktrap River is in permanent conservation management and owner-
ship. Funds for accomplishing these permanent conservation protections
for Atlantic salmon habitat have been provided by a broad group of local
donors, several private foundations, and state and federal agencies.

• Private companies are taking measures to restore and conserve
Atlantic salmon. International Paper, a forest products company, pro-
vides support to River Watershed Councils and state agencies to identify
water quality problems and takes corrective measures when problems are
identified. In addition, the company has implemented the Riparian Man-
agement Guidelines, originally developed by Champion International,
now part of International Paper, for its lands in Down East Maine. Ac-
cording to the company, these measures exceed state regulations. These
and many other examples of nongovernmental efforts provide convinc-
ing evidence that many people in Maine value the survival of Atlantic
salmon. However, the values of those people do not fully match those
reflected in actions driven by formal government and market forces.

Markets

Market conditions in general are expected to influence a number of
the human activities related to the survival of salmon. For example, if

9These examples are drawn from the MASC’s 2000 annual progress report on the Atlantic
Salmon Conservation Plan for Seven Maine Rivers (MASC 2000).
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market prices for electricity rise substantially in response to increased
demand, there will be greater pressure to construct new hydropower
facilities and re-license existing facilities in Maine. Additionally, world
market conditions for seafood, forest products, and blueberries will deter-
mine, in part, the level of salmon aquaculture, forestry, and blueberry
farming in the state. Declining demand in these markets would likely
weaken efforts to expand these sectors, which could benefit salmon con-
servation. On the other hand, declining demand might also reduce the
willingness of these producers to invest in salmon conservation efforts,
since soft markets would weaken their financial position.

Maine will likely experience increased demand for land, forest re-
sources, and marine and freshwater areas containing valuable salmon
habitat. As in other coastal states, Maine will probably experience in-
creased residential development of land along the coast and rivers that
contain valuable salmon habitat. This will increase the pressure to expand
Maine’s road network, an activity that requires bridge construction or
culverts over salmon streams.

The available information on these (and their ancillary) markets,
which are powerful drivers of the human activities that affect the survival
of salmon, is not sufficient to determine whether the way they are regu-
lated is consistent with salmon recovery. It is unclear at this time whether
additional controls on market forces are needed to prevent these threats
to salmon from growing stronger over time.

Comanagement

The committee has not been able to document the historical develop-
ment of this complex ecology of governance or the nature and extent of
the relationship between that development and the overall decline of
wild Atlantic salmon in Maine. It has been unable to determine if the
differential pattern of decline that it identified in the DPS rivers as op-
posed to the other Maine salmon rivers is related to differences in gover-
nance processes between the Down East and other areas. Finally, it has
been unable to evaluate the extent to which government agencies and
other institutions described in this chapter are capable of learning and
adapting to new information and changing circumstances. There is a need
for much information to address these matters successfully. However, the
committee suggests that experience from elsewhere can usefully be ap-
plied in Maine. Much of that experience and the specific kinds of informa-
tion that would be needed for Maine have been discussed in Burger et al.
(2001) and NRC (2002e). Issues related to conflict among interest groups
and lack of support for conservation initiatives have also been implicated
in resource decline and failed attempts at rehabilitation elsewhere. In
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order to address this problem, some recommend a shift toward comanage-
ment. Comanagement is a generic term used to describe the various ways
in which resource users can meaningfully share management-related
powers with state agencies. Within comanagement initiatives, govern-
ment agencies can delegate some or all of their management rights to
local authorities, which then comanage with local interested groups (Jen-
toft and McCay 1995). Both decision-making power and accountability
for the consequences of those decisions are shared. Power sharing is often
spread among several levels of government as well as nongovernment
constituencies.

Comanagement is often recommended for contexts where the ecol-
ogy of governance is very complex and where the challenges are great
and the room for error small, as appears to be the situation with wild
Atlantic salmon in Maine. More specifically, comanagement is one strat-
egy for dealing with situations with a heterogeneous group of users with
“uneven powers, conflicting interests, unequal bargaining powers and
different stakeholder values and rationalities,” contexts where delibera-
tion can be cumbersome and where it is difficult to achieve consensus
(Hara 2003, Jentoft 2000). Effective comanagement has the potential to
develop a heightened sense of acceptance and compliance toward man-
agement rules, because rules that reflect the experiences and solutions
proposed by users and result from dialogue rather than unilateral imposi-
tion by distant agents mean that those affected are less able to rationalize
rule violation by treating management regimes as “theirs” versus “ours”
(Pinkerton and Weinstein 1995). Compliance also requires, however, that
the rules appear to be working. Scientific uncertainty can make it difficult
to set and achieve management goals (Holling 1978, Walters 1986), and
science is only as good as the data to which it has access. Some evidence
suggests that various forms of comanagement can enhance science-based
decision making. Thus, scientists are more likely to secure good data and
rapid feedback on the ecological effects of management initiatives when
resource users are committed to the management process and active par-
ticipants within it (Felt et al. 1997, Walters et al. 1993). Where comanage-
ment regimes are grounded in local community management traditions
and local knowledge, they can benefit from “rules of thumb” developed
from past experience and enforced through established social and cul-
tural means (Berkes 1999).

Depending on the context, there can be significant challenges associ-
ated with moving toward successful comanagement. For example, it requires
a legal framework for both autonomous and shared decision making, as
in the case of the “Boldt decision,” which required comanagement of
salmonid fishes by American Indian treaty tribes and state government
agencies (Pinkerton 1994). Like other management regimes, comanage-

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


THREATS TO ATLANTIC SALMON IN MAINE 107

ment must include mechanisms for limiting access, resolving conflicting
uses, ensuring habitat protection, and ensuring adequate enforcement. It
must also promote legitimacy among resource users, as well as compli-
ance and a willingness to exchange information with biologists monitor-
ing the resource (Pinkerton 1994). Where comanagement is deemed to be
desirable and needed and where it is possible and feasible to move in this
direction, other requirements for successful comanagement also include
the presence of appropriate local and government institutions, trust be-
tween actors, legal protection of local rights, and economic incentives for
local communities to conserve the resource (Berkes 1997). As indicated by
the ecology of governance for Atlantic salmon in Maine, there has been a
history of delegation of responsibility and resources to lower levels of
government and to NGOs related to salmon and their environments. The
current management frameworks need to be investigated to see what has
worked and what has not worked and whether it would be feasible and
appropriate to increase the level of comanagement related to salmon and
their habitats.
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4

Setting Priorities for Action

RISK ASSESSMENT AND DECISION ANALYSIS BASICS

Risk assessment and decision analysis are tools for organizing and
analyzing information in a systematic way and in the face of uncertainty
to help identify the best way or ways of tackling a complex problem. By
being systematic, these tools also encourage documentation of the meth-
ods used. This allows others to apply them in slightly different situations
or using different values for a variety of variables. In the logical paradigm
developed for evaluating risks to humans from exposure to various con-
taminants, the National Research Council (NRC 1983) described risk as-
sessment as a technique for evaluating the probability and severity of an
adverse outcome, while risk management is a technique for deciding on the
best options for reducing risk.

The information available about the causes of declines of Atlantic
salmon populations in Maine is incomplete. Therefore, it is not obvious
what actions should be taken and in what order to reverse those declines.
The Atlantic Salmon Conservation Plan for Seven Maine Rivers (Maine
Atlantic Salmon Task Force 1997) is a thoughtful analysis of the causes of
salmon declines and ways to reverse them. This committee agrees in gen-
eral with that report, with a few exceptions. The value that we have at-
tempted to add here is in (1) our ranking of the factors affecting salmon in
terms of their likely severity, (2) our prioritizing the various management
options available in terms of their likelihood of being effective and in
terms of cost, (3) our suggesting a sequence for undertaking those options,
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and (4) our suggesting a framework for others to do similar analyses
when conditions change, when new information is available, or with dif-
ferent values attributed to various outcomes and costs.

Evaluating and Ranking Threats to Maine Atlantic Salmon

An intractably large number of threats to Atlantic salmon have been
identified. For example, a Canadian group of experts recently identified
63 factors threatening the survival of Atlantic salmon in eastern North
America (Cairns 2001). No feasible amount of time and resources could be
enough to understand and mitigate such a large number of threats. Fortu-
nately, we do know that some threats are more important than others,
and furthermore, some threats must be mitigated before others can be
addressed. For example, if barriers prevent salmon from ascending a river,
then those barriers must be made passable before improving habitat above
them could be of any use.

Many documents and presentations read and heard by the committee
gave the impression that perhaps the biggest difficulty in knowing how to
rehabilitate salmon is seeing the forest for the trees. What are the most
important things to do and which of them should be done first?

To approach a solution to this problem, the committee developed a
conceptual framework or risk-assessment model for thinking about it that
involved identifying and ranking the threats and their contribution to
salmon mortality. This framework considers a range of issues that apply
across the watersheds in Maine where Atlantic salmon could potentially
be restored. However, the committee has not considered in detail mitiga-
tion options for the significant issue of at-sea mortality because the com-
mittee recognizes the large knowledge gap in being able to ascribe causa-
tion. (The hatchery living gene-bank program at Maine’s Craig Brook Fish
Hatchery is in part an ocean mitigation program. The parr are raised to
adulthood in the freshwater of the hatchery, rather than having to become
mature in the sea, where survivorship is very low.) The committee ac-
knowledges the importance of at-sea mortality as a threat factor and
strongly supports the need for further research to better understand
mechanisms and possible remedial measures. The committee similarly
has not attempted to evaluate the range of responses to potential threats
that could be induced by climate change, because that issue is much larger
than conservation planning efforts in Maine can reasonably address.

As noted earlier, the committee’s initial work focused on understand-
ing the genetic status of Atlantic salmon in Maine (NRC 2002a) in re-
sponse to its charge. At the same time, the committee was gathering,
organizing, assimilating, and discussing a wide and diverse range of per-
tinent data and information. Inevitably, we retraced the path of earlier
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teams of scientists and managers in the United States, Canada, and else-
where in the world where threatened and endangered anadromous fish
(particularly Atlantic and Pacific salmon) have been studied (Cairns 2001;
Maine Atlantic Salmon Task Force 1997; NMFS and FWS 1999; NRC
1996a). At the end of each path, we encountered the same obstacles met
by earlier efforts—a seemingly intractable number of variables, some of
which were quantified with detailed data and others that were clouded
by uncertainty. Like our predecessors, we could not rely solely on deduc-
tive reasoning and reductionist methods to understand a complex (in
both space and time) environmental problem that had taken shape over
several centuries. In other words, we faced information overload in some
areas and daunting gaps in others with no readily apparent means of
reaching sound and timely conclusions. Our individual and collective
frustration was increased by the rapid declines in Atlantic salmon popu-
lations, despite the best efforts of dedicated scientists and managers, and
the corresponding urgency of research and restoration efforts. Once the
application of risk assessment and decision analysis methods was pro-
posed by a small subset of our members, the entire committee was unified
and energized by the prospect of breaking the impasse and fostering the
use of the adaptive management paradigm for conservation of Atlantic
salmon in Maine—to help see the forest for the trees.

It has been observed that all models are wrong, but some are useful.
In this case, we believe the strengths of risk assessment and decision
analysis methods substantially outweigh their shortcomings and weak-
nesses. Some key strengths include (1) the systematic yet flexible process
for diagramming complex systems, (2) the need to consider proportional
influences and interaction effects at different levels, and (3) the impetus
for improving input data and conducting sensitivity analyses to update
and refine estimates. The primary weaknesses are held in common with
virtually all modeling methods. First, the process yields an incomplete
mathematical abstraction of the environment (natural and anthropogenic).
Second, the weakest parameter estimate(s) limits accuracy and utility of
the results. Nevertheless, risk assessment and decision analysis methods
help to guide and fuel adaptive management efforts.

A few notes on the mechanics of the risk assessment process may be
helpful. The bubble diagram of Figure 4-1 illustrates the committee’s view
of the relationship between humans and a viable wild salmon population,
through ecological, direct, and genetic influences. As the group described
by Cairns (2001) did, our committee drew on its expert judgment based
on personal insights and experience, the information in the literature, the
information in the many briefs and presentations received at committee
meetings, and so forth, to assign proportional values to the impact factors.
For example, the committee estimated that more than half of all the hu-
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man influence on the viability of wild salmon populations is through
ecological factors and assigned 0.6 or 60% of the total influence on wild
salmon viability to ecological factors. We estimated that direct and ge-
netic influences have roughly equal influences, and therefore each re-
ceived 0.2 or 20% of the total impact on viability. The fact that the influ-
ences sum to 1.0 (0.6 + 0.2 + 0.2) and account for all of the means by which
humans affect the viability of a wild salmon population can give the
appearance of an artificially high accuracy of assignment (nothing left
unexplained; precise allocation to alternatives). But this appearance of
precision is not intended by the committee. Instead, our view is that Fig-
ure 4-1 provides nothing more than an informed estimate of the relative
weighting of impact factors, and that later investigators or new informa-
tion may well lead to the revision of these estimates. Indeed, this capacity
for revision based on improved data is one of the strengths of the risk
assessment technique. To fully understand the mechanics of the process,
it is useful to see how the analyses are structured and how proportions or
probabilities are multiplied and then added to generate the final esti-
mates for the relative importance of impact factors.

HUMANS

ECOLOGY DIRECT GENETICS

VIABLE WILD SALMON POPULATION

Level 30.6                          0.2                        0.2

FIGURE 4-1 Categories of human impacts on wild salmon.
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Analyzing the Information

The committee has based much of its analysis and many of its conclu-
sions on the bubble diagrams (Figures 4-1, 4-2, 4-3, and 4-4). Before pro-
viding additional detail about the process and use of the bubble dia-
grams, we emphasize again that the numbers and letters in the bubble
diagrams were developed for heuristic purposes. They are not random
numbers pulled from the air: they are informed estimates. The numbers
cannot be considered data but rather help to identify where the greatest
impacts to salmon might be and where data are most likely to be useful.

The committee began by asking what the known and potential sources
of human-caused salmon mortality are. Using its own experience, general
biological judgment, and many publications and other sources of infor-
mation, the committee listed human-caused threats to salmon. We then
categorized them into ecological factors, genetic factors, and direct fac-
tors. Ecological factors act by degrading the environment’s ability to sup-
port salmon productivity (survival and reproductive success, or “fitness”).
They include such items as water quality and quantity, obstructions to
passage, changes in availability and quality of spawning and rearing habi-
tat, presence of nonnative species that likely compete with or prey on

HUMANS

Dams Irrigation Roads Agriculture Acidity Logging Hatcheries Exotics Aquaculture

Water Quality Habitat Passage Pred./Prey Disease Competition

Abiotic Biotic

ECOLOGY

0.4           0.05            0.2          0.2 0.1           0.05  

0.15                0.05     0.80

0.3               0.6               0.1

0.3    0.05     0.65

0.6         0.15         0.15 0.1           

A

B

D

E

F

A B C D E F

0.02   0.02

0.85   0.11

C

0.28               0.28
0.28                                0.12

0.14                                                 0.06

Level
1

Level 2

0.4           0.05            0.2          0.2 0.1           0.05  

0.15                0.05     0.80

0.3               0.6               0.1

0.3    0.05     0.65

0.6         0.15         0.15 0.1           

A

B

D

E

F

A B C D E F

0.02   0.02

0.85   0.11

C

0.28               0.28
0.28                                0.12

0.14                                                 0.06

Level
1

Level 2

FIGURE 4-2 Subcategories of ecological impacts on wild salmon.
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salmon, and so on. Genetic factors act to reduce salmon productivity by
reducing the quality of their genetic adaptations and thus reducing inher-
ent capacity to respond to their environment within their lifetimes (e.g.,
appropriate predator avoidance) and, in some cases, the population’s abil-
ity to respond to environmental change evolutionarily, across genera-
tions. They include inbreeding, domestication selection, breakdown of
co-adapted gene complexes through lack of mate choice, genetic drift due
to small population size, the incorporation of genes into the population
from nonnative or nonlocal populations, and so on. Finally, direct factors
are human actions that directly kill adult or juvenile fish. They include
incidental and targeted fishing, turbines in hydroelectric plants, the kill-
ing of fish through research, and so on. These three categories cover all
major sources of salmon mortality. Thus, the committee was able to take a
rather extensive list of threats to salmon and compile these into three
categories, which could then be considered for their proportional impor-

HUMANS

DIRECT

Fisheries Incidental Research Hatcheries

Adult Mortality Juvenile Mortality

0.6         0.15       0.15 0.1
0.33         0.33 0.34     

0.9                               0.1

Level 1

Level 2

0.6         0.15       0.15 0.1
0.33         0.33 0.34     

0.9                               0.1

FIGURE 4-3 Subcategories of direct impacts on wild salmon.
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tance as impact factors on salmon viability. The committee considered
what reasonable limits could be assigned to the contributions of indi-
vidual factors in each category. It seemed reasonable that no impact factor
should be less than 5% of the total to avoid having to consider too many
very small factors.

Given that more than half the original spawning habitat of Atlantic
salmon in Maine is no longer available to them because of obstructions to
passage, and given the presence of additional ecological factors, it seems
clear that ecological factors contribute more than half of all sources of
human-caused salmon mortality in Maine. The committee therefore as-
signed the ecological category a total contribution of 0.6. Given that much
direct mortality of salmon has been reduced or even eliminated, espe-
cially fishing, it seemed appropriate to allow that factor to be one-third as
big as the ecological factor (0.2). Similarly, the genetic factors that have
affected salmon are likely to be important but not nearly as important as
the ecological factors, so they also were given an overall value of one-
third that of the ecological factors (0.2). These three values become level 3
in our analysis—they portion out the relative contribution that all other
factors at level 2 and level 1 above them can make to the viability of a wild

HUMANS

“Good”
Genes

Complementary 
Genes

Co-adapted
Genes

Diverse
Genes

GENETICS

Aquaculture Hatcheries

0.9          0.1
0.5    0.5 0.5    0.5

0.8         0.2

0.2
0.2 0.2

0.4

Level 1

Level 2

“ -

0.9          0.1
0.5    0.5 0.5    0.5

0.8         0.2

0.2
0.2 0.2

0.4

FIGURE 4-4 Subcategories of genetic impacts on wild salmon.
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salmon population. For instance, the myriad of ecological factors will,
when considered in sum, account for 0.6 or 60% of the loss of viability of
wild salmon.

The committee then addressed the many ecological factors that have
been identified in other similar studies (e.g., Cairns 2001, Maine Atlantic
Salmon Task Force 1997, NRC 1996a) and tried to position them in a
relative sense. It did this by considering the various pathways outlined in
the Figure 4-2 bubble diagrams. At level 2, the level that feeds directly
into level 3, it was possible to identify three major abiotic factors (water
quality, habitat, passage) and three major biotic factors (predator-prey
relationships, disease, competition). The committee judged that changes
to salmon habitat, physical passage (adults upstream, juveniles down-
stream), and predator-prey dynamics had large ecological effects, and
each received a weighting of 0.28 or 28% of the total contribution to eco-
logical impacts. By contrast, the impact of changes in water quality sug-
gested only half the importance and received a weighting of 0.14 or 14%
of the ecological impact on salmon viability. Similar considerations led to
assignment of 0.12 to disease and 0.06 to competition. Whenever possible,
our estimates were based on the available literature, but in many cases,
the values are illustrations of our analysis so that others can provide
better numbers if and when better information is available.

Finally, at level one, we identified nine immediate consequence of
human activity, including dams, irrigation, roads, agriculture, acidity,
logging, hatcheries, introduction of exotics, and aquaculture activities,
that feed into level two. Dams, for example, were estimated to account for
0.4 or 40% of the changes to water quality, 0.6 of the changes to habitat
other than water quality, 0.85 of the passage problems, and 0.15 of the
changes in predator-prey dynamics. By contrast, dams did not appear to
contribute to ecological impacts through disease or competition.

Similar methods were used to develop relative values for the other
factors at level one. Each factor at level two could thus be attributed to the
inputs from level 1. We were therefore able to account for 100% of the
ecological impact on viability of wild salmon (0.6 of the total impact on
wild salmon population, Figure 4-1) through the action of humans.

Humans also directly affect wild salmon, as illustrated in Figure 4-3.
Human activity can directly increase the mortality of adults and that of
juveniles, with our rough estimate at level two being 0.9 through adults
and 0.1 juveniles. At level one, the impact on adults is through fisheries,
including poaching (0.6); incidental activities, such as impacts by boating
(0.15); research activities, such as tagging (0.15); and involvement in hatch-
eries, such as handling (0.1). Juvenile mortality is not affected by directed
fisheries, but juveniles can suffer incidental captures (0.33), are frequently
in research programs (0.33), and experience direct mortality from hatch-
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ery programs in which they are collected from the wild (0.34). For ex-
ample, some statistics are available on fishing mortality due to catch-and-
release fishing, landing statistics are available, rough estimates of removal
are available, and so on.

Finally, humans can have strong impacts on the viability of wild
salmon through their genetics (Figure 4-4). The genetic quality of wild
salmon probably has four components (level 2; see also Appendix D),
including good genes (best genes in the population), complementary
genes, (ideal matches at a locus within an individual), co-adapted gene
complexes (ideal matches among loci within an individual), and diverse
genes (heterozygosity across loci). Since diverse genes are so often the
target of conservation biology, the committee gave this category twice the
weighting (0.4) of the others (0.2 each). In turn, at level one, human activ-
ity operates primarily through programs of aquaculture and hatcheries.
Aquaculture, for example, has very strong effects on good genes as what
is good within the fish farm (e.g., delayed maturity) is often different
from what is good in nature. Since hatchery production does not use
targeted selection to maximize survival in the artificial environment, its
good genes impact (0.1) is less than that of aquaculture (0.9). Aquaculture
and hatcheries may have similar impacts on complementary and co-
adapted genes, as neither allow mate choice, but aquaculture will have a
large impact on diverse genes, as there is usually less attention paid to
maintaining heterozygosity and more effort to producing a specific strain
of fish. Level 0 in Table 4-3 represents the “penetrance ratio” of hatchery-
fish genes as compared with farm-fish genes. For the table, the assump-
tion is that the ratio is 9:1 in favor of hatchery fish, i.e., the value of level 0
for hatcheries is 9 and for aquaculture, or farms, it is 1 (but see Ranking
the Threats, below, for a more detailed discussion of this assumption).
Level 1 is described above. Level 1b results from calculating level 0 times
level 1 using the formula level 1b = (level 0 times level 1) divided by
[(level 0 times level 1) aquaculture + (level 0 times level 1) hatcheries].

Throughout its analysis, the committee chose as its target a viable
wild populations with a genetically effective population size (Ne) of 1,000
or greater and a probability of surviving for 100 years from now without
reliance on a hatchery of 95% or greater. The outcome of the analyses are
tabulated in Tables 4-1 for ecology, 4-2 for direct impacts, and 4-3 for
genetics. As an example, consider the ecological impacts of dams (Table 4-
1). The effects of dams originate at level 1, feeding into level 2 and level 3.
Thus, to understand the full impact of dams on viable wild salmon
through impacts on water quality, we take the value of 0.4 at level 1
(impact of dams on water quality) and multiply this by 0.14, which is the
relative impact of water quality on ecology. We multiply again by 0.6,
which is the relative impact of ecology on salmon viability. This suggests
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TABLE 4-1 Proportional Impacts of Ecological Components on Viable
Wild Atlantic Salmon Populations Based on a Risk Assessment (refer to
Figures 4-1 and 4-2)

Component Level 1 Level 2 Level 3 Product (1x2x3) Impact (Sum)

Dams
Water quality 0.4 0.14 0.6 0.0336
Habitat 0.6 0.28 0.6 0.1008
Passage 0.85 0.28 0.6 0.1428
Predator/Prey 0.15 0.12 0.6 0.0108 0.29

Withdrawal
Water Quality 0.05 0.14 0.6 0.0042
Habitat 0.15 0.28 0.6 0.0252 0.03

Roads
Water Quality 0.2 0.14 0.6 0.0168
Passage 0.11 0.28 0.6 0.0185 0.04

Agriculture
Water Quality 0.2 0.14 0.6 0.0168
Habitat 0.15 0.28 0.6 0.0252 0.04

Acidity
Water Quality 0.1 0.14 0.6 0.0084 0.01

Logging
Water Quality 0.05 0.14 0.6 0.0042
Habitat 0.1 0.28 0.6 0.0168
Passage 0.02 0.28 0.6 0.0034
Predator/Prey 0.05 0.12 0.6 0.0036 0.03

Hatcheries
Passage 0.02 0.28 0.6 0.0034
Disease 0.3 0.12 0.6 0.0216
Competition 0.3 0.06 0.6 0.0108 0.04

Exotics
Predator/Prey 0.8 0.12 0.6 0.0576
Disease 0.05 0.12 0.6 0.0036
Competition 0.6 0.06 0.6 0.0216 0.08

Aquaculture
Disease 0.65 0.12 0.6 0.0468
Competition 0.1 0.06 0.6 0.0036 0.05

Totals 0.6000 0.60
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TABLE 4-2 Proportional Impacts of Direct Sources of Mortality on
Viable Wild Atlantic Salmon Populations Based on a Risk Assessment
(refer to Figures 4-1 and 4-3)

Component Level 1 Level 2 Level 3 Product (1x2x3) Impact (Sum)

Fisheries
Adult Mortality 0.6 0.9 0.2 0.1080 0.11

Incidental
Adult Mortality 0.15 0.9 0.2 0.0270
Juvenile Mortality 0.33 0.1 0.2 0.0066 0.03

Research
Adult Mortality 0.15 0.9 0.2 0.0270
Juvenile Mortality 0.33 0.1 0.2 0.0066 0.03

Hatcheries
Adult Mortality 0.1 0.9 0.2 0.0180
Juvenile Mortality 0.34 0.1 0.2 0.0068 0.02

Totals 0.2000 0.20

that dams, through water quality, reduce the viability of salmon by a
relative magnitude of 0.03 or 3%. Similar calculations for the impact of
dams through habitat (0.1), passage (0.14), and predator-prey dynamics
(0.01) result in a cumulative impact of 0.29. This suggests that 29% of the
total impact on viable wild salmon populations by humans is through
dams, and we can now map the role that dams have on disrupting the
ecology of salmon. The tables summarize similar kinds of analyses for all
the possible impact factors that the committee identified.

The analytic procedure described above—multiplying fractions—
leads to the appearance of greater precision than is intended. For ex-
ample, a more appropriate characterization of the importance of dams as
a threat is that they are the largest single factor but are responsible for less
than half of human effects on salmon.

Finally, the committee performed a very rough sensitivity analysis.
How would the results change if a category changed relative size and if
factors within a category changed relative sizes? These exercises led the
committee to conclude with considerable confidence that the single larg-
est human-caused factor affecting salmon mortality is obstruction to pas-
sage. At the same time, the committee concluded that obstruction to pas-
sage probably accounts for less than half of all human-caused mortality.
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TABLE 4-3 Proportional Impacts of Genetics on Wild Atlantic Salmon
Populations Based on Risk Assessment (refer to Figures 4-1 and 4-4)

Level Level Level Level Level Product Impact
Component 0 1 1b 2 3 (1bx2x3) (Sum)

Aquaculture
Good Genes 1 0.9 0.5 0.2 0.2 0.02
Complementary Genes 1 0.5 0.1 0.2 0.2 0.004
Co-adapted Genes 1 0.5 0.1 0.2 0.2 0.004
Diverse Genes 1 0.8 0.31 0.4 0.2 0.0248 0.0528

Hatcheries
Good Genes 9 0.1 0.5 0.2 0.2 0.02
Complementary Genes 9 0.5 0.9 0.2 0.2 0.036
Co-adapted Genes 9 0.5 0.9 0.2 0.2 0.036
Diverse Genes 9 0.2 0.69 0.4 0.2 0.0552 0.1472

Totals 0.2000 0.20

We offer these diagrams and calculations with some trepidation.
However, we judge that they provide the best method yet developed for
prioritizing actions for rehabilitation in terms of their likely effectiveness
(but not their likely costs), and they provide the best method yet devel-
oped for prioritizing research. We use them as input to our decision analy-
ses—which include cost considerations—for dam removal and the man-
agement of aquaculture. Those decision analyses also are provided for
heuristic purposes. No committee constituted as this one can properly
identify the societal costs and benefits of various management options.
That can be done only by the people who must pay for the options and
live with their consequences through the process. This means that all
interested stakeholder groups should be represented in the process. A
recent report of the National Research Council (NRC 1996b) discusses the
issues involved in detail and describes effective methods for addressing
them. However, we offer them as an example of how to think through the
options.

Model Limitations

The obvious limitations of the model are due to incomplete informa-
tion. However, if complete information were available, the risk-assess-
ment model would not be necessary. In particular, we point out the fol-
lowing cautions.
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Variation over Time

The model does not take variations over time into account. These
include time lags, nonlinear responses, and cumulative effects. For ex-
ample, there might be a factor that seriously depresses the population at
some life stage every few years but does not operate in other years. It
could have the same average value as another factor that removes a small
portion of the population every year. The first factor will affect the aver-
age abundance more than the second, which will affect the year-to-year
variation more than the first. The committee judged this to be a second-
order problem, i.e., the severity of each factor appears to have a larger
impact than its distribution in time. To some degree, the distribution in
time of the factor’s operation was considered by the committee.

Interactions among Components

The various components in the model interact in nature. Hatcheries
affect genetics, which affects survival, which affects the availability of fish
to predators, which can affect the number of predators, and so on. To
include such interactions would have made the model intractably com-
plex, the more so because there is even less information on most potential
interactions than on the primary effects of the factors. The committee had
no choice but to ignore many of the interactions, and it judges that it will
be a long time before enough information is available for any future analy-
sis to take all of them into account. However, some interactions are obvi-
ous. For example, a passage barrier means factors acting above the barrier
will have little or no effect on salmon. Similarly, removal of the barrier
will affect the action of those factors and will allow human interventions,
such as habitat alteration, to be effective.

Density-Dependence of Factors

Perhaps the most difficult problem is knowing which factors are den-
sity dependent and to what degree. For example, there appears to be
considerable scientific agreement—if not complete consensus—that poor
marine survival during their first winter at sea has been a major factor in
the recent declines of salmon populations (Maine Atlantic Salmon Task
Force 1997). If that factor is operating in a density-independent way—i.e.,
if it kills a fixed proportion of young fish no matter how many there are—
then doubling the number of smolts going to sea will double the number
of salmon that survive their first winter at sea. If, on the other hand, the
factor is density dependent, it could kill a greater proportion of salmon if
there are more of them, or it could increase their growth and survival if
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there are fewer of them. For example, if the factor is food limitation, then
adding to the number of smolts will merely increase the number that
starve. But in that case, one would expect better survival and growth if
fewer young salmon went to sea. It is critical to know the degree to which
various factors are density dependent to develop sensible rehabilitation
strategies. This problem is probably most serious in the ocean, where so
little detail is known about factors that affect the survival of salmon and
how they have changed over time.

Ranking the Threats

Some of the rankings that this model produced are not surprising;
others are less intuitive. The largest single factor was ecological, as ex-
pected. Dams through their effects on water quality, habitat, passage, and
increasing predation contribute to 29% of overall human impacts. The
other large ecological factors were exotics (8%) and aquaculture (5%). The
committee recognizes that the assignment of apparently precise percent-
age allocations of impact creates an inappropriate impression of empirical
knowledge that goes beyond the available data. The numbers are based
on numerical representations of qualitative distinctions based on experi-
ence, some data, and expert opinion. When they are multiplied as the
model requires, additional apparent precision is generated.

The largest direct impact was fishing (14%); this includes incidental
take as well as targeted fishing. Research was estimated to contribute 3%
of all mortality. While not large, this is perhaps the most easily controlled of
all mortality sources and is large enough to be of concern.

Genetic impacts are due to hatcheries and farming. Table 4-3, which
gives a genetic contribution of 15% for hatcheries and 5% for farms, was
derived with an assumed penetrance ratio of 9:1 for hatchery and farm
fish—nine times as many genes enter the wild population from hatchery
fish as from farm fish. The committee made this assumption because
hatcheries release many more fish into the environment (deliberately so)
than farms do, and because hatchery fish have higher reproductive suc-
cess than farm fish. However, we do not know how many fish escape
from farms, the exact reproductive success of hatchery and farm fish in
the rivers, how well their offspring survive, and so on. The committee has
therefore recalculated Table 4-3 using penetrance ratios for hatchery to
farm fish of 1:1, which yields values of 6% for hatcheries and 14% for farm
fish; 1:3, which gives 10% and 10%; and 1:27, which gives 18% and 2%.
The different penetrance ratios change the results so that either hatcheries
or farms have greater genetic impact. The extreme range of ratios might
occur across time, i.e., from one year to another; and across space, i.e.,
from one river to another. Thus, while it appears from Table 4-3 that
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hatcheries have a greater genetic effect on wild salmon populations than
farms do, the real message is that both are important, and that additional
time- and space-specific data would be needed to resolve uncertainties.

Thus, the two largest contributors to human impacts on salmon—
together accounting for nearly half (46%) of the impacts—are dams and
hatcheries. One of the advantages of this model is that it is easy to change
the local estimates of impact and see what the overall outcome is, and this
result is quite robust. It is hard to escape the conclusion that the two
biggest impacts on wild salmon in Maine are dams and hatcheries.

Despite those rankings, recent information on the effects of acidity in
streams indicates that it might also be very important (Chapter 3). That
information became available after the rankings were developed, and so
it is not incorporated into the diagrams and analyses. It is, however, taken
into account in the committee’s recommendations. Given the description
of the committee’s methods, it should be reasonably easy to take advan-
tage of that and other new information to recalculate the rankings.

Using Decision Analysis

Decisions needed to develop and implement restoration strategies for
Atlantic salmon will not be straightforward for several reasons discussed
below. This ambiguity stems from the need to account for uncertain infor-
mation and to integrate a variety of complex goals, perceptions, and val-
ues, not all of which are scientific. The discipline of decision analysis
provides a framework, process, and tools to sort through and analyze
these complicating factors to improve the quality of resulting decisions
(Clemen 1991).

First, the number of scientific, political, technical, social and economic
issues affecting recovery decisions and the interactions among them are
complex. It can be difficult to understand the relationships among all
these factors and to establish clear, measurable objectives that integrate
them into the decision making process. Decision analysis tools originally
developed for economic applications that are now being used in the natu-
ral resource arena help policy makers to organize these factors and to
evaluate their impacts on different alternative strategies.

Second, many of the factors potentially influencing decisions are
fraught with uncertainty that is expressed at various levels. What is the
likelihood that a particular restoration option is technically feasible? If it
depends on an untested method, confidence in the expected outcome is
likely to be lower than that stemming from a more reliable technique.
Regulatory acceptance and community support for controversial ap-
proaches, such as dam removal or restricting water withdrawals, are seldom
guaranteed. Stochastic factors, such as short-term weather events (floods,
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drought, etc.) and longer-term climatic and oceanic circulation trends also
complicate predictive ability, especially if their effects on reproduction
and juvenile survival are not immediately obvious. Changing land-use
patterns within watersheds may be predictable directionally, but their
pace, scale, and distribution are often uncertain. Whether the uncertainty
is caused by the influence of an irreducible probability factor, such as the
chance that a coin will turn up heads or tails for any given toss, or whether
it is based on incomplete knowledge of the factors affecting outcomes,
decision analysis provides a method to weigh uncertainty elements
against preferences for different outcomes (Keeney and Raiffa 1976).

Multiple, potentially conflicting objectives also confound decision
makers. For many endangered species, conservation efforts often involve
trade-offs between recovery objectives for the protected species and eco-
nomic or other political interests (Maguire 1986). It can be difficult to sort
out priorities among these interests, because the relative values of the
different alternatives are often not measured in comparable terms.

Finally, the various possible perceptions that different stakeholders
have about the values, priorities, or facts that may be involved are embed-
ded in the diverse problems that affect recovery decisions. For example,
which factor—juvenile survival, adult return, or amount and quality of
spawning and rearing habitat—might be the most critical issue affecting
Atlantic salmon recovery in Maine rivers? Or is there one single factor
that warrants priority attention? The risk analysis described above sug-
gests that amount and quality of habitat for spawning and juvenile rear-
ing could be overriding. Even so, other issues are difficult to ignore. For
example, do fish farming pens holding nonlocal fish located near the
mouths of DPS rivers constitute an unacceptable threat to the recovery of
native stocks? The differences in perspective must be taken into account
so that the decision is informed by the views of all parties having legiti-
mate interests in the outcome.

The basic rationale for using decision analysis when confronted with
these issues is that better decisions generally lead to more favorable out-
comes. However, not all good decisions necessarily turn out for the best.
Nor do poor decisions always lead to less fortunate results. Many people
would opt for having a run of good luck based on intuition rather than
living with the results of consistently playing the odds as they enter a Las
Vegas casino. However, the advantage of decision analysis is that it pro-
vides a systematic and structured approach that explicitly recognizes and
accounts for the influence of these complicating factors.

The decision analyses presented here are for illustrative purposes.
The results described might be suggestive but cannot be used for priori-
tizing actions before all the stakeholders have been properly involved in
the process.
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Analyzing Decisions

The decision analysis process takes place as a series of steps. In gen-
eral, different authors (Clemen 1991, Keeney and Raiffa 1976, Peterman
and Peters 1998) include analogous phases, although they label them
somewhat differently. One example is shown in Figure 4-5 (Clemen 1991).
The process is iterative because it encourages cycling back to prior steps
to redefine objectives or alternatives or to reconstruct models of uncer-
tainty or preference. The process may also result in changes to the deci-
sion maker’s underlying values and perceptions, which can lead to new
insights about the fundamental issues being analyzed.

Examples showing how decision analysis can be used to assist policy
makers wrestle with the complexity of natural resource issues are grow-
ing (MacGregor et al. 2002, Maguire 1986, NRC 1995, Peterman and Peters
1998). To promote greater understanding of how decision analysis can aid
decision makers evaluate possible recovery strategies for Atlantic salmon,
we provide two hypothetical examples. The first involves managing the
risk posed to wild salmon by aquaculture. The second involves potential
measures to increase habitat availability and carrying capacity for adult
spawning and juvenile rearing. The examples are simplified to illustrate
basic points. We recognize that actual field situations are usually more
complex than the depicted case. The first stage of decision analysis is
structural. The idea is to frame the problem effectively and to set forth
clearly defined management objectives. Explicit objectives are important
because they provide benchmarks against which to evaluate the expected
outcomes of different management options.

Risks of Farm Fish

An application of decision analysis could be for understanding the
importance of various factors that might influence the success of various
options for managing the impacts of Atlantic salmon raised in aquacul-
ture pens on wild fish. Rather than proceed through a complete
decision-tree analysis, we provide an example that explores how a deci-
sion matrix focuses attention on critical factors that affect strategic choices.

The primary concern about raising farm fish in the estuaries of DPS
rivers is escapees, because of fears that they will dilute adaptive fitness of
native populations by mating with wild fish, and that disease transmis-
sion will be increased through exposure of wild fish to escapees and
proximity of stocking pens to migration routes. Competitive interactions
that displace native spawners from preferred redd sites could also be a
problem but one that is more likely to occur when spawning sites are
limited. We assume that objectives for alternative management strategies
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FIGURE 4-5 A decision analysis process flow chart. Source: Clemen 1991. Re-
printed with permission; copyright 1991, PWS Kent.
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are directed at reducing or eliminating these possible effects. To evaluate
the relative merits of different management approaches, it is useful to
structure strategic objectives in quantifiable terms.

Objective 1: Reduce ecological and genetic interactions. To address this
objective, we would ideally look at the number of matings between farm
and wild fish. If genetic tagging needed to identify the progeny of such
crosses is not feasible technically or is too costly, then a fallback metric
could be the number of escaped farm fish that reach the spawning
grounds. For purposes of this example, the committee set an objective
that the number of escapees should not exceed 1% of the number of adult
fish returning to the spawning grounds. This low threshold takes into
account the small population size of wild returnees and the proportion
that would be at risk of exposure to reduced fitness matings or competi-
tive interactions.

Objective 2: Reduce disease transmission. Managers setting an objective
for disease transmission must recognize the difficulty in using a low rate
of infection as a metric. Pathogens are ubiquitous in the environment, and
some fish that may be infected will not actually express disease symp-
toms. Visible evidence of transmission is needed without killing the fish
or causing undue stress, so sea lice would be better than pathogenic bac-
teria as an indicator of transmission. If the major concern is at the zone of
closest contact between adult farmed and wild fish, then an ideal metric
would compare infection prior to passing pens with that observed up-
stream of the aquaculture sites. Several possible threshold standards can
be envisioned that relate to the following parameters: (1) degree of sea lice
infestations on adults before and after passing rearing pens, (2) percent-
age of outgoing smolts that are infested with sea lice, (3) percentage of
smolts infested with some threshold number of sea lice, (4) lice load equal
to or greater than an acute level for confined fish, and (5) reduction of the
infection level in the pens to some defined threshold. Many of these stan-
dards present practical measurement problems, so for purposes of the
example and to reflect concern about the harmful effects of disease trans-
mission within a very small endangered population breeding adults, we
established a very stringent hypothetical goal of 1/10,000 adults infected
with disease or parasites of aquaculture origin. (One could use outmigrat-
ing smolts instead of returning adults; doing so would not change the
following discussion.) This very low level of infection is impossible to
measure because of small population sizes of returning adult salmon, so
as a practical matter, it is a surrogate standard for eliminating parasite
and disease transfer between farmed and wild fish.

Several alternative approaches to farming discussed in Chapter 5 can
be evaluated with respect to the likelihood of success in meeting objec-
tives 1 and 2.
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1. Zoning. Move aquaculture sites away from the migratory path of
adult salmon returning to DPS and other rivers and smolts leaving them.

2. Bioconfinement. Sterilize farm fish to minimize mating success be-
tween escapees and wild fish.

3. Tagging/weir. Mark all farm fish so escapees can be identified and
removed at weirs where all upstream migrants are captured.

4. Land farming. Move salmon farms onshore.
5. Solid confinement. Enclose farm fish pens to prevent escapes.
6. Status quo. Current default option.
7. Remove aquaculture pens. Discontinue farming of Atlantic salmon in

Maine.

Table 4-4 provides the committee’s estimates of the likelihood that each
strategy would be successful in meeting objectives 1 and 2 and the effects
of factors that could influence the ability of each strategy to achieve the
desired objective. The estimates of the probability of success were made

TABLE 4-4 Strategic Options and Committee’s Estimates of Success
Factors for Meeting Aquaculture Escapee Management Objectivesa

Strategies

Success Factors 1 2 3 4 5 6 7

Permitting X (–) (–) X (–) X 0
Political acceptance X 0 0 X X X XX
Socioeconomic effects X 0 0 (+) X 0 XX
Technical feasibilityb 1.0 1.0 1.0 1.0 0.6 1.0 1.0
Survival impairment 0 0 X 0 0 X 0
Capital costs X (–) X XX XX (–) 0
Management costs 0/Xc (–) X X XX (–) 0
Legal liabilityd (–) X X (+) (+) XX (–)
Probability of success

Objective 1 (ecological/genetic) 0.9 0.9 0.99 0.95 0.9 0 1.0
Objective 2 (disease) 0.99 0.5 0.5 0.99 0.9 0.5 1.0

aStrategy 1: zoning; strategy 2: bioconfinement; strategy 3: tag/weir; strategy 4: land farm-
ing; strategy 5: solid confinement; strategy 6: status quo; strategy 7: remove aquaculture
pens.
0 = no real problem or issue.
X = significant problem or issue.
(–) = minor problem or issue.
(+) = improvement from status quo with respective to objectives.
bProbability of success.
cDepends on relocation site.
dPotential for ESA, CWA, or other violation.
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as functions of factors such as permitting complexity and success, politi-
cal acceptability, availability of suitable alternative sites, effects on jobs
and local commerce, technical feasibility, impacts on survival of wild fish,
capital and management costs including those for monitoring and effec-
tiveness evaluation, and legal liability.

Some conclusions can be drawn from Table 4-4. The first is that bio-
confinement, tag/weir, and status quo are not very likely to achieve ob-
jective 2. Even if the standard for objective 2 were dropped or significantly
lowered, each option carries potential legal liability regarding possible
violations of Section 9 of the ESA and perhaps the Clean Water Act. They
are therefore unlikely to be sufficient as single approaches for meeting the
challenge posed by aquaculture releases.

Among the strategies likely to be successful in meeting both objec-
tives, high capital and management costs and low technical feasibility
(0.6) work against solid confinement. Land farming entails higher eco-
nomic costs than zonal relocation, but the greater availability of suitable
sites, lower potential legal liability, and possible socioeconomic benefits
argue in its favor. The need to find suitable estuarine or offshore sites for
relocating pens where escapees would not threaten wild stocks in DPS
and other rivers is a major consideration for relocation in an aquatic set-
ting. Siting factors include an ice-free environment, protection from
storms, adequate depth, flushing, ready access, and community accep-
tance. The impact of displacing an industry and employees from an area
of existing operations will also influence its political acceptability. Elimi-
nating aquaculture of Atlantic salmon in Maine altogether would clearly
meet both objectives (except of course for any effects of salmon farms in
Canada), but would also eliminate employment and economic benefit.

Enhancing Habitat Availability

A more complex example of decision analysis concerns improving
access to habitat blocked by dams. Assume that a major goal for recovery
efforts is to increase available spawning and juvenile rearing habitat on
two rivers that empty into the Gulf of Maine and are separated by about
100 miles. On River A, a large dam located near the mouth blocks up-
stream passage of returning adults except in occasional years of unusu-
ally high stream flow. River A historically supported a substantial run of
Atlantic salmon. Although a few fish have ventured upstream to the base
of the dam in recent years, spawning is sporadic if it occurs at all because
of the lack of suitable habitat below the dam. Salmon found in River A are
not protected under the Endangered Species Act (ESA). On River B, where
the Atlantic salmon stock is listed under the ESA as a DPS, two moderate
sized dams impede access. The dam located further downstream has a
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marginally effective fish ladder but spawning habitat is poor between the
dams because of the quiet water and lack of gravel for redds. The up-
stream dam is a complete barrier to further migration. On River B a 2-mile
reach below the downstream dam is poor habitat for spawning because it
is used for gravel mining, but it could be restored, especially if mining
were to cease. All three dams provide water for irrigated agriculture and
generate electric power during periods of adequate flow. The watershed
surrounding River A is mostly forest subject to long-term harvest rota-
tion. Mixed land use consisting of small forest plots, pasture crops, sev-
eral widely separated small towns, low density rural housing with septic
tanks, and cranberry farms occupy the watershed landscape along River
B. Riparian corridors that protect the river from adverse impacts of hu-
man activity in the watershed only occur along 50% of the length of River
B and its tributaries. Consequently the quality of habitat that could be
made available above the dam on River A is apt to be greater than that on
River B if the dams were breached. Restoration of riparian buffers and
control of non-point-source pollution would be needed to maximize the
habitat potential on River B.

A well-defined objective for these rivers might be to increase avail-
able spawning and rearing habitat by a specified number of habitat units
over a certain period of time. A unit of habitat is 100 square meters (see
Table 1-1 for habitat units in Maine Rivers). The general term “salmon
habitat” refers to riffles and runs. A second success metric could stipulate
that some level of spawning by Atlantic salmon should be attained on the
newly available habitat. The objective could further distinguish between
the relative values of new habitat units on DPS rivers vs. non-DPS rivers.
Those expected outcomes that meet the threshold can be further sorted by
other measures such as costs, while those that do not reach the standard
can be ignored (Peterman and Peters 1998). It is also possible to create an
objective that calls for maximizing available habitat independently of time
or costs, but this is less realistic in terms of public agency budgetary policy.

The process starts with developing an influence diagram (Figure 4-6)
to show important variables and relationships affecting expected out-
comes, in this case new habitat units. Other tools, such as a decision
hierarchy, ensure that the focus of the decision will be on strategic ele-
ments and not directed toward aspects of the problem that are givens or
can be resolved later as tactical details (Chevron Strategic Decisions
Group, unpublished material, 1991). The main advantage of the influence
diagram is to understand the basic structure of a problem (Clemen 1991)
and to be able to communicate the essential elements to stakeholders.

The next step is to identify workable alternative strategies that repre-
sent choices for action by the decision maker. For this exercise, dam re-
moval should be considered as a possible option in order to attain the
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biological objective. Although there can be many obstacles for imple-
menting such a strategy (Heinz Center 2002), the recent success on the
Kennebec suggests that it could be a viable approach. A strategy diagram
shows the range of choices for the series of decisions needed to imple-
ment each strategic theme (Figure 4-7). For example, supporting decisions
for the habitat augmentation strategies might include whether supple-
mental stocking is needed, and if so, what life stage should be used.
Questions of the preferred sequence for dam removal on River B and
whether further research would improve the chances of success might
also need to be explored further. The alternative of removing all three
dams was not included because we judged the projected costs exceed
available funding within the specified time period.

A decision table that represents the various uncertainties shown in
the influence diagram can then be used to model the different strategies
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TABLE 4-5 Decision Table for Habitat Improvement Strategies

Technical Regulatory
Alternative Feasibility Acceptance Legal Liability

A. Remove dam on High Low to Low (non-DPS river)
river A Moderate

B. Remove both High Low to Moderate (potential for take during
dams on river B Moderate demolition)

C. Remove upstream High to Moderate Moderate
dam on river A; Moderate
improve access on B

D. Improve passage Low to High Low
on all three dams Moderate

E. Improve habitat Low High High (potential for jeopardy during
below downstream permit renewal if access not
dam on river B improved and possible lawsuits

over incidental take)

(Table 4-5). Although it is possible to calculate value measures for each
strategy if the table is set up deterministically, qualitative estimates pro-
vide an informative summary of how key factors are likely to affect out-
comes. In this case, the high number of habitat units gained by removing
the dam on River A might be tempered by the effect of high costs and
high economic impact on the political acceptability of the strategy and the
longer time to implement it.

The next step is to understand the critical uncertainties that need to be
modeled in the subsequent phases. These uncertain states of nature (Pe-
terman and Peters 1998) are considered by setting a range of values for
each uncertainty parameter, whether costs, habitat units, or the likelihood
of success (or failure) during different stages of strategy implementation.
The influence diagram and the strategy table provide key input for this
step of the analysis. In the example, we can identify three main uncertain-
ties that will directly affect success of the various strategies. These are
technical feasibility of the alternatives, regulatory acceptance, and the
prospect that the new habitat will become occupied for spawning and
juvenile rearing by Atlantic salmon. Other factors such as the potential for
adverse legal action and political support could also affect outcomes, but
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Implementation Time to Habitat
Cost Economic Implement Units Gained
($ in millions) Impact (Years) Political Acceptance (Base Value)

12 High 5–10 Low-Moderate (high cost High
and high economic impact,
but precedent on Kennebec
River

8 Moderate- 3–5 Moderate Moderate
High to high

4 Moderate 2–4 Moderate Moderate

4 Low 1–4 High Low

2 Low 2–3 Moderate (could be pressure Low
from possible legal liability)

their influence may be unpredictable or less direct through their impact
on costs, timing or permitting success.

For each uncertainty variable, it is necessary to assign a probabilistic
estimate to the different states we choose to analyze. In most cases, suffi-
cient data are not available to develop precise probability estimates with
a high degree of confidence. For natural resource problems, the decision
analysis process often uses subjective estimates, usually developed by a
cross-section of stakeholders. A variety of sources can be used to inform
these subjective evaluations—performance history, experimental results,
trend analysis, extrapolation, correlations to other variables, scenario
modeling, and so forth. As a practical matter, they are often based on
personal experience and professional judgment of the team conducting
the decision analysis.

Even though hard data are often lacking, decision analysis allows
decision makers to consider a range of values to gain a better overall
picture of the effect of different uncertainty variables. One of the strengths
of decision analysis is that making quantified judgments about uncertain-
ties promotes clear communication (Clemen 1991) and helps to resolve
disagreements that can result from differences in belief systems, experi-
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ence, and biases (Stewart 2000). For example, one of the problems inher-
ent in setting public policy objectives based on imperfect information is to
establish whether a decision should favor possible false-positive outcomes
or should lean to false negatives. Because these two results are mutually
exclusive (Stewart 2000), favoring one or the other usually means having
to make trade-offs, e.g., conservation value vs. short-term economic im-
pact, that shift depending on which type of error is more acceptable.
Decision analysis can also be used to quantify the value of a trade-off that
attends the question of whether to spend more time and money gathering
additional information in order to reduce uncertainty about outcomes
(Clemen 1991).

After assigning probabilities, a decision tree (Figure 4-8) displays the
strategic options, the uncertainty variables, their probability of occur-
rence, and the outcomes in terms of specified value measures (Peterman
and Peters 1998). The estimated probabilities in the example are assigned
to illustrate how the process works and are intended to reflect how the
hypothetical facts might drive probability estimates. For example, the
chance of successful colonization of new habitat on River A would be
lower than that on River B because salmon only occasionally occupy the
reach below the dam to be removed. However, they consistently appear
below the lower dam on River B even though they do not successfully
reproduce in the gravel quarry. The decision tree provides a convenient
way of ranking the alternatives according to their expected or “net” value.
The technique is to weigh the base value of habitat units for each option
by the probability factor at each branch of the tree corresponding to the
three uncertainty variables. Some management actions lead to more than
one outcome that are then summed to give the total net value (NV) for
that strategy. In the example, the strategy to improve fish passage on all
three dams gives a net value of

NV= (0.75 × 1.0 × 0.7 × 1,000) + (0.2 × 1.0 × 0.5 × 1,000)
= 0.525 × 1000 + 0.1 ×1,000
= 525 + 100
= 625 HUs.

According to the decision tree, Strategy 1, removal of the large dam
on River A, would create the greatest net value of new habitat units (960
HUs). This is followed by Strategy 2, which calls for removing both dams
on River B (800 HUs). This ranking would be reversed, however, if the
new habitat units on River A were discounted by 25% because it is not a
DPS river, which illustrates the role of perception and relative quality of
different options in establishing and choosing among preferences. River B
would further benefit if instream habitat improvements were undertaken
to maximize the value gained by breaching the dams. This option could

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


135

FI
G

U
R

E
 4

-8
D

ec
is

io
n 

tr
ee

 f
or

 h
ab

it
at

 im
pr

ov
em

en
t 

st
ra

te
gi

es
.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


136 ATLANTIC SALMON IN MAINE

be the subject of a separate decision analysis designed to evaluate its
merits in terms of extra costs, time to implement, and likelihood of gain-
ing the landowner support needed for success.

If the objective is to create the most new HUs at the lowest cost,
Strategy E, buying out the gravel mining rights and improving habitat
below the downstream dam on River B, is most cost effective. Even though
the possibility of failure for Strategy E is 30%, it would still represent a
preferred approach if cost is a key success driver. If the exact costs to carry
out the strategies are not known, they can be incorporated as an uncer-
tainty factor in the analysis. A common approach is to assign probabilities
to a high (90%), medium (50%), and low (10%) range of costs for each
alternative.

Reviewing the outcomes from another angle, we conclude that Strat-
egies D and E also warrant strong consideration if the objective calls for
maximizing occupation of new habitat at the earliest time. Another way
to scale the value outcome is to combine the new HUs with the cumula-
tive time that they are available, giving a metric called habitat service
years. In this case, a decision maker would include time to implement and
time for the new habitat to become occupied as uncertainty variables in
the decision tree. The strategy yielding the most habitat service years
within a specified period following the decision would rank highest.

The decision tree in Figure 4-8 is based on primary factors influencing
all the strategies being ranked. These are determined from an influence
diagram like Figure 4-6, and are the variables that must be evaluated to
distinguish among the various options. It is possible that factors such as
conducting further research and implementing (or disbanding) supple-
mental stocking programs could improve the success of individual op-
tions. But the committee did not include them as part of the primary
decision tree, because each would have its own set of variables to evaluate
(e.g., life stage, number of individuals, seasonality, and stocking location
for supplemental stocking). Thus, they are considered secondary factors
in Figure 4-7 to explore maximizing habitat utilization (the primary deci-
sion) in Figure 4-8 and Table 4-5. If decisions about whether to implement
a stocking plan or to conduct research in conjunction with the strategy to
increase habitat availability might differentially affect strategic outcomes,
they can be included in the decision tree as decision nodes with yes/no
branches.

After the alternative strategies are ranked according to a decision
tree, a variety of sensitivity analysis techniques can be used to answer the
question, “what matters in this decision?” (Clemen 1991). The primary
purpose of this more introspective look is to ensure that the analysis is
focusing on the right question to satisfy the original objective. The idea is
to avoid making Type III errors, as opposed to the familiar Type I and
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Type II errors in statistics (Clemen 1991). Type III errors give rise to the
wrong question being asked, given the available information. In the above
example, decision makers could be short-sighted if they decided to re-
strict water withdrawals in an effort to improve water quality above dams
that limit access unless plans to improve habitat occupation were also in
the works.

These exercises are only illustrative. People with in-depth knowledge
of and experience with physical, biological, social, and political environ-
ments need to undertake these risk-management decision processes. In
addition, people who must live with the consequences of these manage-
ment decisions should be involved, otherwise the decisions will be diffi-
cult to implement.

Conclusions and Recommendations

This discussion has attempted to show how decision analysis could
be a helpful tool in sorting through the myriad choices of potential recov-
ery strategies for Atlantic salmon. The approach could be used to under-
stand the value of gaining additional information through baseline as-
sessment, research, and monitoring. The potential value of missing
information would become apparent in considering specific decision
choices. Another application would be to clarify the role of different stock-
ing strategies. The value of expanding fisheries on non-DPS rivers could
be evaluated against the chance of attaining recovery goals on listed riv-
ers. The issue of number, location, and controls on aquaculture facilities
also needs to be examined. Habitat restoration measures designed to miti-
gate the adverse effects of erosion and sedimentation, reduced in-stream
flow and elevated temperatures, and pollutant loading should be investi-
gated for their potential contribution to recovery.

The committee recommends that recovery planning efforts for Atlan-
tic salmon in Maine rivers employ structured, systematic, strategically
focused decision making processes for developing conservation and re-
covery objectives and analyzing the optional approaches for achieving
them. All stakeholders need to be involved in this process to ensure its
validity and acceptability. The committee further recommends that re-
covery planners engage the services of an expert in the field of strategic
decision analysis, especially someone experienced in its application for
natural resource problems, to advise them in their endeavors. These ac-
tivities will need to be repeated when changes in environmental condi-
tions or human interventions change conditions relevant to the analysis.
The committee also recommends research on the socioeconomic effects to
changes in aquaculture (discussed in Chapter 5).
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5

Addressing the Threats to
Atlantic Salmon in Maine

A STRATEGY FOR CONSERVATION AND RESTORATION

The complex and dynamic nature of terrestrial, aquatic, and marine
ecosystems makes conservation and restoration—especially of threatened
and endangered species—a daunting task. Because water connects all
three ecosystem types to each other and to Atlantic salmon, to other or-
ganisms, and to people, watersheds become the logical unit for an ecosys-
tem approach to conservation and restoration.

The 1997 Conservation Plan (Maine Atlantic Salmon Task Force 1997)
provides the foundation for wide range of current efforts in Maine. It
describes threats and associated mitigation or management options. Like
any plan, it can be improved with the benefit of 5 years of intensive
research and operational experience in Maine as well as information from
other parts of the world. Principally, it would be improved by more clearly
prioritizing, sequencing, and coordinating plans and actions in an adap-
tive management framework. This means every activity is a field experi-
ment that generates data, information, and experience while sustained
progress is made toward conservation and restoration goals. A well-docu-
mented cycle of planning, implementation, performance monitoring, and
subsequent adjustment or refinement is used to rapidly converge on opti-
mal solutions and methods. Pairing an untreated area, stream reach, or
watershed as a reference condition (to account for the complex influences
of natural variation) with a similar site where a management action is
applied, yields timely information about overall effectiveness (both eco-
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logical and economic). Replicated across several sites, the scientific
method supplants well-intentioned trial and error as an efficient and sys-
tematic way of improving conservation and restoration efforts.

The following sections deal in more detail with specific threats.

DAMS

As described in Chapter 3, dams block passage and later riverine
environments both below and above them. Mitigating the threat they
pose is usually most completely achieved by removing them, but enhanc-
ing passage alone can be at least somewhat effective if they affect only
short stretches of river. Mitigating their effects has been discussed in
more detail in NRC (1996a) and Heinz Center (2002). The decision analy-
sis example on enhancing habitat in Chapter 4 and the discussion of the
costs of dam removal at the end of this chapter provide additional infor-
mation on addressing the threats to dams, as does the summary of the
1997 Conservation Plan (Maine Atlantic Salmon Task Force 1997) toward
the end of this chapter.

HATCHERIES

Possible Goals for Hatcheries

At this stage in the decline of wild populations of Atlantic salmon in
the state of Maine, the goals of hatcheries need to be explicit. The recent
steep declines in salmon numbers, in spite of increases in hatchery pro-
duction and the very recent change to river-specific stocking, mean that
efforts need to be concentrated on rebuilding wild populations in Maine’s
rivers. It is helpful to specify immediate goals aimed at dealing with the
current extinction crisis as well as ongoing goals that would continue to
apply even as signs of rebuilding are seen. It would also be helpful to
adapt earlier assumptions and goals to current conditions and scientific
knowledge.

Immediate Goals

The goal of hatcheries in response to the extinction crises in Maine
should be to conserve genetic quality—a broad term that includes the
concepts of genes adapted to local conditions, complementary and co-
adapted genes, and appropriate genetic diversity—in the remaining wild
populations of Atlantic salmon, allowing these survivors to persist. In this
respect, the hatcheries might serve as living gene banks. The operation of
the Craig Brook National Fish Hatchery is compatible in part with this
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goal. The large Craig Brook National Fish Hatchery could be altered to fill
this role, but it is currently a production hatchery for several stocks sepa-
rated by natal river. Therefore, changes would be needed in its function-
ing. Less effort to produce large quantities of releasable fry should make
at least some facilities available for careful management of limited brood
stock. In addition, some effort could be redirected to working with scien-
tists to address research questions that have already been raised as well as
new ones that will emerge as the project proceeds. The most urgent goal is
to preserve the genetic structure of the remaining populations, while the
longer-term processes of habitat expansion and rehabilitation are pur-
sued. An equally pressing goal should be the acquisition of basic informa-
tion and research needed to ensure at least two return spawners for each
spawning female in the wild.

Ongoing Goals

The ongoing goals of hatcheries should include the preservation of
technical knowledge and public education about the biology and ecology
of salmon in the wild. The successful production biologists at hatcheries
acquire the skill of culturing Atlantic salmon. The skill cannot be fully
communicated in technical reports, because it depends on experience and
is best taught by practitioners. This skill must be maintained. Many people
are fascinated by hatcheries. Hatcheries should be more integrated into
public education and designed for site visits. Atlantic salmon have long
been an icon for environmental awareness.

Resources should be directed toward adaptive management studies,
allowing managers to put research findings into evolving practice in a
timely fashion. In the short term, there is a need to better understand how
genetic, ecological, and physiological processes affect the ability of hatch-
ery-released fish to survive and successfully reproduce in rivers of Maine,
compared with naturally reproduced fish.

Unclear Goals

The goal of providing enough fish to support the commercial or recre-
ational fishery, if such a goal is still imagined, is not clearly articulated.
Efforts to subsidize the fishery have been unsuccessful thus far, although
fisheries for anadromous salmonids have been subsidized with varying
degrees of success through hatchery production elsewhere in North
America and other countries. Clearly, current hatchery operations in
Maine cannot support recreational or commercial fisheries for anadro-
mous Atlantic salmon. It is possible to establish a small recreational fish-
ery for salmon by rearing fish to adulthood in a hatchery and then releas-
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ing them into rivers, but that would not satisfy the Endangered Species
Act (ESA) or the stated goals of Maine and federal officials to establish
wild salmon populations. If salmon runs in Maine were restored to their
pre-dam sizes (before about 1750), they would probably support both
recreational and commercial fishing, especially if they were carefully regu-
lated. It is outside the committee’s charge to consider other goals than
salmon rehabilitation in Maine’s rivers, but we have heard comments
suggesting that other fish species should be stocked in them if neither
recreational nor commercial fishing for salmon can ever be expected.

Reducing Threats Posed by Hatchery Programs

In pursuing the immediate and ongoing goals listed above, it is criti-
cally important to consider the growing evidence of genetic and ecologi-
cal threats posed by hatchery programs. Whenever managers decide to
include hatcheries as part of a broader recovery strategy, they need to
prevent or reduce those threats through application of practices designed
to adhere to “best-practice” genetic, evolutionary, and ecological prin-
ciples (Miller and Kapuscinski 2002). Although many of the protocols
currently used reflect best practices, a more comprehensive vision of how
to use hatcheries as part of a program of protection and rehabilitation is
needed. That includes recognition of adverse effects that hatcheries can
have on the genetic makeup of salmon population, both those than can be
reduced by careful practice and those that cannot.

The genetic makeup and phenotypic traits of hatchery-propagated
salmonids often differ from those of the wild populations that they are
meant to rehabilitate and with which they will interact. Hatchery fish
phenotypes commonly differ in ways that will influence ecological inter-
actions between them and wild fish. A meta-analysis of hatchery effects
on pre-spawning behavior shows strongly that hatchery rearing results in
increased pre-adult aggression and decreased response to predators that
may, in part, explain their decreased subsequent survival in the wild (in
15 of 16 case studies) (Einum and Fleming 2001). Somewhat less fre-
quently, hatchery salmonids show changes in growth rates, migration
and feeding behaviors, habitat use, and morphology, as reviewed below.
Recent evidence of a genetic basis for resistance to pathogens, also as
reviewed below, suggests that hatchery programs can inadvertently re-
duce the genetic quality needed for disease resistance.

Genetic Hazards

Hatcheries used to rehabilitate depressed populations can impose a
variety of genetic hazards. Extinction is the extreme hazard from which
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recovery is impossible. The other hazards are all a form of degradation of
what is called genetic quality. Genetic quality refers to the overall quality
of the genotypes in the population in terms of their effect on the ability of
fish to survive, thrive, and respond to changes in their natural environ-
ments. (It assumes that the natural environment itself has not been so
degraded that it cannot support the populations.) Genetic quality includes
individually “good” genes, which confer fitness to individuals that pos-
sess them; compatible and co-adapted genes, which provide superior fit-
ness through their complementation of genes at other loci (Andersson
1994, Carrington et al. 1999, Penn and Potts 1999); and appropriate ge-
netic diversity, which confers evolutionary potential by allowing for a
variety of genotypes to be produced from various matings but does not
counteract other aspects of genetic quality. For example, domestication
selection is a well-known hazard of supportive breeding programs
(Fleming and Gross 1989; McGinnity et al. 2003; NRC 1996a; Reisenbichler
1997; Waples 1991a, 1999). Domestication selection is a form of degrada-
tion of genetic quality by reducing the fitness of hatchery fish in their
natural environment.

Many aspects of hatchery programs (supportive breeding) can affect
genetic quality. For example, in nature, breeding is not random with re-
spect to genetics (Andersson 1994). By making pair matings or even using
other protocols, hatcheries usually limit or work against sexual selection
(mate choice) and life-history decisions that help to maintain genetic qual-
ity in natural populations (Fleming and Gross 1989, Grahn et al. 1998,
Wedekind 2002). Sexual selection can increase fitness by increasing the
viability of offspring (Møller and Alatalo 1999). Hatchery protocols typi-
cally select against precocious males (e.g., jacks in Pacific salmon and
mature parr and grilse in Atlantic salmon), which contribute to genetic
quality (Gross 1996; Gross and Repka 1998a,b). Thus, maximizing genetic
diversity by preventing mate choice might not be an effective conserva-
tion strategy (Wedekind 2002).

Some of the components of genetic quality and the ways that they can
be degraded in hatcheries are discussed below. There is increasing docu-
mentation of the empirical reality of these genetic hazards (Kapuscinski
and Brister 2001, McGinnity et al. 2003, Miller and Kapuscinski 2002,
Shaklee and Currens 2002). Hatchery managers can somewhat reduce
these risks and can totally avoid certain others by applying appropriate
genetic guidelines (Miller and Kapuscinski 2002). Current protocols in
place at the Craig Brook hatchery for river-specific supportive breeding of
distinct population segment (DPS) brood stocks generally adhere to cur-
rent guidelines for reducing or avoiding some genetic hazards. Current
practices that raise residual concerns are discussed in some detail below.
Further information is available elsewhere (Miller and Kapuscinski 2002
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and references therein). It is impossible to avoid degrading all aspects of
genetic quality at the same time in a hatchery. The committee reiterates
that avoiding extinction probably should take priority over all of the other
genetic considerations.

Extinction

Demographic processes in the hatchery program can cause extinction
under certain conditions. An extreme example would be a hatchery catas-
trophe in which an entire population of fish brought into captivity is
killed. In addition, genetic processes in the hatchery can contribute to
extinction risk in subtler ways, as suggested by recent studies attributing
increased rates of extinction to reduced levels of genetic variability
(Newman and Pilson 1997, Saccheri et al. 1998). The current DPS-river
supportive breeding and propagation program at the Craig Brook hatch-
ery reduces the risk of purely demographic extinction by bringing only a
portion of a river’s parr or returning adults into captivity (Buckley
2002a,b). Additional analyses of extinction risk are being developed with
the aim of including them in the Recovery Plan (USASAC 2003).

There is a trade-off between leaving the whole population together
and splitting it, however. Splitting an already small population into wild-
and captive-reproductive subunits simultaneously increases the risk of
losing genetic variability within one or both subpopulations, as discussed
in the next section. For example, as run sizes in the Penobscot have de-
clined over the last decade, collections of adults for hatchery breeding
have progressively become a greater fraction of the adult returns. Specifi-
cally, females spawned in the hatchery rose from 17% of all returning
MSW adults in 1986 to 86% in 1998 (K.F. Beland, Maine Atlantic Salmon
Commission, unpublished data, 2003), and adults of both sexes collected
for hatchery spawning made up over 60% of all returning adults in 2000
and 2001 (Buckley 2002a), up from 17% in 1986. This trend increases the
overall exposure of the Penobscot population to loss of genetic quality.

The current supportive breeding program for the six DPS rivers (all
except the Ducktrap River and Cove Brook) and the hatchery propagation
of Penobscot fish minimizes the extinction risk due to loss of genetic
variability by including one-on-one matings and tracking contributions of
each family to fry releases and adult returns via genetic markers (Buckley
2002a). However, it does not eliminate loss of genetic quality. By overrid-
ing mate selection and perhaps by sampling error, it reduces the likeli-
hood of genetic complementation. For example, the major histocompat-
ibility complex (MHC) is involved in disease resistance (see e.g., Arkush
et al. 2002), and one-on-one matings probably reduce genetic complemen-
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tation at that complex of genes and thus reduce genetic resistance to
disease.

Loss of Within-Population Genetic Variability

Loss of within-population genetic variation has several causes, the
most important of which is genetic drift due to sampling gametes in finite
populations. Loss of genetic variation due to drift occurs at a rate in-
versely proportional to the genetically effective population size (Ne). The
Ne refers to the size of an “ideal” population that has the same rate of loss
of heterozygosity (a common measure of genetic variation) as the actual
population has, the “ideal” population being defined on the basis of de-
mographic characteristics such as an even sex ratio, stable population
size, no immigration, and a Poisson distribution of progeny number. Esti-
mates of Ne for populations of salmonids have typically been smaller than
the actual number of reproducing adults, ranging between 4% and 73% of
the number of reproductive adults (Ardren and Kapuscinski 2003, Bartley
et al. 1992, Heath et al. 2002).

In a process known as the extinction vortex (Gilpin and Soulé 1986),
inbreeding and loss of genetic variability due to genetic drift can result in
reduced fitness. This loss of fitness may reduce Ne, resulting in greater
inbreeding and further loss of variability, which reduces fitness further.
The continuing reduction in population size exposes the population to
ever-increasing demographic risk of extinction. Considerable interest has
been devoted to the threats to wild and captive populations associated
with inbreeding and loss of genetic variability, and much of this work
refers directly to fishes in general, and salmonids in particular (Allendorf
and Phelps 1980; Allendorf and Ryman 1987; Cross and King 1983; Ryman
and Ståhl 1980; Ståhl 1983, 1987; Waples 1991a).

Loss of within-population genetic variability is the most common
hazard associated with decisions regarding numbers of adults in the
hatchery to be mated and how they are to be mated. For instance, the high
fecundity of salmon fosters a temptation to produce large numbers of
progeny from a few parental fish in each breeding season, artificially
creating a “genetic bottleneck” that significantly reduces genetic variabil-
ity among the progeny. Current protocols at the Craig Brook hatchery for
DPS river brood stocks appropriately avoid this obvious pitfall (Buckley
2002a,b). Those protocols include collecting enough parr or adults to en-
sure reasonable numbers of reproducing adults, one-on-one matings to
ensure that each adult contributes, application of genetic profiles to avoid
mating close relatives, and use of genetic markers to track families of DPS
fish through the hatchery and beyond. Appropriate features of hatchery
mating of Penobscot adults include the one-on-one mating design and the
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collection of genetic data that can be analyzed to avoid matings of close
relatives, although the latter is less crucial for this larger population (com-
pared to DPS captive brood stock) and does not appear to have been
carried out as of 2002 (Buckley 2002a).

Loss of Genetic Variability from Supportive Breeding

Supportive breeding, as defined above, augments Ne for the hatchery
component of the population, but it also entails a potential risk of increas-
ing the loss of within-population genetic variability in the wild. When
supportive breeding meets its intended rebuilding goal, it increases the
total population size through a higher reproductive output from the cap-
tive breeders than from those reproducing in the wild. That increases the
reproductive success of the captive (hatchery) segment of the population
relative to that of the wild segment of the population. The resulting large
increase in the variance of family size within the total population (wild
plus captive) is sufficient to reduce the effective population size as a
whole (Ryman and Laikre 1991, Ryman 1994, Ryman et al. 1995b, Wang
and Ryman 2001). See Appendix C for a detailed discussion of this prob-
lem. Often, an overall reduction of effective size cannot be avoided when
applying supportive breeding that successfully increases the population
census size. However, that problem may not be overly important in the
case of declining populations, such as the severely depleted salmon popu-
lations in Maine, for which supportive breeding may yield a higher Ne
value than would occur in its absence.

Most Atlantic salmon populations in Maine are severely depleted and
continue to decline, and for such populations, the positive effects of in-
creasing the actual population size outweighs the potential short-term
genetic drawbacks caused by reductions of the Ne. Thus, the need for
supportive breeding is urgent. However, no extensive analysis has been
done on the genetic impact of supportive breeding on populations that
would continue to decline if left on their own (but see Duchesne and
Bernatchez [2002] for the special case of binomially distributed family
sizes). Clearly, in the extreme situation of a population that would go
extinct without supportive breeding, it would be better to maintain a
genetically depauperate population than to let it die. It is at least possible
that some current populations are small enough for the situation to be
considered extreme. Using the general model and variable designation
for supportive breeding that is outlined in Appendix C, an example is
depicted in Figure 5-1. A declining initial population (N) of 50 is sup-
ported with progeny from five captive fish with a much higher average
reproductive rate (adult to adult) than the wild fish. The support immedi-
ately results in a growing actual population. The Ne stops declining, in-
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N

Ne

Ne

FIGURE 5-1 Census size (N), effective size (Ne), and cumulative harmonic mean
of effective size (Ne) during 10 generations of supportive breeding in a popula-
tion of 50 individuals that would be declining if left on its own (initial N = 50). In
each generation a fixed number of Nc = 5 individuals are caught at random and
brought into captivity for reproduction. The mean number of progeny per indi-
vidual is mc = 10 in captivity and mw = 1.5 in the wild, with variances s 2

w = 7.5,
and s 2

c = 50 (five times the corresponding initial m-value). The dashed line indi-
cates the effective size in the absence of supportive breeding.
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creases at a much slower rate than actual population size, and levels out
at an Ne that is considerably smaller than N but still much larger than it
would have been without support. This example only depicts a particular
set of parameter values, and the expected effect of a support program
must be evaluated with respect to specific conditions and options. It ap-
pears, for example, that the program in Figure 5-1 could be made more
“genetically successful” by reducing the variance of family size in captiv-
ity or by increasing the number of captive fish in later generations, when
the total population size has increased. However, those scenarios have
not been evaluated numerically by the committee.

The above considerations lead to advice on how to reduce the adverse
genetic effects of supportive breeding by holding the number of progeny
to be stocked from each mating to a constant. If the mean and variance of
reproductive rate are equal (the usual Poisson assumption), then (ignor-
ing the overlapping generations),
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Thus, given that one-on-one matings are being used in the hatchery, maxi-
mum Ne is achieved by holding the number of progeny per mating to a
constant.

Loss of Genetic Variability among Populations
(Population Identity)

Crosses made among fish from multiple populations result in loss of
genetic distinctness of each individual population (that is, population
identity). One potentially adverse outcome of mixing distinct populations
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is a reduction in fitness in the admixed population due to disruption of
local adaptation or of co-adapted gene complexes (reviewed by Hallerman
2002, Kapuscinski and Brister 2001). Atlantic salmon in Maine, like many
fish species, are part of a larger metapopulation, in which relatively iso-
lated subpopulations are connected by low levels of gene flow via stray-
ing migrants (NRC 1996a, 2002a). Isolation allows subpopulations to adapt
to local environmental conditions. There is almost no hard evidence on
the degree to which remnant populations of Atlantic salmon in Maine
rivers are locally adapted. The assumption, however, must be that those
few fish that return to spawn are at least as well adapted to local condi-
tions as those that fail to return. Sheehan (T. Sheehan, NMFS, personal
communication, 2002) conducted a “common-garden” study of three
river-specific populations, in which progeny of fish from different rivers
are raised in similar environmental conditions. The progeny showed dif-
ferent growth trajectories, a result that is consistent with that expected
from locally adapted populations. While Sheehan’s study is not defini-
tive, because of design limitations, it is suggestive of the kind of local
adaptation that is common in wild populations of salmonids and that
forms the basis of the concern for maintaining the remnants of the natural
metapopulation structure of wild salmon in Maine.

Low amounts of migration can counter the inevitable loss of genetic
variability in isolated populations without overwhelming local forces of
adaptation. Massive hatchery mixing of distinct gene pools, however, is
likely to overwhelm the local forces of natural selection, because the pro-
portion of breeders coming from another gene pool is typically much
larger and the level of genetic differences between the imported and local
populations can be much greater (due to ease of transporting salmon
from far distant locations). The Craig Brook stocking program avoids this
genetic hazard through separate rearing and crossing of river-specific
groups for each of the DPS and Penobscot rivers.

Outbreeding between genetically distinct populations can sometimes
improve fitness in the wild, but such outbreeding enhancement is most
likely when hybridization alleviates pre-existing inbreeding depression
within one or both pre-mixed populations (Waples 1995). Although
Ferguson et al. (1988) found some evidence of superior fitness of first-
generation hybrids between two non-inbred populations of cutthroat
trout, superior fitness of hybrids often disappears in subsequent genera-
tions when the hybrids backcross to a parental population (Gharrett and
Smoker 1991). To date, evidence of inbreeding depression is lacking in
Atlantic salmon populations in Maine, despite their depressed status.
Natural straying probably occurs often enough to provide gene flow with-
out disrupting local adaptation (NRC 2002a).
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Domestication Selection

Domestication selection refers to any change in the selection regime
of an artificially propagated population relative to that experienced by
the natural population (Waples 1999). Consequently, the genetic compo-
sition of a population within a hatchery program is likely to differ from
what it would be in the absence of hatchery propagation. The hatchery
fish can be expected to adapt genetically to the different selection regime
in the hatchery environment, even when hatchery operators do not inten-
tionally practice selective breeding. The basic idea is that significant alter-
ations of the population’s genetic composition, due to different selection
pressures under husbandry, will reduce a population’s subsequent fit-
ness in the wild (e.g., Fleming and Gross 1989, Reisenbichler 1997, Waples
1991a).

Domestication selection can occur in multiple ways (Busack and
Currens 1995; Campton 1995; Waples 1991a, 1999). Hatchery practices can
involve intentional selection on traits such as size or age at spawning. A
recent modification to the DPS brood-stock mating protocol at the Craig
Brook hatchery (to mate only 4-year old adults) could increase the risk of
this kind of domestication selection, because there probably is a partial
genetic basis (heritability) for sexual maturation at a given age, and vari-
ability of that trait in Atlantic salmon may have adaptive value in the wild
(Hutchings and Jones 1998).

Another potential source of domestication selection is nonrandom
collection of hatchery brood stock from a spawning population. That does
not appear to be a problem for DPS brood stock, because considerable
effort goes into random collection of wild parr to bring into the captive
breeding program. Hatchery propagation of Penobscot fish is more vul-
nerable to this hazard, depending on the extent to which annual collec-
tions of returning adults at the Veazie Dam represent all portions of the
run. This concern is the basis for a proposal to collect brood stock both in
early summer and in the fall (Beland et al. 1997), but no mention of this
issue appears in subsequent reports on hatchery brood-stock manage-
ment (Buckley 2002a,b).

A third form of domestication selection is the unintentional selection
that occurs in the hatchery environment. For example, changes in agonis-
tic behavior, probably due to crowding, rearing conditions, or feeding
methods, between wild and hatchery fish is observed frequently (re-
viewed by Einum and Fleming 2001). It may be possible to reduce, though
not completely avoid, that source of domestication selection by establish-
ing more natural rearing conditions and applying more natural practices
during rearing and at release from the hatchery (Miller and Kapuscinski
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2002). Pacific salmon hatcheries are making some efforts in that direction,
such as using the Natural Rearing Enhancement System (Maynard et al.
1995, 1996) and various conservation-hatchery strategies (Flagg and Nash
1999). Current protocols at the Craig Brook hatchery do not appear to pay
much attention to this form of domestication selection, but the hatchery is
still in the first generation of supportive breeding, and there is time to
make mid-course corrections (as an adaptive-management adjustment).

A fourth, less-recognized form of domestication selection is the re-
lease of juvenile fish from patterns of natural selection that would have
been imposed on them had they been in the natural environment (Fleming
and Gross 1989, Waples 1991a). Perhaps the greatest concern here is the
total removal of sexual selection, through mate choice, which occurs when
salmon reproduce naturally in rivers (Fleming and Gross 1989). There is
growing evidence of the genetic benefits, including better fitness in the
wild, of natural mate choice (reviewed in Appendix D), although the
underlying genetic mechanisms are poorly understood. There is also a
probable trade-off between increasing the naturalness of sexual selection
and decreasing the loss of genetic variability within populations. Reduc-
ing domestication selection that is due to loss of mate choice might be
achieved by allowing adults to choose their own mates. Reducing loss of
variability within populations is best achieved by maximizing Ne by ap-
propriate artificial crosses made in the hatchery. Both genetic hazards
cannot be reduced simultaneously. At present, practices at Craig Brook
hatchery focus on reducing the loss of genetic variability within popula-
tions and ignore the risk of domestication selection that is due to loss of
sexual selection.

Domestication and its consequent maladaptation to the wild can hap-
pen in a fairly small number of generations of hatchery breeding and has
been shown to reduce predator avoidance (Berejikian 1995) and increase
aggression or competitive ability of hatchery fish (Holtby and Swain 1992;
Johnsson et al. 1996; McGinnity et al. 2003; Mesa 1991; Ruzzante 1991,
1992, 1994; Swain and Riddell 1990, 1991; see also review by Einum and
Fleming 2001). The reason for genetically based differences in aggressive-
ness between hatchery and wild fish might be unintentional artificial se-
lection (imposed when fish are chosen for brood stock) or selection for
strong performance under animal husbandry conditions (reviewed by
Jonsson 1997). For salmon, increased aggression in wild offspring of
matings between hatchery and wild fish would make them more vulner-
able to predators (Johnsson and Abrahams 1991). The current strategy at
the Craig Brook hatchery of returning adults to the wild after they have
been mated once helps to reduce the accumulation of domestication across
brood years and generations.
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Disease Hazards

One concern about stocking hatchery fish is that they may transmit
disease or parasites to wild fish. Disease transmission between cultured
salmon (hatchery stocked or commercially farmed) and wild salmon is
very likely bidirectional. It has been extremely difficult to determine the
incidence of disease transmission from hatchery to wild fish, as well as
the impacts such transmission would have on wild stocks (Flagg et al.
2000, Håstein and Lindstad 1991).

Disease can be caused by parasites, bacteria, viruses, or fungi. Many
disease-causing organisms tolerate only freshwater or seawater. Epizoot-
ics in hatcheries and sea cages are readily observable, whereas epizootics
in wild salmon are not. Sick wild salmon quickly disappear. Disease out-
break is considered to occur at the intersection of three components: sus-
ceptible host, virulent pathogen, and adverse environment. The ideal
method of control is prevention through a clean environment and a
healthy, well-fed fish.

Vertebrate Parasites

The sea lamprey (Petromyzon marinus) is probably the only vertebrate
parasite on Atlantic salmon, but incidence and impacts on Maine salmon
are unknown.

Crustacean Parasites

In the marine environment, the most problematic parasites are
copepod crustaceans known as sea lice (Caligus elongates) and salmon lice
(Lepeophtherius salmonis). Lice loosen the skin and can expose the flesh.
About 30 lice can be enough to kill a smolt (Grimnes and Jakobsen 1996).
In British Columbia, salmon lice have been implicated in the decline of
pink salmon runs (Oncorhynchus gorbuscha). In the Broughton Archipelago,
which has many salmon farms, more than 3.6 million adults spawned in
2000, but only 147,000 returned in 2002. (Pink salmon have an obligate
2-year life cycle; thus, roughly the same number of fish that had spawned
in 2000 were expected to return in 2002.) Although a cause-effect relation-
ship between lice and salmon numbers was not established, lice were
present on Broughton salmon in large numbers. In adjacent areas without
farms or lice, the populations did not decline (PFRCC 2003). These crusta-
cean parasites have caused disease outbreaks in Maine salmon net-pens.
There is a major effort to control lice on Atlantic salmon in sea cages
because, in addition to causing direct harm, they are vectors for the virus
causing infectious salmon anemia (ISA) and the bacterium causing
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furunculosis (Aeromonas salmonicida). Sea lice are more common in wild
fish in areas with sea cages (PFRCC 2003).

Helminth Parasites

In freshwater, the ectoparasite Gyrodactylus salaries is a major disease
problem in Norway. Gyrodactylus is a monogenean trematode, also known
as a flatworm or fluke, that browses on skin mucus. It has almost totally
killed off young salmon in some rivers in Norway (Håstein and Linstad
1991). Its distribution in wild salmon is thought to be caused by stocking
infected fish (Johnsen and Jensen 1991).

Pathogenic Bacteria

The skin and digestive tract of fishes are colonized by many bacteria,
most of which are not pathogenic. The most common bacterial disease
affecting Atlantic salmon is furunculosis caused by Aeromonas salmonicida
(Austin et al. 1989). Furunculosis appears as boils on the sides of salmon
in both freshwater and seawater. Johnsen and Jensen (1994) associated the
spread of this disease in wild Atlantic salmon in Norway with escapes
from fish farms and natural migrations of wild salmon. Enteric redmouth
(ERM) is caused by Yersinia ruckeri. Epizootics can occur following stress
or poor water quality. Vaccines are available against ERM. Coldwater
disease is caused by the bacterium Flavobacterium psychrophilum) and is a
problem in Atlantic salmon in New England. Hitra disease caused by the
bacterium Vibrio salmonicida became a serious problem in Maine begin-
ning in 1993 (Griffiths 1994).

Pathogenic Viruses

The most alarming viral infection in Maine Atlantic salmon has been
infectious salmon anemia (ISA, also known as hemorrhagic kidney syn-
drome). The ISA virus (ISAV) was first identified in Maine in 2001. The
ISAV poses no threat to humans and other mammals. Information about
ISA can be obtained from the U.S. Department of Agriculture (USDA
2002) and from Scotland where ISAV was first identified in 1998 (JGIWG
2000). The virus is an influenza-type virus (orthomyxovirus) that mutates
rapidly, thus eluding attempts to make a vaccine. It is found in wild and
farm Atlantic salmon. Symptoms appear after about 1 year in seawater.
Basically, the whole organism is affected. Mortality is estimated by the
USDA at 2–50%. Disease has cost Maine salmon growers about $24 mil-
lion and unknown costs to public agencies for disease control and preven-
tion, and Atlantic salmon are now under careful scrutiny for signs of ISA.
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Another virus endemic to Maine is the virus causing infectious pancreatic
necrosis (IPN). The IPN virus (IPNV) affects farm salmon but has not
caused a serious mortality in salmon in Maine. The final known virus is a
lethal retrovirus called salmon swimbladder sarcoma virus (SSSV). This
was detected first in 1998 in a hatchery-reared parr captured in the Pleasant
River. SSSV causes cancer in salmon.

Pathogenic Fungi

Most fungi encountered by salmon are not pathogenic. Saprolegniasis
is a fungal disease caused by Saprolegnia diclina type 1. The fungus affects
the skin. It is associated with high levels of androgens and therefore has a
higher incidence in mature males (Olafsen and Roberts 1993; Gaston 1988).

Genetic Variation in Susceptibility to Disease

Genetic variability in the degree of resistance to disease occurs in
salmon as in other vertebrates. Arkush et al. (2002) compared the patho-
gen resistance of chinook salmon with different genotypes of a gene in the
major histocompatibility complex (MHC). In two of five comparisons,
“significant genetic effects on disease resistance” were found. The au-
thors concluded that small wild populations and hatchery populations
with lowered genetic variability would have increased susceptibility to
pathogens. With small wild populations, disease susceptibility is not di-
rectly controllable or even necessarily the most important concern, but
the protocols described above (also Flagg and Nash [1999], among others)
to increase Ne in hatchery populations and their progeny probably will
help reduce disease susceptibility as well.

Prevention and Treatment of Disease

Management practices in both freshwater hatcheries and sea cages
are designed for disease prevention. The most important elements of pre-
vention are high quality water and a good diet. A major effort is under
way in Maine to control sea lice, a known vector of ISA and furunculosis.
Salmon are treated for sea lice with hydrogen peroxide, pyrethrin, iver-
mectin (a neurotoxin), and other pesticides. In British Columbia, the Pa-
cific Fisheries Resources Conservation Council recommended strategic
fallowing of net-pens, accelerated marketing of mature fish, and applica-
tion of chemicals to kill lice as a measure to reduce the incidence of lice
infections associated with salmon farms (PFRCC 2003). The Craig Brook
facility has protocols in place to prevent disease transmission. The facility
brings wild-caught brood stock to the facility and holds them in outdoor
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tanks. Blood is sampled and tested for ISA virus. There is no on-site
expert in fish health; assigning one should be considered.

Behavioral Hazards

Ecological interactions between hatchery and wild fish are problem-
atic. Behaviors of hatchery-propagated fish differ from those of their wild
conspecifics because of differences in the genetic or environmental control
over expression of behavioral traits. Differences may also be due to differ-
ent interactions between genetic and environmental controls. Genetically
based alteration of behavior in hatchery fish can occur through loss of
population identity or domestication selection, two of the genetic hazards
discussed previously. Environmental control over behavioral traits occurs
because fish phenotypes are strongly shaped by the rearing environment
(see Pakkasmaa 2000, Wootton 1995). Hatchery rearing inevitably affects
fish development by changing food and feeding regimes, density, sub-
strate, exposure to predators, and interactions with conspecifics.

Numerous studies have found altered behaviors of hatchery fish, com-
pared with their wild counterparts, that are probably both environmental
and genetic in origin (reviewed in Einum and Fleming 2001). Hatchery
rearing of salmonids frequently results in increased pre-adult aggression
and decreased response to predators (reviewed in Einum and Fleming
2001). Differences in aggression have a substantial environmental compo-
nent, although there are indications of genetic influences as well. The lack
of exposure to predators in hatchery populations appears to result in a
reduced response to predation risk, both as an environmental effect and
as a response to relaxed selection in hatchery populations. Changes in
growth rates are common but less consistent. Changes in other fitness-
related behavioral traits, such as migration, feeding, habitat use, morphol-
ogy, and breeding behavior, also occur. Those and other changes are prob-
ably responsible for decreased survival of released hatchery fish in the wild.

Altered behaviors of hatchery-reared fish may disrupt or harm the
reproductive success or survival of wild fish. Although releases of hatch-
ery fish are often implemented to compensate for reduced production
caused by human-induced habitat degradation, a range of potential eco-
logical problems may be associated with this practice. First, stocking of
large numbers of fish into a limited habitat will, at least initially, inevita-
bly affect population density. The effects of such stocking can include
changes in the frequency of competitive interactions, the amount of avail-
able food, or the behavioral response of predators and hence influence
growth and survival of the wild fish (Einum and Fleming 2001, reviewed
in Flagg et al. 2000). Second, hatchery fish will almost certainly differ
phenotypically and genetically from wild fish (see above). Such differ-
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ences can affect how stocked and wild fish interact beyond those due to
pure density dependence (see Nickelson et al. 1986). Third, there may be
predatory effects, such as released hatchery fish preying on wild fish and
influencing the behavior and dynamics of predator populations, an effect
that can indirectly affect wild fish (reviewed in Flagg et al. 2000). Fourth,
hatchery fish can transmit disease and parasites to wild fish.

Several other potential behavioral changes in hatchery-reared fish
might have detrimental effects on wild fish. For example, released fish
might influence the timing of migration of wild fish. Hansen and Jonsson
(1985) suggested that wild smolts were attracted to shoals of released
smolts and joined them when migrating downstream. Furthermore, re-
leasing fish might increase interspecific (i.e., with brown trout) hybridiza-
tion rates (Jansson and Öst 1997, Leary et al. 1995). Although little is
known about the frequency of early parr maturation among hatchery-
reared fish, the high growth rates experienced in the hatchery will prob-
ably increase the potential for early maturation following release.

Increasingly, evidence shows that the altered behaviors of hatchery
fish are maladaptive, resulting in poor survival and reproductive success
in the wild. Hatchery fish experience reduced survival, compared with
wild fish (15 of 16 studies reviewed by Einum and Fleming 2001, meta-
analysis p ≤ 0.001). The success of hatchery-produced fish after release is
reduced by phenotypic divergence from their wild conspecifics. The re-
duction occurs because environmental and genetic risks to fish in hatcher-
ies cannot be avoided entirely, and many of the genetically based risks are
negatively correlated, so efforts to reduce one risk increase other risks.

Changes in behavioral, life-history, and morphological traits associ-
ated with reproduction also occur under hatchery conditions (reviewed
in Fleming and Petersson 2001) and may have important implications for
the ability of released fish to contribute to natural productivity. A review
of 31 studies of introgression of hatchery genetic material into wild popu-
lations (Fleming and Petersson 2001) reported that 14 studies showed
little or no evidence of incursion of hatchery genotypes into wild popula-
tions, despite prolonged hatchery releases. Natural selection may have
purged hatchery-origin genotypes from the population due to the mal-
adaptive traits of hatchery fish, although the studies reviewed were not
designed to test that possibility in the wild. Many of the studies involved
anadromous populations. In contrast, 16 of the 17 studies showing an
incursion involved nonanadromous populations, suggesting that anadro-
mous populations are more resistant to introgression (see also Hansen et
al. 2000, Utter 2000). That resistance—whatever its underlying cause—
will also undermine efforts to rebuild wild populations primarily through
release of hatchery fish, although it should also protect them from genetic
incursion.
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Conclusions—Hatcheries

Hatcheries sometimes give a false sense of comfort about abundance
and persistence of natural populations and of positive action toward re-
building depleted populations. Commitment and allocation of limited resources
to other rehabilitation efforts can be sidetracked by this misconception.

• The evidence from over 130 years of stocking is indisputable.
Hatchery production has not rescued Atlantic salmon in Maine. The com-
mittee judges that hatcheries alone will not be sufficient to prevent extinc-
tion, no matter how well they are operated.

• Some of the earlier human adverse effects on the freshwater envi-
ronment have been ameliorated over the past 20 years, yet runs are still
declining, despite continued stocking and improved stocking practices
(e.g., using fish from local Maine streams).

• Additionally, hatcheries can have adverse effects on natural popu-
lations. We can reason from first principles and numerous case studies,
reviewed above, that hatcheries should be used sparingly in rehabilita-
tion of natural populations.

• Due to a lack of appropriate monitoring, there is a dearth of infor-
mation about the genetic and ecological effects of historical and current
stocking of hatchery fish on wild populations in Maine. There has never
been an adequate assessment of whether stocked salmon provide a net
long-term benefit to natural populations, and that problem is not restricted
to Maine. The success of hatchery programs that aim to rebuild depleted
populations lies in their ability to allow fish to bypass the high mortality
of early life in the wild and then survive, breed, and produce offspring
that will contribute to natural reproduction in the wild (Waples et al. in
press). In that sense, “contribute” means that the stocked fish should not
take away from the production of the wild population but rather add to it.

• Current procedures for management of DPS river and Penobscot
brood stock and offspring at the Craig Brook hatchery clearly avoid one
genetic hazard posed by hatcheries—loss of population identity.

• The genetic hazards posed by hatcheries other than loss of popula-
tion identity cannot be completely avoided. Of those, current procedures
at Craig Brook hatchery are appropriate for reducing the probability of
extinction, loss of genetic variability within populations, and domestica-
tion selection. The recent move to mate DPS brood stock only at age 4 may
increase the genetic risk of domestication selection.

• As long as the hatchery program relies solely on artificial matings
(versus allowing some or all adults to choose their own mates in some
sort of spawning channel), domestication selection cannot be avoided.
This form of domestication selection can substantially undermine the abil-
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ity of hatchery-propagated returning adults to contribute to rebuilding of
fish numbers in Maine’s rivers. In addition, some degree of domestication
selection is inevitable, because the genotypes best adapted to captivity are
more likely to survive than others. Inasmuch as the captive environment
differs from the natural environment, domestication selection will occur.

Recommendations—
Options for Future Roles of Hatcheries

The committee recommends using hatcheries as only one option in an
integrated strategy that includes rehabilitation of habitat, fishery manage-
ment, and other appropriate strategies. Additionally, any stocking of
hatchery fish should include direct monitoring of their performance and
their effects on wild fish. Genetic marking based on inherent allelic differ-
ences between families (see Eldridge et al. 2002) would be helpful in the
current DPS river-specific hatchery program. Some steps in that direction
appear to have been taken for fish held and mated at Craig Brook hatch-
ery (Buckley 2002a,b). Making a properly designed monitoring program a
central part of hatchery stocking is the only way to determine whether
releases of hatchery fish are helping or hurting efforts to rebuild wild
salmon in Maine’s rivers. The following recommendations address the
hatchery component of such an integrated approach. The situation is be-
coming desperate due to extremely small numbers of returns in 2001–
2002 in all rivers except the Penobscot, and numbers of returns in the
Penobscot have also been falling fast.

Genetic Management in Hatcheries

Parties responsible for designing and implementing hatchery prac-
tices should periodically review existing practices in light of evolving
scientific understanding regarding genetic hazards posed by hatcheries.
When new insights become available, appropriate mid-course corrections
should be designed and implemented. This process could include com-
paring hatchery practices with genetic guidelines, such as those of Miller
and Kapuscinski (2002), specifically designed for hatcheries to rebuild
depressed fish populations, particularly migratory salmon species. Those
guidelines address four major phases of hatchery operations that can im-
pose genetic hazards on the captive-bred fish or on wild fish with which
they interact after release: (1) brood-stock collection, (2) spawning (in-
cluding mating protocols), (3) rearing, and (4) release into the wild. The
discussion of alternative ways to meet a general guideline may be par-
ticularly helpful when logistical and unexpected problems prompt hatch-
ery managers to modify practices.
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Life Stage of Salmon at Stocking

If decision makers choose to continue the current hatchery-stocking
programs, better understanding is urgently needed about the effect that
the life stage stocked has on the ability of hatchery-released fish to return
as adults and contribute to the next generation of wild fish in the river.
Such understanding can only be gained by building into some portion of
hatchery-stocking activities an adaptive-management experiment that will
allow systematic comparison of results from stocking fry versus smolts.
Basically, unambiguous information is needed on whether hatchery-re-
leased smolts, after they return to the river as adults, have higher, equal,
or lower reproductive success (the average number of in-river parr pro-
duced per spawning adult) than hatchery-released fry. The ideal mea-
surement of reproductive success per spawning adult would be the num-
ber of offspring that go to sea and return as adults to spawn in the river.
The study would greatly advance understanding if it measured reproduc-
tive success per spawning adult as the number of parr or outmigrating
smolts in the river. It is also important to know what fraction of the
released smolts return to spawn, as compared with the average fraction of
released fry that return to spawn.

The consideration is based on measuring success as l ⋅ N0 (l is the
replacement rate per egg, and N0 is the number of eggs [say, 7,000] per
female). Then, for eggs raised to the smolt stage before release, the ques-
tion is whether the number of returning adults is less or more than the
corresponding value for eggs raised only to the fry stage. There are sur-
vival and reproductive trade-offs between these stocking strategies, and
the net balance 130 years after stocking began is still not clear.

That question could be examined through the use of DNA-based ge-
netic markers to identify the genotype of all pairs of adults mated in the
hatchery (generation 0, G0), thus providing the information for assigning
parentage of offspring that return as adults to the river (G1) and of their
naturally produced offspring that hatch in the river (G2). Recently, the
Craig Brook hatchery appears to have initiated genetic marking, at least
for a portion of the matings made in the Dennys River and Penobscot
River brood stock, that could be used later to distinguish returns from fry
versus smolt releases (Buckley 2002a,b)

Recommendations for Rebuilding Wild Salmon Populations in Maine

The committee recommends two major options for future use of
hatcheries as part of a comprehensive effort to rebuild wild salmon popu-
lations in Maine.
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Gene Banking

The Craig Brook hatchery program for DPS rivers could be revised to
provide a gene bank—that is, keeping a representative sample of the
remnant populations in captivity as a backup source of germplasm, an
insurance policy in case aggressive rehabilitation efforts in other areas,
particularly habitat improvements, fail to rebuild numbers of wild fish in
the rivers. Thus, the gene bank would propagate and stock hatchery off-
spring into the river only under the special circumstances discussed be-
low. The committee considered two feasible alternatives for a gene bank.

Single-Generation, Live Gene Banking of Fish in the Hatchery

This alternative is similar to that being done in the DPS rivers, except
that no fish would be stocked. A representative sample of fry or parr
would be collected from each DPS river to encompass the genetic diver-
sity of the population, as much as possible. Collecting too many juveniles
should be avoided. Only enough should be collected to achieve an ad-
equate effective population size (Ne) in the hatchery (see previous de-
scription of Ne in this chapter and in NRC 2002a). Determining what is
adequate is a judgment based on the number of fish in the river, informa-
tion about genetic quality, and other considerations described in this
report and elsewhere. An adequate number probably would be more
than 100.

Having captured the available genetic diversity, the objective would
be to avoid spawning the fish in captivity. These fish would be main-
tained in the hatchery for as long as possible (until they are 6 or 7 years
old). Under certain circumstances, for example, if the wild population
seems about to disappear or if rehabilitation or other events seem to have
substantially improved available habitat in a stream without a surviving
run of salmon, the wild fish could be used as brood stock for reintroduc-
ing fish into the population. If the wild population maintains itself, how-
ever, the fish would not be mated to propagate offspring for release, and
the natural process of population adaptation and recovery would not be
impeded by any combination of the hatchery-based threats reviewed in
this chapter. Rather, after several years, the fish would be sacrificed and a
new group of juveniles collected for the living gene bank to begin a sec-
ond iteration.

The committee assumes that this option would be implemented as
insurance, in concert with aggressive pursuit of habitat improvements
and other activities (such as dismantling of dams and improvements in
fish passage), to give wild fish a better chance of survival. One advantage
of this option is that it minimizes impediments to wild-fish adaptation to
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prevailing local environmental conditions. Another advantage is that it
would provide a true indication of the current state of environmental
conditions for Atlantic salmon, conditions that hatchery releases might
otherwise obscure.

Lacking other approaches to salmon recovery, gene banking alone
would ultimately be ineffective. Disadvantages of this option include ex-
pense, risk of losing entire banked populations through disease or system
failure, the need to periodically tap wild populations for new juveniles,
the inevitable loss of genetic quality that would occur, and the difficulty
of gaining political support.

Cryopreservation of Sperm

This alternative would involve collecting and freezing milt from adult
males to fertilize females at a later date. Because sperm quality (sperm
number, ability of each spermatozoon to fertilize eggs, frequency of muta-
tions, and meiotic problems) decreases with the age of the sample, new
samples would need to be collected regularly from returning adults. In
addition, continuous sampling of sperm would allow the gene bank to
represent the ongoing adaptation to natural conditions that is occurring
in wild populations. The approach would be much less expensive than
live gene banking, because no live fish would have to be maintained in
the hatchery. Thus, funds could potentially be redirected to other forms of
restoration. However, the rationale and efficacy of the approach would
need to be carefully explained. The main disadvantage of this approach is
that the female genetic component would be dependent on having a con-
tinuous wild population. It would be better to cryopreserve fertilized
embryos or both eggs and sperm, but neither alternative is technically
feasible at this time. If either one becomes feasible, if should be reevaluated.

Comparison of Stocked and Unstocked Rivers

This option would stress evaluation of the hatchery-stocking pro-
gram, something that has been lacking. Adult fish from several year
classes and from six of the DPS rivers are being maintained and spawned
at the Craig Brook National Fish Hatchery, and the offspring are being
stocked in a river-specific fashion as swim-up fry. In the current program,
even if hatchery fish are shown to contribute genetically to subsequent
generations, there is no way of assessing whether they augment natural
production within the rivers or displace some wild production. This new
option involves maintaining the current stocking program in some
streams but not in others. The latter streams would serve as reference sites
for more reliable evaluation of the effects of stocking in the maintained
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streams. The aim would be to assess the contribution of stocking to popu-
lation persistence, facilitating adaptive management. The committee rec-
ommends expanding the program beyond the DPS rivers.

This approach would involve pairing rivers with similar characteris-
tics, one to be stocked and the other not. For the stocked rivers, all re-
leased fish should be marked with a physical tag, such as coded-wire tags
or adipose fin clips. Marking is possible even shortly after the swim-up
fry stage by tagging with half-sized coded wire tags (Kaill et al. 1990,
Peltz and Miller 1990). Returning fish could be screened for the presence
or absence of the tags, without requiring their sacrifice. Each stream
should be monitored annually for returning adults. Some indication of
straying rate could be determined if a tagged fish entered a stream that
was not stocked. Tissue samples (e.g., fin clips) should also be collected
from all adults, both from the brood stock and from returning fish to the
river. Given the small population sizes, genetic markers could be used to
develop estimates of the genetic contribution of hatchery versus wild
adults to subsequent generations. It would be reasonable for a gene bank
to contain representative samples of juveniles from all the unstocked riv-
ers, as described in the Gene Banking section. This would provide some
insurance against the risk of extinction of fish from these rivers.

Drawbacks of this approach include expense (for rearing and moni-
toring), potentially harmful effects on certain populations from either
stocking or not stocking them, and the diversion of funds for other resto-
ration work. If populations were to disappear in streams where stocking
is discontinued, future recovery might depend on introduction of fish
from other rivers, natural straying, or both. However, only six of the eight
DPS rivers are being stocked (all except Cove Brook and the Ducktrap),
and that provides an opportunity to compare stocking and not stocking.
However, there could be considerable improvement in understanding the
performance of stocking as a restoration tool. Information garnered from
this option would significantly enhance the ability of managers to adapt
future management plans, determining how best to deploy precious re-
sources and what effort to place on hatcheries, as compared with other
intervention actions.

Recommendations for the Penobscot

The Penobscot drainage is the largest in Maine, and it contributes
more than half of all the returning Atlantic salmon in most years. The
large size and dendritic drainage pattern of the Penobscot watershed pro-
vide a diverse array of habitats. As a result, the evidence for genetic
differentiation of populations among the various tributaries is compelling
(NRC 2002a). The mainstem is much larger than most of the tributaries
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that have salmon, such as Cove Brook and Kenduskeag Stream. There are
various options, but whichever one is adopted, the committee recom-
mends close monitoring of conditions. If sharp declines are seen in
unstocked populations, the stocking program can be restarted easily and
quickly before the point of no return is reached. If the unstocked popula-
tions hold their own or begin to rebound, it might be wise to adjust the
stocking strategy for other populations. In any case, an adaptive manage-
ment strategy should be followed, using the outcomes of the carefully
monitored early experiments to guide ongoing management choices.

Recommendations for the Kennebec

NMFS and FWS (1999) characterize the Gulf of Maine DPS as includ-
ing “all coastal watersheds with native populations of Atlantic salmon
north of and including tributaries of the lower Kennebec River (below
Edwards Dam) to the mouth of the St. Croix River at the US-Canada
border.’’ The agencies later excluded the salmon populations from the
lower Kennebec drainage from the DPS. The Kennebec is the second
largest watershed in Maine and historically has produced similar numbers
of Atlantic salmon (Atkins 1869, Kendall 1935). The largest impact on the
survival of Atlantic salmon in Maine will be obtained by conserving and
nurturing the Penobscot populations, but the second largest impact can
be obtained by restoring Atlantic salmon to the Kennebec.

With the removal of Edwards Dam on the lower Kennebec, the possi-
bility of salmon recovery in the upstream Kennebec main stem has be-
come a matter of considerable interest. Viable populations of Atlantic
salmon are in Togus Stream and Bond Brook tributaries, both joining the
main stem below Edwards Dam. Strays from other rivers have been docu-
mented within the drainage (Beland 1986, Baum 1997). It is not entirely
clear whether the current populations represent the remnants of persis-
tent aboriginal populations within the drainage (Baum 1997, Beland 1986,
Buckley 1999, Foye et al. 1969, Havey 1968, Vail et al. 1995), but neither
Togus Stream nor Bond Brook was incorporated into the DPS (NMFS and
FWS 1999).

The report on the genetic status of Maine’s salmon (NRC 2002a) in-
cluded salmon from Togus Stream and Bond Brook (collectively labeled
Kennebec) in its comparison of genetic assignment success rates among
Maine drainages (King et al. 1999). A close examination of the data (NRC
2002a, Table 3) shows that the salmon populations of the Kennebec drain-
age are more distinct than are those of the current DPS rivers. The current
populations are wild (as defined in Chapter 1), and they should figure
prominently in any restoration effort. The committee concludes that there
is nothing to lose by not stocking the Kennebec (NRC 2002b). Atlantic
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salmon seem to be recolonizing the upper Kennebec main stem above the
Togus Stream and Bond Brook tributaries. There is preliminary evidence
that salmon are already spawning as far upriver as Ticonic Falls, 19 miles
above the former dam site (P. Christman, Maine Atlantic Salmon Com-
mission, personal communication, 2002). The opportunity to observe the
course of that rebound, in the absence of stocking, should not be
missed.

The Kennebec also provides an excellent opportunity for fishery man-
agers and biologists to determine whether dam removal will be sufficient
to allow recolonization and expansion of the wild fish populations up-
stream of previous impediments. A review of accumulated experience in
the Bond Brook and the Togus Stream suggests that some recolonization
of the upstream Kennebec main stem can be expected. For the short term,
salmon should be allowed a chance to rebound naturally in the Kennebec
without hatchery augmentation. Conditions should be monitored closely,
however. If the population of wild salmon does not rebound naturally in
the Kennebec, an enhancement program can be implemented (presum-
ably using Togus Stream and Bond Brook brood stock), but if the main
stem population rebounds naturally, subsequent stocking should be
avoided. In addition, the Androscoggin—also emptying into Merrymeet-
ing Bay—is blocked by a large dam (although it does have a fishway),
thus serving as a control for the Kennebec.

Stocking Related Species

The committee strongly discourages the stocking of landlocked
salmon and brown trout into streams containing anadromous Atlantic
salmon populations. Problems posed by landlocked salmon include com-
petition for food resources and possibly spawning sites, mistaken reten-
tion of anadromous fish by recreational anglers who think or claim that
they are landlocked salmon, bycatch of anadromous fish, and potential
hybridization with anadromous fish. Stocking of other nonnative fishes,
such as large- and smallmouth bass, should also be avoided.

AQUACULTURE

Options for Aquaculture

The committee performed a decision analysis of the options given
below as an illustrative example; that analysis appears in Chapter 4. The
purpose of the example is to illustrate how to think systematically about
the options while including technical, societal, and economic factors. Be-
cause the appropriate weightings for those factors can be determined
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only by the people who have an interest in the outcomes, we have not
based recommendations on the analysis.

• On-land and other physical containment for salmon farms. This
option allows for full separation and nearly complete containment. Like
land-based production facilities, closed or contained floating facilities,
water recirculation or controlled inflow and outflow of water, and other
containment technologies can reduce disease and parasite transmission
and escapes. The option allows for the protection of wild populations
alongside the development of aquaculture. However, although closed
systems are more secure than net-pen, no system is escape-proof, and
land-based recirculating systems can be uneconomical. Current prices for
salmon might be too low to support this option (and some others).

• Zoning. This option allows for the relocation of cage sites away
from important Atlantic salmon populations. The magnitude of most en-
vironmental impacts on wild salmon diminishes as distance is increased
between the cage site and the natal rivers and migratory routes. This
option is being considered by Norway. The establishment of protection
areas where salmon aquaculture is restricted or prohibited may protect
wild populations of salmon. Such protection areas may minimize genetic,
behavioral-ecological, disease, parasite and environmental impacts. Off-
shore cage aquaculture, which is now being considered, is another possi-
bility. If and when that becomes a practical option, the committee recom-
mends careful risk and benefit assessment. Brooks et al. (1998), however,
suggested that the net-pens in Maine are in the best available locations for
dispersal of nutrients and solids released from the pens. Thus, moving the
pens could produce adverse effects on water quality elsewhere, even if it
solved other problems.

• Biological containment. Making farm fish sterile is a biological
containment strategy for reducing the likelihood of their interbreeding
with wild salmon. The present approach to sterility, called induced trip-
loidy, involves tricking newly fertilized eggs to retain an extra pair of
chromosomes by applying a mild temperature or pressure shock at the
right moment. Methods to induce triploidy are easy to learn and require
relatively inexpensive, simple equipment. Protocols for large-scale induc-
tion of triploidy have been worked out for Atlantic salmon. Although the
effectiveness of triploidy induction varies greatly (e.g., 10–95% success
rates [MacLean and Laight 2000]), success can be determined through
relatively inexpensive and nonlethal screening of treated fish before trans-
fer to net-pens (Kapuscinski 2001). In one of few field tests of this ap-
proach, triploid adult salmon migrated back to natal freshwaters at a
much lower rate than control salmon, thus reducing the numbers that
could compete or try to mate with wild fish (Cotter et al. 2000). Triploids
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may have enough sex hormones in their bloodstream to enter into normal
courtship and spawning behavior, interfering with the reproduction of
wild relatives. This concern appears to be mostly with triploid males
(Inada and Taniguchi 1991, Kitamura et al. 1991, Cotter et al. 2000), and
making the farm fish all female in addition to making them sterile may
reduce the concern.

Induced sterility, however, addresses only some concerns (genetic
and behavioral-ecological) and not others (such as disease). Moreover, it
does not fully eliminate potential behavioral-ecological interactions, be-
cause farm salmon will enter the environment on a recurring basis where
competition with wild relatives and predation on other species may occur
(Kitchell and Hewitt 1987). Disadvantages may also exist in terms of yield,
fish health, and other marketing factors.

• Tagging (physical and genetic) all farm fish. Physical tagging or
marking could be used to identify farm salmon in the wild and facilitate
their separation from wild fish. This option can be used to determine the
source of escapes and to assess the interactions of escaped farm salmon
with wild populations. Genetic tagging would allow for the tracking of
genetic introgression and potential removal of farm and hybrid offspring.

• Weirs. Weirs are used to separate wild and farm fish during up-
stream migration and thus reduce impacts of escapes. Currently, weirs
are on the Dennys, Pleasant, and Narraguagus rivers, with plans for col-
lection facilities on the East Machias and Machias rivers. Ideally, they
would be used in conjunction with tagging of farm fish. Public funds
would probably be used to construct and maintain these and additional
structures. In addition, this option would entail increased handling of
wild fish and migratory delays, both of which might affect survival and
reproductive performance. Those effects might be reduced if it were pos-
sible to identify tagged farm fish by video stationed at the weir (e.g.,
Lamberg et al. 2001) and have an electronic gating system to separate
them. However, weir systems, and particularly those involving video,
become nonfunctional in high-water conditions, which often coincide with
peaks in salmon migration. In addition, ice formation in the fall requires
dismantling parts of the weir to prevent damage before the upstream
salmon runs are complete.

• Genetic makeup of farm fish. This option would require the use
of local North American genetic material. There is a deep phylogeographic
discontinuity in genetic structure (based on allozymes and mitochondrial
and nuclear microsatellite DNA) between North American and European
Atlantic salmon (reviewed in NRC 2002a). All things being equal, reduc-
ing the genetic distance between the farm and wild fish would likely
reduce potential genetic impacts. However, all things may not be equal,
and local North American strains may be more successful at interbreed-
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ing with wild Maine salmon, resulting in a more rapid introgression of
nonadaptive domestic traits into wild populations. Any reduction in re-
productive performance in the wild from using nonlocal (European) strain
fish would have to be great enough to compensate for the additional
genetic risks imposed by using such strains (Fleming 1996). However, if
there were successful interbreeding, the offspring of farm and wild fish
would be easier to detect genetically if the genetic makeup of farm fish
were very different from that of local wild fish.

The committee sees a need for additional research and analysis on the
effects of escapes of farm fish of differing genetic origins. Until that re-
search and analysis are complete, the committee judges it safer for farms
to use local North American fish. Neither tactic would eliminate the ef-
fects resulting from the introgression of domesticated (farm) traits into
wild populations. Moreover, potential ecological impacts remain.

• Disease management. Disease could be reduced by better man-
agement of stocking density in pens and by area-management strategies.
Aquaculture production should be conducted in accordance with appro-
priate fish-health protection and veterinary controls, including the appli-
cation of appropriate husbandry techniques to minimize risk of diseases
(vaccination, use of optimal stocking densities, careful handling, frequent
inspection of fish, proper diet and feeding regimens, detailed health in-
spections, and strict controls over transport of fish). There should be in-
centives or regulations to promote disease and parasite treatment beyond
a cost-benefit perspective to maximize production while minimizing ex-
penses. Current practices need to more fully integrate the costs of the
impact of disease transference and magnification from farm to wild fish.
Conditions would improve, but the dangers of disease outbreaks would
not be eliminated, and other ecological and genetic concerns would not be
addressed.

• Effluent guidelines. These guidelines would cover biological pol-
lutants, as well as nutrients, organic matter, and chemicals, and provide
incentives to prevent water pollution by establishing settling ponds, recir-
culation systems, floating bags and tanks, polyculture systems, and other
cost-intensive measures. This option would not address concerns associ-
ated with escapes.

• International agreements. Cooperative agreements with Canada
should be implemented to reduce the impacts of salmon farming on wild
salmon, especially in the Cobscook and Passamaquoddy Bay areas.

Some of the measures that provide opportunities for coexistence be-
tween cultured and wild fish are initially costly to the industry. But main-
tenance of genetic diversity in wild populations may be crucial in the long
run both for wild populations and for cultured strains. Thus, it remains to
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be seen what the final costs will be if effective measures to protect native
populations are not taken immediately.

Research on the Socioeconomic Effects
of Changes in Aquaculture

In Chapter 4, the committee considers several options for reducing
the risk to wild Atlantic salmon of salmon farms. It also describes a deci-
sion analysis based on those options. As the discussion of the decision
analysis points out, the people who will have to live with the conse-
quences of the decisions and who might have to pay for them should be
involved in the analysis. But that analysis will be difficult even for people
with local knowledge and a stake in the outcomes because much is un-
known about the consequences of those decisions. For example, nobody
knows whether more or fewer Maine residents would be employed in
salmon farming if it moved inland than are employed now. Nobody
knows what the mixture of employment would be among those currently
working on the farms and new employees—how far would they have to
move, if at all; what would be the socioeconomic consequences to indi-
viduals of such moves; and how difficult would it be to find and train
new workers if they were needed? Similar questions could be asked about
most of the options described in Chapter 4.

However, changes to the aquaculture industry are inevitable, even if
it does no more to reduce risk to wild salmon than is being done now.
Technology and economic factors change, as do political and environ-
mental ones. To the degree that socioeconomic factors associated with the
industry are understood, it will be less difficult to adapt the industry to
reduce risks to wild salmon. Even if it does not change, many socioeco-
nomic factors related to aquaculture have not been quantified, and better
knowledge of them could be used to the benefit of Maine’s residents and
the industry itself. Therefore, the committee recommends research into
the socioeconomic factors associated with the aquaculture industry.

FISHING

Fishing conducted in Maine and elsewhere was and has the potential
to be a source of direct mortality for anadromous Maine Atlantic salmon,
as described in Chapter 3. Directed fishing for anadromous Atlantic
salmon in Maine and its adjacent marine waters has been prohibited since
2000, although some directed fishing continues in Greenland and St. Pierre
and Miquelon (Chapter 3). Also, bycatch and poaching continue to cause
the deaths of an unknown number of anadromous Atlantic salmon in
Maine and at sea. Any fishing mortality is serious for populations of
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salmon as depleted as Maine’s are, and any reduction in that mortality
would help.

Adult anadromous Atlantic salmon can be confounded with land-
locked Atlantic salmon and brown trout, which they strongly resemble.
Anglers can believe or pretend that they have caught a landlocked Atlan-
tic salmon or a brown trout—fish that can be legally retained subject to
regulations in Maine—when they in fact have caught an andromous At-
lantic salmon, which cannot legally be retained. Juvenile Atlantic salmon,
especially as they approach the smolt stage, can be mistaken for small
landlocked salmon or brown, rainbow, and brook trout. The committee
has seen no data on the frequency of such mistaken retention, but it has
heard anecdotes. The mistakes are likely to occur at least occasionally.
Even if the accidentally caught salmon are not retained, hooking them can
cause some deaths even if the fish are released, especially at high tem-
peratures. At sea, various fishing methods have the potential to capture
Atlantic salmon. Again, little information is available on the frequency of
such captures.

Prohibiting all fishing for all species in waters inhabited by anadro-
mous Atlantic salmon is not acceptable currently, and is unlikely to pro-
duce large benefits for Atlantic salmon. However, several approaches
short of total prohibition could be helpful.

Stocking gamefish that resemble anadromous Atlantic salmon or com-
pete with or prey on them in streams with imperiled anadromous Atlan-
tic salmon populations is probably detrimental to Atlantic salmon and
should be carefully evaluated wherever it occurs. Seasonal closures, at
least for other salmonids at times when anadromous Atlantic salmon are
most likely to be accidentally taken, also could reduce bycatch mortality
in such waters. Size limits also can be protective, as described in Chap-
ter 6.

The committee has heard the view that it would be better to use
Maine’s streams as habitat for gamefish that are easy to establish than to
attempt to restore salmon runs in them. This consideration is not within
the committee’s statement of task. It and related considerations are more
appropriately within the purview of local and national decision makers.
However, the listing of Atlantic salmon as endangered under the ESA in
the eight DPS rivers and the task of this committee both derived from the
view that the conservation of biological diversity, including genetic di-
versity, is an important societal goal. The stocking of gamefish that would
adversely affect the survival and restoration of wild Atlantic salmon in
those rivers is clearly contrary to that goal.
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MORTALITY OF SALMON IN ESTUARIES AND THE OCEAN

As described in Chapter 3, declining rates of returns of adult anadro-
mous Atlantic salmon to Maine’s rivers indicate increased mortality after
the young salmon leave freshwater. While it is not possible to determine
from return rates alone how much of the increased mortality occurs as
smolts transition from freshwater to saltwater in the estuaries and how
much occurs at sea, there are reasons to be concerned about both environ-
ments.

Changes in ocean conditions could affect salmon in many ways. They
could affect the migration routes salmon take, their physiology, the
amount and kinds of food available to them, and the degree to which they
are preyed on. While most of those factors are not easily dealt with by
human intervention, knowledge of how they affect salmon would still
help to focus efforts on appropriate restorative actions in other environ-
ments used by salmon, and they could help to understand the likely
effects and urgency of such interventions.

If the increased mortality is associated with the interaction of con-
taminants in freshwater with the physiological stress of the transition
from freshwater to saltwater, it is probably amenable to human interven-
tion. It is of great importance to establish first whether there is such an
interaction, and second what the main contaminants are. Contaminants
can interact with salmon transitioning from freshwater to saltwater
through changes in pH or temperature or through direct toxic effects.
Knowing whether they are present and how they are acting on salmon is
critical to a successful effort to rehabilitate salmon populations in Maine.

RESEARCH AND MONITORING

Research and monitoring are needed to understand the status and
trends of populations of wild salmon in Maine and to understand the
effects and effectiveness of management and other human actions on
salmon. The committee has pointed out knowledge gaps that make man-
aging salmon more difficult. Yet research can affect the fish. At the Maine
Atlantic Salmon Task Force (1997) pointed out, “Despite careful handling,
fish may die from trauma when fisheries biologists capture salmon to
collect necessary growth and population data.”

In most cases, the number of fish killed by research is so small that it
is not a serious consideration, but in several Maine rivers there are so few
wild salmon that killing even one parr or smolt could affect the popula-
tion. In addition, some kinds of handling and sampling seem likely to
entail greater risks than others. The committee has concerns in particular
about research that requires fish to be anesthetized, samples of blood or
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scales to be taken from very small fish, and the fish to be caught and held
for long periods in strong currents, as might occur in a rotary-screw trap
for smolts during high flows. The value of any information obtained needs
to be weighed carefully against the possibility of the death of any wild
fish subjected to handling, especially where wild populations are very
small.

Noninvasive Methods of Estimating Numbers
of Wild, Hatchery, and Farm Salmon in Streams

Accurate estimates of the annual abundance of various life stages of
wild, hatchery, and farm salmon in Maine rivers and knowledge of other
aspects of their genetic makeup are important for adaptive management.
However, obtaining such information entails varying degrees of risks to
the fish, especially when the fish are small. Therefore, the benefit of ob-
taining such data via electroshocking and rotary screw traps must be
balanced against the risks of increased physiological stress and decreased
survival posed by these collection methods and the subsequent handling
of collected fish. It seems undesirable to add such stressors to wild salmon
at a time when their numbers are as desperately low as they are at present.
Therefore, the committee recommends the development of noninvasive
fish counting (using visible external marks of hatchery and farm fish) to
be used on a carefully selected representative sample of stream sites. For
instance, in Norway underwater video systems for monitoring anadro-
mous salmonids migrating up rivers are effective in registering fish and
providing data on species and fish size (Lamberg et al. 2001). Underwater
video recording is best developed for adults migrating up river but war-
rants consideration for adapting to counting a sample of parr in streams
or outmigrating smolts.

If noninvasive sampling is infeasible or too costly at present, the com-
mittee suggests that until wild fish numbers rebuild substantially, inva-
sive sampling be limited to counting smolts migrating down river with
minimal holding time when rotary screw traps are used and that the
collection of blood and other tissues be discontinued. That would reduce
further stress to wild fish. Although genotyping of sampled fish would
also be precluded, the committee judges that increasing the survival rates
of wild salmon is more important in most cases than gaining additional
data because of the low population sizes.

GOVERNANCE

As explained previously, the committee has not been able to assess
the overall effectiveness and efficiency with which government agencies
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are contributing to the restoration and conservation of Atlantic salmon in
Maine. Nor has the committee been able to evaluate the extent to which
government agencies and other governance institutions and arrangements
are capable of learning and adapting to new information and changing
conditions in the natural and human environments. Barriers to learning
from policy and other initiatives within and across institutions may have
constrained the effectiveness of previous efforts to reverse the decline of
wild Atlantic salmon in Maine as elsewhere (NRC 1996a). Such barriers
need to be documented and addressed. Examples of such analyses are
given in Burger et al. (2001) and NRC (2002e).

One strategy for dealing with this problem is to design policies based
on the principles of adaptive management. From this perspective, policy
initiatives need to be designed as experiments so that their impacts can be
monitored, and lessons learned from these experiments can be used to
inform future policy initiatives. Adaptive management could be particu-
larly valuable in the design of initiatives, such as dam removal, that are
unlikely to have negative impacts on remaining salmon. It is more appro-
priate, however, for situations where resource decline or extinction are
not yet major issues. Adaptive management is not a no-cost or no-risk
strategy because experiments can have unanticipated negative impacts
and because there are costs associated with monitoring the effects of policy
initiatives.

Additionally, the committee sees a need for the State Planning Office,
or other legitimate authority, to conduct a systematic assessment of gov-
ernance to determine whether there are gaps in authority; overlapping
authority; conflicts of goals, interests, and values among agencies and
groups; and adequate cooperation among government agencies as well as
between these agencies and NGOs. Among other things, the study should
determine whether the current ecology of governance contains disincen-
tives or incentives for experimentation or other forms of learning; it should
also determine the extent to which the public processes used to date have
contributed to the development of effective strategies for conservation
and rehabilitation of salmon habitat and salmon populations that are per-
ceived as legitimate and credible by the different interest groups affected
by these strategies. This is especially important since governance will
play a major role in determining the success of efforts to restore and
conserve Atlantic salmon in Maine.

To help guide this investigation, the committee notes that research
done elsewhere on the rehabilitation of badly depleted salmon stocks has
found that governance can pose a threat to salmon (and to other species)
when governance institutions and their jurisdictional boundaries do not
match the spatial, temporal, and functional scales of the salmon problem.
One consequence of this mismatch is poor coordination of local, regional,
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national, and international rehabilitation efforts. One potential solution to
this problem is to reshape governance structures to be consistent with
salmon biology. This could involve developing multistakeholder gover-
nance institutions for each drainage basin, each nested within larger-scale
governance bodies to address larger effects such as climate change and
aquaculture (NRC 1996a).

The complexity of the natural history of Atlantic salmon, the ex-
tremely small remaining populations, and the broad range of threats to
their survival identified in this report point to the challenging nature of
the risk situation confronting any program for recovery of Atlantic salmon
in Maine. This report contains a preliminary risk assessment for Atlantic
salmon in Maine carried out by the committee that identifies many risk
factors and ranks those factors. It also contains some partial decision
analysis trees related to two key threats to Atlantic salmon: dams and
aquaculture.

The development of a successful recovery program for Atlantic
salmon in Maine will require a deeper and more sustained process of risk
characterization and risk assessment than it was possible or feasible for
this committee to undertake. Contrary to general practice, risk character-
ization involves much more than the translation of results of technical
analyses into accessible language for decision makers. To date, this ap-
pears to have been the central component of efforts to diagnose the prob-
lem of Atlantic salmon in Maine. To be effective, risk characterization
requires diverse and sustained participation by the full range of inter-
ested and affected parties throughout the process of diagnosing the situa-
tion, characterizing risks, risk assessment, decision analysis, and imple-
mentation of the recovery program (NRC 1996b).

A broad range of participants needs to be involved in the risk-charac-
terization, risk-assessment, and decision-analysis process to design and
implement an effective recovery program. Risk characterization is the
outcome of an “analytic-deliberative process,” with analytic referring to
the collection of reliable, replicable information on hazards and expo-
sures and deliberative referring to informal and formal processes for com-
munication and collective consideration of issues (NRC 1996b, pp. 3–5).
Those participating in the risk-characterization, risk-assessment, and de-
cision-analysis process need to consider the magnitude of uncertainty
and its sources and character. They need to get the right science, the right
participation, and the participation right; and they need to develop an
accurate, balanced, informative synthesis characterizing risk.
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ADDITIONAL CONSERVATION OPTIONS WITH MULTIPLE
ENVIRONMENTAL BENEFITS

The committee carefully considered a number of well established op-
tions that are not specifically targeted to help recovery of Atlantic salmon,
but have been used to restore or enhance habitat for aquatic biota. The
idea of adopting strategies that are likely to benefit wild Atlantic salmon
and that are even more likely to improve the condition of other aquatic
resources is particularly appealing. As is true for the other recommended
options, all interested stakeholders should be involved in these decisions.
Most of the options have been used effectively in other environmental
and natural resource management programs, often in combination. The
committee offers these recommendations not to compete with or displace
the central tasks described above but to complement and reinforce them.
The need for action on the ground expressed in other parts of this report
clearly extends to these recommendations.

Among the 14 goals of the 1997 Conservation Plan for seven Maine
Rivers (Maine Atlantic Salmon Task Force 1997), several focus on salmon
habitat. These include (1) habitat protection, (2) water quality monitoring
and management, (3) regulation of water withdrawals, (4) removal or
mitigation of barriers to fish passage, and (5) protection or restoration of
wetlands—an interrelated set of ecosystem attributes linked by water.
This section provides detailed examples of strategies that relate to spatial
data and management information systems, roads, irrigation withdraw-
als and return flow, agricultural chemicals, riparian forest buffers, forest
management planning, forestry best management practices (BMPs), and
recreational use and that reduce the adverse impacts of residential, com-
mercial, and industrial development.

Although implicit in the 1997 conservation plan and other documents
published by state and federal agencies and NGOs, it is not clear whether
management objectives are being inventoried and analyzed in a way that
systematically compares the merits, costs, benefits, and likelihood of suc-
cess between watersheds. If it does not already exist, developing and
maintaining a spatially referenced database of Maine rivers (and the prin-
cipal tributaries of major rivers, such as the Penobscot and Kennebec) that
includes the following attributes would be useful for strategic planning
and comparison of watersheds.

• Area
• Mean daily stream flow
• Minimum and maximum flow of record (or estimates)
• Stream flow normalized by watershed area ([m3/sec]/km2)
• Number of National Pollutant Discharge Elimination System permits
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• Total wastewater discharge
• Generalized land cover and land use (percent forest, percent agri-

culture, percent urban)
• Water withdrawal permits
• Number of dams
• Total height of dams
• Total area of Atlantic salmon habitat
• Maximum number of salmon returning, 1960–present, etc.

After completing the first iteration of the watershed assessment, a
more detailed functional inventory of dams and other obstructions (cul-
verts, bridges, channelized reaches, waterfalls, any hydraulic conditions or
structures that inhibit fish passage) to fish passage could be developed to
evaluate cumulative effects and design optimal conservation strategies. (The
development of a detailed database for dams could occur in parallel with
the watershed database to reduce delays in planning and implementation
and could build on existing inventories, such as that by Elder (1987b).)
The functional inventory of dams could include a number of key attributes.

• Location (global positioning system [GPS] coordinate)
• Proportion of watershed area above dam
• Height
• Condition (breached, leaking, intact)
• Fish passage structure (Yes/No? type, condition, effectiveness, etc.)
• Total habitat units above dam
• Habitat units between dam and next upstream obstacle
• Current use
• Historical use
• Potential for contaminated sediments
• Any other useful metrics

Both databases could be queried, sorted, and routinely updated to pro-
vide an objective foundation for project planning, sequencing, and imple-
mentation.

Roads

With the exception of large dams on the lower reaches of rivers, no
human alteration of the landscape has a greater, more ubiquitous impact
on aquatic habitat than roads. Every road-stream crossing has the poten-
tial to be a barrier to fish passage and a major source of sediment. A well-
designed road, either paved or unpaved, has a slight crown along the
centerline to direct rain or snowmelt off to the sides. In some cases,
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stormwater flows harmlessly off into the adjacent forest or fields and is
termed “country drainage” by engineers. More often it is collected in
ditches or swales that parallel the road, sometimes for long distances. As
the volume and velocity of flow increases, so does the quantity of sedi-
ment that can be transported. Clay, silt, and fine sand that accumulate in
road ditches arethe first to be transported to streams during rain and
snowmelt events. Soil particles also carry nutrients, metals, and other
potential non-point-source (NPS) pollutants on their charged surfaces. In
addition, fine sediment increases turbidity in streams. Unless deliberate
efforts are made to divert or store water and sediment along the way, they
flow unimpeded into streams at every road crossing.

Even in large forested areas with low road densities, the alteration of
natural pathways of flow can be significant. Removing forest cover in-
creases the amount of precipitation reaching the surface. The earthwork,
compaction, and surfacing (e.g, crushed stone, clay caps, bank-run gravel)
needed to construct roads greatly limits the rate at which water can enter
the soil. As a result, larger quantities of lower quality water are generated,
concentrated, and directed downstream. These pulses of stormwater and
sediment can destabilize stream channels, fill or cover redds, and contrib-
ute to eutrophication and acidification of streams.

A wide range of BMPs can be used to prevent and minimize the
adverse impacts of roads on aquatic habitat. They include, but are not
limited to, (1) careful route planning to keep roads on resistant terrain
and minimize the number of road-stream crossings, (2) bridge and culvert
designs with hydraulic characteristics that permit fish passage in both
directions for different life stages, (3) bioengineering techniques to stabi-
lize embankments (either cut or fill slopes) associated with road construc-
tion, (4) stormwater management practices to eliminate or reduce the
hydraulic connections between roads and streams, (5) aggressive soil ero-
sion control on new construction or unstable areas, and (6) regular pre-
ventive maintenance to prevent debris dams or beaver from blocking
culverts. Although unglamorous, the last item is especially important to
maintaining aquatic habitat quality. When a culvert is blocked, the road
embankment becomes an earthen dam at least until the water flows over
the road or pressure causes the saturated fill to give way. When the em-
bankment fails, it sends a torrent of water, sediment, and debris down-
stream. In areas with multiple road-stream crossings, this can lead to a
domino effect involving downstream structures. When true-cost account-
ing of long-term forest management is used, due diligence with BMPs
and preventive maintenance are a bargain compared with replacing cul-
verts, bridges, and road fills; dealing with enforcement orders and law-
suits for environmental and property damage; and the increased risk of
motor vehicle accidents.
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Irrigation Withdrawals and Return Flow

To remain competitive in international markets glutted with culti-
vated blueberries from more temperate areas, some farmers and most
large commercial operations in Maine have begun to irrigate wild blue-
berry heaths throughout the growing season. This practice typically pro-
duces a threefold increase in crop yield and greatly reduces the fluctua-
tions usually associated with the vagaries of New England weather. In
fallow fields (berries are produced every other year), irrigation leads to
more vigorous growth, an increase in root reserves for the following year,
and a subsequent increase in flowering and fruit production. The season
of peak blueberry irrigation usually corresponds with the annual mini-
mum flows in Maine’s streams and rivers (July and August). Direct with-
drawal from streams causes unavoidable increases in water temperature,
associated decreases in dissolved oxygen concentration, and as a result,
increased stress for Atlantic salmon and other aquatic organisms. Some
large operations (e.g., Cherryfield Foods, Inc.) have installed deep wells
to supply irrigation water. Other growers (e.g., Lincoln Sennett) have
constructed ponds to store snowmelt and spring rain for growing season
application. As long as wells and ponds do not intercept appreciable
quantities of water that would have entered streams and rivers, these
forms of supply are clearly preferable to direct pumping.

As with any crop, when irrigation water is applied in excess of the
plants’ physiological requirements, the surplus water percolates through
the root zone carrying whatever chemical constituents it has mobilized. If,
for example, the fields are located on deep glacial outwash deposits, wa-
ter from the root zone flows vertically (10 to 30 meters) until it reaches
deep groundwater systems. By contrast, in areas of shallow (e.g., 1 or 2
meters) glacial till, water flows laterally over impermeable bedrock. This
“return flow” to streams can be rapid and problematic if it carries nutri-
ents, pesticides, or other agricultural chemicals. Because the blueberry
farms in the Down East rivers are located in large blocks along the lower
reaches, their influence is concentrated in the area traversed by all adult
fish on their way upstream to spawn and all smolts on their way to the sea.

Agricultural Chemicals

Low-bush wild blueberry (Vaccinium angustifolium) is a small woody
shrub that once grew in the understory of sparse forests, openings created
by wildfires, or larger patches when soil and site conditions were too poor
to support trees. It now grows in expansive fields (totaling about 40,000
acres across the Down East watersheds) that are intensively managed to
maximize yields. Wild blueberries exhibit substantial clonal variation,
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which helps to limit the severity of insect and disease impacts in a monoc-
ulture. While not strictly an organic crop, blueberry growers are eager to
promote the health benefits (high antioxidant content) and “wild mys-
tique” of their product especially in the bakery trade and European and
specialty markets (WBANA 2001). Therefore, most growers, especially
large commercial operations, strive to minimize the use of agricultural
chemicals.

Blueberry growers have supported the University of Maine’s research
and extension efforts since 1945. As a result, traditional practices and trial
and error approaches have been supplanted by integrated pest manage-
ment (IPM), integrated crop management (ICM), and other methods and
approaches aimed at increasing efficiency and reducing cumulative envi-
ronmental impact. Current research on water use efficiency holds prom-
ise for the improvement of irrigation practices, particularly the reduction
or elimination of return flow. The establishment or enhancement of ripar-
ian buffers and windbreaks also shows an increasing awareness of poten-
tial off-site impacts. Prescribed fire is used to limit weed competition and
prevent natural regeneration of trees and other forest vegetation in the
blueberry fields. Although its effects should be quantified, it is likely that
burning is more desirable than the use of herbicides especially in the
Down East watersheds. Water quality data are so limited in the Down
East region that it is not possible to quantify the effect, if any, of agricul-
tural chemicals on Atlantic salmon and other parts of the aquatic ecosys-
tem. A multiyear program of soil solution, groundwater, and stream
chemistry, in an “above and below” or paired watershed (reference and
treatment) design that includes flow proportional sampling is needed.
Biomonitoring methods using aquatic macroinvertebrates also may help
to assess mechanisms, patterns, and trends.

Riparian Forest Buffers

The riparian area is the transition between terrestrial and aquatic
ecosystems (NRC 2002d). Vegetation in the riparian zone is critically im-
portant to the biotic integrity of aquatic ecosystems. Trees and other for-
est vegetation provide a suite of ecological services:

• Shade that helps to regulate water temperature
• Root support to stabilize banks and floodplains
• Inputs of organic carbon that comprise the base of the food web
• Leaf litter to protect soil from erosion and maintain high surface

permeability
• Large woody debris to form pool habitat
• Hydraulic roughness to dissipate the energy of flood flows
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• Nutrient uptake and assimilation
• Travel corridors for terrestrial wildlife and amphibians

To maintain these ecological services, the width of riparian forest
buffers should be modified in relation to landform (both the floodplain
and adjacent uplands) and the character and condition of the forest (Verry
et al. 2000). While fixed-width buffer strips (usually 100 feet) are certainly
preferable to gaps, one-size-fits-all does not fit most situations. Contem-
porary methods use the height of mature trees, slope, and landform to
devise an appropriate and conservative (in both senses of the word) ripar-
ian forest buffer. The largest landowner in the Down East region, Interna-
tional Paper Company (formerly lands of Champion International), main-
tains a 1,000-foot buffer along the main stem of rivers that traverse its
forestland. In an area where trees rarely exceed 100 feet, this represents
corporate decision making in the face of ecological, regulatory, and politi-
cal uncertainty. Notably, International Paper’s mapping and harvest plan-
ning also includes riparian forest buffers on headwater tributaries. This
avoids the common approach of designating large buffers on large rivers
while neglecting small headwater streams that constitute the majority of
the system. As a result, NPS pollution that enters in upstream areas flows
right past large downstream buffers.

Project SHARE is undertaking a regionwide assessment of riparian
forest buffers (RFBs). Using aerial photography, satellite imagery, geo-
graphic information systems (GIS), and field inspections, they will iden-
tify stream reaches that lack RFBs and devise site-specific restoration
plans. They also have established a native plant nursery to produce grow-
ing stock (both trees and shrubs) that is appropriate for local conditions.
The USDA Forest Service Northeastern Area is providing funding and
technical assistance for this project.

Forest Management Planning

A brief summary is needed to explore the potential interaction of
forestry and Atlantic salmon in Maine. Contemporary forest management
involves the harvesting of trees to generate a sustainable supply of wood
fiber for paper, lumber, and other forest products while avoiding or miti-
gating adverse impacts on other resources—water, fisheries, wildlife, rec-
reation, aesthetics, and spiritual values. Long-term forest management on
large public and industrial landholdings typically uses a 20-year strategic
planning horizon (with detailed forest growth and yield projections that
extend 100 to 200 years into the future) to systematically organize opera-
tions at the landscape scale. A 5-year business plan is used to optimize
interrelated components and to determine sequencing of key components,
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such as (1) harvest areas and silvicultural prescriptions, (2) road construc-
tion, reactivation, or reclamation, (3) harvest schedules and expected vol-
umes, and (4) plans and practices to protect other forest resources. An-
nual operating plans contain detailed schedules, contracts, budgets, health
and safety, and staffing requirements, and contingency plans for un-
seasonable weather, natural disturbances (e.g., wildfires, floods), and
short-term fluctuations in mill production schedules. Five-year plans are
updated annually to reflect changes in the forest, including natural dis-
turbance events. The 20-year plan serves as the benchmark as the 5-year
plan is implemented.

Recent advances in computing and mapping technology have en-
hanced the detail and accuracy of forest management plans in several
important ways. GIS have largely replaced conventional maps and aerial
photographs that were the foundation of management planning from the
1930s through the late-1980s. GIS databases allow planners and managers
to intersect, combine, or overlay themes or digital maps that represent
multiple attributes of forest ecosystems. Digital imagery from satellites
(10 to 30 meter resolution) or conventional aircraft (0.5 to 1 meter resolu-
tion) provides accurate depictions of forest vegetation types, wetlands,
streams, rivers, and lakes. When coupled with field surveys using sample
plots located with GPS and/or low-altitude flyovers with helicopters or
light planes, the species composition, biomass, character, and condition of
forest stands can be accurately mapped over large areas. This includes
tree, shrub, and herbaceous cover in recently harvested areas. Sample
plot and aerial survey data are extended over the remainder of the forest
using the GIS and a wide range of statistical methods. Other ecosystem
measurements are used to quantify the influence, positive or negative, of
forest management and compliance with environmental laws and regula-
tions. These efforts may include road stability surveys, stream reach as-
sessments, water quality measurements, biomonitoring with aquatic
macroinvertebrates, wildlife and recreational user surveys. How these
data are used in planning and operations varies widely in the public and
private sector. Whether environmental monitoring is proactive or reac-
tive is largely a function of the corporate philosophy of the firm or agency.

There are several ways that state-of-the-art forest management plan-
ning could help to conserve Atlantic salmon populations in Maine. The
first is simply by using terrain (digital elevation model), soils, land-cover
data, and the GIS to map areas with management restrictions. These in-
clude, but are not limited to, (1) the designation of conservative riparian
buffers along streams, lakes, and rivers, (2) contract restrictions on equip-
ment and operating conditions (e.g., frozen or dry season only, slopes less
than 15%), or (3) acceptable silvicultural systems (e.g., small group selec-
tion, patch cuts, patch retention). The second is to distribute the spatial
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pattern and temporal sequence of harvesting in a way that anticipates and
avoids adverse cumulative effects on aquatic ecosystems.

A recent review and synthesis of long-term paired watershed studies
by Hornbeck and colleagues (1993, 1997) suggest that reductions of forest
biomass or forest area of 20% to 30% are needed to generate significant
changes in water yield (stream flow volume and timing). Without signifi-
cant increase in soil moisture and stream flow, nutrients mobilized by
decomposition of organic matter are used by the trees and other forest
vegetation adjacent to the openings or patches left by harvested trees.
Even if the volume or area harvested exceeds 20% to 30% of any given
watershed, the hydrologic influence of timber harvesting is short-lived in
temperate climates. As the total leaf area of the regenerating stand ap-
proaches the mature trees that were cut, water yield returns to pre-harvest
levels, usually in 3 to 5 years. The 1997 conservation plan notes that harvest
areas for the period 1990 to 1994 ranged from 2% to 10% of the Down East
watersheds. Depending on the spatial distribution, regeneration success,
and growth rates, this may be far below the threshold identified by Hornbeck
and colleagues (1993, 1997) or exceed thresholds at the subwatershed
scale. In the latter case, the influence of timber harvesting near smaller
tributaries with unobstructed, high-quality salmon habitat could be sub-
stantial even though they are protected with riparian forest buffers.

After delineating watersheds across a range of spatial scales—from
first-order streams, to second- and third-order tributaries, up to the entire
watershed for each river—analysts could use the GIS to test the spatial
arrangement and temporal sequence of harvesting operations in proposed
annual, 5-year, and 20-year plans. Using a spatially distributed model
such as SNAP (Scheduling and Network Analysis Program, Sessions and
Sessions 1997), a decision rule of, for example, 30% forest biomass re-
moval would restrict subsequent harvests for a 5-year period in that head-
water area. By summing all the harvested areas at intermediate and land-
scape scales, the same space and time thresholds could be evaluated. Of
course, this requires landholdings of sufficient size to balance constraints
on harvested area and time between entries, losses of fiber to natural
disturbance, forest growth and yield, and the volume and grade require-
ments of the mills. It also adds additional complexity to road network
design, use, and maintenance. In other words, since roads are clearly a
more significant cause of adverse impacts than harvesting, a spatial and
temporal harvesting pattern that requires a greater net road mileage
would be counterproductive. In fact, minimizing the length of the active
road network and the number of road-stream crossings could be used as
additional objective functions in the model. Iterative or Monte Carlo simu-
lation methods can be used to enumerate a broad range of possible man-
agement scenarios.
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Forestry Best Management Practices

The profession of forestry was established in North America in re-
sponse to the waste and destruction caused with industrial logging,
floods, and catastrophic fires in late-1800s. While many associate best
management practices (BMPs; more appropriately named conservation-
management practices [CMPs] in Canada) with the Clean Water Act and
other 1970s-vintage environmental laws and regulations, they have al-
ways been a central part of a professional forester’s work. The work of
Civilian Conservation Corps (CCC) in the 1930s could be largely charac-
terized as the landscape- or even national-scale application of BMPs. For
example, the reforestation of eroding farm fields, pastures, cutover and
burned areas; stabilization and improvement of roads; construction of
bridges over perennial streams (to replace fords and undersized box cul-
verts); and a wide range of other activities transformed millions of acres
in a decade of unprecedented effort and commitment. Unfortunately,
World War II, the post-war building boom in the 1950s and 1960s, rapid
mechanization of logging and road construction, coupled with the ero-
sion of management standards and a strong conservation ethic, led to a
general relapse to 1890s standards of practice. Progressive companies and
diligent government agencies now require a suite of BMPs to protect the
functions and values of forest ecosystems.

A comprehensive system of BMPs is needed to reinforce the effective-
ness of individual practices and ensure that overall efforts are cost-effec-
tive and durable. Key principles for the adaptation or development of
BMPs for regional and site-specific conditions include the following:

1. BMPs should be integrated with routine planning and operations;
they should not be an after-the-fact addition or reaction to undesirable
conditions.

2. Leaf litter and soil surface should be protected because it helps to
retain the favorable hydraulic properties of forest soils (e.g., permeability
and infiltration rate) and to avoid overland flow, soil erosion, nutrient
mobilization, and sediment transport.

3. Whenever overland flow occurs, it should be deliberately dissi-
pated or dispersed before it increases in volume and momentum.

4. Hydrologic connections between roads and harvest units and
streams, lakes, and wetlands should be avoided.

5. Timber harvesting, road construction, road reclamation, and post-
harvest site stabilization efforts should be adjusted to terrain and weather
conditions.

6. Biological and physical control measures should be combined to
enhance their effectiveness.
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Forestry BMPs have been developed, tested, and refined for decades
and number in the hundreds. Some examples of BMPs derived from the
principles enumerated above, in addition to those already discussed for
roads and riparian areas, include the following:

• Contract specifications, terms, and conditions that clearly state ac-
ceptable start and end dates, provisions for delays and extensions based
on field conditions, performance standards for all aspects of the opera-
tion, performance bonds held in escrow accounts to motivate such factors
as compliance and equipment type, size, and weight limits.

• Temporary bridges or brush mats to cross ephemeral streams or
wetlands.

• Seeding of exposed soil with annual winter rye to ensure rapid
revegetation while limiting the permanent introduction of exotic grasses
and herbaceous plants (the rye dies and adds organic matter to soil as
native species recolonize the site).

• Limiting the size of log landings by matching the log haul to har-
vest production rates (maximizing throughput to minimize the size of the
disturbed area).

• Strict hazardous materials handling procedures in relation to heavy
equipment maintenance and refueling operations.

• Gates on temporary logging roads to limit access by all-terrain and
four-wheel-drive vehicles . . . and associated damage.

• Supervision by professional foresters on an as-needed basis (e.g.,
daily, weekly, random unannounced visits) to ensure compliance with
contract specifications.

Recreational Use

Many forms of outdoor recreation (snowshoeing, cross-skiing, snow-
mobiling, canoeing, kayaking, hiking on well-designed trails, hunting,
etc.) generate little or no impact on soils, water, and aquatic ecosystems.
All-terrain and off-road vehicles (ATVs and ORVs) are a recent and no-
table exception. ATVs (“quads” or “four-wheelers”) and ORVs (four-
wheel-drive trucks and sport-utility vehicles) can cause substantial dam-
age to soils, water, and aquatic ecosystems unless their use is carefully
planned and managed. Whenever people reenact television commercials
by fording streams, climbing steep banks or hills, and mixing, rutting,
and compacting soil, they cause a host of environmental impacts. This
damage may be inadvertent or intentional, but in either case, their actions
can negate months or years of work to control NPS pollution in one Satur-
day afternoon.
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COSTS OF OPTIONS

Estimating the costs of the options the committee has recommended
for improving the survival prospects of Atlantic salmon in Maine is com-
plex. The least difficult aspect of them—and the only one the committee
addresses below—is the direct monetary costs of executing the options.
Even those costs are accompanied by uncertainty, but a rough idea of
their order of magnitude is provided below for some of the options, along
with a discussion of the uncertainties associated with the estimates. The
committee cannot provide any estimates of indirect costs and benefits,
but they are important when considering the costs of various actions, and
so they are discussed briefly here.

Many costs and benefits are not directly associated monetarily with a
particular option. For example, time often is spent in lobbying for various
outcomes, negotiating, legal activity, reviewing permit applications, con-
sulting with colleagues and experts, and so on. These are real costs but
only rarely are they directly accounted for. Other costs accrue over time,
for example, as an accumulation of adverse effects of pollution or dams,
adverse financial effects on businesses that are required to contribute to
costs of executing options, or the accumulated effects on planning of un-
certainty over what measures will be taken and when.

Different groups, organizations, and individuals have various inter-
ests. They can be affected differently by factors related to these options,
some benefiting more than others from the status quo, others benefiting
more than others from the proposed options. Most of the human activities
that affect the survival of Atlantic salmon in Maine generate benefits to at
least some people. To the extent that those activities are constrained for
any reason, including protecting salmon, some costs will occur in the
form of foregone benefits. In a few cases, such as a dam in disrepair that
generates no power and provides no flood protection or recreational ben-
efits, an action to protect salmon will probably have only direct costs and
benefits, but such cases will be in the minority. Similarly, liming a small
acidified stream probably has few hidden costs. But for the others, the
hidden or indirect costs and benefits can be substantial.

For example, if a dam that blocks fish passage is retained, the dam’s
owners benefit from any net revenues generated by the dam and property
owners adjacent to the pool behind the dam benefit from owning water-
front property. On the other hand, other groups and individuals suffer
from the absence of migratory fish above the dam and from the loss of a
free-flowing river there.

Different groups bear costs and enjoy benefits differently. For ex-
ample, if a dam is removed, any loss of revenue associated with that
removal directly affects the dam’s owners, and any loss of tax revenue
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affects the relevant taxing jurisdiction. Property owners adjacent to the
pool behind the dam lose the benefit of owning waterfront property.
Other groups, however, benefit from the presence of migratory fish in
new stretches of the river and from the existence of a free-flowing river. If
an option affects the profitability of a salmon farm, its owners bear the
loss. In addition, there are broader societal effects of options. In the case of
the salmon farm, jobs could be lost if it loses profitability, and sharehold-
ers could be affected economically. In addition, jobs likely would be lost
by those who provide products such as feed to the industry, and its de-
mise could also affect retail and real-estate sales. But salmon anglers,
commercial fishers, and the tourist industry could perhaps benefit from
increased populations of wild salmon.

An additional complication is the uncertainty surrounding the effect
of an option on salmon and its effect on other species of interest. There is
no guarantee that implementing any of the options the committee recom-
mends, or even all of them together, will lead to a recovery of wild salmon
populations in Maine. That uncertainty is at least partially offset by the
high probability that other species as well as a variety of ecosystem goods
and services, such as provision of clean air and water, will benefit from
the options. Other complications include the difficulty of taking into ac-
count the costs and benefits that might accrue to future generations; the
costs and benefits of secondary effects, such as coming into compliance
with environmental laws and regulations or the consequences of altering
commercial operations; and other societal consequences. Many of the
above issues are discussed in greater detail in Heinz Center (2002), espe-
cially with respect to dam removal.

The above and other factors should be considered for a full evaluation
of the costs and benefits of the options and decisions about what actions
to take. Even though the committee cannot provide quantitative estimates
of those factors, they are important when considering the costs of various
actions, and they should be taken into account.

Dam Removal

The cost of removing a dam depends on many factors, including the
dam’s size; how it was constructed; the need for compensation to its
owners or users or beneficiaries; the amount of administrative, political,
and legal work that is done. The societal costs and benefits of removing
dams are also difficult to quantify (American Rivers et al. 1999, Heinz
Center 2002). Below we provide some examples.
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Edwards Dam

This privately owned dam, 917 feet long and 24 feet high, on the
Kennebec River was removed in 1999. The Federal Energy Regulatory
Commission (FERC) denied the request for relicensing. Following an ap-
peal, a settlement was reached whereby the owners avoided building a $9
million fish ladder that would have been required by agreeing to the
dam’s removal. They paid the city of Augusta, a co-licensee, $100,000 to
make up for lost revenue. Bath Iron Works, a shipbuilder, agreed to con-
tribute $2.5 million in exchange for favorable consideration of its request
to expand its shipyard on the river, and the Kennebec Hydro Developers
Group of upstream dam operators contributed $4.75 million in return for
extra time allowed for the installation of fish passage devices at their
dams (Associated Press 1998). The money was used to remove the dam
and to restore fish habitat. American Rivers et al. (1999) reported that it
cost $2.9 million to remove the dam, including $800,000 for engineering
and permitting, and that $4.85 million was provided for associated fish
restoration efforts in the basin.

The costs listed above total more than $7 million. However, that is not
the total cost of removing the dam. The Kennebec Hydro Developers
Group has saved money by being allowed to postpone the installation of
fish-passage devices, and the Bath Iron Works had the opportunity to
increase revenue by expanding its shipyard. The time spent by all the
people involved in reviewing license applications, filing appeals, lobby-
ing, and other related activities is not included in the total. Societal ben-
efits and costs are not included.

The Edwards Dam was one of the larger Maine dams obstructing the
passage of salmon and adversely affecting their habitat. It took approxi-
mately 6 years to remove the dam: the license expired in 1993, the
relicensing application was first denied in 1997, the agreement was signed
in 1998, and the dam came down in 1999. Smaller dams, especially those
that do not generate any power, would cost less and probably take less
time to remove than Edwards, although there often are objections to the
removal of dams that have large pools behind them. The objections often
focus on loss of recreational opportunities and loss of water-front by prop-
erty owners.

Grist Mill Dam

The Grist Mill Dam (GMD) on Souadabscook Stream is at the head-of-
tide on this tributary to the Penobscot River and is the first obstacle
anadromous fish encounter on returning to freshwater in this drainage.
The dam was 14 feet high, 75 feet wide, and its removal in October 1998
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cost $56,000 (American Rivers et al. 1999). Additional upstream dams
were breached as well. Four salmon-spawning sites were discovered up-
stream of GMD in December 1998 (American Rivers et al. 1999). The
process that led to the dam’s removal took approximately 3 years.

Other Dams

Estimated costs of dam removal have exceeded $100 million for the
Glines Canyon and Elwha dams on the Elwha River in northwest Wash-
ington (NRC 1996a). The NRC report (1996a) indicated that the large
main-stem Columbia and Snake river dams would be much more expen-
sive to remove; perhaps that cost could exceed $1 billion for each of those
larger dams. The costs can be as low as thousands of dollars for removing
small brush or even earth dams (e.g., $1,500 for the removal of the 3-foot-
high Amish dam on Muddy Creek, PA, reported by American Rivers et
al. [1999]). Several dams removed in Wisconsin, at least one of which was
13 feet high, cost a few hundred thousand dollars each, including restor-
ing adjacent lands (American Rivers et al. 1999, Wisconsin River Alliance
2001). The recent agreement to remove two Penobscot River dams has an
agreed-on initial cost of $25 million to be raised over 5 years (Richardson
2003).

Estimated Cost of Removing Maine Dams

Dams blocking Maine’s rivers and streams range widely in size and
construction materials. Most are smaller than the Edwards Dam. Assum-
ing a cost of from $100,000 to $3 million per dam and the removal of three
to five dams per year, the cost of this option would be between $300,000
and $15 million per year. The bearers of the cost would have to be deter-
mined by negotiation, legal action, or other processes. More information
on estimating costs of dam removal is provided by the Heinz Center
(2002).

Liming (Deacidifying) Streams

Liming is a method of reducing the acidity of streams by adding
limestone, primarily calcium carbonate (CaCO3). It often is regarded as
one of the lower-cost methods of rehabilitating acid streams (Helfrich et
al. 2000, Weigmann et al. 1993). However, costs vary according to the size
of the stream and the equipment used. The cost of the limestone is the
smallest expense, about $25–$100 per ton in 1993, including transporta-
tion. A rotary-drum limestone dispenser capable of dispensing 500 tons
of limestone per year would have cost about $132,000 plus $16,500 for
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maintenance and perhaps $25,000 per year for the limestone, or an annual
cost of a little more than $40,000. For 2,200 tons of limestone per year, the
estimated costs in 1993 were $55,000 for an electric doser plus $12,100 per
year to maintain and $110,000 for the limestone for an annual cost of
$122,100. It would thus appear that this option, which would probably
not incur significant ancillary political and societal costs, would be on the
order of $100,000 initial cost plus $50,000–$100,000 per year for each
stream treated.

Hatcheries

The committee’s recommendations for improving hatchery operations
would not require major additional expenditures in addition to what is
currently being spent on federal hatchery operations for Atlantic salmon
in Maine. However, there would be some additional costs. Tagging fry
would cost some money and determining whether they are tagged and
reading the tags would cost as well. A properly conducted research pro-
gram involving paired streams might require additional employees and
support and equipment.

Salmon Farms

The cost of many of the committee’s suggested modifications of
salmon farming cannot be reliably estimated because the costs of salmon
farming operations are proprietary and because many factors—for ex-
ample, the willingness of employees to move to work at a new site, the
costs of various permitting and other legal and political requirements—
are unknown. Nonetheless, it is clear that most of the modifications would
likely cost enough to eliminate the profitability of salmon farms. Tagging
all the fish reared on farms could be done most economically with an
otolith tag, such as Terramycin, but even so, it would add significant
additional expense to the operations. In addition, it would not provide a
way to determine the source of any captured escapees. Coded-wire tags
would allow identification of the origin of a particular fish but would be
more expensive than otolith tags. This means that requiring most of the
suggested modifications to salmon farms would result in the elimination
of the salmon-farming industry in Maine, with the attendant costs of
unemployment and other societal costs or it would require public or pri-
vate subsidies.
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6

Findings and Recommendations

FINDINGS

The decline of Atlantic salmon populations in Maine has been perva-
sive and substantial over the past 150 years, despite some periods in
which they increased in numbers. The decline has brought them close to
extinction in recent years. The combination and interaction of factors
influencing salmon populations have been changing as well. Although
salmon have declined over much of their natural range in Europe and
North America in recent decades, suggesting that some factors affecting
them operate over large areas, the severity of the declines in Maine war-
rants special attention. Maine’s rivers and streams once had the capacity
to support much larger salmon populations than they do now, so the
potential exists to substantially increase the populations of wild salmon
in Maine. In other words, rehabilitating salmon populations in Maine is
challenging but appears possible.

The evidence suggests that regional climate change in Maine—mainly
winter warming—has increased the difficulties encountered by salmon
populations. Climate change, along with probably associated changes in
oceanic conditions, appears to be an important factor affecting salmon,
and it cannot be directly influenced by human intervention over the short
and medium terms. The question arises as to whether the climate changes
are so great that attempts to restore salmon are futile. The committee
cannot answer that question, but there is no doubt that the changes make
it more urgent to improve other aspects of their environments if wild
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salmon populations are to persist in Maine. In the absence of additional
warming or other adverse climate changes, comprehensive efforts to re-
habilitate salmon populations probably could be successful. Most of the
measures designed to restore salmon populations would also benefit other
native aquatic resources that depend on ecosystem services in these same
watersheds.

Although genetic problems are important for Atlantic salmon in
Maine, they appear to be less urgent than demographic problems. Given
the choice of reducing an adverse genetic effect or reducing an adverse
population effect, initial priority should be given to the population effect.

Dams appear to be the single most important class of impediments to
salmon recovery that can be influenced by human actions in the short and
medium terms. Although they are perhaps of smaller importance on the
eight DPS streams than elsewhere in Maine, they are very important
throughout the state.

Local populations of Atlantic salmon inhabiting different rivers and
tributaries are demographically and genetically connected into so-called
metapopulation systems through exchange of individuals. To the degree
that this structure can be retained by maintaining or reestablishing salmon
runs in many of Maine’s rivers, the evolutionary future of salmon in
Maine will be enhanced.

Aquaculture also appears to have an important and generally ad-
verse effect on wild salmon populations, although reliable data are not
available for Maine. Elsewhere, aquaculture has been shown to affect
native salmon populations through ecological competition from escaped
farm fish and through a large increase in the population density of para-
sitic copepods (sea lice). Other diseases can become concentrated in net-
pens and affect wild fish as well. Even if the diseases are originally trans-
ferred to farms from wild fish, the concentration in the net-pens
aggravates the problem. Although reliable data for such effects are lack-
ing in Maine, similar effects are likely to occur there.

The evidence from over 130 years of stocking leads to the conclusion
that hatchery production has not rescued Atlantic salmon in Maine. The
evidence does not allow an objective assessment of whether, or to what
degree, hatcheries have slowed the decline of Atlantic salmon in Maine.
There has never been an adequate assessment of whether stocked salmon,
when they return to spawn in Maine’s rivers, successfully contribute off-
spring to the next generation. Reliance on hatcheries as the sole or pri-
mary intervention will not be sufficient to prevent extinction for very
long.

Additionally, large releases of hatchery fish can have adverse effects
on natural populations, as reviewed in Chapter 3. Current procedures for
management of DPS river and Penobscot brood stock and offspring at the
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Craig Brook National Fish Hatchery commendably avoid some of these
hazards and could reduce additional hazards with feasible modifications.
Some of the known hazards, however, are inherent to hatchery operations
and cannot be fully avoided or substantially reduced. The committee
concludes that hatcheries should be used sparingly in rehabilitation of
natural populations and that published guidelines for reducing the ad-
verse effects should be followed.

Survival of salmon at sea appears to be significantly depressed below
that required to maintain robust populations. Other than the possible
adverse effects of salmon farms and fishing, the factors involved, such as
predation, competition, and adverse water temperatures, are not well
understood and do not appear to be accessible to human control, at least
for the short or medium terms.

The use of deep groundwater wells and storage ponds to irrigate
agricultural crops (principally blueberries) does not appear to adversely
affect stream flow and Atlantic salmon. By contrast, direct water with-
drawals from streams, interacting with climate-induced changes in stream
flow, could substantially degrade salmon habitat.

Timber harvesting does not currently appear to be a substantial prob-
lem for salmon. However, some forest practices (inappropriate road con-
struction and deferred maintenance) have the potential to adversely af-
fect salmon habitat quality and availability.

Some research that entails the collecting or trapping of fish appears to
increase the risk of salmon mortality in streams with very small popula-
tions. Given the urgency of demographic problems, the committee ques-
tions the value of obtaining detailed genetic and physiological data on
wild fry, parr, and smolts from such depleted populations.

Fishing has historically been a major source of mortality of Atlantic
salmon. Currently, directed fishing for Atlantic salmon is prohibited in
Maine and in most of the ocean that Maine salmon use. The Greenland
salmon fishery is currently operated at a low level, but if it increased, it
probably would affect Maine Atlantic salmon adversely. Recreational an-
gling for brown and rainbow trout and landlocked salmon in waters that
harbor wild anadromous Atlantic salmon is likely to add to the mortality
of Atlantic salmon through bycatch. The amount of bycatch of Atlantic
salmon in ocean fisheries is not known.

Water-quality degradation caused by atmospheric deposition (and
subsequent acidification and metals mobilization) and pesticides (irriga-
tion return or aerial drift) may threaten Atlantic salmon in subtle and
pervasive ways. Historical and current monitoring programs are not suf-
ficient to detect and evaluate these threats.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


FINDINGS AND RECOMMENDATIONS 191

RECOMMENDATIONS

Many recommendations have been made for the rehabilitation of At-
lantic salmon populations in Maine. Most of them are sound, but there are
too many recommended actions to take at once. Moreover, not all of them
are equally urgent. Most of the actions have been recommended by oth-
ers, such as the Maine Atlantic Salmon Task Force, but here an attempt is
made to set priorities for them and to recommend those actions most
likely to be effective.

Urgently Needed Actions

There is an urgent need to reverse the decline of salmon populations
in Maine if they are to be saved. Other than the salmon that returned to
the Penobscot River, only 80 adult salmon were recorded to have re-
turned to Maine’s rivers in 2002. The serious depletion of salmon popula-
tions in Maine underscores the need to expand rehabilitation efforts to as
many of Maine’s rivers as possible. Since most Maine salmon are now in
the Penobscot River, that population should be a primary focus for reha-
bilitating the species in Maine. The committee recommends the following
urgent actions:

• A program of dam removal should be started. Priority should be
given to dams whose removal would make the greatest amount of spawn-
ing and rearing habitat available, meaning that downstream dams should
be considered for removal before dams upstream of them. In some cases,
habitat restoration will likely be required to reverse or mitigate some
habitat changes caused by a dam, especially if the dam is many decades
old. The recent agreement to remove two Penobscot River dams (Richard-
son 2003) is encouraging.

• The problem of early mortality as smolts transition from freshwa-
ter to the ocean and take up residence as post-smolts needs to be solved.
If, as seems likely, that the difficulty of the transition is due in part to
water chemistry, particularly acidification, the only methods of solving
the problem are changing the water chemistry and finding a way for the
smolts to bypass the dangerous water. Liming has had considerable suc-
cess in counteracting acidification in many streams, and the techniques
are well known. Examples of its application are in nearby Nova Scotia.
Liming should be tried experimentally on some Maine streams as soon as
possible. Bypassing the dangerous water is best achieved by rearing
smolts and acclimating them to seawater in controlled conditions. This
approach is not appealing because of the degree of human intervention
required and because of the adverse selection that must result from it.
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Given the extreme depletion of salmon populations, however, desperate
measures are called for.

• Hatcheries need to continue to be used, at least in the short term, to
supplement wild populations and to serve as a storehouse of fish from the
various rivers. There is an urgent need to understand the relative effi-
ciency of stocking of different life stages in the rivers in terms of adult
returns per brood-stock fish and their reproductive success. Additional
research on hatcheries and scientific guidance for their use is needed,
because hatchery-based restoration of wild salmon populations remains
an unproven technology. Indeed, hatcheries themselves should be used
adaptively as scientific tools for obtaining additional information.

The approximate costs of these options are discussed in Chapter 5.

Actions Important over the Longer Term

• Over the longer term, the committee recommends a comprehen-
sive decision analysis approach to the rehabilitation of Atlantic salmon
populations in Maine. The analysis should be conducted along the lines of
the examples in Chapter 5 of this report but in more detail and with all
major groups of stakeholders involved. Taking a Maine-wide view is more
likely to be successful than focusing only on some rivers.

• No anadromous Atlantic salmon of any life stage should be stocked
in rivers that have populations of wild Atlantic salmon unless those rivers
are specifically identified as part of a hatchery-recovery program that
uses river-specific stocks. Stocking of nonnative fish species and land-
locked salmon also should be avoided in those rivers. Other rivers that
once supported wild Atlantic salmon runs, but which lack them now, will
probably become repopulated by strays from nearby streams if popula-
tions in those nearby streams recover. The advantages over stocking of
such natural repopulation, which would be more likely to lead to local
genetic adaptation, should be given serious attention before any decision
is made to stock streams that currently lack wild Atlantic salmon, runs.

• The current prohibition of commercial and recreational fishing,
including catch-and-release fishing, for salmon in Maine should be con-
tinued. Any further reduction in the take of Maine salmon at sea would be
helpful. Maximum and minimum size limits for trout and landlocked
salmon should be established in rivers that have anadromous Atlantic
salmon. The minimum size for retention should be large enough to pro-
tect Atlantic salmon smolts, and the maximum size should be small
enough to protect adult Atlantic salmon. Any fishing that might take a
wild Atlantic salmon constitutes an additional risk to the species. This
risk should be carefully evaluated for all Maine rivers with Atlantic
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salmon and additional measures should be taken if the risk is judged to be
important. Habitat zones most heavily used by Atlantic salmon young
and adults should be closed to fishing for all species until salmon popula-
tions have recovered.

• Research that increases the risk of death to wild fish should be
curtailed. The value of any information obtained needs to be weighed
against the likelihood of increased death of wild fish subjected to han-
dling.

• Every effort should be made to further curtail the escape of salmon
from farms. If accumulation of parasitic copepods (sea lice) or other patho-
gens is found to be a problem for wild salmon, the aquaculture facilities
should be moved to a place where they will not adversely affect wild
salmon.

• Hatchery practices should be evaluated in an adaptive-manage-
ment context to further reduce adverse genetic and ecological effects, and
modified as needed.

• The monitoring of water quality and gauging of streams should be
augmented. A network of metereological-monitoring, stream-gauging,
water-quality-monitoring, and biological-monitoring sites should be
linked to a geographic information system and an online database within
2 years.

• Government, industry, and private organizations and landowners
should cooperate to evaluate forestry best-management practices and for-
est-road networks. Mitigation and pollution prevention should be orga-
nized on a priority basis to maximize the effectiveness of stormwater
management and sediment control and the removal of barriers to fish
passage.

• The State Planning Office should conduct a systematic governance
assessment to see whether there are gaps in authority, overlapping au-
thority, conflicts of goals and interests among agencies, and adequate
cooperation among agencies.

• The State Planning Office, in cooperation with all other agencies,
should implement adaptive management to monitor performance of gov-
ernance activities related to Atlantic salmon, to experiment with alterna-
tive institutions for salmon recovery, and to systematically learn and
adapt to the results of new information.

• The Maine Atlantic Salmon Commission should consider shaping
governance structures so that they are consistent with salmon biology.
That could involve developing multistakeholder governance institutions
for each drainage basin, each nested within larger-scale governance bod-
ies to address effects, such as climate change and aquaculture, that are
larger than individual basins.

• The suite of conservation options with multiple environmental ben-
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efits outlined in Chapter 5 should be adopted. Those strategies are likely
to help Atlantic salmon in Maine, and they will have other environmental
benefits even if they do not help salmon. The energy and commitment of
the members of many local watershed and river-specific groups focused
on restoring salmon and their habitats is an important asset and should be
included in any overall approach to rehabilitating Atlantic salmon and
their habitats in Maine.
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Appendix A

Endangered Species Act Basics

As part of the set of environmental laws enacted in the 1970s, the
United States Congress passed and President Nixon signed the Endan-
gered Species Act (ESA) in 1973. This statute is widely considered to
embody the most stringent provisions of any wildlife protection law in
the United States (Bean 1983). Its strength derives from the affirmative
duty it imposes on federal agencies to protect listed species, its prohibi-
tions against actions that kill, injure, or harm them, and the substantial
penalties it imposes on violators.

The ESA is implemented by the Departments of Interior and Com-
merce through regulatory programs administered by the Fish and Wild-
life Service (FWS) and the National Marine Fisheries Service (NMFS; col-
lectively, the Services). The broad sweep of its protections comes to bear
as a result of the initial regulatory action under Section 4 that determines
if a species should be listed as threatened or endangered (NRC 1995). The
term “species” has a broader meaning under the ESA than in its accepted
scientific definition. In addition to taxonomic species, the ESA allows for
the listing of any taxonomically described subspecies as well as any dis-
tinct population segment (DPS) of vertebrate animals. The policy of FWS
for listing distinct population segments allows the agency broad discre-
tion in its interpretation of distinctness criteria. Biological distinctness is
not a requisite factor, as the agency is free to use geographical and politi-
cal boundaries to describe a “species” eligible for listing.

A species is considered endangered if it is “in danger of extinction
throughout all or a significant portion” of its range, while a threatened
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species, although not endangered, is likely to become so in the foreseeable
future. As a practical matter, threatened species are often listed so that the
ESA’s protective measures may reduce their chance of declining further
into endangered status. As of April 2000, 960 species were listed as endan-
gered and 270 were classed as threatened in the United States.

The listing action is a regulatory process that is usually initiated by
the Services, although the agencies must also take into account petitions
for listing that may be submitted by private parties. The Services maintain
a priority list of species that have enough supporting information to war-
rant a listing decision, and they are required to review the list of protected
species every 5 years to determine if any changes in status should be
made. Status changes (delisting or reclassification) also are regulatory
actions. The listing process includes provisions for public review and
comment to solicit input about the species’ status, the nature and degree
of threat, and protective actions that may be needed or are in place. A
species may be listed if it is considered threatened or endangered for one
or more of the following reasons: habitat reduction, overharvesting, dis-
ease or predation, absence of adequate protective measures, and other
unspecified factors that may contribute to its imperiled condition.

Listing decisions are to be made solely on the basis of the best scien-
tific and commercial information available at the time, without regard to
political or economic interests. The Services must also consider protective
measures that are in place by government agencies. For some time, there
has been an extensive backlog of species whose listing action is pending
because of funding constraints (Doremus 2000). Recent legal decisions
that require the FWS to take action on many species that are eligible for
listing have also added to the backlog. The result of this hourglass effect
on the pace of listing decisions is that many species do not get listed until
their populations are substantially reduced. Listing of Atlantic salmon
that were designated as a DPS in eight Maine rivers is a recent example.

In response to congressional direction, the Services have adopted pri-
ority-setting guidelines to help manage the backlog. FWS guidelines con-
sider the magnitude of threat, the imminence of the threats, and the taxo-
nomic uniqueness of the species. Taxonomic uniqueness is applied
hierarchically; first priority is given to monospecific genera, followed by
full species, and then subspecies. NMFS guidelines do not include taxo-
nomic factors, but their listing regulations invoke the concept of “evolu-
tionary significant unit” (NRC 1995, Waples 1991b) to define eligible enti-
ties for listing below the species level.

At the time of listing, the Services are required to designate critical
habitat to the extent that necessary information is available and it is pru-
dent to do so. Critical habitat is the area within the species’ range that
contains those physical or biological features essential to the conservation
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of the species and that may require special management considerations or
protection. Designation of critical habitat is the only decision under the
ESA that must consider economic factors. Although it is a statutory re-
quirement for the Services to designate critical habitat, in 1999 the FWS
reported that it had designated critical habitat for only 9% of the species
under its jurisdiction (Doremus 2000). To justify their lapse, the Services
have asserted that critical habitat confers little additional protective ad-
vantage beyond the listing action itself. But their resistance is being over-
turned as a result of losing several recent legal decisions, and they re-
cently have accelerated the rate of critical habitat determinations.

Section 4 of the ESA also provides for the Services to develop and
implement recovery plans for listed species. These plans are ultimately
designed to improve the species’ status to the level where protections are
no longer needed and upgrading or delisting may be warranted. Recov-
ery plans may be prepared within either the FWS or the NMFS or they
may be collaborative efforts involving outside experts. They are expected
to contain measurable recovery criteria, such as population size and sur-
vival rate, replacement or recruitment rate, amount of available and occu-
pied habitat, habitat in protected status, number and distribution of dis-
creet populations, measures to alleviate threats, and other protective and
conservation measures to be undertaken by other state and federal agen-
cies. They also need to specify an intended schedule for needed recovery
actions and to forecast projected costs. A recovery team has been formed
to develop the recovery plan for Atlantic salmon but is still in the early
stages of its deliberations. The earlier National Research Council (NRC
1995) report Science and the Endangered Species Act should provide guid-
ance on crafting effective recovery plans.

Section 6 provides for revenue sharing with the states to assist them
with implementation of conservation and recovery actions. The Services
depend on local activities to complement theirs, and revenue sharing
enhances the cooperation needed to carry out coordinated efforts.

The major protective features of the ESA are in Sections 7 and 9.
Section 7 mandates all federal agencies to utilize their authorities to pro-
mote the conservation of listed species. It also prohibits actions by federal
agencies to fund, authorize, or carry out activities that are likely to jeopar-
dize the continued existence of listed species or result in adverse modifi-
cation of their critical habitat. To determine whether jeopardy may result,
the responsible federal agency engages in a three-stage consultation pro-
cess with the Services. Consultation starts with a request for information
about any species that may be affected by its proposed action. The second
step is for the action agency to prepare a biological assessment that details
the likely effect of the proposed action on listed species. The biological
assessment initiates a formal consultation with one or both of the Ser-
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vices, the result of which is a biological opinion by the Services that must
specify reasonable and prudent alternatives to the proposed action if jeop-
ardy or adverse modification of critical habitat is likely. This Section 7
consultation process must be conducted according to well-defined regu-
latory procedures. It must also make use of the best scientific and com-
mercial information available at the time. To expedite the process the
regulations also allow for informal consultation and early consultation.

Section 7 will come into play for federal actions that may affect Atlan-
tic salmon on DPS rivers. Issuance of Section 404 permits by the U.S.
Army Corps of Engineers for dredge and fill activities in wetlands is the
most likely trigger. Renewal of federal permits for dam operators, logging
activities in national forests, research and habitat improvement measures
funded or carried out by the National Oceanographic and Atmospheric
Administration (NOAA), and authorization for activities that might im-
pair navigation, such as aquaculture facilities, are also likely to undergo
Section 7 consultation.

Section 9 is the part of the ESA that prohibits the taking of or com-
merce in listed species. “Take” is very broadly defined to include harass-
ment or harm to the species in addition to shooting, trapping, collecting,
and other actions. The somewhat vague concept of harm has been legally
interpreted to include habitat modification to the extent that it kills or
injures listed wildlife or interferes with their essential behavioral func-
tions such as feeding, nesting, and breeding. Taking of endangered spe-
cies is expressly prohibited in Section 9; that section allows for more
flexibility in regulations covering take of threatened species. As the Ser-
vices’ regulatory programs are administered, the distinction between
threatened and endangered species is almost moot except for a few spe-
cies. Listed plants are not protected on private lands unless their take is
banned under state law. In the case of Atlantic salmon, the take prohibi-
tion reinforces the earlier state-imposed ban on take—including catch-
and-release angling—in DPS rivers.

Because the ban on taking is almost absolute, the Services also admin-
ister programs that allow for waivers of the taking prohibitions. Before
“incidental take” provisions were included in the 1982 amendments to
the ESA, actions that might cause take at a level below the jeopardy thresh-
old could not proceed. Incidental take is defined as take that is incidental
to but not the purpose of an otherwise lawful action. For federal actions
covered by Section 7, the consulting service includes an incidental take
statement in the biological opinion. The statement specifies reasonable
and prudent measures that must be complied with in order for a certain
level of take to be allowed. For nonfederal actions, a separate permitting
process is available under Section 10. An applicant must prepare a Habi-
tat Conservation Plan (HCP) in accordance with guidelines issued by the
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Services that spells out the nature and extent of the proposed activity, the
status of listed species potentially subject to take, and conservation mea-
sures to mitigate or offset the effects of the take. Issuance of the incidental
take permit depends on Service findings that the taking will be mini-
mized and mitigated to the maximum extent practicable, the taking will
not result in jeopardy, and that adequate funding is available to carry out
the measures called for in the HCP.

HCPs are becoming more widely used as the Services have devel-
oped guidelines to assist with their development. They are viewed skep-
tically by some environmentalists who question whether the conservation
measures adequately protect against and mitigate for taking of protected
species (Thomas 2001). Landowners are also often frustrated because of
the bureaucratic process involved and inconsistent implementation of the
guidelines.

In an effort to reduce the tension and uncertainty of the administra-
tive process surrounding HCPs, the FWS has recently made greater use of
specific provisions in the ESA that provide greater flexibility in its im-
plementation. Reintroduced species can be designated as “experimental
populations” according to Section 10(j), which provides for treating an
experimental population as threatened even if its donor population is
endangered. The FWS has also adopted several innovative measures de-
signed to provide greater assurance to landowners that the HCP process
protects their interests as well as the species’. The flexibility allowed in
Section 4(d) for species protected under state law has enabled adoption of
regional natural community conservation plans in California that spell
out permitted and prohibited activities that could result in take of threat-
ened species listed under this statutory provision. The “no surprises pol-
icy” adopted by the FWS has provided greater assurance for holders of
incidental take permits that the conditions agreed to at the time of issu-
ance will remain in place over the life of the permit. HCPs may cover
unlisted species so that they are incorporated in the permit if they are
listed in the future, provided that the conservation measures specified are
sufficient to protect them adequately. Finally, the “safe harbors policy”
adopted by the FWS protects landowners who allow listed species to
colonize currently unoccupied habitat on their land by authorizing them
to carry out certain preexisting activities without an HCP.

HCPs could have a role to play in the conservation and recovery of
Atlantic salmon in Maine rivers. The need for private landowners to ob-
tain incidental taking permits depends on the enforcement policy and
posture of the Services. Most land uses that may affect Atlantic salmon,
such as logging and farming in the watershed, do not cause direct mortal-
ity. However, if the Services show that the uses appreciably reduce the
likelihood of survival or reproduction as a result of habitat modification
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through water withdrawals or pollution, they could come under the regu-
latory sweep of the ESA. This interpretation could also apply to aquacul-
ture activities that reduce the genetic integrity or threaten natural popula-
tions of Atlantic salmon in DPS rivers with disease or infestation by
parasites.
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Appendix B

Governance

UNORGANIZED AREAS

Several areas in Maine are not organized and governed by local town-
ships. For a list and map of the unorganized and deorganized areas in
Maine, see the sources listed below. Human activities in these unorga-
nized areas, such as land use and forestry, are regulated by state agencies,
including the State of Maine Land Use Regulation Commission and the
Department of Environmental Protection, which are described below.

Sources:
List of names: Maine Revenue Services 2003a
Map: Maine Revenue Services 2003b

NATIVE AMERICAN TRIBAL GOVERNMENT

The term for Native Americans in Maine is the Wabanaki People. The
Wabanaki include representatives from four tribes: the Passamaquoddy
Tribe in Washington County, the Penobscot Indian Nation based at In-
dian Island on the Penobscot River, the Houlton Band of Maliseets, and
the Aroostook Band. The relationship between the Penobscot Nation and
the State of Maine is governed by a federal act, the Maine Indian Claims
Settlement Act of 1980 and a state act, an Act to Implement the Maine
Indian Claims Settlement (Chapter 732 of Maine public laws of 1979). The
federal settlement act allowed both the Passamaquoddy Tribe and the

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


234 ATLANTIC SALMON IN MAINE

Penobscot Nation to reacquire land. It recognized the applicability of state
laws to the tribes and to Indian people, lands, and resources except where
otherwise provided in the act. The settlement act provided federal recog-
nition for the Houlton Band of Maliseets but did not define a special
relationship with the state of Maine. Also, the act did not include the
Aroostook Band of Micmacs, nor did it include the Maliseet People who
were not members of the Houlton Band. In late 1991, the Aroostook Band
of Micmacs won federal recognition.

Pursuant to the federal and Maine settlement acts, the Penobscot Na-
tion reservation encompasses the islands and related water and fishing
rights within the Penobscot River from Indian Island, near Old Town,
Maine, northward. The tribe has exclusive jurisdiction over “internal tribal
matters,” but those matters are not clearly defined. Recognition of reser-
vations as entities with extraordinary municipal rights and responsibili-
ties is also included in these acts. The Maine Indian Tribal-State Commis-
sion (MITSC), an independent commission made up of tribal and state
representatives, has exclusive authority to promulgate regulations gov-
erning fishing within any section of a river both sides of which are within
the reservation or trust lands (lands owned by the United States and held
in trust for the tribe).

The Penobscot Nation has exclusive authority within its reservation
to regulate sustenance fishing by tribal members, and sustenance fishing
is a reserved right under the terms of the settlement acts. However, the
capacity of the Penobscot Nation to fully exercise its sustenance fishing
rights has been constrained in recent years by pollution of the Penobscot
River by Lincoln Pulp and Paper Company (Bisulca 1996).

The findings of the Task Force on Tribal-State Relations (1997) exam-
ined the attitudes and concerns related to the settlement act and found
that tribal members generally do not think the settlement act works. The
complaints recorded in the report include a complaint by the director of
natural resources of the Penobscot Nation about the settlement act and its
use by the attorney general to claim that the Penobscot cannot take salmon
from the river. The Task Force Report recommends that the state, the
tribes and the MITSC treat the act as an “organic and living” document. It
notes that over time, changes have taken place, including the develop-
ment of cooperative law enforcement, fish and game, and environmental
agreements.

Sources: Bisulca 1996; Department of the Secretary of State 2002; DIFW
2002a; Kaign Smith, Counsel for Penobscot Nation, personal communica-
tion, April 7, 2003; MRDC 2002
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STATE GOVERNMENT AGENCIES

Maine Atlantic Salmon Commission (MASC)

In 1945, the Maine legislature created a single administrative unit
with authority to manage Atlantic salmon in freshwater and saltwater.
The Atlantic Sea Run Salmon Commission was superseded by the Atlan-
tic Salmon Authority in 1995 and by the current Maine Atlantic Salmon
Commission (MASC) in 1999. Its purpose is to protect, conserve, restore,
manage and enhance Atlantic salmon habitat, populations, and sport fish-
eries within historical habitat in all (inland and tidal) waters of Maine. Its
activities have included surveys of Atlantic salmon habitat; habitat im-
provement; fish-passage improvements; the elimination of commercial
fishing; progressively restrictive sportfishing regulations, culminating in
the current prohibition of any recreational fishing for anadromous Atlan-
tic salmon in Maine; and various stocking programs. The commission
also conducts research on salmon life histories, population status and
trends, stocking methods and practices, effects of natural predation, and
studies of migration. The commission’s decades-long database of the re-
sults of Carlin tagging helped to document the high exploitation rates of
Maine salmon in distant-water commercial fisheries. Current manage-
ment strategies and progress are provided in the Conservation Plan for
Seven Maine Rivers (Maine Atlantic Salmon Task Force 1997) as well as
MASC’s updates of the plan, reports to the Maine legislature, and other
documents.

Sources: MASC 2002, Maine Atlantic Salmon Task Force 1997

Maine Department of Inland Fisheries and Wildlife (DIFW)

The DIFW regulates recreational fishing and boating and monitors
and investigates salmon health problems in aquaculture facilities. More
generally, DIFW is responsible for establishing and enforcing the rules
and regulations that govern fishing, propagation and stocking of fish,
registration of watercraft and all terrain vehicles, and issuing of licenses
(hunting, fishing, trapping, guide, etc.) and permits. The DIFW enforce
the rules adopted by the MASC. The Department’s Bureaus of Resource
Management and of Warden Service (the enforcement arm of the depart-
ment), execute these responsibilities. In addition, the DIFW operates the
Fish Health Laboratory, and monitors and investigates fish health prob-
lems such as infectious salmon anemia (ISA), a viral disease of farmed
Atlantic salmon.

Sources: DIFW 2002b,c,d,e; 2003a,b
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Maine Department of Marine Resources (DMR)

The DMR regulates marine aquaculture operations, marine fisheries,
and recreational boating and operates programs for research and moni-
toring of living marine resources. For salmon aquaculture, DMR issues
permits for aquaculture sites, enforces the Aquaculture Lease Law, ad-
ministers the Finfish Aquaculture Monitoring Program (FAMP), and
monitors for toxic contaminants under and in net-pens. For fisheries, DMR
issues fishing licenses, enforces saltwater fishing laws and regulations,
and operates research and habitat conservation programs.

DMR bears the statutory responsibility, among others, to conduct and
sponsor scientific research on marine resources, to conserve and develop
the utilization of marine and estuarine resources, and to restore diadro-
mous fish resources to the rivers of Maine; to protect public health by
ensuring sanitation of shellfish harvesting areas, harvesting, processing,
and distribution; and to provide education and outreach. The DMR’s
Bureau of Marine Patrol enforces marine fisheries laws, boating registra-
tion laws, and safety laws, and conducts search and rescue operations on
coastal waters. The DMR’s Bureau of Resource Management conducts
research and monitoring programs to support efforts to conserve, restore
and manage the marine and estuarine resources of the state.1

Sources: DMR 2001, 2002; Fisk 2002

Maine Department of Environmental Protection (DEP)
(Bureau of Land and Water Quality)

Several state statutes provide the DEP with the authority to govern a
wide range of human activities, including hydropower and dams, natural
resource protection, shoreline zoning, site development, erosion and sedi-
mentation control, wastewater discharge, and others. The principal gov-
ernance actions involve issuing permits and enforcing standards that ap-
ply to these activities. With respect to hydropower projects, the DEP, in
cooperation with the Land Use Regulatory Commission (LURC), issues
permits for the construction, reconstruction or the structural alteration of
a hydropower project and enforces state laws concerning unapproved
hydropower projects. With respect to salmon aquaculture, the DEP tests
water for effluent quality from aquaculture sites and issues permits as

1DMR jurisdiction is within all waters of the state within the rise and fall of the tide and
within the marine limits of the state but does not include areas above any fishway or dam
when the fishway or dam is the dividing line between tide water and freshwater. The latter
areas fall within the jurisdiction of the Maine DIFW.

Atlantic Salmon in Maine

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10892


APPENDIX B 237

part of the Maine Pollution Discharge Elimination System (MPDES). In
addition, the DEP issues permits for activities on land adjacent to any
freshwater wetland, great pond, river, stream, or brook that could wash
harmful material into these resources. In addition, the DEP operates pro-
grams to monitor water quality (groundwater, lakes and streams, and
coastal waters).

Sources: DEP 1996a,b,c; 2000; 2003

Land Use Regulatory Commission (LURC) (Department of
Conservation)

In addition to the regulation of hydropower projects, the LURC regu-
lates land use in the state’s townships, plantations, and unorganized ar-
eas. Its objectives are to preserve public health, safety, and welfare; to
encourage the well-planned, multiple uses of natural resources; to pro-
mote orderly development; and to protect natural and ecological values
using land-use planning and zoning tools. One of LURC’s important ob-
jectives is to protect groundwater in order to conserve important fish and
wildlife habitats. The LURC issues permits for construction of roads and
bridges, and sets standards for several uses of land (roads, agriculture,
timber harvesting, filling and grading, applications of pesticides, etc.) and
for the cutting of trees near water bodies.

Sources: LURC 2000a,b; 2001; 2002a,b

Maine Forest Service (MFS) (Department of Conservation)

The principal responsibilities of the MFS are to protect the state’s
forest resources from fire, disease, and pests. In addition, MFS aims to
enhance forest resources through technical assistance; education; and out-
reach to the public, forest landowners, forest products processors and
marketers, and municipalities. MFS encourages forest landowners to use
the services of a consulting forester to help implement forest management
projects on their woodlot.

Sources: MFS 2002a,b,c,d

Maine Public Utilities Commission (MPUC)

The MPUC has jurisdiction over water utilities, electric utilities, water
carriers, gas utilities, telephone utilities, and resellers of telephone ser-
vices. It is responsible for the enforcement of all state laws that apply to
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public utilities, such as hydropower dams. However, the MPUC shares
these responsibilities with the DEP and the LURC, the two agencies that
issue permits for the construction, reconstruction or the structural alter-
ation of a hydropower project and enforces state laws concerning unap-
proved hydropower projects. Most hydropower dams are subject to regu-
lation by the Federal Energy Regulatory Commission. Licenses are issued
for waterpower projects for up to 50 years; at expiration, a dam may be
relicensed or taken over by the federal government.

Source: MPUC 2001

Maine Department of Transportation (DOT)

The DOT is responsible for designing, building and maintaining many
of the roads, highways and bridges in the state. It is also the main over-
sight agency for projects involving roads, railroads and associated facili-
ties. The Maine DOT has developed a framework for integrating environ-
mental and transportation decision making throughout the department.
The framework interfaces planning, location, design, right-of-way, con-
struction, maintenance, and environmental operations by fully integrat-
ing the decision-making processes of Maine’s Sensible Transportation
Policy Act (STPA); the National Environmental Policy Act (NEPA); and
state and federal environmental permitting programs, especially the U.S.
Army Corps of Engineers’ (New England District) highway methodology
(USACE 1993). Maine DOT has also developed the Fish Passage Policy
and Design Guide, issued in March 2002.

The DOT restores habitat by addressing nonpoint source pollution
associated with transportation facilities located in salmon watersheds.
Maine DOT provides technical assistance to maintenance crews in salmon
watersheds to implement erosion and sedimentation best management
practices. It has also developed detailed geographic information systems
(GIS)-based watershed maps identifying all DOT owned and operated
facilities as a tool for workers to easily identify critical areas.

Sources: MDOT 2002a,b; 2003

Maine Department of Agriculture, Food and Rural Resources

The Maine Department of Agriculture regulates the use of pesticides
and implements pest management and soil and water management pro-
grams.

Source: Maine Department of Agriculture 2002
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Maine State Planning Office

In general, the Maine State Planning Office provides information,
analysis, and guidance to policy makers about Maine’s economy, re-
sources, and governance. The duties of the State Planning Office include
coordinating the development of the state’s economy and energy re-
sources with the conservation of its natural resources; providing technical
assistance to the governor and legislature by undertaking special studies
and plans and preparing policy alternatives; providing technical assis-
tance to local and regional planning groups; and conducting continuing
economic analysis.

Source: Maine State Planning Office 2003

FEDERAL GOVERNMENT AGENCIES

U.S. Fish and Wildlife Service (FWS, U. S. Department of the Interior)

The FWS and the National Marine Fisheries Service (NMFS) share
responsibility for administration of the Endangered Species Act. The FWS
implements ESA (ESA) programs and regulations for terrestrial and fresh-
water species, while NMFS implements programs and regulations for
marine and anadromous species.

In general, the FWS operates programs to protect and restore fish and
wildlife resources and their habitats. The FWS manages over 500 national
wildlife refuges, and operates the National Fish Hatchery System, which
consists of 70 fish hatcheries, 7 fish technology centers, and 9 fish health
centers. The hatcheries are part of an effort to recover endangered species
and restore native aquatic populations. In Maine, the FWS operates two
national fish hatcheries, Craig Brook and Green Lake.

The FWS investigates, evaluates, and makes recommendations on
permit and license activities of several federal agencies including the U.S.
Army Corps of Engineers, Federal Energy Regulatory Commission, and
the U.S. Forest Service. In addition, the FWS enforces federal wildlife
laws.

Sources: FWS 1998; 2003a,b,c.

National Marine Fisheries Service (NMFS, National Oceanic and
Atmospheric Administration, U.S. Department of Commerce)

The NMFS Office of Protected Resources is charged with the imple-
mentation of the ESA for marine and anadromous species. The NMFS
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develops, implements, and administers programs for the protection, con-
servation, and recovery of species protected under the ESA. The Office of
Protected Resources also develops and implements policies, procedures,
and regulations for permits to take listed species according to the ESA. In
addition, the NMFS establishes cooperative agreements with states re-
garding listed species management and protection and identifies endan-
gered species research needs to collect appropriate information for man-
agement decisions. The NMFS and FWS share responsibilities for listing
endangered species and approving recovery plans for listed species un-
der the ESA. The NMFS is primarily responsible for recovery actions in
the marine environment, and the FWS is primarily responsible for recov-
ery actions in the terrestrial environment.

In addition, the NMFS implements marine fishery management plans
that have been approved by the Secretary of Commerce. This includes the
fishery management plan for Atlantic salmon (Salmo salar), which was
implemented by the NMFS on March 17, 1988. This fish management plan
established explicit U.S. management authority over all Atlantic salmon
of U.S. origin to complement state management programs in coastal and
inland waters and federal management authority over salmon on the high
seas conferred as a signatory nation to the North Atlantic Salmon Conser-
vation Organization (NASCO). The fish management plan disallows any
commercial fishery for Atlantic salmon, directed or incidental, in federal
waters (3–200 miles) and prohibits the possession of Atlantic salmon taken
from federal waters.

Through the Magnuson-Stevens Fishery Conservation and Manage-
ment Act of 1996, the NMFS has regulatory responsibilities that affect
aquaculture development in the Exclusive Economic Zone. The fishery
management councils are involved in the decision-making process for
offshore aquaculture permits. To date, this process has included granting
a lease to an experimental scallop culture project off the coast of Massa-
chusetts through an amendment to the New England Scallop Fishery
Management Plan and consideration of an experimental permit for the
culture of red snapper in the Gulf of Mexico.

The NMFS promotes aquaculture through scientific research and tech-
nology development, financial assistance, and its regulatory programs.
The NMFS’ basic research on finfish and shellfish biology and reproduc-
tion, habitat utilization and restoration, environmental impact assessment,
and fish pathology supports private and government aquaculture and
marine enhancement activities. The NMFS has also played an integral
role in the rearing of threatened and protected species for stock recovery.

Sources: Magnuson-Stevens Fishery Conservation and Management Act
(1996); NMFS 1998, 2000a, 2002
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Environmental Protection Agency (EPA)

The EPA works in Maine with federal, state, regional, and local part-
ners to protect and restore Maine’s environment and protect human
health. The primary state partners of The EPA are the Maine Department
of Environmental Protection (MDEP) and the Maine Department of Health
Services (MDHS). The EPA provides environmental and public heath pro-
tection assistance as well as over $9 million annually of financial support
for air, water, and waste programs at the MDEP; drinking water protec-
tion by the MDHS; and monitoring, protection, and restoration efforts for
the Casco Bay Estuary Project.

The EPA has funded a $1.9 million cooperative agreement with the
Gulf of Maine Council. The project will coordinate, encourage, and sup-
port cooperative efforts to protect and sustain regionally significant Gulf
of Maine coastal and marine habitats. The funds will support pilot projects
to identify and conserve regionally significant habitats; a Gulf-wide moni-
toring program; a marine debris reduction program; a coastal citizen
monitoring network; workshops on shellfish habitat restoration tech-
niques; community surveys on the spawning and juvenile habitat areas of
commercial fish stocks; and the production of various public education
and outreach materials.

The EPA enforces the Federal Insecticide, Fungicide, and Rodenticide
Act (FIFRA), which involves the review and approval of pesticide prod-
ucts and labeling through a pesticide registration process. In this role, the
EPA indirectly and directly affects Atlantic salmon farming and agricul-
ture operations. For example, the EPA is responsible for approving and
regulating the use of pesticides around, and for monitoring the effluent
quality from, aquaculture facilities.

Under the authority of the Clean Water Act, the EPA establishes
wastewater standards for industry water-quality standards for all con-
taminants in surface waters, monitoring of water-quality discharged from
site. The EPA has also established management procedures for the protec-
tion of surface water quality and in-stream and riparian habitat. The state
of Maine applies these management procedures to dam operations and
sites near water bodies that require development permits.

Sources: Brennan 1999; EPA 2002b; 2003a,b,c,d,e,f

U.S. Army Corps of Engineers (USACE)

Under the Rivers and Harbors Act and the Clean Water Act, the
USACE has the authority to regulate activities in navigable waterways,
including authority over dredging and filling of waterways and authority
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to issue permits for dams and dikes to be placed in interstate waterways.
Although not mandatory, the USACE also has developed criteria for safe
operation of hydropower projects and dams that have been widely
adopted by privately operated projects throughout the United States.
Based on its authority to regulate activities in navigable waterways, the
USACE regulates the location of aquaculture pens.

The USACE also enforces regulations that require the installation of
suitable culverts and bridges, designed to withstand and prevent restric-
tion of high flows and maintain existing low flows, for roads that cross
bodies of water. Roads and bridges should not obstruct the movement of
aquatic life indigenous to the water body beyond the actual duration of
construction.

Sources: USACE 2002; 33 CFR 321

Department of Agriculture (USDA)

The USDA Animal and Plant Health Inspection Service (APHIS) pro-
vides agricultural producers with services for protecting the health of
animals and plants. The APHIS programs currently serve both plant and
animal aquaculture, especially those aspects involving disease, pest pre-
vention, and wildlife damage management. The APHIS also has become
involved in facilitating the importation and exportation of aquaculture
products. The APHIS provides diagnostic assistance to aquaculture pro-
ducers on diseases afflicting aquaculture species, disseminates informa-
tion on how to meet the aquaculture industry’s animal health needs, en-
dorses animal health certifications for the export of live aquatic species
and their products; and develops aquatic animal health monitoring and
surveillance programs. The APHIS investigates consumer complaints re-
garding biologics used in aquaculture, and tests fish biologics at APHIS’s
National Veterinary Services Laboratories. In addition, APHIS provides
funds for “payment of indemnity”’ to producers in Maine for the salmon
destroyed in the effort to control outbreaks of infectious salmon anemia.2

The USDA Natural Resources Conservation Service (NRCS) operates
the Wildlife Habitat Incentives Program (WHIP), a voluntary program for
individuals who want to develop and improve wildlife habitat primarily
on private land. Through WHIP, USDA’s NRCS provides both technical

267 Fed. Reg. 17605 (2002).
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assistance and up to 75% cost-share assistance to establish and improve
fish and wildlife habitat.

The NRCS provides technical and financial assistance to local au-
thorities for projects to rehabilitate or remove aging dams. Rehabilitation
projects may be cost shared between the federal government and local
sponsors. The NRCS provides 65% of the total cost of a rehabilitation
project. Local sponsors can provide the remaining 35% through “in kind”
costs for the value of land rights, project administration, and other plan-
ning and implementation costs associated with the project.

The Small Watershed Program (SWP) assists federal, state, and local
agencies; local government sponsors; tribal governments; and program
participants to protect watersheds from damage caused by erosion, flood-
water, and sediment; to conserve and develop water and land resources;
and to solve natural resource and related economic problems on a water-
shed basis. The SWP addresses problems of watershed protection; erosion
and sediment control; water supply; water quality; wetland and water
storage capacity; water needs for fish, wildlife, and forest-based indus-
tries; fish and wildlife habitat enhancement; wetlands creation and resto-
ration; and public recreation in watersheds of 250,000 or fewer acres. The
program provides both technical and financial assistance.

In addition, the NRCS administers the Forestry Incentives Program
(FIP) jointly with the Forest Service. The FIP supports good forest man-
agement practices on privately owned, nonindustrial forestlands nation-
wide. FIP is designed to benefit the environment while meeting future
demands for wood products. Eligible practices are tree planting, timber
stand improvement, site preparation for natural regeneration, and other
related activities. The FIP was originally authorized in 1978 to share up to
65% of the costs of tree planting, timber stand improvements, and related
practices on nonindustrial private forestlands. FIP’s forest maintenance
and reforestation practices provide numerous natural resource benefits,
including reducing wind and soil erosion, enhancing water quality and
wildlife habitat, and helping to assure a reliable future supply of timber.

The Stewardship Incentive Program (SIP) provides technical and fi-
nancial assistance to encourage nonindustrial private forest landowners
to keep their lands and natural resources productive and healthy. Quali-
fying land includes rural lands with existing tree cover or land suitable
for growing trees that is owned by a private individual, group, associa-
tion, corporation, Indian tribe, or other legal private entity. Eligible land-
owners must have an approved FIP and own 1,000 or fewer acres of
qualifying land.

Sources: AMS 2003; APHIS 2002, 2003; FSIS 2001; NRCS 2003; RMA 2003;
USDA 2003a,b,c,d,e
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Food and Drug Administration (FDA)

FDA is the principal regulatory agency responsible for the safety of
the nation’s domestically produced and imported foods, cosmetics, drugs,
biologics, medical devices, and radiological products. FDA’s authority
extends to all domestic and imported food with the following exceptions.
Meat; poultry; and frozen, dried, and liquid eggs are under the authority
of USDA’s Food Safety and Inspection Service (FSIS), and the U.S. Envi-
ronmental Protection Agency (EPA) establishes tolerances for pesticide
residues in foods and ensures the safety of drinking water. FDA regulates
the production and distribution of cultivated salmon and therefore indi-
rectly affects the nature and extent of Atlantic salmon aquaculture in
Maine.

FDA regulates seafood, including farm salmon. FDA operates an over-
sight compliance program for fishery products related to the product’s
safety, wholesomeness, identity, and economic integrity. FDA conducts
both mandatory surveillance and enforcement inspections of domestic
seafood harvesters, growers, wholesalers, warehouses, carriers, and pro-
cessors under the authority of the Federal Food, Drug, and Cosmetic Act.
FDA conducts in-plant inspections of product safety and plant/food hy-
giene. There are FDA laboratories to analyze samples taken by its investi-
gators. Further, FDA has the authority to set tolerances in food for artifi-
cial contaminants, except for pesticides, which are set by EPA. FDA
regulates the use of food and color additives in seafood and feed addi-
tives and drugs in aquaculture. Finally, FDA has stated that it intends to
regulate transgenic fish (and other transgenic animals) under the new
animal drug provisions of the Federal Food, Drug, and Cosmetic Act
(NRC 2002c).

FDA operates two additional regulatory programs directed specifi-
cally at seafood—the Salmon Control Plan and the National Shellfish Sani-
tation Program (NSSP), recently augmented by the Interstate Shellfish
Sanitation Conference (ISSC). These are voluntary programs involving
the individual states and the industry. The Salmon Control Plan is a vol-
untary, cooperative program among the industry, FDA, and the National
Food Processors Association (NFPA). The plan is designed to provide
control over processing and plant sanitation and to address concerns
about decomposition in the salmon canning industry

FDA conducts research in support of its seafood program. This re-
search is directed to understanding the nature and degree of severity
posed by various safety hazards, and other defects that may affect quality
and economic integrity. Research also finds means to detect and to con-
trol these identified hazards. FDA’s Center for Veterinary Medicine,
through its Office of New Animal Drug Evaluation, works with govern-
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ment agencies and aquaculture associations to increase the number of
safe and effective drugs that can be used by the aquaculture industry.

Sources: CVM 1999, 2002; FDA 1990, 2001, 2003; Hoskin 1993; NRC 2002c

Federal Energy Regulatory Commission (FERC)

Under the Federal Power Act, FERC is authorized to issue licenses
authorizing construction of a hydropower facility and continuance of ex-
isting projects. FERC issues preliminary permits for up to 3 years and
authorizes developers to perform feasibility studies while maintaining
priority to apply for a future license. FERC issues licenses for a period of
up to 50 years after the review of engineering, environmental, and eco-
nomic aspects of the proposal. In issuing a license, FERC is supposed to
equally consider developmental and environmental values, including, for
example, hydroelectric development and fish and wildlife resources (in-
cluding their spawning grounds and habitat). By statute, FERC must re-
quire provisions in licenses to “protect, mitigate damage to, and enhance
fish and wildlife (and their habitats) . . .” (FPA, section 10(j)). Small hydro
plants that are 5 megawatts or less that use an existing dam or that utilize
a natural water feature for headwater and existing projects that propose
to increase capacity are exempt from FERC licensing. FERC is also re-
sponsible for monitoring dam safety.

Source: FERC 2003

U.S. Coast Guard

The U.S. Coast Guard is the nation’s maritime law enforcement
agency and has broad, multifaceted jurisdictional authority. The Coast
Guard enforces fisheries laws at sea, such as the Magnuson-Stevens Fish-
ery Conservation and Management Act, in conjunction with the National
Marine Fisheries Service. Charged with ensuring a safe, efficient, and
effective marine transportation system, the Coast Guard regulates and
inspects commercial and private vessels, licenses merchant mariners,
manages waterways, and protects the security of America’s ports.

The Coast Guard helps to recover and maintain marine protected
species populations. The Coast Guard enforces a wide variety of fishery
regulations designed to reduce the bycatch of threatened and endangered
species. As part of its mission to manage waterways, the Coast Guard
participates in aquaculture leasing permit processes and ensures that off-
shore structures are not hazards to navigation.

Sources: U.S. Coast Guard 2003a,b,c
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Federal Highway Administration (Department of Transportation)

The Federal Highway Administration (FHWA) is an operating ad-
ministration of the U.S. Department of Transportation. The Maine Divi-
sion of FHWA works in partnership with the Maine DOT metropolitan
planning organizations in Bangor, Kittery, Lewiston-Auburn, and Port-
land.

Source: FHWA 2003

REGIONAL ORGANIZATIONS

New England Fisheries Management Council (NEFMC)

The NEFMC is one of eight regional fisheries management councils
established by the Magnuson Fishery Conservation and Management Act
of 1976 (renamed the Magnuson-Stevens Fishery Conservation and Man-
agement Act when amended on October 11, 1996). The councils manage
the living marine resources within the U.S. Exclusive Economic Zone, an
area extending from 3 to 200 miles offshore. The NEFMC’s jurisdiction
extends from Maine to southern New England, although some NEFMC-
managed species range to the mid-Atlantic.

The council develops management plans that are submitted to the
National Marine Fisheries Service (NMFS) and the Secretary of Com-
merce for approval and implementation. The council is tasked with mak-
ing fisheries management decisions to impose regulations on the fishing
industry, which include setting the size of the allowable catch, the length
of the fishing season, the allocation of any quotas to states and fishers,
and permitting and licensing provisions.

The NEFMC developed the Fishery Management Plan for Atlantic
salmon (Salmo salar) that was implemented by NMFS on March 17, 1988.
The plan explicitly established U.S. management authority over all Atlan-
tic salmon of U.S. origin. Specifically, the plan prohibits any commercial
fishery for Atlantic salmon, directed or incidental, in federal waters (3–
200 miles) and prohibits the possession of Atlantic salmon from federal
waters.

Source: NEFMC 2003

Atlantic State Marine Fisheries Commission (ASMFC)

The 15 Atlantic coast states (Maine through Florida, including Penn-
sylvania) formed the ASMFC in 1942 to assist in managing and conserv-
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ing the states’ shared coastal fishery resources. Each of the 15 states is
represented on the commission by three commissioners, including the
director for the state’s marine fisheries management agency, a state legis-
lator, and an individual representing fishery interests, appointed by the
state governor.

The commission initiated its Interstate Fisheries Management Pro-
gram (ISFMP) in 1981, with a cooperative agreement with the NMFS. The
ISFMP aims to promote the cooperative management of marine, estua-
rine, and anadromous fisheries in state waters of the East Coast through
interstate fishery management plans. The major objectives of the ISFMP
are to (1) determine the priorities for interjurisdictional fisheries manage-
ment in coastal state waters; (2) develop, monitor, and review fishery
management plans; (3) recommend to states, regional fishery manage-
ment councils, and the federal government management measures to ben-
efit these fisheries; (4) provide an efficient structure for the timely, coop-
erative administration of the ISFMP; and (5) monitor compliance with
approved fishery management plans.

The species managed under this program are American lobster,
American shad and river herring, Atlantic croaker, Atlantic herring, At-
lantic menhaden, Atlantic sturgeon, bluefish, northern shrimp, red drum,
scup, Spanish mackerel, spot, spotted seatrout, striped bass, summer
flounder, tautog, weakfish, and winter flounder. Fishery management
plans currently under development include American eel and black sea
bass. The fishery management plans impose restrictions on the commer-
cial and recreational catch of the species covered by individual plans. The
plans set quotas on catch, minimum sizes of fish that can be landed and
sold, and restrict other aspects of fishing. The ASMFC does not have a
fishery management plan for Atlantic salmon.

The commission’s Research and Statistics Program coordinates com-
mercial and recreational fisheries data collection programs and is active
in the development and implementation of the Atlantic Coastal Coopera-
tive Statistics Program.

To achieve the conservation and improvement of marine fish habitat,
the commission ensures that habitat information and needs are specified
in fishery management plans and disseminated to the agencies with regu-
latory authority for habitat. The education portion of the commission’s
Habitat Program complements these efforts by also providing this infor-
mation to fishermen and the general public, along with advice about what
individuals can do to protect fish habitat.

The commission’s Sport Fish Restoration Program is aimed at im-
proving fishery conservation and wise utilization of critical sport fisheries
resources of the Atlantic. Through this program, the commission acts as a
liaison between state and federal agencies and nongovernmental organi-
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zations to promote interstate and state and federal cooperation on marine
recreational fisheries programs. These activities are coordinated through
the Commission’s Sport Fish Restoration Committee to ensure compat-
ibility with, and integration into other programs of the Commission.

The commission’s Law Enforcement Program assists the states in co-
ordinating their law enforcement efforts through data exchange and prob-
lem identification. The program provides information on law enforce-
ment issues, brings resolutions addressing enforcement concerns before
the commission, coordinates enforcement efforts among states, and moni-
tors the enforcement of measures incorporated into the commission’s in-
terstate fisheries management plans.

Sources: ASMFC 2003, NOAACSC 2003

INTERNATIONAL ORGANIZATIONS

The principal international organization governing Atlantic salmon is
the North Atlantic Salmon Conservation Organization (NASCO).3
NASCO, established in 1984, aims to contribute to the conservation, resto-
ration, enhancement, and rational management of salmon stocks. There
are seven contracting parties to NASCO, including the European Union,
and 26 nongovernmental organizations with observer status. NASCO con-
sists of a council, three regional commissions, and a secretariat.

The three regional commissions are the North American Commis-
sion, North-East Atlantic Commission, and the West Greenland Commis-
sion. The two members of the North American Commission are Canada
and the United States; the four members of the West Greenland Commis-
sion are Canada, the United States, Denmark, and the European Union.
Denmark, the European Union, Iceland, Norway, and the Russian Fed-
eration are the members of the Northeast Atlantic Commission.

The North American Commission requires each of its members to
implement measures to minimize the bycatch of Atlantic salmon that
originate in the rivers of other members. In addition, the commission
requires that before a member allows the increase in catches of salmon
that originate in the rivers of another party, the member must obtain the
consent of that party.

Source: NAFO 2003

3The North Atlantic Fisheries Organization governs fisheries in the North Atlantic that
exploit species other than Atlantic salmon.
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Gulf of Maine Council on the Marine Environment

Established in 1989 by the region’s governors and premiers, the Gulf
of Maine Council on the Marine Environment is an international body
that promotes and facilitates cross-border cooperation among govern-
ment, academic, and private groups. The council aims to develop and
implement a sustainable management strategy for the Gulf of Maine, an
area that extends from Nantucket through the Bay of Fundy to Cape
Sable, Nova Scotia. The council’s activities in marine monitoring, habitat
protection, public education, and pollution prevention are overseen by
public and private representatives from Massachusetts, New Hampshire,
Maine, New Brunswick, and Nova Scotia.

The Gulf of Maine council has developed an action plan for the pro-
tection and conservation of coastal and marine habitats in the Gulf of
Maine. The action plan will guide state, provincial, and federal policy and
budgeting decisions affecting the Gulf’s coastal and marine environments.
The governors of Maine, Massachusetts, and New Hampshire; the pre-
miers of New Brunswick and Nova Scotia; and six federal agencies with
mandates in the marine environment (Environment Canada; the Depart-
ment of Fisheries and Oceans, Canada; the U.S. Fish and Wildlife Service;
the U.S. Army Corps of Engineers; the U.S. Environmental Protection
Agency; and the National Oceanic and Atmospheric Administration) have
agreed to the action plan. The plan focuses on coastal and marine habitat
and has five major goals: (1) protect and restore regionally significant
coastal habitats; (2) restore shellfish habitats; (3) protect human health
and ecosystem integrity from toxic contaminants in marine habitats; (4)
reduce marine debris; and (5) protect and restore fishery habitats and
resources.

Source: Gulf of Maine Council on the Marine Environment 2003

NONGOVERNMENTAL ORGANIZATION
SALMON EFFORTS IN MAINE:

Atlantic Salmon Federation—Maine Council
Atlantic Salmon for Northern Maine
Atlantic Salmon Unlimited
Dennys River Sportsman’s Club
Downeast Salmon Federation
Eddington Salmon Club
F.I.S.H. (Facilitators Improving Salmonid Habitat
Fishing In Maine
Friend of the Penobscot
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Friends of Craig Brook
Kennebec Coalition
Maine Environmental Policy Institute
Maine Rivers
Marine Environmental Research Institute
Narraguagus Salmon Association
Natural Resources Council of Maine
Northern Penobscot Salmon Club
Penobscot County Association
Penobscot River Coalition
Penobscot Riverkeepers 2000
Penobscot Salmon Club
Pleasant River Fish and Game Conservation Association
Pleasant River Hatchery
Project SHARE
Quoddy Regional Land Trust
Saco River Salmon Club
St. Croix International Atlantic Salmon Assoc.
St. Croix International Waterway Commission
Sheepscot River Club
Sheepscot Valley Conservation Association
Trout Unlimited, George’s River Chapter
Trout Unlimited, Kennebec Valley Chapter
Trout Unlimited Maine Council
Trout Unlimited Merrymeeting Bay Chapter
Union Salmon Association
Veazie Salmon Club
Wild Salmon Resource Center

WATERSHED COUNCILS

Cove Brook
Dennys River
Ducktrap River (Coastal Mountain Land Trust)
East Machias River
Kennebec River (Friends of the Kennebec Salmon)
Machias Rivers
Narraguagus River
Pleasant River
Sheepscot River
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Appendix C

Supportive Breeding, Effective
Population Size, and Inbreeding

Release of hatchery fish is practiced extensively in fisheries manage-
ment either to protect weak populations from extinction or to sustain
sport or commercial fisheries. To avoid the risk of compromising the
genetic integrity of the recipient population, the fish released are fre-
quently produced through captive breeding of a part of the wild population.
A fraction of the wild fish are brought into captivity for reproduction, and
their offspring are released into the natural habitat where they mix with
wild individuals. This breeding practice, referred to as supportive breeding
(Ryman and Laikre 1991), is intended to increase the census population
size without introducing exogenous genes into the managed population.

Supportive breeding may increase the total population size through a
higher reproductive output from the captive breeders than from those
reproducing in the wild. In many situations, however, there is a trade-off
between this demographic gain and the genetic “health” of the popula-
tion, because the procedure of supportive breeding may be coupled with
a reduction of the genetically effective population size (Ne), resulting in
excessive inbreeding and loss of genetic variation. The basic reason for
this reduction of Ne is that supportive breeding implies manipulating the
reproductive rate of the captive (hatchery) segment of the population that
results in a change of the variance of family size in the population as a
whole (wild + captive), and this parameter is of critical importance to the
effective size of the population (Ryman 1994, Ryman and Laikre 1991,
Ryman et al. 1995b; Wang and Ryman 2001).
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Rather complex theoretical considerations are sometimes required to
predict the genetic dynamics of a population under supportive breeding,
and for the purpose of this presentation, we confine the discussion to
illustrating the basic problems by means of some worked examples. We
focus on inbreeding (F) and on the corresponding parameter inbreeding
effective size that is related to the rate of inbreeding per generation (∆F)
through ∆F = 1/(2Ne) (see Ryman et al. [1995b] or Wang and Ryman [2001
for details). The results presented below have been generated using the
equations for inbreeding effective size of Wang and Ryman (2001).

Model: We consider a wild population with an even sex ratio that in a
particular generation (t) consists of N individuals. Before mating, these N
individuals (breeders) are distributed at random into a captive (c) and a
wild (w) group of size Nc and Nw, which reproduce in captivity and in the
wild, respectively (Nc + Nw = N; “enumeration” takes place at sexual
maturity, and the unit of measurement refers to adults that are potential
breeders). The mean and variance of the number of (adult) progeny per
wild individual is mw and s 2

w, respectively, and the corresponding quan-
tities for the captive segment are mc and s 2

c. The captive offspring are
released into the natural habitat where they mix and breed with wild
individuals. Mating is random within each of the wild and captive groups,
and the entire process of selecting breeders for captive propagation and
releasing their progeny may be repeated in generation t + 1 and subse-
quent generations. The wild population is of constant size when mw = 2, it
grows when mw > 2, and it is declining if mw < 2. When considering the
effect of supportive breeding on the total population size (N), the opera-
tion is successful when mc > mw, it has no effect when mc = mw, and it is
unfavorable when mc < mw.

Binomial distribution of family size: As an example, we consider a natural
population of N = 50 individuals that is constant in size (mw = 2). The
organism can be bred in captivity, and under captive conditions, the
average number of progeny is typically around 10 (mc = 10). Ecological
studies indicate that the present population size is far below carrying
capacity, and the manager wants to raise the number through captive
propagation of some of the individuals. It is assumed that the removal of
some individuals will not affect the reproductive rate of those that are
left to reproduce in the wild. A supportive breeding program is initiated,
and during each of 10 generations, five randomly selected breeders are
caught in the wild and brought into captivity for reproduction and sub-
sequent release of all their offspring (initial N = 50, Nc = 5, and Nw = N – 5
= 45).

The number of progeny per individual (family size) follows a bino-
mial distribution within each of the wild and captive groups. Under such
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conditions, the mean and variance of family size are approximately the
same (s2

c ≈ mc s 2
w ≈ mw), and the census and effective population sizes are

identical (which follows from the definition of effective size).
Without interference, the effective size of the wild population would

remain constant at Ne = N = 50 for each generation, because family size is
binomially distributed. Under supportive breeding, the total size (N) of
the population (wild + captive) grows linearly over time, but effective
size behaves quite differently (Figure C-1a). Although the total popula-
tion size (N) grows quickly, there is a sudden reduction of Ne in genera-
tion 2 below what it would have been without supportive breeding (Ne,2 ≈
29). Further, although Ne grows larger after generation 2, the rate of in-
crease is slower than that of the census size (N). The reason for this behav-
ior of Ne is that the captive breeding program results in a change of demo-
graphic parameters that affect Ne. On one hand, the growing N tends to
increase Ne. On the other, the differential contribution from wild and
captive breeders (mw vs. mc) results in a variance for the population as a
whole (s 2) that is larger than that without supportive breeding (s 2 = s 2

w
≈ 2), which tends to reduce effective size. As N grows, s 2 declines asymp-
totically to s 2 ≈ 2, but in the first few generations, the increase of s 2

outweighs that of N, and effective size is reduced (Wang and Ryman
2001).

The reduction of Ne during the early stage of supportive breeding
creates a “genetic bottleneck” that results in accumulation of inbreeding
at a rate higher than that of a population left on its own. Thus, the boost of
census size is obtained at the cost of increased inbreeding, and the effect
of this increase may persist for many subsequent generations. The reason
for this extended effect is that the overall genetic success of a supportive
breeding operation cannot be judged exclusively from the number of gen-
erations required for Ne to exceed the value it had before the program was
launched. Rather, evaluation of the total genetic impact of a breeding
program must be based on the amount of inbreeding that has accumu-
lated during the program as a whole.

The cumulative effects of supportive breeding on inbreeding can be
assessed from the harmonic mean of Ne as indicated in Figure C-1a. As
noted above, the effective number would stay constant at Ne = 50 in the
absence of supportive breeding. As an effect of the breeding program,
however, Ne first drops to a minimum in generation 2 and then starts to
increase as the total population grows, and Ne exceeds 50 already in gen-
eration 4 when Ne,4 ≈ 58 (Figure C-1a). It is important to note, however,
that this by no means implies that the population has now “recovered”
from the excessive rate of inbreeding caused by the reduced effective size
during the initial phase of the program. The reason is that the amount of
inbreeding accumulating over multiple generations of variable Ne is de-
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FIGURE C-1 Census size (N), effective size (Ne), and cumulative harmonic mean
of effective size (Ne) during 10 generations of supportive breeding in a popula-
tion of 50 individuals that would be of constant size if left on its own (initial N =
50). In each generation a fixed number of Nc individuals are caught at random
and brought into captivity for reproduction. The mean number of progeny per
individual is mc = 10 in captivity and mw = 2 in the wild. Dashed lines indicate the
effective size in the absence of supportive breeding. a, Nc = 5; the variance (s 2) of
the number of the progeny per individual in the wild and in captivity are approx-
imately equal to their respective means, i.e., s 2

w ≈ mw = 2, and s 2
c ≈ mc = 10. b, Nc

= 5, s 2
w = 10, and s 2

c = 50. c, Nc = 5, s 2
w = 10 and s 2

c = 10. d, Nc = 20, s 2
w = 10,

and s 2
c = 50.
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termined by the harmonic mean of Ne over generations, and the harmonic
mean is most heavily affected by the smaller of the values being averaged.
In generation 4, this average is only about 43, implying that the popula-
tion has accumulated more inbreeding during the first four generations
than it would in the absence of supportive breeding, i.e., if the effective
number had stayed constant at Ne = 50. It is not until generation 7 (at N7 =
190 and Ne,7 ≈ 108) that the harmonic mean of Ne exceeds 50, and the
overall accumulation of inbreeding (total F) is less than it would have
been had the population been left alone. Thus, although already the first
six generations of this supportive breeding operation may be considered
very successful in boosting both the census (N) and effective (Ne) numbers,
the population still “suffers” from the genetic bottleneck that occurred
during the first few generations of the program (Wang and Ryman 2001).

Under the present model the outcome of supportive breeding on Ne is
qualitatively the same as that depicted in Figure C-1a in all situations
where the number of progeny of wild and captive breeders is binomially
distributed around their respective means of mw and mc (Ryman and Laikre
1991, Ryman et al. 1995b). The quantitative effects, however, i.e., the mag-
nitude of the sudden drop in generation 2, the rate at which Ne increases
in subsequent generations, and the time required for “recovery” depend
on Nc, mw, mc, initial N, and the duration of the program. The severity of
genetic bottleneck tends to be most pronounced when a small number of
captive breeders are allowed to produce a large number of offspring over
many generations. Expressed differently, the amount of “genetic dam-
age” through accumulation of inbreeding is larger the more successful the
support program is from a purely census perspective.

Nonbinomial distribution of family size: In natural populations of most
organisms, including fishes, the variance of family size is frequently likely
to be larger than binomial. The same is true for many captive populations
unless active management measures are taken to reduce this variance. In
such situations the effect of supportive breeding on Ne is more difficult to
predict qualitatively, because the outcome now also depends on s 2

w and
s 2

c, as exemplified in Figure C-1b. Here, the basic conditions are the same
as in the previous example (Nc = 5; N = 50, and Nw = 45 at the start of the
program; mw = 2 and mc = 10), except that the variances of family size are
now five times larger than their binomial values with s 2

w = 10 and
s 2

c = 50.
Under this latter scenario, the total (census) size of the population

changes as in the previous example, as it should because Nc, mw, mc, and
initial N are the same as before. The immediate reduction of Ne is quite
small, however, and already in generation 3 the harmonic mean of Ne is
larger (and the overall accumulation of inbreeding correspondingly
smaller) than it would have been without supportive breeding. The rea-
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son is that effective size is always smaller than census size in a population
where the variance of family size exceeds its binomial value. Because of
the larger than binomial variance in the present case, the wild population
of 50 individuals (N = 50) only maintains an effective size of 17 (Ne ≈ 17) if
left on its own, and the breeding program does not imply a change of the
demographic parameters of the population as a whole (wild+captive) that
brings Ne below its original value. Thus, for this particular population, the
support program is successful both demographically and genetically, as it
results in a rapid increase of both the census and the effective size.

The variance of family size can frequently be manipulated under cap-
tive conditions and efforts can be made to reduce this variance to increase
the effective number of captive breeders (as is presently done in, for ex-
ample, the Craig Brook hatchery). Reducing s 2

c is expected to provide an
increase of Ne in a population under supportive breeding, but the effect of
such a reduction is minor in the present case. As indicated in Figure C-1c,
bringing this variance down to s 2

c = 10 (from its original value of s 2
c = 50)

only results in an increase of Ne from 15 to 18 in generation 2, and from 66
to 71 at the end of the program. For other combinations of wild and
captive parameter values, the “genetic gain” of reducing s 2

c may be sub-
stantial, however.

In contrast, for the combinations of mean and variances of family size
in the present example (Figure C-1b) the breeding program could be made
more successful by using more captive breeders, and Figure C-1d shows
the result of increasing Nc from 5 to 20. Bringing a larger number of
breeders into captivity not only boosts the census population more effi-
ciently (as expected when mc > mw), but for the present parameters, it also
results in a more rapid increase of the effective size and a correspondingly
reduced accumulation of inbreeding (reflected in the larger harmonic
mean Ne over the entire program).

Supportive breeding may drastically reduce the effective size of a
population and thereby accelerate both the inbreeding and the loss of
genetic diversity, also when the breeding program is successful in boost-
ing the census population size. Predicting the genetic effects of a particu-
lar program may be quite complicated, however, requiring access to at
least crude estimates of several parameters. The manager may have a
quite good knowledge of the number of breeders brought into captivity
and the mean and variance of the number of progeny they produce (Nc,
mc, and s 2

c), but the information on the corresponding quantities for the
wild segment is frequently rather poor (but see Spidle et al (2003) for
some recent estimates).

Clearly, the overall biological success of a supportive breeding pro-
gram cannot be evaluated without assessing the impact on the effective
size, and research efforts should be directed toward collection of data that
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are necessary for realistic predictions of that impact. In this context, pre-
liminary appraisals that are based on a range of seemingly realistic pa-
rameter values may be helpful in identifying critical information that may
be missing.

The above examples are aimed at illustrating some of the basic ge-
netic problems associated with supportive breeding, rather than provid-
ing an inventory of all the factors that should be considered when design-
ing a breeding program. Situations not discussed include unsuccessful
supportive breeding (i.e., mc < mw), declining wild populations (mw < 2),
variable number of captive breeders, preferentially selecting individuals
of wild or captive origin for captive breeding, overlapping generations,
and populations that crash when the support program is terminated. Some
of these aspects have been discussed in the literature, and in addition to
the citations given above, interested parties should consult the papers by
Duchesne and Bernatchez (2002), Hedrick et al. (2000), Lynch and O’Hely
(2001), Waples and Do (1994), and references therein.
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Appendix D

Supportive Breeding and
Risks to Genetic Quality

There are many genetic risks associated with the production of salmon
through supportive breeding programs. One genetic risk of artificial
propagation that has attracted widespread attention is the loss of genetic
diversity (Hedrick 2001). Ryman and Laikre (1991), and the discussion
above, show how supportive breeding may reduce effective population
size (Ne < N) and therefore accelerate the loss of genetic diversity within
wild populations. This loss may reduce the viability of individuals, for
example through reduced heterozygosity, and it may also impact the
potential evolution of new adaptations by populations over the long term.
Concern over the short- and long-term impacts has led managers of sup-
portive breeding programs to develop breeding protocols that retain maxi-
mum genetic diversity. Artificial pairing may include genotyping and
calculation of “mean kinship” to determine breeding value (Ballou and
Foose 1996). Or individuals are randomly bred, and emphasis is placed
on equal contribution from each individual by equalization of family size
(e.g., Rodriguez-Clark 1999, Wiese and Willis 1999). Although these pro-
tocols may achieve the objective of maintaining genetic diversity, they are
not based on natural breeding systems.

The emphasis in current supportive breeding programs is the artifi-
cial pairing of genetically unrelated individuals. In nature, however,
breeding is usually not random with respect to genetics (Andersson 1994).
Supportive breeding, as currently practiced, limits or even works against
both sexual selection and life history decisions that are necessary for the
maintenance of genetic quality within populations (e.g., Fleming and
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Gross 1993, Grahn et al 1998, Wedekind 2002). Sexual selection in natural
breeding systems is known to expose heritable genetic quality, through
male competition and condition-dependent characters, that is targeted by
female choice and increases offspring viability (Møller and Alatalo 1999).
Life history decisions that are made by certain individuals, such as preco-
cious maturity by higher quality males, will also expose heritable genetic
quality that is not captured in supportive breeding programs (Gross 1996).
If potential mates differ in heritable genetic quality, maximizing genetic
diversity through preventing reproductive skew is unlikely to be the best
conservation strategy (Wedekind 2002).

In natural breeding systems, “genetic quality” may have three com-
ponents that are targets of female mate choice: good genes, compatible
genes, and diverse genes. Good genes refer to the superior fitness pro-
vided to a bearer by some genes relative to others in a population. These
genes may be those most appropriate for particular pathogens or para-
sites (e.g., Hamilton and Zuk 1982) or for producing the enzymes that best
process local prey items. Female mate choice for good genes is made
possible by condition-dependent traits in males, such as body size or
ornamentation that is preferred by females. For example, Reynolds and
Gross (1992) showed that progeny fathered by preferred males had faster
growth rates and earlier age of maturity in guppies. Moller and Alatalo
(1999) reviewed a wide variety of organisms and found that males with
larger condition dependent characters, favored by females, increased off-
spring viability by 1.5% (even at early offspring stages in relatively be-
nign laboratory environments). Wedekind et al. (2001) showed that fe-
male mate choice reduced pathogen-related egg mortality in whitefish,
increasing egg survival by 12% relative to random mating.

Compatible genes refer to superior fitness provided to a bearer by the
complementation of genes at individual loci as well as across loci. For
instance, the deterioration in viability from inbreeding is often due to the
expression of two deleterious alleles; compatible alleles at a locus would
therefore include at least one nondeleterious allele. Female avoidance of
matched deleterious alleles, through the avoidance of breeding with kin,
is well known (Pusey and Wolf 1996). Female mate choice for compatible
genes at the MHC locus (major histocompatibility complex) is also well
known (Penn and Potts 1999). Females target opposite MHC carriers, and
their heterozygote progeny have superior fitness due to disease and
pathogen resistance (Carrington et al 1999). Finally, coadapted gene com-
plexes, such as coordination of diverse body parts, is compatibility across
loci and may underlie the avoidance of outbreeding in females of some
species (Andersson 1994).

Wedekind (2002) discusses some advantages of incorporating mate
preference into conservation breeding programs with whitefish. Since in-
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dividuals differ in their heritable viability, minimizing reproductive skew
and thereby maximizing Ne might not be the best conservation strategy,
since it disrupts the correlation between viability traits and reproductive
success. Resistance to a virulent egg parasite is influence by both maternal
and paternal effects. Random breeding and equalization would reduce
reproductive skew, increasing genetic variation in freshly fertilized eggs,
but both this genetic variation and egg number may later be reduced by
directed selection from the egg pathogens. Alternatively, allowing prefer-
ential breeding by preferred males would decrease genetic variation in
freshly fertilized eggs but increase mean survival of offspring. In some
cases, preferential breeding would sufficiently reduce the effects of selec-
tion by pathogens and result in higher overall Ne. Random breeding and
equalization could even increase the size of the pathogen population,
further threatening population viability. This suggests that the support-
ive breeding program needs to find a breeding protocol that incorporates
the heritable fitness benefits that come with natural mate choice.

Another example of the importance of incorporating natural breeding
systems is seen in the life history decisions of precocious maturity in male
salmon (Gross 1985). There is good theoretical reason to believe that pre-
cocious males (“jacks” or “precociously mature parr”) are those that have
the best quality genes in the population and thus derive the highest fit-
ness (Gross and Repka 1998a,b). This increased fitness results in the spread
and maintenance of the high quality genes in the population. In current
conservation genetics breeding protocols, these males would receive no
more breeding advantage than the less fit delayed-maturity males (“hook-
nose” or “adult” males). This stalls the movement of high-quality genes
into the population by unfairly increasing the relative fitness of poor-
quality genes.

In summary, supportive breeding programs that focus on maximiz-
ing genetic diversity are unlikely to maintain long-term genetic quality in
wild populations. Studies of natural breeding systems reveal that genetic
quality consists of good genes, compatible genes, and appropriate rather
than random genetic diversity. The domestication of wildlife for agricul-
tural consumption by human breeding protocols has only demonstrated
that we can produce organisms with high fitness in artificial environ-
ments. We do not have equivalent evidence for the capacity of conserva-
tion breeding programs to produce organisms that are adapted for their
natural environments. Until evolutionary and conservation genetics has
matured in its understanding of genetic quality, the use of supplementa-
tion and the potential for genetic interactions between hatchery and wild
fish should be viewed as further threats to population viability.
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Appendix E

Summary of
Committee’s Interim Report

(Excerpted from NRC 2002a)

Atlantic salmon in Maine, once abundant but now seriously depleted,
were listed as endangered under the federal Endangered Species Act
(ESA) in November 2000. The listing covers the wild fish in eight Maine
rivers as a single “distinct population segment.” The controversy in Maine
that accompanied the listing led Congress to request the National Re-
search Council’s (NRC’s) advice on the science relevant to understanding
and reversing the declines in Maine’s salmon populations. The charge to
the NRC’s Committee on Atlantic Salmon in Maine included an interim
report focusing on the genetic makeup of Maine Atlantic salmon popula-
tions. This is the interim report. Understanding the genetic makeup of
Maine’s salmon is important for recovery efforts, because the degree to
which populations in Maine differ from adjacent populations in Canada
and the degree to which populations in different Maine rivers and tribu-
taries differ from each other affect the choice of recovery options that are
most likely to be effective. This report focuses only on questions of genetic
distinctiveness. The committee’s final report will address the broader
issues, such as the factors that have caused Maine’s salmon populations
to decline and the options for helping them to recover.

SALMON BIOLOGY

Naturally reproducing populations of Atlantic salmon occur in rivers
and streams from southwestern Maine to northwestern Europe. Histori-
cally, they were found in the Hudson River in New York and north and
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east to the Canadian border but today are found only in Maine, from the
lower Kennebec River to the Canadian border. The populations have de-
clined drastically, from perhaps half a million adults returning to U.S.
rivers each year in the early 1800s to about 1,000 in 2000.

Salmon spawn in freshwater, where the young hatch and grow for a
year or 2 before migrating to sea. At sea, they grow faster in the rich
marine environment and then return to the rivers where they hatched
(called natal streams) to spawn. Most fish die after spawning, but some
return to the ocean, and some of those return to spawn again. Adults
return to their natal streams; only about 2% stray to other (usually nearby)
streams.

The occasional straying is probably important evolutionarily, because
it allows recolonization of a stream if the local population dies out and
provides for small infusions of new genetic material for evolutionary
adaptation to changing conditions. Their homing provides an opportu-
nity for the salmon to adapt to environmental conditions in their natal
streams. This complex life history pattern makes salmon vulnerable to
environmental disruptions both at sea and in fresh water. It also compli-
cates the understanding of the genetic makeup of salmon populations
because of the relationship between local adaptations and exchange of
genetic material through occasional straying.

HATCHERIES AND AQUACULTURE

Augmentation of wild populations of Maine salmon with hatchery
releases began in the early 1870s. At first, young fish were obtained from
Lake Ontario, 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 in the 1940s by eggs from the
Machias, Penobscot, and Dennys rivers of Maine. In the 1950s and 1960s
some eggs of Canadian origin were used again, but by the late 1960s, eggs
from Maine’s Machias, Narraguagus, and Penobscot rivers were used.
Fish reared in hatcheries derived from Penobscot River fish were used
until late 1991, when the practice of river-specific stocking was adopted.
The protocol used since involves catching young, actively feeding fish
(parr) in the river, rearing them to maturity in the hatchery, mating them,
and releasing the resulting fry into the rivers before they start to feed.

In addition to stocking, which at least until 1992 added to rivers many
fish (and eggs) whose genotypes did not reflect adaptation to the local
environment, aquaculture (farming) of Atlantic salmon began in Maine in
the 1980s, the first fish for market being produced in 1987. Derived in part
from European Atlantic salmon, the genetic strains used for fish farming
are even more different from native strains than hatchery strains. Farm
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fish 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 escapees on the genetics of wild
populations is not well documented in Maine, but both hatchery- and
pen-reared fish compete poorly in rivers with 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 impact is likely to have
occurred, especially as farm production has increased in recent years.

The addition of so many nonwild genotypes from hatcheries and
possibly from aquaculture escapees has led some to conclude that the fish
returning to spawn in Maine’s rivers could not possibly represent any-
thing more than some nonnative mix of genotypes from Europe, Canada,
and Maine. If that were true, then options for conservation might be
considerably different from those that might be undertaken if the wild
fish in Maine were distinct, and that is why it is important to understand
the genetic makeup of the wild salmon populations in Maine.

THE DATA ON GENETICS OF MAINE SALMON

The committee’s focus in this interim report is on assessing how Maine
salmon populations differ from other Atlantic salmon populations and
among themselves. The committee has addressed the question at three
levels. First, are North American Atlantic salmon genetically different
from European salmon? Second, are Maine salmon distinct from Cana-
dian salmon? Third, to what degree are salmon populations in the eight
Maine rivers mentioned in the ESA listing distinct from each other?

Much of the evidence on genetic distinctiveness is based on labora-
tory analyses of variations in the gene products (proteins) and in the
genetic material (DNA) itself. The preliminary evidence indicated distinc-
tiveness at all three levels, and that indication led to the ESA listing.
However, the evidence has been questioned on statistical, methodologi-
cal, biological, and other grounds, and so it bears close evaluation.

The committee evaluated the original evidence, including technical
reports, as well as newly published information. It reviewed earlier stud-
ies and studies of similar situations involving other locations and some
other species of fishes in the salmon family and considered the questions
raised about the evidence on Maine salmon. In addition, the committee
considered the effect that overlapping generations1 of salmon might have
on the evidence.

1Before progeny hatched in a particular year can reproduce, progeny hatched in earlier
years will reproduce. Thus, the generations overlap.
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The evidence on distinctiveness of Maine salmon includes statistical
studies on a variety of protein and DNA markers. The statistical signifi-
cance of the results is so strong and the departures from random expecta-
tions are so large that the committee judged the results to be persuasive.
Many appropriate questions have been raised about the evidence, and the
most recent studies have benefited from criticisms of earlier work. Those
criticisms could still be used to improve future work, but the general
conclusions are so strongly supported by the evidence that they are not
invalidated by imperfections in the data collections or analyses.

The committee concludes that North American Atlantic salmon are
clearly distinct genetically from European salmon. In addition, despite
the extensive additions of nonnative hatchery and aquaculture genotypes
to Maine’s rivers, the evidence is surprisingly strong that the wild salmon
in Maine are genetically distinct from Canadian salmon. Furthermore,
there is considerable genetic divergence among populations in the eight
Maine rivers where wild salmon are found.

The heavy stocking of salmon in Maine’s rivers and streams has in-
cluded periods of heavy Canadian stocking, interspersed with strictly
Maine stocking. Exactly how much Canadian genetic material has infil-
trated Maine salmon populations is impossible to judge at this date.

It is thus appropriate to ask whether wild salmon in Maine reflect
only (or mainly) the result of decades of hatchery stocking. That seems
unlikely, because if that were so, Maine salmon should be more similar to
Canadian salmon than they are. In addition, if their genetic makeup were
largely due to stocking of non local salmon broadly across Maine’s rivers,
salmon populations within Maine would be genetically much more simi-
lar than they are. A related question 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 peri-
ods, which influenced the differentiation of Maine’s original salmon popu-
lations, versus recent genetic drift (sampling effects) caused by small
populations. This question cannot be answered at present, but the pattern
of genetic variation seen among Maine streams is similar to patterns seen
elsewhere in salmon and their relatives where no stocking has occurred.
Maine streams have salmon populations that are genetically as divergent
from Canadian salmon populations and from each other as would be
expected in natural salmon populations anywhere else in the Northern
Hemisphere.
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Appendix F

Stocking Numbers, 1871–1995

SUMMARY OF NUMBERS OF ATLANTIC EGGS BY SOURCE
FOR RESTORATION AND ENHANCEMENT STOCKING

FROM 1872 THROUGH 1995

Year River of Origin Eggs Collecteda

1871 Penobscot, Maine 73,200

1872 Penobscot, Maine 1,566,045

1873 Penobscot, Maine 2,321,935

1874 Penobscot, Maine 3,056,500

1875 Penobscot, Maine 2,020,000

1876–78 No eggs were collected 0

1879 Penobscot, Maine 211,690

1880 Penobscot, Maine 1,930,560

1881 Penobscot, Maine 2,693,010

1882 Penobscot, Maine 2,090,000

1883 Penobscot, Maine 2,535,000

1884 Penobscot, Maine 1,935,185

1885 Penobscot, Maine 2,422,600

1886 Penobscot, Maine 1,158,775

1887 Penobscot, Maine 1,184,000
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1888 Penobscot, Maine 2,253,205

1889 Penobscot, Maine 1,904,000

1890 Penobscot, Maine 533,400

1891 Penobscot, Maine 1,203,285

1892 Penobscot, Maine 1,108,500

1893 Penobscot, Maine 806,000

1894 Penobscot, Maine 415,350

1895 Penobscot, Maine 1,027,355

1896 Penobscot, Maine 3,192,125

1897 Penobscot, Maine 3,506,640

1898 Penobscot, Maine 2,147,675

1899 Penobscot, Maine 1,881,610

1900 Penobscot, Maine 655,500

1901 Penobscot, Maine 832,300

1902 Penobscot, Maine 2,506,575

1903 Penobscot, Maine 3,484,000

1904 Penobscot, Maine 954,500

1905 Penobscot, Maine 2,310,430

1906 Penobscot, Maine 2,804,400

1907 Penobscot, Maine 2,714,500

1908 Penobscot, Maine 1,114,300

1909 Penobscot, Maine 1,456,800

1910 Penobscot, Maine 3,800,200

1911 Penobscot, Maine 2,149,455

1912 Penobscot, Maine 3,966,430

1913 Penobscot, Maine 3,149,655

1914 Penobscot, Maine 2,014,400

1915 Penobscot, Maine 1,953,400

1916 Penobscot, Maine 3,739,180

1917 Penobscot, Maine 3,024,930

1918 Penobscot, Maine 2,613,400

1919 Penobscot, Maine 797,610

Year River of Origin Eggs Collecteda
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1920 Penobscot, Maine 911,720
Miramichi, New Brunswick 1,000,000

1921 Penobscot, Maine 572,040
Miramichi, New Brunswick 600,000

1922 Miramichi, New Brunswick 1,000,000

1923 Miramichi, New Brunswick 500,000

1924 Miramichi New Brunswick 550,600

1925 Miramichi, New Brunswick 1,000,000
Saguenay, Quebec 500,000

1926 Miramichi, New Brunswick 533,000
Saguenay, Quebec 546,000

1927 Miramichi, New Brunswick 1,023,200
Saguenay, Quebec 500,000

1928 Miramichi, New Brunswick 1,026,100
Saguenay, Quebec 500,000

1929 Miramichi, New Brunswick 1,000,000

1930 Penobscot, Maine 4,500

1931 Miramichi, New Brunswick 4,000,000

1932 Miramichi, New Brunswick 1,000,000

1933 Miramichi, New Brunswick 1,000,000

1934 0

1935 Miramichi, New Brunswick 1,000,000

1936 Miramichi, New Brunswick 1,500,000

1937 Miramichi, New Brunswick 100,000

1938 0

1939 Dennys, Maine 113,000

1940 Penobscot, Maine 250,450
Miramichi, New Brunswick 51,150

1941 Machias, Maine 268,480
Miramichi, New Brunswick 50,750

1942 Penobscot, Maine 708,945

1943 Penobscot, Maine 157,240

1944 Penobscot, Maine 150,000
Miramichi, New Brunswick 50,000

1945 Penobscot, Maine 307,400

1946 Machias, Maine 266,525

Year River of Origin Eggs Collecteda
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1947 Penobscot, Maine 324,475

1948 Machias, Maine 140,215

1949 Machias, Maine 558,815
Miramichi, New Brunswick 305,000

1950 Machias, Maine 203,400

1951 Miramichi, New Brunswick 200,000

1952 Miramichi, New Brunswick 415,000

1953 Miramichi, New Brunswick 300,000

1954 Miramichi, New Brunswick 302,980

1955 Miramichi, New Brunswick 503,840

1956 Miramichi, New Brunswick 496,550

1957 Machias, Maine 137,535
Miramichi, New Brunswick 509,080

1958 Machias, Maine 138,670
Miramichi, New Brunswick 464,510

1959 Machias, Maine 133,155
Miramichi, New Brunswick 700,940

1960 Machias, Maine 81,910
Miramichi, New Brunswick 455,420

1961 Machias, Maine 71,785
Miramichi, New Brunswick 511,220

1962 Narraguagus, Maine 72,375
Miramichi, New Brunswick 226,350
Saguenay, Quebec 296,820

1963 Machias, Maine 150,575
Narraguagus, Maine 131,095
Miramichi, New Brunswick 504,000

1964 Machias, Maine 139,810
Narraguagus, Maine 162,020
Miramichi, New Brunswick 315,030

1965 Machias, Maine 127,120
Narraguagus, Maine 139,685
St. John, New Brunswick 303,800

1966 Machias, Maine 287,950
Narraguagus, Maine 142,440
St. John, New Brunswick 259,000

1967 Narraguagus, Maine 146,940
Orland, Maine 41,110
St. John, New Brunswick 506,490

Year River of Origin Eggs Collecteda
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1968 Machias, Maine 76,580
Narraguagus, Maine 182,205
Orland, Maine 207,940

1969 Penobscot, Maine 155,265
Machias, Maine 190,705
Narraguagus, Maine 160,735
Orland, Maine 20,595

1970 Penobscot, Maine 269,480
Machias, Maine 70,750
Narraguagus, Maine 46,485

1971 Penobscot, Maine 224,130
Machias, Maine 169,000
Narraguagus, Maine 119,200

1972 Penobscot, Maine 682,745

1973 Penobscot, Maine 831,090

1974 Penobscot, Maine 1,447,785
Union, Maine 54,000

1975 Penobscot, Maine 972,965
Union, Maine 179,250

1976 Penobscot, Maine 1,313,995
Union, Maine 441,830

1977 Penobscot, Maine 710,880
Union, Maine 490,030

1978 Penobscot, Maine 1,407,930
Union, Maine 431,770

1979 Penobscot, Maine 1,117,360
Union, Maine 88,670
Kennebec, Maine 50,000

1980 Penobscot, Maine 1,506,050
Union, Maine 90,840

1981 Penobscot, Maine 1,028,000
Union, Maine 846,790

1982 Penobscot, Maine 1,549,600
Union, Maine 435,410

1983 Penobscot, Maine 1,557,490
Union, Maine 450,550

1984 Penobscot, Maine 2,351,800
Union, Maine 192,950

1985 Penobscot, Maine 1,838,900
Union, Maine 285,740

Year River of Origin Eggs Collecteda
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1986 Penobscot, Maine 2,376,100
Union, Maine 211,010
Saguenay, Quebec 98,500

1987 Penobscot, Maine 2,150,165
Union, Maine 161,110
Saguenay, Quebec 100,000

1988 Penobscot, Maine 1,610,700
Union, Maine 80,710

1989 Penobscot, Maine 2,427,200
Union, Maine 67,175

1990 Penobscot, Maine 2,041,700
Union, Maine 103,040

1991 Penobscot, Maine 2,427,000

1992 Penobscot, Maine 2,448,000
Dennys, Maine 38,000
Machias, Maine 15,850

1993 Penobscot, Maine 1,881,870
Dennys, Maine 27,930
Machias, Maine 50,080
St. Croix, Maine 114,000

1994 Penobscot, Maine 1,669,905
Dennys, Maine 155,550
Machias, Maine 207,175
Narraguagus, Maine‘ 145,710
St. Croix, Maine 80,000

1995 Penobscot, Maine 12,735,645
Dennys, Maine 338,025
East Machias, Maine 143,735
Machias, Maine 512,000
Narraguagus, Maine 394,435
Sheepscot, Maine 122,880
St. Croix, Maine 87,000

Total Maine 147,473,780
Canada 28,825,330

aFrom 1871 through 1993, all eggs were obtained from returning sea-run fish. Eggs from
kelts—adults after spawning—were first reportedly taken in 1993. Eggs were also collected
from captive broodstock beginning in 1994. The figures in this table include eggs from all
sources.
SOURCE: Adapted from Baum 1997.

Year River of Origin Eggs Collecteda
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Appendix G

Biographical Sketches of the
Committee’s Members

COMMITTEE ON ATLANTIC SALMON IN MAINE

M. T. CLEGG (Chair) is a professor of genetics at the University of Cali-
fornia, Riverside. He earned his Ph.D. from the University of California,
Davis. He is a leading student of the evolution of complex genetic sys-
tems and is recognized internationally for his contributions to under-
standing the genetic and ecological basis for adaptive evolutionary
changes within populations and at higher taxonomic levels. His research
interests include the population genetics of plants, plant molecular evo-
lution, and genetic conservation in agriculture. He has served on many
U.S. national committees, NRC committees, and oversight groups, in-
cluding the Commission on Life Sciences. He is a member and foreign
secretary of the National Academy of Sciences.

PAUL K. BARTEN is an associate professor at the University of Massa-
chusetts Department of Natural Resources Conservation. He is currently
a Bullard Fellow in Forest Research at Harvard University (2003–2004).
He earned his Ph.D. from the University of Minnesota. His research in-
terests include forest and wetland hydrology, woody debris dynamics in
riparian and lotic ecosystems, pathways and mechanisms of non-point-
source pollution, retrospective modeling of water and sediment yield,
and conservation planning for watershed management. He was a mem-
ber of the National Research Council Committee to Review New York
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City’s Watershed Management Strategy (1997–1999). He also serves as
co-chair of the Quabbin Science and Technical Advisory Committee for
the largest component of the metropolitan Boston system water supply.

IAN A. FLEMING is an associate professor of diadromous and marine
fish ecology at the Hatfield Marine Science Center of Oregon State Uni-
versity. He is also adjunct professor at the Norwegian Institute for Na-
ture Research in Trondheim, Norway, where he worked for a decade
before moving to Oregon in 2001. He earned his Ph.D. from the Univer-
sity of Toronto. His research integrates perspectives from ecology and
evolution with fishery and conservation biology and his areas of exper-
tise include salmonid behavioral and evolutionary ecology, reproduc-
tion, life history, maternal effects, and population biology. He has writ-
ten extensively on interactions of hatchery and farm salmon with wild
salmon in the Atlantic and Pacific oceans. He currently serves on the
Northwest Power Planning Council’s Artificial Propagation Assessment
Committee and is a member of several professional societies, including
the Society for the Study of Evolution, the International Society for Be-
havioral Ecology, and the American and British Fisheries Societies.

MART R. GROSS is a professor of conservation biology at the University
of Toronto. He earned his Ph.D. in biology from the University of Utah
and was a postdoctoral fellow at the University of Washington and a
professor from 1982 to 1987 at Simon Fraser University in British Columbia.
He has been at the University of Toronto since 1987. His research focuses
on the conservation biology of fishes through the study of their evolu-
tion, ecology, behavior, and genetics. His current research includes colo-
nization of the Great Lakes by exotic Pacific salmon (Chinook and coho),
colonization of Chile by introduced salmonids, evaluation of the Living
Gene Bank Program for wild steelhead in British Columbia, and develop-
ment of alternative breeding designs for maintaining genetic quality in
captive fish populations. He has published extensively on Atlantic salmon
and Pacific salmon conservation issues involving hatcheries and fish
farms. In addition to his university position, Dr. Gross is appointed by
the Canadian government to the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC) as co-chair of Marine Fishes.

LEWIS S. INCZE is a senior research scientist at the University of South-
ern Maine Bioscience Research Institute in Portland, Maine. He earned
his Ph.D. from the University of Washington. His research interests in-
clude coupled biological-physical interactions in the oceans; their effects
on the spatial and temporal patterns of upper trophic level production;
recruitment interactions between organisms, such as feeding relation-
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ships; and climate forcing of system change. His current research is
focused on the production dynamics and transport of larval lobsters in
the Gulf of Maine; the quantitative relationships between larval supply,
settlement, and fisheries recruitment; and the ecology of larval cod rela-
tive to prey populations, mixing, and transport on the Georges Bank.
Dr. Incze was a research scientist at the Bigelow Laboratory for Ocean
Sciences from 1987 to 2002 and was laboratory director from 1991 through
1995. He currently serves as chief scientist for the Gulf of Maine Area
Program of the Census of Marine Life.

ANNE R. KAPUSCINSKI is a professor of fisheries and conservation
biology at the University of Minnesota. She is also the director of the
Institute for Social, Economic, and Ecological Sustainability as well as
director for the MacArthur Interdisciplinary Program on Global Change,
Sustainability, and Justice. Dr. Kapuscinski earned her Ph.D. from Oregon
State University. Her research interests include understanding the influ-
ence of genetic makeup on long-term sustainability and the evolutionary
potential of managed populations of fish and shellfish. Recent research
projects include a comparison of 20-year trends in genetic diversity and
productivity in steelhead trout populations based on analysis of DNA
polymorphisms; performance evaluations of different walleye popula-
tions in the same lakes; examination of genetic effects of hatchery rainbow
trout on naturalized steelhead populations by testing survival of pure
and hybrid crosses in isolated stream reaches; and testing population
effects of gene flow from growth-enhanced transgenic fish to wild rela-
tives. She has served on a number of national and international commit-
tees, including the NRC’s Committee on Protection and Management of
Pacific Northwest Anadromous Salmonids and the NRC’s Committee on
Biological Confinement of Genetically Engineered Organisms. She received
a USDA Secretary of Agriculture Honor Award (1997) and a Pew Fellow-
ship in Marine Conservation (2001) for her linkage of science to public
policy regarding aquatic biotechnology and fish genetic conservation.

BARBARA NEIS is a professor at the Memorial University of Newfound-
land’s Department of Sociology in St. John’s and co-director of Safety-
Net, a Community Research Alliance on Health and Safety in Marine and
Coastal Work. Her research efforts have focused on the Newfoundland
and Labrador fisheries and she has recently begun linking that research
with international fisheries-related developments. Her current research
interests include the health impacts of restructuring in the Newfound-
land and Labrador fisheries and local ecological knowledge and science.
She has conducted research on many different aspects of the Newfound-
land Fishery including gender relations, occupational health, technologi-
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cal change, industrial restructuring, social movements, and fisheries
ecology.

PATRICK O’BRIEN is a consulting environmental scientist with Chevron-
Texaco Energy Technology Company in Richmond, California. He has a
Ph.D. in ecology from the University of California, Irvine. Dr. O’Brien
has expertise in the following areas: environmental impact assessment,
endangered species, conservation planning, ecological risk assessment,
wetlands permitting and management, natural resource damage assess-
ment, habitat restoration, and the environmental elements of oil spill con-
tingency planning and response. He served as a member of the NRC’s
Committee on Scientific Issues in the Endangered Species Act and is a
member of the NRC’s Board on Environmental Studies and Toxicology.

NILS RYMAN is a professor at Stockholm University. He is a population
geneticist whose research has focused on salmon. More specifically, his
research focuses on problems related to the intraspecific genetic structure
of natural populations, their evolutionary and reproductive relationships,
and the factors determining the amount and distribution of genetic varia-
tion among them. His particular attention is directed toward conserva-
tion genetics and the genetic effects of human impacts on natural popula-
tions. Dr. Ryman has published papers on the genetic effects of escaped
hatchery fish into natural populations.

PETER E. SMOUSE is the chairman of the Department of Ecology, Evolu-
tion and Natural Resources at Rutgers University. He earned his Ph.D.
from North Carolina State University. His research interests include bio-
metrics and population theory, spanning the fields of genetics, ecology,
demography, epidemiology, anthropology, and systematics. He has
served on a number of committees and panels including the Committee
to Study Quantitative Genetics and Common Diseases, NIH, 1978; Popu-
lation Biology and Physiological Ecology Panel, NSF 1980–83; NRC Ad
Hoc Committee to Study Endangered Amphibians, 1990; DNA Subcom-
mittee, New York State Forensic Commission 1995–98; U.S. National
Committee—IUBS 1995–98; Population Biology Panel—Dissertation
Grants, NSF 1998; Advisory Committee—Columbia Earth Institute 1998;
and the Scientific Advisory Board, Cooperative Institute Fisheries
Molecular Biology (FISHTEC) 1998–2001.

JENNIFER L. SPECKER is a professor of oceanography at the University
of Rhode Island. She earned her Ph.D. in Fisheries and Wildlife from
Oregon State University. She is a fish endocrinologist specializing in the
developmental endocrinology of Pacific and Atlantic salmon, the meta-
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morphosis of flounder, the reproductive biology of commercially impor-
tant marine fishes, the endocrine regulation of the gut and gills during
adaptation, and vitellogenins and mouthbrooding in African cichlids. She
has published scientific papers on the parr-smolt transformation of anad-
romous salmon, including “Parr-smolt transformation in Atlantic salmon:
Thyroid hormone deiodination in liver and brain and endocrine corre-
lates of change in rheotactic behavior.” She participated in the series of
Workshops on Salmonid Smoltification from 1977 to 1992, co-editing the
proceedings of the last one, which appeared in the journal Aquaculture.

ROBERT R. STICKNEY is the Sea Grant College Program director and
professor at Texas A&M University Department of Oceanography. He
earned his Ph.D. from the Florida State University. His professional in-
terests include aquaculture and fishery science. He has written exten-
sively on the history of aquaculture in the United States and on sustain-
able aquaculture. He is past president of the World Aquaculture Society
and the Fish Culture Section of the American Fisheries Society. He edits
the journal Reviews in Fisheries Science.

JON G. SUTINEN is a professor at the University of Rhode Island De-
partment of Environmental and Natural Resource Economics. He earned
his Ph.D. in economics from the University of Washington. His primary
research interests are fisheries management and regulation with an em-
phasis on compliance and enforcement. He has extensive experience in
international fisheries, including those in Latin America, Africa, South-
east Asia, and Europe. Most of this experience involved conducting
research and supplying advice on fisheries policy. His current research
focuses on several bioeconomic aspects of New England marine fisheries
and the Northeast Large Marine Ecosystem. Dr. Sutinen was the found-
ing editor of the journal Marine Resource Economics and served in that role
for over a decade. He is a member of the NRC’s Ocean Studies Board.
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