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Preface

At the International Symposium on Charrs and
Masu Salmon, in Sapporo, Japan 1988, it was
proposed that a third symposium on charr biol-
ogy should be held in Scandinavia. The meeting
in Japan was successfull and well attended, as
was the first charr symposium in Winnipeg,
Canada in 1981. With the continued effort in
Salvelinus research around the world, the audi-
ence in Sapporo felt the need for a subsequent
symposium in a few years' time. After some time
and discussions, Norway took the challenge and
started the planning of the Third International
Charr Symposium, to be convened in Trondheim
in June 1994. The host institutions were the
Norwegian College of Fishery Science, Univer-
sity of Tromso; the Norwegian Directorate of
Nature Management (DN); and the Norwegian
Institute of Nature Research (NINA). The aim
of the symposium was to provide a forum for the
interchange of ideas and recent developments in
charr (Salvelinus spp.) biology. Contributions on
brown trout (Salmo trutta) were also invited as
long as they were related to charr biology.

The opening session of the symposium took
place on 13 June. Welcome addresses were given
by Director Peter Johan Schei of DN and Direc-
tor Karl Baadsvik of NINA. Both emphasized
the importance of charr biology in nature man-
agement and research. Schei viewed charr in
relation to biodiversity issues whereas Baadsvik
focused on developments in Norwegian Arctic
charr science. Lionel Johnson, Canada, had been
invited to give the key-note lecture, which was
given directly after the opening addresses and
marked the start of the symposium. His contri-
bution is printed as the first paper in the pro-
ceedings.

The symposium had 101 participants from 10
countries (Austria, Canada, France, Iceland, Ja-
pan, Norway, Russia, Sweden, UK and USA). A
participant list with addresses appears at the end
of the proceedings.

The oral presentations were organized in the
following consecutive sessions: Genetics (Chair:
James D. Reist, Canada), Life History (Chair:
Hiroya Kawanabe, Japan), Ecological Interac-
tions (Chair: Tor G. Heggberget, Norway), Man-
agement (Chair: Odd Terje Sandlund, Norway),
Spéciation (Chair: Johan Hammar, Sweden),
Parasitology (Chair: Per-Arne Amundsen, Nor-
way), Aquaculture (Chair: Alexander Chernitsky,
Russia) and Conservation and Management
(Chair: Geoffrey Power, Canada). Every session
started with a lecture by an invited speaker. The
invited papers are printed at the beginning of
the proceedings, in the order of the sessions as
listed above. All sessions were well attended and
37 presentations were given. A poster session
was held on the afternoon of 13 June and 24
posters were on display until the last day of the
symposium. All oral and poster contributions
appear in the Book of abstracts which was dis-
tributed to the participants.

By invitation, John E. Thorpe, UK, summed
up his impressions from the symposium at the
closing session on 18 June. His contribution is
printed as the last paper ofthe proceedings. The
closing session ended with a general discussion.

Manuscripts from both oral and poster pres-
entations were invited for publication in the pro-
ceedings. All submitted manuscripts were re-
viewed, and 42 papers were accepted for publi-
cation.

At the symposium banquet, the insignia for
outstanding research on Salvelinus were awarded
to two distinguished scientists, Dr Lionel Johnson,
Canada, and Professor Ksenia A. Savvaitova,
Russia.

A mid-symposium excursion to Selbusjoen
was arranged by NINA. Arnfinn Langeland gave
a lecture on the ecology of the lake with empha-
sis on dnan/Mysis interactions, and Hans Mack
Berger presented an exhibition of live fish and
Mysis on the beach.



A post-symposium excursion and workshop
was arranged by the Norwegian College of Fish-
ery Science to northern Norway directly after the
symposium. Emphasis was placed on demon-
strating the charr part of the Norwegian sea
ranching programme and discussing problems
connected to sea ranching with charr. Sessions
were first held at the Mokkeland water course,
Harstad, where Martin-A. Svenning, Helge Eriksen
and colleagues were responsible for the pro-
gramme; and then at the Aquaculture Research
Station, Karvika, Tromso, where Malcolm Jobling
and colleagues hosted the session. The last two
sessions were held on board the coastal steamer
M/S Richard With from Tromso to Oksijord and
at Talvik Research Station, Alta, where Bengt
Finstad and Tor G. Heggberget from NINA were
hosts.

The logo of the symposium, showing two
spawning Arctic charr, was drawn by Johan
Hammar, Sweden.

Malfrid Bolestrand Kristiansen, Jorun Vikan
Larsen, Laila Saksgard and Brit Veie Rosvoll
were in charge of the registration and other sec-
retariat functions before and during the sympo-
sium. Their efforts were large, effective, kind and
necessary.

Tor F. Naesje had the responsibility to give
assistance during all oral and poster presenta-
tions.

Malcolm Elliott, UK, volunteered to serve on
the editorial committee. His extensive experience
as a science editor was a great help in produc-
ing the proceedings. He also corrected the Eng-
lish of many manuscripts. Monica Bergman at
the Institute of Freshwater Research, Drottning-
holm, did a very professional job as the assist-
ant editor for this volume of the Nordic Journal
of Freshwater Research.

The symposium received financial support
from the Norwegian Directorate of Nature Man-
agement, the Norwegian Institute of Nature Re-
search, the Norwegian Research Council, the
University of Tromso and the Norwegian Col-
lege of Fishery Science. The Norwegian Sea
Ranching Programme PUSH supported the post-
symposium workshop. The Nordic Publication
Board for Natural Sciences supported the publi-
cation of the proceeedings.

We feel that the Third International Charr
Symposium was a successful meeting. On behalf
of the organizing committee and the host insti-
tutions, we want to express our gratitude to eve-
ryone, mentioned and unmentioned, who took
part in the organizing and the running of the
symposium and the excursions, to the invited
speakers for their important contributions, to all
participants for coming to Norway, and to the
institutions that gave financial support.

We hope that the present volume provides in-
teresting reading, and already look forward to
the next international charr symposium.

Tromso and Trondheim, August 1995

Anders Klemetsen and Bror Jonsson

Convenors
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Systems for Survival: of Ecology, Morals and Arctic Charr

Salvelinus alpinus)

LIONEL JOHNSON

10201 Wildflower Place, Sidney, B.C, V8L 3R3 Canada

Abstract

Undisturbed Arctic charr populations in autonomous lakes in northern Canada, provide a
reference system delineating the structures and behaviour contingent on stability and sur-
vival. Examination of the roots of moral behaviour by Jacobs (1992) reveals interesting cor-
respondences with the basic biological dynamic. The origin and survival of organisms, it is
hypothesized, is the result of interaction between two countervailing physical principles, one
is the Principle ofLeast Action (the dissipation of energy as rapidly as possible), fundamen-
tal to modern physics, the other is a Principle of Most Action (energy capture and its reten-
tion for as long as possible). This principle is most readily apparent in biology. Action gov-
erns the overall process of energy transfer; its dimensions are energy times time. Application
of these principles to living, interacting organisms results in a hierarchical structure. Asym-
metric interaction between levels accelerates energy transfer (decreased action); but within
hierarchical levels symmetric interaction is necessary for survival (increased action). A fur-
ther prerequisite of survival is the dominance of the Most Action principle over ‘succes-
sional' or ‘ecological’ time; conversely, over ‘evolutionary’ time Least Action predominates.

Keywords: Arctic charr, action principles, balance-of-nature, symmetry, asymmetry,
survival, stability, ecosystem dynamics, ethics.

Introduction

Honourable Chairman, Members of the Sympo-
sium; Committee, Fellow Fanatics, Scholars and
Friends:

It is a great honour to be asked to deliver the
keynote address on this most auspicious occa-
sion. We have assembled today in this ancient
and magnificent city of Trondheim from all
circumpolar lands, as well as from those coun-
tries in more southerly latitudes blest with Arc-
tic charr populations, to discuss and honour one
of the world’s great species. Not only is this an
important scientific meeting, it fulfils also the
ideals of nineteenth century scientists who be-
lieved that through science we can reach mutual
understanding between nations, for it has fre-
quently been observed by participants at Charr

2

gatherings that they far exceed most scientific
meetings in their warmth and friendliness.
Therefore we are here not only to learn more of
this wonderful species, to discuss new scientific
findings and new ideas, but also to seek new
friends and to strengthen old bonds. | have no
doubt that this will be the warmest and friendli-
est meeting yet, brought together as we are by
the common goal of understanding the universe
of charr.

But in the great outside, the world we know
is changing fast: on all sides ecological disas-
ters are actually occurring or in the making as
we continue to run up ever greater fiscal, social
and environmental deficits. Only if we under-
stand the living world and eliminate our eco-
logical ignorance and gross arrogance, shall we
be able to counter these forces of outrageous for-
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tune. As you will recall, after all the miseries of
the world had escaped from Pandora’s box, the
only one that could not get out before the lid
was closed was Hope. But Hope is not enough if
we are to survive the ecological miseries we have
released, and for which we alone are responsi-
ble. As biologists, we cannot be mere voyeurs,
intruding into the lives of other organisms for
our personal gratification: we must recognize
that we are simply another organism, albeit a
complex and interesting one, governed by bio-
logical reality. In addition, as the dominant spe-
cies in so many ecosystems, we are charged with
the cardinal responsibility for order and good
government within the universal Laws of Na-
ture. Therefore, we must try to elucidate and
understand these Laws, drawing inspiration and
verification from the species we study.

Having spent many years fascinated by north-
ern ecosystems, and particularly the role of Arc-
tic charr, perhaps | may be allowed a few
thoughts on what | believe these relatively sim-
ple systems can tell us concerning the structure
ofthe world’s ecosystems in general and the part
played by mankind in particular? These rela-
tively simple, autonomous Arctic ecosystems
may be regarded as pots of gold at one end of a
spectrum of increasingly complex ecosystems,
stretching from the poles to the tropics. This
spectrum of systems enables us to extend our
views beyond the Arctic and hopefully gain in-
sight into the fundamental workings of the natu-
ral world. Initially, we must concern ourselves
with generalities more than specifics, for, as al-
ways in biology, there are exceptions and com-
plications as exemplified by the bacteria living
deep in the anoxic mud of the ocean floor and
the open systems of the ocean basins. Fortu-
nately, many Arctic lakes have been exempt from
significant disturbance permitting us to observe
and dissect their essential dynamics.

Nevertheless, even within a relatively simple
autonomous ecosystem, there are many variable
factors, acting either simultaneously or intermit-
tently, which obscure the precise trajectory of
such a system through time. Despite these diffi-
culties, | believe with the early Greeks “that a

single order underlies the chaos of our percep-
tions; furthermore we are capable of compre-
hending that order” (Lederman 1993).

“Systems/or Survival” is the title | have cho-
sen for this address in the belief that our sur-
vival depends on decyphering the coded mes-
sages displayed by all ecosystems and their trans-
lation into a working philosophy. It is a title pla-
giarized from a recent book by Jane Jacobs, the
eminent authority on the growth and function of
the city, entitled “Systems of Survival: a Dia-
logue on the Moral Foundations of Commerce
and Politics” (Jacobs 1992). This intriguing book
explores social relationships and how we must
conduct ourselves if we are to survive with our
dignity intact. Interestingly, | believe that analy-
sis of the social and ecological worlds yields a
similar message. The introduction of a moral
note thus confounds the notion that science is
completely neutral on ethical questions and to
mix science and ethics is extremely dangerous
to the objective view. Notwithstanding, as biol-
ogy is the ‘subversive science’, let us then live
subversively.

Systems of Survival

Jane Jacobs divides human beings into two
groups, a division that she believes has existed
in all cultures since the dawn of civilization.
Interaction between these two groups is the foun-
dation of all civilized conduct. Beyond the
universals, which apply to all people of good-
will, such as responsibility, cooperation, cour-
age, moderation, mercy, common sense, fore-
sight, judgement, competence, perseverence,
faith, energy, patience, and wisdom, these two
groups each live by what Jacobs terms distinct
moral syndromes, one characteristic of the com-
mercial community, the other characteristic of
the guardians whose function is to control and
regulate affairs. This dichotomy is clearly illus-
trated in our own particular field, where the com-
mercial side is represented by the fisherman al-
ways trying to increase his catch and improve
the efficiency of his gear, whilst the guardians
are clearly the enforcement authority controlling
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and regulating catch for the good of all. Each of
the two groups, according to Jacobs, has a dif-
ferent mind set determined by their different
strategies for making a living. The commercial
syndrome (Table 1) is characterized by, among
other qualities, competitiveness, openness, in-
ventiveness, industriousness, thrift and honesty.
These qualities (although not invariably appar-
ent) are essential for effective commercial ac-
tivity upon which we all depend for our comfort
and convenience. Guardians, on the other hand,
are responsible for order, good government and
the regulation of affairs; they shun trading, re-
spect hierarchy, are loyal, decisive, fatalistic and
exclusive, and they treasure honour.

The commercial group is concerned with new
ways of doing things, accelerating the inter-
change of goods and promoting what we gener-
ally regard as progress, whereas guardians en-
sure continuity and stability. Scientists, and at
first sight this may seem somewhat incongru-
ous, are included in the commercial category;
however, on closer examination it is evident that
essential qualities for a scientist are those of
competitiveness, openness, inventiveness and

industriousness, and above all, honesty. The fab-
ric of human society and civilization, Jacobs
contends, is held together by the symbiotic ap-
plication of these two syndromes; both are
equally important and each must be held in rela-
tive balance by the other. Difficulties arise when
a member of either group crosses the invisible
dividing line and mixes the mind set of the other
with her or his own: when, for example, the Fish-
eries Officer begins to trade in fish. Most im-
portant today, Jacobs believes, is it necessary for
those in administrative positions to be able to
appreciate the existence of both syndromes and,
at the same time, clearly differentiate between
them. Of course this division must not be ap-
plied too narrowly, for always there are chang-
ing circumstances, imposing a change of stance
on the individual, as he or she moves from one
role to another in our complex society. The es-
sential feature is to recognize the mode in which
one is currently operating and to abide by the
relevant rules. How, you may well ask, can these
two moral syndromes be, in any possible way,
related to Arctic ecosystems?

Table 1. The Commercial Moral Syndrome and the Guardian Moral Syndrome

(after Jacobs 1992).

The Commercial Moral Syndrome

Shun force

Come to voluntary agreements
Be honest

Compete

Respect contracts

Use initiative and enterprise
Be open to inventiveness

Be efficient

Promote comfort and convenience
Dissent for the sake of the task
Invest for productive purposes
Be industrious

Be thrifty

Be optimistic

Collaborate easily with strangers and aliens

The Guardian Mora! Syndrome

Shun trading

Exert prowess

Be obedient and disciplined
Adhere to tradition

Respect hierarchy

Be loyal

Take vengeance

Deceive for the sake of the task
Make rich use of leisure

Be ostentatious

Dispense largesse

Be exclusive

Show fortitude

Be fatalistic

Treasure honour
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Systems for Survival

In the first place, Arctic charr (Salvelinus
alpinus) are perhaps the greatest survivors ofall.
Charr are not survivors in the same sense as the
famous Coelacanth, Latimeria, sequestered in the
languid waters of the Comores Islands, but a
species that thrives in the extremely rigorous
inland and coastal waters all around the periph-
ery of the Arctic Mediterranean, where life is
rugged and mean and every day a struggle
against a lean and hungry environment. At the
other extremity of its range, Arctic charr thrive
in mountain lakes of southern Europe left be-
hind by the retreating ice cap of the Pleistocene
epoch, as well as in the British Isles, Central
Siberia, Japan, and the more favoured states
among the ‘Lower Forty Nine' of the U.S.A.

In many lakes in Arctic Canada, lake-dwell-
ing, or so-called ‘land-locked’ charr populations,
frequently exist in relatively simple, self-con-
tained ecosystems; in many of these lakes Arc-
tic charr is the only fish species present. For 9
to 10 months each year the lakes are ice-cov-
ered, effectively isolating them from contact with
the outside world. Additionally, such lakes are
frequently found in drainage basins entirely free
from human disturbance. From a research point
of view, these lakes are an experimental ecolo-
gist’s dream for they are, in effect, a fully
equipped laboratory in which we can examine
the behaviour of a single species free from com-
petitors or predators in a relatively self-contained
ecosystem. They are, in fact, the super-comput-
ers of the biological world.

The capacity of Arctic charr to live in rigor-
ous northern conditions appears to be its lack of
specialization, hence its suitability for studies
of general significance. Populations of Arctic
charr may be either anadromous, making an an-
nual trip to the ocean for feeding, or entirely
lake-dwelling; occasionally, such populations
live sympatrically. Anadromous charr reach their
greatest size and abundance between latitudes
65° N and 75° N, attaining in this region a mean
length of about 700 mm and a mean weight of
3-5 kg. Having few predators in the adult stage,

Arctic charr is always the dominant species in
an ecosystem, occupying the terminal position
in the food chain. In fresh waters they adapt to
an extremely wide range of niches, adjusting
their phenotype accordingly, and where condi-
tions permit, they may even occupy two or more
different niches in the same waters, each each
having its own characteristic phenotype. The
existence oftwo or more distinct populations liv-
ing sympatrically has caused great discussion
among evolutionists and zoogeographers, for this
contravenes a basic tenet on which our genera-
tion was raised: “one species, one niche.” This
apparent conflict has given rise to the great
“Charr Problem” about which so much has been
written (Nordeng 1983, Hammar 1984,
Klemetsen 1984, Nyman 1984). Whether result-
ing from a division of the habitat, or the multi-
ple invasion of sibling species, as you may be-
lieve, the process appears to have reached its
maximum in Thingvallavatn in Iceland where
as many as four different morphs have been ob-
served (Sandlund 1992).

Many Arctic charr populations live at the very
edge of existence. They can withstand a lifetime
of conditions in which temperatures seldom rise
above a few degrees Celsius, and they are able
to withstand up to 2 years fasting in this frigid
environment. They consume the widest possible
variety of food items, ranging from plankton and
invertebrates, to small fish; but at best, the food
supply is meagre and declines as latitude in-
creases. When the hard times are over and con-
ditions become favourable charr show a remark-
able capacity for rapid recovery (Johnson 1980).

Physiologically, too, charr show great flexibil-
ity, accommodating each spring to salt water then
returning to fresh water in the fall (anadromy),
repeating this migration each year for many
years, except in those years when they remain
in fresh water to spawn. Of all anadromous
salmonids, charr are the least specialized to
marine life and, despite their cold environment,
they are devoid of the blood-stream anti-freeze,
characteristic of specialized Arctic marine spe-
cies. Because ofthis lack of anti-freeze, it seems
that charr are unable to overwinter in the Arctic
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Ocean, where temperatures remain below zero
for most of the time. Perhaps their most extreme
specialization is their incredible olfactory capac-
ity explored by Hans Nordeng (Nordeng 1983)
and Hakon Olsén (Olsén 1985). Arctic charr, in
fact, emerge as supreme generalists: perfect
guests at life’s koldtbord.

From the present perspective, the most im-
portant characteristic of the populations in these
lakes is that they almost invariably exist in a
relatively stable state as witnessed by their con-
stant structural pattern (Johnson 1972, 1976,
1983, 1994a,b,c). In each case, the population
was found to be either unimodal as in the charr
population from Little Nauyuk, on the Kent Pe-
ninsula (68° N) (Fig. 1), or bimodal as in Lake
“H” (80° 5' N), at the head of Borup Fjord, in
northern Ellesmere Island (Parker and Johnson
1991) (Fig. 2). Thus a population may have a

minor mode composed of relatively small fish
and a major mode of large, adult fish. Within each
mode, the individuals, although very similar in
size, exhibit considerable variation in age. In
Little Nauyuk Lake ages ranged from 5 to 14 years
within the modal length class of 200-249 mm.

This stable structure is not a property con-
fined to Arctic charr, but a general property ob-
served in all northern freshwater fish stocks. It
is perhaps best illustrated by the long data se-
ries (1971-85) from Baptiste Lake (Fig. 3), 50
km north of Yellowknife in the Canadian North-
west Teritories, an otherwise undisturbed lake,
365 ha in area in the northern boreal forest
(Healey 1975, Johnson and Gyselman unpubl.).
Although these data were gathered from lake
whitefish (Coregonus clupeaformis), identical
structure is shown by all dominant Arctic fish
stocks.

LITTLE NAUYUK LAKE
Arctic Char Age Composition 1975

Fig. 1. Arctic charr (Salvelinus alpinus) from Little Nauyuk Lake (68° N) on the Kent Peninsula, N.W.T.
Fish lengths are tightly clustered around the modal value (225 mm), but ages range from 5 to 14 years.
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Fig. 2. Arctic charr
(Salvelinus alpinus) in
Lake “H” (82° N) Borup
Fjord, Elllesmere Island,
N.W.T. Showing two charr
populations living in the
same lake. These popula-
tions start breeding at dif-
ferent sizes and occupy dif-
ferent habitats. (Data from
Parker and Johnson 1991).

20 -

Lake "H" - Arctic charr

Females
Males
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Arctic ecosystem structure

Arctic lakes have a relatively linear food-chain,
in which Arctic charr, whitefish or lake trout,
occupies the terminal and dominant position.
The dominant population is made up of large,
mature, relatively uniformly sized fish of vari-
able age, forming a stable establishment, con-
stant in mean size and abundance (Johnson 1976,
1983, 1994a,b,c). This establishment, regulat-
ing its own abundance, imposes a top-down sta-
bility on the rest ofthe system (Northcote 1988).
Year-to-year variability in the environmental
regime is absorbed by the population, which thus
becomes an expression of the environmental
variables integrated over the recent history of
the population, within the more constant param-
eters of lake morphometry and water quality.

When displaced from the steady state by in-
tensive fishing and then allowed to recover, the
fish population of an Arctic lake returns in a
well-damped manner to its original configura-
tion. This was shown by work on Keyhole Lake
and (Hunter 1970, Johnson 1983, Vanriel and
Johnson 1995) and Little Nauyuk Lake (Johnson
1994a).

In these isolated lakes a steady state has evi-
dently been reached, comparable with the cli-
max of vegetation theorists, but without the se-
mantic clutter surrounding the term as used in

Length class (cm)

plant ecology. Their capacity to maintain a par-
ticular configuration, and, following massive
disturbance, to return to it without significant
oscillation, is clear evidence of an effective in-
ternal damping mechanism (Johnson 1983). In
that growth in fishes is generally considered to
be indeterminate, the wide variation in age of
fish of modal length implies internal regulation
of growth and abundance (Johnson 1994a).

Thus, an isolated Arctic lake closely reflects
the view of Forbes (1887) (one of the fathers of
limnology), as expressed in his paper “The Lake
as a Microcosm”.

[13

.. .. It forms a little world within it-
self—a microcosm within which all the
elemental forces are at work and the play
of life goes on in full, but on so small a
scale as to bring it easily within the
mental grasp.”

In terms of the physicist such a system ap-
proaches a closed condition; that is a system
which functions within boundaries such as pre-
vent the exchange of materials with the external
world, but permit the exchange of energy and
entropy.

The high degree of stability, attained by fish
populations within the relatively impermeable
lake boundaries, supports the view of Sir Arthur
Tansley, dean of British plant ecologists, that
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Fig. 3. Lake whitefish (Coregonus clupeaformis) from Baptiste Lake, 50 km north of Yewllowknife, N.W.T.,
showing inherent stability of the population between 1971 and 1985. Apart from annual sampling, the lake
remained undisturbed over the period of observation. (From Healey 1975, and Johnson and Gyselman un-
published data on file at the Freshwater Institute, Dept, of Fisheries and Oceans, Winnipeg).
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there is a “universal tendency to the evolution
of dynamic equilibria” (Tansley 1935), but,

.. The more relatively separate and
autonomous the system, the more highly
integrated it is, and the greater the sta-
bility ofits dynamic equilibrium. ... The
“climax” [or stable state] represents the
highest stage of integration and the near-
est approach to perfect dynamic equilib-
rium that can be attained in a system de-
veloped under given conditions and with
the available components.”

Such stability evidently results from the bal-
ance of processes operating within the lake
boundaries and is achieved through the agency
of interacting forces creating a damping mecha-
nism.

However, the view of a lake as a microcosm,
has been largely discarded by modern
limnologists because it has been clearly shown
that lakes reflect disturbances and changes
within their drainages. As disturbance within
lake basins is almost universal today, limno-
logical change can be understood only in terms
of disturbance in the surrounding lands. Fortu-
nately, this is not significant in the Arctic lakes
under consideration, for they have low rates
water exchange, and their basins are sparsely
vegetated. Prior to investigation they had re-
mained completely undisturbed since their for-
mation some 8000 years ago.

The Balance of Nature

The existence of a climax, or dynamic equilib-
rium, as attained in a small Arctic lake, makes
it necessary to revisit what is perhaps the oldest
and most intriguing concept in biology: the Bal-
ance of Nature. The roots of this concept go back
to the dawn of history, being first discussed by
Herodotus in the 5th Century B.C. (Egerton
1973), although the first person to actually use
the term balance in this connection was William
Derham (1714). In his book Physico-Theology
he states:

“The Balance of the Animal world is,
throughout all Ages, kept even, and by a
curious Harmony and just Proportion be-
tween increase of all Animals and the
length oftheir Lives, the world is through
all Ages, well, but not over stored.”

Soon afterwards, Linnaeus (1749) produced
the first sketch of the science of ecology in his
book Oeconomia Naturae. According to Egerton
(1973):

“Linnaeus used his economy-of-nature
concept as an organizing principle to
unify an important, but previously amor-
phous part of natural history. In so do-
ing, he was also attempting to transform
an important background concept into the
central theory of a new science. Both his
concept and his new science deserve close
attention (p. 335) . .”

Unfortunately, as Egerton continues (1973 p.
343):

“There was no science built, as Linnaeus
would have had it, around the balance-
of-nature concept.”

Stability in the ecological sense has become a
rather confused concept with many different con-
notations (Johnson 1994a); in fact Charles Elton
(1930 p.17), the father of animal ecology, states
categorically that there is no such thing as the
balance of nature. In the final analysis there is,
of course, no absolute stability, for without a
degree of instability there would be no evolu-
tion. In an effort to clarify the situation Pimm
(1991) lists three different usages of the term
stable in addition to the mathematical defini-
tion, indicating, respectively: resilience, persist-
ence and resistance, each with its own special
definition. Mathematically, a system is stable if,
and only if, the variables all return to an equi-
librium position following displacement. Also
implied in the definition is that a system is a
bounded entity. This must be the starting theo-
rem for any discussion of stability.
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Ecological stability thus demands the exist-
ence of boundaries and constant environmental
conditions, as exemplified in a small autonomous
Arctic lake. Such a lake forms a reference sys-
tem against which other systems may be com-
pared (Vanriel and Johnson 1995). Manifestly,
these circumstances occur only rarely in the real
world and do not persist indefinitely.

In relatively open ecosystems, with fluctuat-
ing physical and biological environments, many
ofthe same species may be present over the years,
with individual abundances fluctuating in a
seemingly chaotic manner in response to local
energy gradients. However, if fluctuations are not
to be self-augmenting and eventually lethal, a
damping mechanism, operating at an underly-
ing level, must exist. Open ecosystems, there-
fore, may be viewed as constantly trying to sta-
bilize within the immediate environmental com-
plex, but before stability can be achieved condi-
tions change once more. Nevertheless, all sys-
tems are ultimately, closed by the boundaries of
the biosphere. These global boundaries will be
most effective during periods free from distur-
bance, when the biosphere is “full’’; over evolu-
tionary time, long periods of equilibrium existed,
infrequently punctuated with periods of rapid
change (Eldredge and Gould 1972). In the wake
of disturbance reducing population abundances
and eliminating local boundaries, the biosphere
boundaries will be less effective and probably
will have little impact at the local level until the
system returns to equilibrium.

The important question is: What is the na-
ture of the damping mechanism? To be effective
such a mechanism must induce stability over a
wide range of conditions; therefore it must re-
sult from a general system property and cannot
be tied to a particular species or species com-
plex. Only thus will an ecosystem be able to track
environmental change, and only then provided
the interval between significiant changes is suf-
ficient to allow an appropriate response to
develope.

Action Principles

The salient features of a stable Arctic lake charr
population that require explanantion are: 1) high
biomass ofthe dominant species despite very low
primary productivity, 2) great mean age, 3) uni-
formity in length despite great variation in age,
4) regulation of recruitment to balance death
rate, and 5) the functioning of the population as
a coherent unit in the face of disturbance. Al-
though first recognized in Arctic lakes these
characteristics are found world-wide in autono-
mous ecosystems (Johnson 1985, 1994a, b)

These properties of an ecosystem may be ac-
counted for by the application of Action Princi-
ples. The Principle of Least Action is perhaps
the most fundamental principle of dynamical
physics, for it governs the overall transfer of
energy within physical systems both at the
macro- and micro-level. The term Action in
physics has little correspondence with its com-
mon usage: it is defined as the product of en-
ergy and time and is expressed in Joule-seconds
in the International System of units (SI). The
universal Principle of Least Action implies that
the trajectory of a system can be described as
that path for which the action, integrated over
the period of observation, has the least value
(Feynman 1963, Watson 1986). This implies that
energy is dissipated from a system as rapidly as
the internal constraints allow.

This being the case, acquisition and accumu-
lation of energy in the biomass, and its reten-
tion over time, directly contravenes the Princi-
ple ofLeast Action. Therefore, it is necessary to
postulate a contrary and over-riding principle:
a Principle of Most Action, that stipulates that
the action (energy x time) in any species popu-
lation, tends to increase to the maximum per-
mitted by the prevailing physiological and envi-
ronmental constraints. This is the precise inverse
of the Principle of Least Action. In all living
creatures most action is manifest in the acquisi-
tion of energy and its condensation, concentra-
tion and conservation. As the Principle of Least
Action is universal in its application, an ecosys-
tem results from the interaction of these two
countervailing principles. Thus, for an ecosys-
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SUCCESSION

(A trend to Most Action dominates system behaviour)

Most Action <------------

_____ > Least Action

Leads to:

Energy concentration
Long turnover time
Imposition of time-delay
Species elimination

culminates in the:

CLIMAX

Fig. 4 Interaction of Ac-
tion Principles expressing
“a universal tendency to the
evolution of dynamic
equilibria.” Equilibrium is
reached at the climax.

Rapid energy dissipation
Rapid turnover
Acceleration of energy flow
High diversity

(trends to Most Action and Least Action reach equality)

Most Action <-------- --—-- e > Least Action

(hierarchy formation and stability)

tem to survive, the Principle ofMost Action must
dominate system behaviour until equality is
reached at the climax. This, in Tansley’s words,
is the universal tendency to the evolution
of dynamic equilibria” (Fig. 4). Over the long-
term, the position of this dynamic equilibrium
may change as species composition alters, and
species adjust to environmental change or adapt
more closely to their environment.

The Ecosystem Hierarchy

Each species population within an ecosystem
tends to conserve energy, but the combined ef-
fect of the rest of the system on that species is to
reduce its action (i.e. energy x time), through
grazing, predation, etc. Thus the maximum ex-
pression of the trend to most action is evident in
the terminal or dominant species, which may be
defined as that species which is largely free from
grazers and predators.

The effect of the Principle of Most Action is
directly observable in trends to increased size,
increased abundance and increased life-span,
both over successional and evolutionary time
scales; but the countervailing Principle of Least
Action, tending to accelerate energy transfer,
cannot be observed in this way for it operates,

like gravity, in a latent manner. Its effects can
only be deduced from the system’s dynamics.
During succession, the two principles interact,
but the Principle of Most Action dominates sys-
tem behaviour until a stable state is reached at
the climax as the two opposing forces approach
equality.

If a chaotic state is to be avoided the various
populations in an ecosystem must assume a hi-
erarchical arrangement in which energy becomes
more and more concentrated at each ascending
level in the hierarchy. Only in this way can en-
ergy transfer be regulated, stability attained and
the Principle of Least Action overcome at the
system level. Thus, at each link in the food chain,
energy concentration increases in time and
space, as individual size and age increase, but,
as Peter Vanriel and | showed at Keyhole Lake,
not only do size and age reflect the increase in
action, there is also an increase in the energy
concentration ofthe tissues themselves (Vanriel
and Johnson 1995) (Fig. 5). Energy, in effect, is
captured by organisms having a relatively high
energy concentration in time and space, from
organisms having a relatively low energy con-
centration (Fig. 6). This is precisely the oppo-
site process that would be expected in classical
physics.
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Hierarchical level

Fig. 5. Energy density (KJ g') of the various trophic
levels in Keyhole Lake, Victoria Island, NW.T. Zoo-
plankton was shown to play only a very small part in
the trophic heirarchy in which Arctic charr assumes the
role of terminal predator. The plankton appears to form
a virtually separate sub-system (from Vanriel 1989).

An ecosystem thus functions as a homeorhetic
systemyl, in which energy fluctuations are damped
and flows equilibrated; this stands in contrast to
a homeostatic system which maintains a specific
state (e.g. the pH ofthe blood). Thus ecosystems
move towards a balance of energy inflow and
outflow, which, provided that inflow initially
exceed or equal outflow, allows a stable state to
be attained over a wide range of species and en-
vironments.

I A simple homeorhetic system is a water tank with
an open drain, into which water initially flows faster
than it is discharged. As the pressure at the outflow
increases, discharge increases automatically, and the
system attains equilibrium when inflow and outflow
are equal. This is an extremely flexible system capa-
ble of reaching equilibrium over a wide range of in-
flow rates.

Stability is thus determined by universal ther-
modynamic considerations, not by a particular
species or set of species; in this process lies the
evident flexibility in systems allowing change
and adaptation.

DOMINANT SPECIES
Terminal in food-chain
large size
great age
high energy density (KJ gl)
uniformity in size
low total energy
few juveniles
low P/B
energy pump

A

INTERMEDIATE SPECIES “B”
energy pump

A

INTERMEDIATE SPECIES “A”
energy pump

A

PRIMARY PRODUCERS
small size
rapid turnover
low energy density (KJ-g')
high total energy
high P/B
energy pump

A

SUNLIGHT

Fig. 6. Dynamics of a hierarchically structured
aquatic ecosystem. Energy is “captured” by organ-
isms having a relatively higher capacity to acquire,
conserve, and concentrate energy from organisms with
a relatively lower capacity.
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Energy is transferred ‘up’ the ecosystem hi-
erarchy, or food chain, through the capture of
energy in organisms at a lower hiererchical level
by organisms at a higher level. This implies
asymmetric interaction between individuals at
different hierarchical levels. On the other hand,
within levels (as demonstrated by Arctic charr),
energy is conserved and uniformly distributed
by symmetric interaction between individuals. In
its most basic formulation asymmetric interac-
tion stimulates energy flow: symmetric interac-
tion imposes a time-delay on energy flow and
permits energy accumulation.

However this is never a perfect state. In a sym-
metrically interacting population, individuals
may fall into local asymmetry, as man may fall
into sin, by exploiting opportunities of the mo-
ment. This must be limited, otherwise the popu-
lation will fall into disarray and may be elimi-
nated. When limited, slight asymmetry allows
the formation of local hierarchies (as found in wolf
packs) which may, through increased complex-
ity, improve the effectiveness of energy capture.
Thus hierarchies may develop within hierarchies.

Within a particular set of boundary conditions,
ecosystem structure is maintained by a delicate
balance between symmetric and asymmetric in-
teraction. Although the trend to Most Action
dominates system behaviour over the course of
succession, over the long period of ‘evolution-
ary' time, change allows the Principle of Least
Action to dominate, that is, there is gradual “slip-
page” over the course of evolution leading to
faster energy flow and greater complexity. It is
the interaction between these two principles,
dominating system behaviour in different time
frames, that results in what we recognize as evo-
lution. This, | believe, as Linnaeus advocated,
is the Economy-of-Nature Principle on which the
science of ecology should be established.

Integration

Life may thus be regarded as a striving to attain
symmetry in an inherently asymmetric system.
These opposing principles result in a hierarchi-
cal structure which attains stability and order
within the prevailing boundary constraints.

These are the “measures and institutions which
impart to competition the framework, rules and
machinery of impartial supervision which a com-
petitive system needs as much as any game or
match if it is not to degenerate into a vulgar
braw!l” (Ropke 1994, commenting on economic
development).

Let us now return to Jane Jacobs' thesis. It
should be apparent that her two moral syndromes
reflect the two Action Principles as they operate
within a human community. Understanding and
combining them is therefore likely to provide
both ecologically and ethically sound guiding
principles for survival. The Guardian Syndrome
represents the tendency to adhere to tradition,
to be obedient and disciplined, to shun trading,
and to respect hierarchy (hierarchies within hi-
erarchies). Such activities impose resistance to
change (inertia) on an inherently changing
world. This is equivalent to the energy conserv-
ing and concentrating Principle of Most Action.
In the human world, symmetry of interaction in
social intercourse, codified and supported by a
vast amount of civil and criminal law, allows
the development of communities. Conversely, the
Commercial Syndrome, stimulates increasing
energy flow through competition, initiative and
enterprise. Commerce is essentially a boundary
breaking activity, opening up a system to exter-
nal influences. To maintain stability and the ca-
pacity to adjust to change, demands that these
two syndromes be held in balance.

As soon as humans appeared on the biologi-
cal scene we began to change the primitive state,
accelerating energy flow through most compo-
nents of the system except ourselves by the use
of tools, weapons, domesticated animals, agri-
culture and commerce, slowly at first, then
greatly expedited by scientific discovery and
technology. This is evidently a natural conse-
quence of the Most Action Principle, rather than
some defect in man’s genetic make-up. Elimi-
nation of the local boundaries which formerly
imposed constraints and limited fluctuation, now
permits fluctuation on a global scale. In the proc-
ess many ecosystems have been reduced to a state
which can only be described as a “vulgar brawl.”



Systems for Survival: of Ecology. Morals and Arctic chart- 21

In effect, we have largely decoupled the two
moral syndromes as representing the counter-
vailing biological drives of energy conservation
and energy transfer, thereby allowing each prin-
ciple to proceed toward the limit without ad-
equate checks and balances. We have now
reached a state that is essentially out of control
and unsustainable as we head toward the ulti-
mate boundaries (Meadows et al. 1992).

The biology of the planet has been
“globalized” by the elimination of local bounda-
ries and time delays. Similarly, the financial and
industrial world has been globalized to stimu-
late commerce and currency trading, for it is only
out of stability breaking and acceleration of en-
ergy transfer that ‘profit emerges, whether in
the commercial or biological field.

Unfortunately, accommodation to accelerating
flow rates and greater complexity appears to be
largely irreversible except by system failure; as
the Russian proverb indicates, “it is relatively
easy to turn a fish into a fish stew, but no one
really knows how to reverse the process”
(Kennedy 1993). When something goes wrong
with a complex ecosystem its only possible re-
sponse is to drop back to a simpler state where
the necessary ‘impartial supervision’ can once
again be imposed and homeorhesis re-estab-
lished. From this new position ecological proc-
esses can again flourish, but with a new set of
components.

As Hope alone is not sufficient to alter our
predicament, let Arctic charr provide a final
word on how we might attain a balanced ecosys-
tem, for charr, of necessity, live subject to the
‘measures and institutions’ imposed by thermo-
dynamic and physical constraints. A stable domi-
nant population must regulate its own abundance
through coherence and the capacity to remain
coherent under stress. Coherence is attained
through mutuality (symmetric interaction) re-
sulting in the equitable distribution of the avail-
able resources. By stabilizing its own popula-
tion a damping moment is imposed on fluctua-
tion at lower hierarchical levels. In turn, main-
tenance of the hierarchic structure necessitates
a limit on the degree of asymmetry imposed by
one level on another.

Thus | conclude, morals originate in the per-
ception, through the haze of near-chaotic human
activity, that certain principles governing our
survival do exist. Perhaps in societies simpler
than our own, the relationship between cause and
effect was more readily apparent, for we appear
to have largely discarded many of the former
tenets of continued existence. The Golden Rule
is simply a restatement of the need for symmet-
ric interaction and this precept is replicated in
most great religions. Only by near-symmetric
behaviour can a population maintain itself in a
healthy cohesive state within its boundaries.
However, to push those boundaries to the natu-
ral limits ensures, as we see in charr, existence
at a subsistence level. To live comfortably within
the natural limits, we must establish our own
boundaries and maintain them through self-re-
straint.

Thus, despite much that has been said to the
contrary, morals have a physical/biological ba-
sis and are therefore intimately bound up with
our survival. As both Plato and Aristotle agreed,
although largely repudiated in modern scientific
circles, nature exhibits reason, purpose, and de-
sign, inseparable from the foundations of human
ethics (Provine 1982).
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Abstract

The development of biochemical and molecular techniques over the past 40 years has ena-
bled a direct appraisal of genetic variability within and among populations. The advantages
and disadvantages of allozyme, mitochondrial DNA (mtDNA), and minisatellite DNA mark-
ers are discussed in relation to such studies. While these are illustrated by reference mainly
to brown trout examples, similar applications are possible for Arctic char and other salmonids.
MtDNA is particularly suitable for studies of population differentiation and postglacial colo-
nisation. Highly variable minisatellite DNA can be applied to population studies where low
levels of allozyme or mtDNA prevent the use of these marker systems. Many salmonids
show intraspecific variation in their life history and behavioural traits. Both evolutionary
studies and practical management activities require information on the relative Darwinian
fitness of these alternative strategies. One of the major uses of the highly polymorphic
minisatellite DNA loci is in the identification of parentage, thus enabling a direct estimation
of fitness in natural and experimental populations.

Keywords: Allozyme, Arctic char, brown trout, fitness estimation, minisatellite DNA,

mitochondrial DNA.

Introduction

A correct interpretation of the ecology, physiol-
ogy, behaviour and systematics of salmonids re-
quires an understanding of the genetic basis,
evolutionary origins, and adaptive significance
of the phenotypic variability which is typical of
the group. Studies of polymorphic proteins have
indicated that salmonid species are divided into
a large number of more or less reproductively
isolated genetically distinct populations among
which genetic differentiation generally increases
with increasing geographical distance. Such
markers do not prove that the genetic differences
observed among populations are of adaptive sig-
nificance. However, there is increasing evidence
from studies of morphological, behavioural, life
history, and, to a limited extent, physiological

traits that adaptively important genetic variation
occurs among and within populations (Riddell
et al. 1981, Taylor 1991, Gharrett and Smoker
1993). However, most of the evidence for local
adaptation is purely circumstantial and fitness
differences among phenotypic variants have been
adequately demonstrated in only a few cases
(e.g., Jonsson and Hindar 1982). As genetic vari-
ability is rapidly being eroded in most species
through the reduction and extinction of natural
populations, and the deliberate and inadvertent
mixing with cultured stocks, it is important from
a management standpoint, as well as for funda-
mental evolutionary studies, to understand the
significance of this variability.

In this paper we give a somewhat simplified
overview of the main molecular approaches
which can be used for studies on salmonid
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populations. Fuller details of these methods are
to be found elsewhere (e.g. Wright 1993, Park
and Moran 1994). The development of biochemi-
cal and molecular techniques over the past 40
years has enabled a direct appraisal of genetic
variability within and among populations. These
studies use variants in protein or DNA sequences
as “flags” or markers to provide information
about the population or other unit being stud-
ied, and in most cases there is no direct interest
in the polymorphism as such. Early studies in-
volved starch gel electrophoresis of proteins such
as haemoglobin and transferrin but attention
quickly turned to enzymatic proteins (allozyme
variation). Although a considerable number of
polymorphic proteins have been detected in most
populations of salmonid species such as brown
trout, Salmo trutta, (Ferguson 1989), other spe-
cies such as Arctic char, Salvelinus alpinus, have
shown low levels of variability (Anderson et al.
1983). In this latter species, lack of suitable pro-
tein markers has severely limited population
studies. However, even in brown trout, one of
the most polymorphic of all fish species
(Ferguson 1989), usually only two or three alleles
segregate at a protein-coding locus in a particu-
lar population and heterozygosity levels are gen-
erally less than 10%.

In the past decade attention has turned to
DNA studies, first to mitochondrial DNA
(mtDNA) and then, as molecular techniques de-
veloped, nuclear DNA. Although more costly and
technically demanding, DNA studies offer a
number of practical advantages over protein
studies. Since we are not dealing with expressed
genes, a single tissue is sufficient for analysis,
whereas, to obtain sufficient polymorphic pro-
tein loci, several tissues are generally required.
Protein studies also require the use of fresh or
frozen tissue while DNA techniques can use al-
cohol preserved or, in some cases, dried tissue.
The requirement for only a limited amount of a
single tissue means that biopsy sampling can be
undertaken, or, for example, embryos from eyed
eggs” can be used. Also adipose fin biopsy sam-
ples can be routinely used for salmonid studies.
The development in recent years of DNA ampli-
fication using the Polymerase Chain Reaction

technique (PCR) has meant that, for some ap-
proaches, even smaller amounts of tissue are
sufficient. In PCR, two short synthetic DNA se-
quences are used as primers and the section of
DNA between them is enzymatically copied
thousands of times. This makes it possible, for
those approaches which are PCR based, to po-
tentially use, for example, a single fish scale or
degraded DNA from museum specimens. The
ability to use archive material has opened up the
possibility of examining genetic changes in
salmonid populations over the past 100 years or
so and gives a new lease of life to the many scale
collections in fisheries laboratories throughout
the world and also to museum specimens. PCR
amplification can also allow specific gene re-
gions to be isolated more easily than by cloning
in micro-organisms. These amplified regions can
then be examined directly by restriction enzyme
analysis or sequencing.

MtDNA, by virtue of its higher mutation rate
as compared with single copy nuclear DNA, plus
its maternal mode of inheritance and lack of re-
combination, offers several advantages for po-
pulation studies. Its one quarter effective popu-
lation size, relative to nuclear DNA, results in
greater genetic differentiation due to genetic drift
and thus it is more likely to provide population
specific markers. From a phylogenetic point of
view, the lack of recombination means that
mtDNA markers can be used to organise indi-
viduals into matriarchal lineages even after in-
terbreeding, and thus nuclear introgression, has
taken place. The first techniques used to exam-
ine MtDNA variation generally required the iso-
lation of MtDNA in the purified form. This is a
slow procedure and consequently in many early
studies too few individuals were examined for
valid conclusions to be drawn. The use of
mtDNA probes, and more recently PCR ampli-
fication of specific mtDNA regions (e.g. Cronin
et al. 1993), has considerably speeded up the
analysis to the extent where mtDNA analysis is
now approaching allozyme studies in terms of
speed of screening, although not cost.

Protein or mtDNA markers are based on
changes in DNA sequence generally as a result
of point mutations involving base substitutions.
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Recently attention has turned to another type of
variation, that of differences in the number of
repeated copies of a segment of DNA. This vari-
ation is a result of internal genomic mechanisms
such as unequal crossover and slippage. Se-
quences that display a variable number of tan-
dem repeats are classified on the basis of decreas-
ing size into satellites, minisatellites and
microsatellites (Tautz 1993). Except for the al-
pha satellite DNA that organises the centromere,
none of these repetitive DNAs has a clearly de-
fined function. Satellites consist of units of up
to several thousand base pairs repeated thousands
or millions of times. Minisatellites consist of
DNA sequences of some nine to 100 base pairs
in length which are repeated from two to sev-
eral hundred times at a locus. Microsatellites
have a unit length of one to six base pairs re-
peated up to about 100 times at each locus. The
alternative name VNTR (Variable Number Tan-
dem Repeats) is also used for both minisatellites
and microsatellites although Tautz (1993) uses
this term as a synonym for minisatellites only.
Individual alleles at a locus differ in the number
of times the sequence is repeated in tandem.
Since many different alleles are possible and
mutation rates are often high, these hyper-
variable regions potentially overcome the prob-
lems of low number of alleles and slow rate of
evolution which limits allozyme and other pro-
tein studies. Some minisatellites, in humans at
least, show the greatest known variability for
DNA sequences with very high mutation rates
(0.05 per gamete) and consequently high num-
bers of alleles and heterozygosity. We will re-
strict our consideration to minisatellites although
it should be noted that many similar applications
are possible with microsatellites, one of the ad-
vantages of the latter being that their smaller
size makes them amenable to PCR amplification
(Wright and Bentzen 1994). Satellite DNA may
also be a useful source of genetic markers
(Wright 1993).

Detection of minisatellites is carried out us-
ing a complementary DNA fragment as a probe
to highlight the sequence(s) of interest follow-
ing electrophoretic separation of restricted
genomic DNA. Both isotopic (P,,) and non-iso-

topic (colourimetric, chemiluminescent) meth-
ods for probe labelling can be used. There are
two distinct types of repeat DNA screening. The
first involves generalised probes (e.g. Jeffreys
33.6 and 33.15; bacteriophage M13 DNA) which
give a multi-banded pattern as a result of the
simultaneous detection of multiple chrom-
osomally dispersed loci. Since most of the de-
tected loci have a large number of alleles, no
two individuals are likely to have the same com-
bination of alleles at all loci. Thus the pattern of
DNA fragments produced is individual specific
and is referred to as a DNA fingerprint. The same
probes can be used on a wide range of organ-
isms, from plants to humans. DNA fingerprint-
ing is of limited value in population studies since
neither the number of loci nor the locus affilia-
tion of alleles can be inferred directly.

The alternative and more valuable approach
is to dissect the mutilocus pattern into its indi-
vidual loci. This can be done by using specific
locus probes (SLPs) which detect only a single
locus. In this case individual patterns are either
single-banded homozygotes or double-banded
heterozygotes. Because of their higher sequence
specificity such probes need to be isolated from
the species under study, or at least from a closely
related one. It has been claimed that one advan-
tage of minisatellites (and microsateilites) is that,
since they are non-coding, they are selectively
neutral. However, an association has been found
between the risk of cancer and rare alleles at a
human minisatellite locus (Krontiris et al. 1993)
and there is current evidence to suggest that
microsatellite "allele” size may affect gene regu-
lation (Epplen et al. 1993). So, as with other
types of genetic markers, VNTR selective neu-
trality should not be invariably assumed
(Ferguson 1994).

While many SLPs have been isolated for hu-
mans, the specialised nature of the cloning pro-
cedures required has so far limited application
of this technique to fish studies (Prodéhl et al.
1994b, Wright 1993). To date our laboratory has
isolated six SLPs from a brown trout genomic
library (Prodohl et al. 1994a, 1994b) and six
SLPs from an Atlantic salmon {Salmo salar) li-
brary (Taggart and Ferguson 1990, Taggart et
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al. 1995). With the exception of one probe de-
rived from Atlantic salmon, all probes cross hy-
bridise with the other species to reveal a single
locus. Some of these probes can also be used to
detect single locus minisatellite polymorphisms
in other salmonid species, including Arctic char
(Prodohl et al. 1995, S. E. Hartley pers. comm.).
An essential prerequisite for the application of
these markers to population or family studies is
the verification of inheritance and germline sta-
bility of each locus, and also that linkage rela-
tionships be identified. This is of particular im-
portance in the salmonids where aberrant segre-
gation at protein coding loci has been recorded
for many species, this being thought to reflect
residual tetrasomy within the tetraploid salmonid
genome (Wright et al. 1983). Analyses of fam-
ily sets showed Mendelian segregation for all loci
in both brown trout and Atlantic salmon. Link-
age of one locus with the sex determining re-
gion was found in brown trout. Mutation rates
were estimated to be less than 107 per allele per
locus per generation. The loci detected by the
SLPs show from one to over 20 alleles in brown
trout and Atlantic salmon, with considerable
variability occurring among loci in respect ofthe
number of alleles. The relative advantages and
disadvantages of allozyme, mtDNA and
minisatellite DNA markers will be assessed by
reference to selected studies mainly undertaken
in the authors' laboratory.

Population structure studies
Sympatric populations

Morphogically distinct and ecologically special-
ised sympatric forms have been described for
many salmonid species including Arctic char
(Hindar et al. 1986, Skilason etal. 1989, Hartley
etal. 1992) and brown trout (Ryman et al. 1979,
Ferguson and Mason, 1981). In some cases these
reflect phenotypic variation of a single popula-
tion while in other cases they represent geneti-
cally distinct and reproductively isolated popula-
tions. For example, Lough Melvin, a lake of some
21 km? situated in NW lIreland, supports three
types of brown trout, known locally as gillaroo,

Table 1. Frequencies of variant alleles at enzyme-
coding loci showing statistically significant hetero-
geneity among Melvin trout types. (Based on Taggart
and Ferguson 1991.)

Locus Allele Gillaroo Ferox Sonaghen
(N=202) (N=37) (#=341)
AAT-1,2* 140 0.27 0.60 0.41
AAT-1.2* 45 0.21 0.00 0.15
AAT-4* 74 0.11 0.00 0.05
CK-2* 115 0.06 0.00 0.31
GPI-2* 135 0.07 0.00 0.37
GPI-3* no 0.06 0.00 0.03
G3PDH-2* 50 0.08 0.12 0.17
IDHP-1* 160 0.11 0.00 0.09
IDHP-1* 10 0.02 0.00 0.10
LDH-1* QO 0.17 0.00 0.00
LDH-5* 90 0.99 0.35 0.98
MDH-2* 152 0.49 0.23 0.45

sonaghen and ferox. They are distinct morpho-
logically (Cawdery and Ferguson 1988) and have
different feeding preferences (Ferguson 1986).
Do these three types represent ecotypic varia-
tion or do they form separate populations?
Allozyme studies (Ferguson and Mason 1981)
have indicated that the three types are
reproductively isolated (Table 1). Thus, only
gillaroo possess the LDH-1 *QO allele, while
ferox show a high frequency (0.65) ofthe LDH-
5*100 allele which does not exceed a frequency
of 0.02 in the other two types. Sonaghen are
characterised by relatively high frequencies of
the CK-2*115 and GPI-2*135 alleles. This re-
productive integrity is maintained by geographi-
cal separation of the spawning sites (Ferguson
and Taggart 1991). The gillaroo spawn in the
only outflowing river of the lake, whereas
sonaghen spawn in the inflowing rivers. The
ferox spawn in the lower deeper section of one
of the inflowing rivers, which is also used fur-
ther upstream by sonaghen. While the allozyme
evidence for the reproductive isolation of the
three types is convincing, it is of interest to ex-
amine what mtDNA and VNTR markers can tell
us about this situation.
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Examination of mtDNA variation in 139
Melvin trout with six enzymes (Ava Il, EcoR V,
Hae 111, Hinfl, Mbo | and Xba I) resulted in the
detection of ten mtDNA haplotypes (Hynes et
al. 1995). The frequencies of these haplotypes
are given in Table 2. All ferox surveyed were
monomorphic at all restriction sites examined
(haplotype 1). The occurrence of four unique
MtDNA haplotypes in gillaroo and three in
sonaghen, coupled with the significant frequency
differences among all types adds further convinc-
ing evidence that the three types are genetically
distinct populations. This extensive variation
found in the mtDNA of the Melvin trout sam-
ples contrasts with the sequencing study of
Bernatchez et al. (1992), involving 640 bp of
the mitochondrial control region (D-loop), where
no variation was found in samples from various
parts ofthe Atlantic basin. Similarly no sequence
variation was found in this region in representa-
tive samples of the Melvin haplotypes (L.
Bernatchez pers. comm.).

A multi-locus DNA fingerprint analysis of
ferox, sonaghen and gillaroo populations using
the 33.6 human minisatellite probe provided fur-
ther evidence of the reproductive isolation of the
three types (Prodohl et al. 1992). Although no
unambiguous diagnostic fragments were ob-

Table 2. Frequencies of mitochondrial DNA haplo-
types in Melvin trout populations. Haplotypes com-
prise Xba I, Ava Il, Hint I, Hae Ill, Mbo I, and Eco
RV morphs respectively. (Based on Hynes et al. 1995.)

Haplotype Composite Gillaroo Sonaghen Ferox

genotype (V=47) (N=55) (N=37)
I BAAAAA 0.13 0.25 1.00
n ABAAAA 0.04 0.29 0.00
1 BADAAA 0.00 0.22 0.00
v BADAAB 0.00 0.04 0.00
\% ACEAAA 0.00 0.16 0.00
\! ACAAAA 0.23 0.04 0.00
Vil ABAABA 0.46 0.00 0.00
VIII ABAACA 0.06 0.00 0.00
IX ACCBAB 0.06 0.00 0.00
X ACCBAA 0.02 0.00 0.00

Table 3. Frequencies of alleles at the minisatellite
Ssa-A45/1 locus in the Melvin trout types. (Based on
Prodohl 1993.)

Allele Gillaroo Ferox Sonaghen
(V 114) (W-56) (N=\52)
A 0.11 0.18 0.30
B 0.09 0.00 0.00
C 0.17 0.49 0.63
D 0.44 0.00 0.01
E 0.13 0.33 0.03
F 0.06 0.00 0.02
G 0.00 0.00 0.01

served for any of the types, lower band sharing
coefficients were found in inter-type compari-
sons as compared with the relevant intra-type
comparisons. In addition, ferox showed a sig-
nificantly higher level of band sharing among
its individuals in agreement with its lower level
of allozyme and mtDNA gene diversity.

Screening with five single locus minisatellite
DNA probes showed from three to eight alleles
at each locus in the three types. Significant dif-
ferences were found at all loci in the frequen-
cies of these alleles (Table 3) but no unique
alleles were found in any of the three types with
the exception of rare alleles (frequency <0.09)
(Proddhl 1993). Given the large number ofalleles
at each locus and sample sizes of 50 to 150 these
low frequency private alleles may represent sam-
pling artefacts. Although minisatellite analysis
did not identify any unique alleles capable of
distinguishing the three types, there were how-
ever substantial frequency differences. For ex-
ample, gillaroo and sonaghen exhibited frequen-
cies of the ”D” allele at the Ssa-A45/1 locus of
0.44 and 0.01 respectively and this allele was
absent in ferox.

Overall mtDNA, with the combined frequency
of the unique haplotypes being 0.60 in gillaroo
and 0.42 in sonaghen, provides the most dis-
criminating marker system for these two types.
As indicated earlier, this is to be expected from
the one quarter effective population size of the
mtDNA genome. Ifa low level of gene flow ex-
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ists then common genes in one type are likely to
be introduced into the gene pool of another type.
However, such introduced genes are more likely
to be lost by drift in the case of mtDNA. It could
also be that males are more likely to stray and
interbreed with another type than females. Since
the 9 value (Weir 1990; equivalent to Wright's
F ) of 0.33 based on mtDNA is almost exactly
twice that of the allozyme (0.17) and single lo-
cus minisatellite (0.15) 9 values, as expected
from the haploid nature of this genome, this is
clearly not the case. While mtDNA is obviously
a valuable marker for population genetic stud-
ies, the greater susceptibility to genetic drift of
this genome can also lead to spurious conclu-
sions. Thus, random lineage sorting in small sub-
sets of a panmictic population can result in ap-
parent population structuring. It is therefore
important in studies of mtDNA in small
populations to demonstrate that the pattern of
differentiation is temporally stable. In the case
ofthe Melvin trout populations, comparison with
an earlier sample (McVeigh et al. 1995) showed
consistency of population specific haplotypes.

MtDNA is of no value in the identification of
ferox as it only possess a single shared haplotype.
LDH-5* provides the highest level of discrimi-
nation of ferox from the other two types. It suf-
fers, however, from the drawback that, being
expressed in eye tissue, it cannot be non-destruc-
tively sampled. While the minisatellite DNA loci
contribute little further information on the po-
pulation genetics of the Melvin populations, the
fact that these data are in accord with other stud-
ies provides an important validation of the ap-
proach in an already well characterised situa-
tion. These minisatellite markers can then be
applied, with confidence, to situations where
other markers are not available or appropriate.
Examples of two such situations are now con-
sidered.

Icelandic brown trout populations

Past studies have revealed that Icelandic brown
trout populations exhibit reduced levels of pro-
tein polymorphism as compared with those ex-
amined from Britain and Ireland (Hamilton et

al. 1989). Our analysis of Icelandic trout
populations from north, south, east and west
coast drainages for mtDNA variation showed a
common single mtDNA haplotype. Thus the
MtDNA marker is uninformative for genetic
studies of these populations. In contrast a more
recent examination of nine minisatellite DNA
loci in three Icelandic populations has detected
an appreciable level of genetic variation albeit
at a lower level than in the Melvin brown trout
populations. Two of the loci examined were
found to be monomorphic while at other loci a
maximum of six alleles was observed. On aver-
age, three alleles per locus were found in the
Icelandic samples compared with seven in the
Melvin trout. The mean heterozygosity of the
Icelandic samples was 0.32 compared with an
equivalent value for the Melvin populations of
0.59. Private alleles were also present at higher
frequencies compared with the Irish populations
(Table 4) (Proddhl 1993), as expected from the
greater genetic drift which has clearly operated
in these populations. In spite of this there is suf-
ficient variability at the minisatellite loci for
these to be used as markers for population ge-
netic studies in this situation ofreduced allozyme
and zero mtDNA polymorphism.

Isolated Scottish populations

In brown trout samples which were examined
from two small isolated lakes in northern Scot-
land, no variation in allozymes or mitochondrial

Table 4. Frequencies of alleles at the minisatellite
Ssa-Ad45/1 locus in Icelandic trout populations. (Based
on Proddhl 1993).

Allele Sandsé Litlisjér ~ Stora Fossvatn
(N=46) (jV=45) (A=43)
A 0.33 0.00 0.00
B 0.03 0.01 0.00
C 0.26 0.04 0.00
D 0.25 0.81 0.84
E 0.09 0.14 0.15
F 0.04 0.00 0.00
G 0.00 0.00 0.01
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DNA was found (Hynes et al. 1995). Indeed these
are the only brown trout populations, from the
many examined throughout western Europe,
which do not show any evidence of allozyme
variation (Ferguson 1989). Application of both
multi-locus and nine single locus minisatellite
DNA probes also showed a complete lack of vari-
ation (Prodohl 1993). Not only is the complete
monomorphism surprising in this otherwise
highly polymorphic species, but also the fact that
fixation is for the same alleles in the two
populations. Although they are only a few kilo-
metres apart there is no connection between them
and indeed one of the lakes has no inlet or out-
let streams. Presumably transfer of fish has taken
place at some time, possibly even to both lakes
from an unknown source. This lack of variation
could only come about from extreme and re-
peated bottlenecks. It also brings into question
the importance of genetic variability in natural
populations.

Postglacial colonisation of brown
trout

A basic question concerning the genetic diver-
sity that we see today among brown trout, Arc-
tic char and other salmonid populations in for-
merly glaciated areas is how much of this has
arisen postglacially from a common ancestor and
how much is the result of independent colonisa-
tion of already differentiated forms which di-
verged from each other during or prior to the
last glaciation. Considerable debate has taken
place as to the number of Arctic char colonisa-
tions (Behnke 1989). Based on the differential
occurrence of the two alleles at LDH-5* it has
been proposed that there were two postglacial
colonisations of brown trout in NW Europe
(Ferguson and Fleming 1983, Hamilton et al.
1989 ). Thus the LDH-5*100 allele, since it is
present in at least 12 salmonid species, is the
ancestral one and its carriers are referred to as
the ancestral” race. The unique brown trout
LDH-5*90 allele seems to have arisen in NW
Europe during or after the last glaciation, possi-
bly in the Baltic Sea, with allelic substitution

taking place under the action of natural selec-
tion (Henry and Ferguson 1985). The LDH-5*90
allele can thus be used as a phylogeographic
marker to trace the post-glacial spread of what
has been denoted as the "modern” race which
colonised NW Europe at a later time than the
ancestral” race.

In an attempt to provide further resolution of
brown trout postglacial colonisation, analysis of
mtDNA variation was undertaken (Hynes et al.
1995). Overall 18 mtDNA haplotypes (I-XV1Il)
were found in NW Europe with two further
haplotypes (XVIII and XIX) being found in a
small outgroup sample from Mediterranean
France. Three haplotypes (I, VI, and XII) were
common and widespread in populations fixed for
both *100 and *90 alleles and seem likely to be
sympleisiomorphic, i.e., they were present in the
ancestor of the “ancestral” and “modern” race.
Each ofthe supposed ~ancestral” (high *100 fre-
quency) populations appears to have become
fixed by random lineage sorting for one of these
lineages. The low mitochondrial diversity of the
presumed “ancestral” populations is in keeping
with their lower allozyme diversity and with
postulated colonisation bottlenecks (Hamilton et
al. 1989). The isolation of "ancestral” popula-
tions from present day migratory trout has pre-
vented the acquisition of further mtDNA
haplotypes by gene flow. The elapsed post-gla-
cial period is too short for new mutants to be
present in frequencies detectable with the sam-
ple sizes used in the study. The low *100 fre-
quency (“modern” race) populations have a much
greater mtDNA diversity in keeping with larger
population sizes and opportunities for spread of
haplotypes by interpopulation migration. Thus
while the mtDNA data are compatible with the
dual post-glacial hypothesis, at the present level
of resolution, they provide no further insight.

It has been previously suggested (Cawdery and
Ferguson 1988, Ferguson and Taggart 1991), on
the basis of morphological and allozyme data,
that the Melvin ferox with its high LDH-5*100
frequency represents the ancestral” race. Fur-
thermore, it was argued that gillaroo and
sonaghen are descendants of the "modern” race
that diverged sympatrically. However, the extent
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of mitochondrial DNA divergence between these
two forms is not consistent with a post-glacial
splitting but rather suggests a separation of about
80,000 years, perhaps brought about by the on-
set of the last glaciation which occurred about
this time (Hynes et al. 1995). Thus the mtDNA
information in this case is in disagreement with
allozyme data. Several authors (e.g. Hindar et
al. 1986) have argued that the greater allozyme
similarity of sympatric populations, compared
with possibly homologous allopatric ones, indi-
cates sympatric “spéciation”. However, a small
amount of inter-breeding could produce nuclear
gene, but not mtDNA, convergence.

The above examples demonstrate that allo-
zyme, mitochondrial DNA and minisatellite
DNA markers each have strengths and weak-
nesses in the examination of population struc-
turing. It is important to assess the requirements
in each particular study situation and choose the
appropriate technique. The relative simplicity of
the allozyme methodology and the existence of
an extensive data base means that this approach
will continue to be productive for the foresee-
able future.

DNA profiling and fitness
estimation

There is one area of study at least in which
minisatellite (and microsatellite) markers have
a unique application. Many salmonids show
intraspecific variability in their life history and
behavioural traits. Both evolutionary studies and
practical management activities require informa-
tion on the relative fitness of these alternative
strategies, i.e. to what extent are these differ-
ences adaptive? For example, Northcote (1992)
pointed out the need to test the relative fitness
of resident and migratory forms of stream
salmonids. Fitness is the contribution to the next
and succeeding generations and estimation of it
requires identification of the offspring produced
by specific parents. One of the major uses of the
highly polymorphic minisatellite DNA loci is in
the identification of parentage, allowing direct
estimation of fitness in natural populations. The
ability to identify parentage and to directly as-

sess the contribution of two parents, not just to
the first generation, but to succeeding genera-
tions, opens up many possibilities for studies on
natural and experimental populations of all or-
ganisms (Burke, 1994). Examples of possible
studies which could be undertaken on salmonid
fishes are shown in Table 5. Parentage identifi-
cation is also allowing field scale studies of the
fitness implication of the escape of farmed At-
lantic salmon into natural populations. A simi-
lar approach can be used in breeding studies by
allowing multiple families to be maintained in
the same tank thus avoiding the confounding
effects of different environmental conditions
which occur when fish are maintained separately.

Multi-locus DNA fingerprints, based on uni-
versal DNA probes such as those produced by
Jeffreys and colleagues (Jeffreys et al. 1985), can
be used for parentage identification only in situ-
ations of discrimination between a small number
of potential parents and offspring. Such identi-
fications can be considerably extended by mak-
ing use of single locus minisatellite DNA probes,
a procedure known as DNA profiling. DNA pro-

Table 5. Examples of life history characteristics which
could be examined in natural salmonid populations
using DNA profiling to identify parents and offspring
in F, and later generations.

¢ Identification ofredds for each adult - number, posi-
tion - relate to adult parameters.
+ Contribution of mature parr in each redd - relate to
adult parameters.
+ Migratory behaviour of juveniles - relate to adult
parameters.
+ Survival and behaviour of juveniles in relation to
Sex.
+ Survival of offspring relative to:
Mature parr vs. adult fathers;
Migratory vs. non-migratory parents;
Parental age;
Time of river entry;
Spawning time;
Original age of smolt migration;
Spawned in home vs. foreign river.
+ Do migratory individuals derive from non-migra-
tory parents and vice versa?
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filing is based on the determination of genotypes
at specific loci and an individual’s profile is its
composite genotype at all loci examined. For
example, a five locus genotype profile would be
given as - AB BG CD EH CC - where A, B, C
etc. denote the alleles segregating at each locus.
If we have five loci each with five alleles, there
are 15 possible genotypes at each locus and
759375 potential composite genotypes. Extend-
ing this to ten alleles, at each of five loci, gives
over 500 million composite genotypes. The ex-
ponential increase in the number of composite
genotypes with the increasing number of alleles
illustrates why the hypervariable minisatellite
DNA loci are particularly applicable for parent-
age identification. Populations do not possess
each ofthe alleles at equal frequencies, however,
and the likelihood that any two individuals will
show the same genotype will not be the same for
all genotypes but will depend on the relative fre-
quencies of the alleles at each locus in the popu-
lation under investigation. This means that in
practice the number of loci required for parent-
age identification needs to be assessed for each
individual situation. Identification is carried out
by matching the composite genotype of an un-
known offspring to the potential composite geno-
types present in a particular family. An alterna-
tive, but less powerful, approach is to match
alleles rather than genotypes, using the fact that,
barring mutation, an individual’s alleles must
be present in its parents.

Current genetic markers provide the oppor-
tunity for studies from the individual to the spe-
cies level. While significant advances have been
made over the past 25 years on the population
structure of salmonids, our knowledge of the
adaptive significance of variability within and
among populations is still very limited. In this
respect, as well as studies of relative fitness of
life history traits in natural populations, it is in
the expanding area of developmental and regu-
latory genetics that exciting future discoveries
are likely to be forthcoming. Such studies are
potentially capable of defining the genetic trig-
gers which control the stages of the life cycle
and ’choose” alternative pathways. This will
require a more detailed knowledge of the struc-
ture of the salmonid genome. The high hetero-

zygosity of minisatellites and microsatellites
provide markers by which such mapping can be
undertaken. However, as with the human genome
project, this will require collaborative efforts by
many groups of workers. But on which species
should the work be undertaken. Is it to be brown
trout, Atlantic salmon or Arctic charr, or one of
the north American salmonids?

References

Anderson, L., N. Ryman and G. St&hl. 1983. Protein loci in the
Acrctic charr, Salvelinus alpinus L.: electrophoretic expres-
sion and genetic variability patterns. - J. Fish. Biol. 23: 75-
94.

Behnke, R.J. 1989. Interpreting the phylogeny ofSalvelinus, p.
35-48. - In: Kawanabe, H., F.Yamazaki and D.L.G. Noakes
(eds.) Biology ofcharrs and ntasu salmon. Physiol. Ecol. Ja-
pan, Spec. Vol. 1.

Bernatchez, L., R. Guyomard and P. Bonhomme. 1992. DNA
sequence variation ofthe mitochondrial control region among
geographically and morphologically remote European brown
trout Salmo trutta populations. -Mol. Ecol. 1(3): 161-174.

Burke, T. 1994. Spots before the eyes: molecular ecology. - Trends
Ecol. Evol. 9: 355-357.

Cawdery, S.A.H. and A. Ferguson. 1988. Origins and differen-
tiation ofthree sympatric species oftrout (Salmo trutta L.) in
Lough Melvin. - Polskie Archiwum Hydrobiologii 35(3-4):
267-277.

Cronin, M.A., W.J. Spearman, R.L. Wilmot, J.C. Patton and J.W.
Bickhan. 1993. Mitochondrial DNA variation in Chinook
(iOncorhynchus tshawytscha) and chum salmon (0. keta)
detected by restriction enzyme analysis of polymerase chain
reaction (PCR) products. - Can. J. Fish. Aquat. Sei. 50: 708-
714.

Epplen, C., G. Melemr, |. Siedlaczck, F.-W. Schwaiger, W.
Méaueler and J. T. Epplen. 1993. On the essence of "meaning-
less” simple repetitive DNA in eukaryotic genomes, p. 29-
46. - In: Pena, S.D.J., R. Chakraborty, J.T. Epplen, and A.J.
Jeffreys (eds.) DNA fngerprinting: state of the science.
Birkhéuser Verlag, Berlin.

Ferguson, A. 1986. Lough Melvin - a unique fish community. -
Occasional Papers in Irish Science & Technology. 1: 1-17.
Ferguson, A. 1989. Genetic differences among brown trout, Salmo
trutta, stocks and their importance for the conservation and

management ofthe species. - Freshw. Biol. 21: 35-46.

Ferguson, A. 1994. Molecular genetics in fisheries: current and
future perspectives. - Rev. Fish. Biol. Fish. 4(3): 379-383.

Ferguson, A. and C. C. Fleming. 1983. Evolutionary and taxo-
nomic significance of protein variation in the brown trout
(Salmo trutta L.) and other salmonid fishes, p. 86-99. - In:
Protein polymorphism: Adaptive and taxonomic significance.
London New York, Academic Press.



32  Andrew Ferguson et al.

Ferguson, A. and F. M. Mason. 1981. Allozyme evidence for
reproductively isolated sympatric populations of brown trout
Salmo trutta L. in Lough Melvin, Ireland. - J. Fish. Biol. 118:
629-642.

Ferguson, A. and J. B. Taggart. 1991. Genetic differentiation
among the sympatric brown trout (Salmo trutta) populations
of Lough Melvin, Ireland. - Biol. J. Linn. Soc. 43: 221-237.

Gharrett, A.J andW.W. Smoker. 1993. A perspective on the adap-
tive importance ofgenetic infrastructure in salmon populations
to ocean ranching in Alaska. - Fish. Res. 18: 45-58.

Hamilton, K. A., A. Ferguson, J. B. Taggart, T. Tomasson, A.
Walker and E. Fahy. 1989. Post-glacial colonisation ofbrown
trout, Salmo trutta L.: Ldh-5 as a phylogeographic marker
locus. - J. Fish Biol. 35: 651-664.

Hartley, S.E., C. McGowan, R.B. Greer and A.F. Walker. 1992.
The genetics of sympatric Arctic charr [Salvelinus alpinus
(L.)] populations from Loch Rannoch, Scotland. - J. Fish Biol.
41: 1021-1031.

Henry, T. and A. Ferguson. 1985. Kinetic studies on the lactate
dehydrogenase (LDH-5) isozymes of brown trout, Salmo
trutta L. - Comp. Biochem. Phys. 82B(1): 95-98.

Hindar, K., N. Ryman and G. Stahl. 1986. Genetic differentia-
tion among local populations and morpho-types of Arctic
charr, Salvelinus alpinus. - Biol. J. Linn. Soc. 27: 269-285.

Hynes, R.A., A. Ferguson and M.A. Me Cann. 1995. Variation in
mitochondrial DNA and the pattern of post-glacial colonisa-
tion in north-west European populations ofbrown trout (Salmo
trutta L.). - J. Fish. Biol. (In press.)

Jeffreys, A.J., V. Wilson and S.L. Thein. 1985. Hypervariable
”minisatellite” regions in human DNA. - Nature 314: 67-73.

Jonsson, B and K. Flindar. 1982. Reproductive strategy of dwarf
and normal Arctic charr (Salvelinus alpinus) from Vangs-
vatnet Lake, western Norway. - Can. J. Fish. Aquat. Sei. 39:
1404-1413.

Krontiris, T.G., B. Devlin, D.L. Karp,N.J. Robertand N. Risch.
1993. An association between the risk of cancer and muta-
tions in the HRAS1 minisatellite locus. - N. Engl. J. Med.
329: 517-523.

McVeigh, H.P., R.A. Hynes and A. Ferguson. 1995. Mitochondrial
DNA differentiation ofsympatric populations ofbrown trout,
Salmo trutta L., from Lough Melvin, Ireland. - Can. J. Fish.
Agquat. Sei. (In press.)

Northcote, T.G. 1992. Migration and residency in stream
salmomds - some ecological considerations and evolutionary
consequences. -Nordic J. Freshw. Res. 67: 5-17.

Park, L.K. and P. Moran. 1994. Developments in molecular ge-
netic techniques in fisheries. - Rev. Fish. Biol. Fish. 4(3): 272-
299.

Prodohl, PA. 1993. Multilocus and single locus minisatellite DNA
polymorphism in brown trout (Salmo trutta L.) populations.
- Unpublished Ph.D thesis, The Queen’s University of Bel-
fast. 273 p.

Prodéhl, P.A., J.B. Taggart and A. Ferguson 1992. Genetic vari-
ability within and among sympatric brown trout (Salmo trutta)

populations: multi-locus DNA fingerprint analysis. -
Hereditas. 117: 45-50.

Prodohl, P.A., J.B. Taggart and A. Ferguson 1994a. Cloning of
highly variable minisatellite DNA single locus probes for
brown trout (Salmo trutta L.) from a phagemid library, p.
263-270. - In: Beaumont, A.R. (ed.) Genetics and evolution
ofaquatic organisms. Chapman and Hall, London.

Prodéhl, P.A., J.B. Taggart and A. Ferguson. 1994b. Single locus
inheritance and joint segregation analysis of minisatellite
(VNTR) DNA loci in brown trout (Salmo trutta L.). - Hered-
ity. 73: 556-566.

Prodéhl, P.A., J.B. Taggart and A. Ferguson. 1995. A panel of
minisatellite (VNTR) DNA locus specific probes for poten-
tial application to problems in salmonid aquaculture. -
Aquaculture. (In press.)

Riddell, B.E., W.C. Leggett and R.L. Saunders. 1981. Evidence
ofadaptive polygenic variation between two populations of
Atlantic salmon (Salmo salar) native to tributaries ofthe S.
W. Miramichi river, N.B. - Can. J. Fish. Aquat. Sei. 38(3):
321-333.

Ryman, N., F.W. Allendorfand G. Stahl. 1979. Reproductive iso-
lation with little genetic divergence in sympatric populations
ofbrown trout (Salmo trutta). - Genetics 92: 247-262.

Skulason, S., S.S. Snorrason, D.L.G. Noakes, M.M. Ferguson
and H.J. Malmquist. 1989. Segregation in spawning and early
life history among polymorphic Arctic charr, Salvelinus
alpinus, in Thingvallavatn, Iceland. - J. Fish Biol. 35 (Suppl.
A): 225-232.

Taggart, J.B. and A. Ferguson 1990. Hypervariable minisatellite
DNA single locus probes for the Atlantic salmon, Salmo salar
L.-J. Fish. Biol. 37:991-993.

Taggart, J.B., P.A. Prodéhl and A. Ferguson. 1995. Genetic mark-
ers for Atlantic salmon (Salmo salar L.): Single locus inher-
itance andjoint segregation analyses of minisatellite (VNTR)
DNA loci. - Animal Genetics. 26: 13-20.

Tautz, T. 1993. Notes on the definition and nomenclature of
tandemly repetitive DNA sequences, p. 21-28. - In: Pena,
S.D.J., R. Chakraborty, J.T. Epplen, and A.J. Jeffreys (eds.)
DNA fingerprinting: state ofthe science. Birkhauser Verlag,
Berlin.

Taylor, E.B. 1991. A review oflocal adaptation in Salmonidae,
with particular reference to Pacific and Atlantic salmon. -
Agquaculture. 98(1/3): 185-207.

Weir, B.S. 1990. Genetic Data Analysis. - Sinauer Ass., Inc. Pub-
lishers, Sunderland, Massachusetts.

Wright, J.E., K. Johnson, A. Hollister and B. May. 1983. Meiotic
models to explain classical linkage, pseudolinkage, and chro-
mosome pairing in tetraploid derivative salmonid genomes,
p. 239-260. - In: Rattazi, M.C., J.G. Scandalios and G.S. Whitt
(eds.) 1sozymes: Current topics in biological and medical re-
search. Alan R. Liss, New York.

Wright, J.M. 1993. DNA fingerprinting of fishes. - In: Biochem-
istry and molecular biology of fishes. Elsevier Science Pub-
lisher B.V.

Wright, J.M. and P. Bentzen. 1994. Microsatellites: genetic mark-
ers for the future. - Rev. Fish. Biol. Fish. 4(3): 384-388.



Nordic J. Freshw. Res. (1995) 71: 33-48

The Ecology of Arctic Charr, Salvelinus alpinus, and Brown
Trout, Salmo trutta, in Windermere (northwest England)
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Abstract

The two resident salmonid species in Windermere, the largest natural lake in England, are
Acrctic charr and brown trout, but migratory brown trout (= sea-trout) and Atlantic salmon
{Salmo salar) move through the lake to and from their spawning streams. All English
populations of Arctic charr are found in the Lake District (northwest England). Winder-
mere has the largest population with at least four races; the north and south basins of the
lake each containing two races that spawn in spring and autumn respectively. Three meth-
ods provided comparable estimates of fluctuations in the charr stocks: gill-netting in No-
vember at a spawning site in the north basin (1939-present), anglers' catches from both
basins (1966-present), echo-surveys at least monthly in both basins (July 1989-present).
Two major changes have occurred in recent years: a decrease in numbers and catches of
charr in the south basin compared with the north basin; an increase in brown trout caught
by charr anglers fishing the pelagic zone in the south, but not the north, basin of the lake.
These changes are associated with eutrophication, especially in the south basin. It is not
known why brown trout have moved into the pelagic zone but some possible reasons are
proposed. As both charr and brown trout now occur in the pelagic zone, it is important to
compare their ecology and examine the possibility of competition between them. A sum-
mary is therefore provided for the most important ecological similarities and differences of
these two species in Windermere.

Keywords: population dynamics, lake fisheries, catch statistics, eutrophication,

echo sounding.

Introduction

This contribution commences with a brief de-
scription of Windermere and recent changes in
its trophic status, then describes fluctuations in
the numbers and catches of Arctic charr
{Salvelinus alpinus (L.)) and pelagic brown trout
{Salmo trutta L.) in the lake, and finally sum-
marises the most important ecological similari-
ties and differences ofthese two species in Wind-
ermere.

Windermere is the largest natural lake in Eng-
land and is situated in a National Park (English
Lake District). The lake provides part of the
water supply to North West England and is a
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focus for tourism and recreation. The main fish
association in the lake consists of resident Arc-
tic charr, brown trout, perch {Perea fluviatilis
L.), pike {Esox lucius L.) and catadromous Eu-
ropean eel {Anguilla anguilla (L.)). Anadromous
brown trout (= sea-trout) and Atlantic salmon
{Salmo salar L.) also pass through the lake as
smolts and adults returning to spawn in streams
flowing into the lake (Fig. 1). Several species of
smaller fish are found in the littoral; namely
stickleback (Gasterosteus aculeatus L.), bullhead
{Cottus gobio L.), stoneloach {Noemacheilus
barbatulus (L.)) and minnow {Phoxinus
phoxinus (L.)). Two species of lamprey have been
recorded but are not abundant {Lampetraplaneri
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Brathoy R. Rothay

Autumn and Spring
spawning charr.

WINDERMERE SOUTH BASIN

Autumn and Spring
spawning charr.

Newby Bridge

Fig. 1. Windermere and its catchment: Atlantic
salmon spawn in the larger Rivers Brathay, Rothay
and Troutbeck, as well as the lake outflow, the River
Leven (marked areas on map); brown trout spawn in
virtually every stream from large to small; and Arc-
tic charr spawn in the lake, apart from one small group
spawning just upstream from the mouth of the
Brathay. Note that the north and south basins of the
lake each have autumn and spring spawning charr,
i.e. at least four races of charr occur in the lake.

(Bloch) and L. fluviatilus (L.)). The rudd
(Scardinius erythrophthalmus (L.)), roach
(Rutilus rutilus (L.)) and tench (Tinea tinea (L.))
are generally rare but locally frequent in the lake;
these three species were probably introduced as
a result of anglers disposing of their live bait.
General accounts of the research on the fish
populations are provided by Bagenal (1970),
Macan (1970) and Le Cren et al. (1972). The
early work on Windermere charr was summa-

rized by Mills (1989), apart from a paper on their
food by Frost (1977). All the English populations
of Arctic charr occur in eight lakes in the Lake
District of Northwest England, but there are over
45 populations in Ireland, over 175 in Scotland
and five in Wales (Maitland and Lyle 1991). The
only other member of the genus Salvelinus in
the British Isles is the introduced American
brook charr, Salvelinusfontinalis (Mitchill), that
is very local and rare (Maitland and Campbell
1992). There are at least four races of Arctic
charr in Windermere with the north and south
basins of the lake each containing two distinct
races that spawn in spring and autumn respec-
tively (Fig. 1). The term ‘race’ is used here to
mean an interbreeding group of individuals, all
of whom are genetically distinct from other such
groups of the same species. The four races in
Windermere appear to be reproductively isolated
and therefore there are barriers to gene flow.
Alternative terms, used by some authors, are
‘subspecies’ or ‘deme’ (strictly ‘gamodeme’) for
such local interbreeding groups of individuals.
Most of the Windermere charr are autumn
spawners with spring spawners representing less
than 4-6% of the adult population (Mills 1989,
Mills and Hurley 1990, Elliott and Baroudy
1992). Recent work on charr from Windermere
has examined their oxygen tolerance, their criti-
cal thermal limits, racial differences in their eggs
and juveniles, and some of the problems in esti-
mating their numbers by hydroacoustic methods
(Baroudy and Elliott 1993, 1994a,b,c).
Compared with charr, relatively little is
known about the brown trout in Windermere.
Allen (1938) sampled trout by using a seine net
along the littoral ofthe north basin and provided
the first account of their biology. All the trout
spawn in the numerous streams flowing into the
lake (Fig. 1), and the lake population may well
be limited by the space available in the streams
for rearing the fry. Their growth rate in the lake
is high and trout of up to 5 kg wet weight have
been caught in the lake. Swift (1961) studied the
seasonal growth of trout released into a netted-
off portion of the lake. More recently, Craig
(1982) sampled trout in six afferent streams of
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Windermere. He found that the age of entry into
the lake was variable in the young trout; the ma-
jority (70%) entered the lake in the third year
(age 2+ years) of their life cycle, with 16% in
their second year (1+) and 14% in their fourth
year (3+). Although there is relatively little in-
formation on the ecology of brown trout actu-
ally in the lake, there are detailed studies on trout
populations in streams within the Windermere
catchment, one on juvenile sea-trout having con-
tinued for over 25 years (references in Elliott
1989, 1993, 1994). There is also a large amount
of experimental work on the ecological require-
ments and growth of brown trout obtained lo-
cally (reviewed by Elliott 1994). All the sea-trout
and Atlantic salmon have to enter and leave the
lake via the River Leven which flows for 3 km
before entering the sea. The sea-trout often
spawn in small tributaries but salmon spawning
is restricted to the larger Rivers Brathay, Rothay
and Troutbeck, as well as the Leven (Fig. 1).
Adults of both sea-trout and salmon are occa-
sionally caught in the lake by anglers, but the
chief fishery is in the River Leven.

Against this broader background, the present
account is restricted to the two resident salmonid
species in Windermere. It also places most em-
phasis on the Arctic charr because they are the
subject of this Symposium.

Windermere and its trophic status

The lake originated about 12,000 years ago and
occupies a glacially excavated valley rock ba-
sin. It is divided by an area of shallow water and
islands (Fig. 1) into a north basin (area 8.1 kmz2,
volume 201.8 ¢ 106 m3, mean depth 25.1 m, maxi-
mum depth 64 m) and a south basin (area 6.7
km2, volume 112.7 » 106m3, mean depth 16.8 m,
maximum depth 42 m). Shallow littoral areas
are more frequent in the south basin. The two
basins differ in their inflow-outflow character-
istics but water retention time of the lake as a
whole is approximately 9 months (Sutcliffe and
Carrick 1983). Due to its smaller volume and
additional input of some streams, the south ba-
sin has a nominal retention time of around 3.3
months. At an altitude of only 39.3 m, Winder-

mere is one ofthe few lowland lakes with a sub-
stantial population of Arctic charr.

Since 1945, regular measurements from both
basins have shown that the lake has become nu-
trient enriched (Lund 1972, Sutcliffe et al. 1982,
Heaney et al. 1988, Talling and Heaney 1988).
The increasing concentrations of NOM-N may be
due to a large increase in the use of nitrogenous
fertilizers with subsequent winter fluctuations
conditioned by climatic factors, including tem-
perature. Large increases in winter concentra-
tions of soluble reactive phosphorus, especially
in the south basin, are probably due to increases
in sewage-borne phosphorus discharged to the
lake (see also Mills et al. 1990). Associated with
this increasing enrichment, there has been an
increase in hypolimnetic deoxygenation during
summer and autumn in the south basin, first re-
corded during 1981. This deoxygenation was
particularly severe during 1988. In the south
basin, anoxia occurred for a prolonged period
between the end of September and mid-Novem-
ber, and extended upwards to a depth of about
25 m. Complete anoxia does not occur in the
north basin, but oxygen concentration fell to less
than 20% saturation below 30 m depth during
the first half of November 1988, this being the
most severe on record.

Although nutrient enrichment is not directly
harmful to charr or trout, the associated anoxia
will restrict the water volume available to the
fish and this will be reduced further in hot sum-
mers when surface temperatures may be higher
than the preferred values for the fish, especially
the charr (Baroudy and Elliott 1994b). It is also
possible that summer water temperatures will
increase as a result of climate change. Evidence
from other European lakes indicates that increas-
ing enrichment can lead to a reduction and even-
tual extinction of charr populations (Mills et al.
1990). New sewage treatment plants should
markedly reduce the guantity of phosphates en-
tering both basins of Windermere, but recovery
may be slow because the lake sediments accu-
mulate phosphorus which may be released back
into the water column over many years. It is there-
fore important to continue the monitoring pro-
gramme on the fish populations of Windermere.
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Long-term and short-term fluctuations
in the numbers and catches of charr and
pelagic trout in Windermere

Three methods have been used in Windermere
to obtain relative estimates of the levels of charr
stocks; namely gill-netting each November
(1939-93) for autumn spawners in the north ba-
sin, anglers’ catches from both basins (1966-93)
and echo-survey data from both basins (July
1989-December 1993). The two latter methods
also provide information on pelagic trout. All
three methods are described in detail by Elliott
and Baroudy (1992) who also document changes
up to the end of 1991. The following account
adds two years (1992, 1993) to the data set, this
being especially important for the relatively
shorter records from the echo surveys. Some of

Gill net

Angler

the problems in obtaining estimates of fish abun-
dance with the echo-sounder are discussed in
Baroudy and Elliott (1993).

Gill-netting of autumn and spring spawning
charr has confirmed that both races are present
in both basins. There is no evidence to suggest
that age structure and the mean age ofthe spawn-
ing male and female charr has changed signifi-
cantly since the earlier surveys in 1986, 1987,
1988 (Mills 1989). Gill-net catches of autumn
spawning charr in the north basin showed a gen-
eral upward trend from 1945 to about 1965 (Fig.
2a). This increase was associated with a cull of
larger pike, the pike biomass being reduced by
about 65%, and this removal of a major preda-
tor could be responsible for the increase in charr
numbers (Kipling 1984). Since 1965, gill-net
catches of charr have fluctuated considerably

Fig. 2. (a) Gill-net catch-per-unit-effort (CPUE) for charr at Windermere north basin spawning sites from
1939-93. CPUE is the mean catch per gill-net day in November near Low Wray Bay (1939-73) and North

Thompson Holme (1975-93) spawning sites.

(b) Gill-net CPUE (solid line) and angler CPUE (broken line) from 1966 to 1993. Angler CPUE is the mean
catch per boat per hour. The scales for gill-net and angler CPUE have been arranged so that the overall means

for each coincide.
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Angler A

Years

Angler

Fig. 3. Ratio of angler CPUE for south basin to north basin for angler A (solid line) from 1966 to 1993 and
angler B (broken line) from 1975 to 1993. (Note: the high encircled value for angler B in 1986 was due to the
inclusion of one exceptionally high catch in the south basin; when this was excluded from the analysis, the

estimated ratio was very similar to adjacent values).

with no obvious discrepancy caused by a change
of site from 1973 to 1975 (break in series in Fig.
2a). Gill-net and anglers' catches generally fol-
lowed a similar pattern (Fig. 2b), but there was
a marked discrepancy about 1980 when the rela-
tive catches crossed (note that both sets of catches
were scaled so that their overall means coincided
in Fig. 2b). Both sets of catches have shown a
marked decline in recent years.

As the anglers' catches generally reflected
changes in charr abundance (Elliott and Baroudy
1992), they were used to compare population
changes in the two basins of the lake. A simple,
but useful, index of these changes was provided
by the ratio of mean catch in the south basin to
mean catch in the north basin. Values of one
angler’s catches from 1966 to the present showed
that, prior to 1983, catches were similar in both
basins or were higher in the south basin (angler
A in Fig. 3). The marked decrease in the ratio
for the next five years indicated the relative de-
cline in south basin catches from 1984 to 1988.
The ratio of catches for a second angler over a
shorter period (1975 to 1988) followed a similar
pattern (angler B in Fig. 3). There was a clear
improvement in 1989 with similar catches in
both basins (ratio c.l) for both anglers. A de-
cline in 1990 and 1991 for both anglers, and in

1992 and 1993 for angler A, to earlier values
indicated that the 1989 improvement was tem-
porary, not permanent. The increase in the ratio
in 1992, and especially 1993, for angler B com-
pared to angler A was chiefly due to the lower
catches by angler B in the north basin compared
with previous years rather than increased catches
in the south basin.

Charr fishermen on Windermere have ex-
pressed the general, but subjective, view that
more brown trout have been taken on charr tackle
in recent years. Records obtained from the two
anglers confirmed an increase in the percentage
of pelagic trout taken in the catches, especially
in the south basin (Fig. 4). It is notable that the
latter increase commenced in 1984, the same
year which marked the onset of changes in the
ratio of catches in the north and south basins
(cf. Fig. 3). The change in the latter ratio could
have been due to the increased proportion oftrout
in the catches, but a comparison of the ratio for
total catches (charr + trout) in both basins re-
vealed little change in the temporal pattern from
that obtained for charr alone (Elliott and Baroudy
1992). Increases in the catches of trout in the
south basin were not therefore responsible for
the lower catches of charr relative to those of
the north basin.
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NORTH BASIN

Angler A

SOUTH BASIN

Angler A

Angler B

Angler
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Fig. 4. Percentage of brown trout taken in the north and south basins in annual catches by anglers A and B.

Monthly catches were compared for both an-
glers in the fishing season (March/April to Sep-
tember) from 1989 to 1993. These years were
chosen for more detailed examination because
the anglers’ catches could also be compared with
fish density estimated by the echo sounder (Fig.
5). Apart from one large catch by angler B in
April 1991, brown trout were rarely taken by both
anglers in the north basin. They were, however,
frequently taken in the catches in the south ba-
sin, especially in spring and early summer. These
comparisons also show that in most months,
catches were lower in the south basin than in
the north basin. As it was impossible to separate
charr from pelagic brown trout in records from
the echo sounder, the latter therefore provided
estimates of the total number of pelagic
salmonids (charr + trout) in the north and south
basins (Elliott and Baroudy 1992, Baroudy and
Elliott 1993). The methods used by charr anglers
take fish at water depths from about | m to no
more than 20 m, and charr taken from the lake
must have a fork length greater than about 20
cm. The results from the echo sounder were
therefore filtered to leave those from water depths
down to 20 m and fish longer than 20 cm, i.e.
those fish that should, in theory, be available to
the angler (Fig. 5).

The results confirmed the earlier conclusion
from the anglers’' catches that fish density was

consistently higher in the north basin. There was
also a similar pattern in the fluctuations in fish
density and anglers' catches in the north basin,
e.g. a late summer peak (August), especially in
1989, 1990. Similarities were less evident for
the lower numbers in the south basin, but more
fish were usually available in months in which
anglers fished. Estimates of fish density at night
were usually higher than the corresponding es-
timates during the day but there were exceptions
in which the reverse was true. These were pre-
dominantly in autumn (October 1990, Septem-
ber, October 1991 for both basins; September,
October 1992 for north basin; August, October
1993 for south basin).

These comparisons are generally encouraging
because they show that the results obtained with
the echo sounder are generally comparable to
anglers' catches. The echo-sounder data not only
confirmed the higher numbers in the north ba-
sin but also demonstrated lower numbers of
pelagic fish in winter in both basins, and the
decline in numbers of larger fish (Fig. 5). Both
gill-net and anglers' catches continue to decline,
and an increase in the ratio of south basin anglers'
catches to north basin catches was due to a de-
cline in catch in the north basin rather than an
increase in catch in the south basin. The echo-
sounder data confirm these conclusions. Pelagic
trout taken by charr anglers continue to be mark-
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north and south basins by anglers A and B; estimates of fish density from echo-sounding are also provided.
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edly higher in catches from the south basin com-
pared with the north basin, but were lower in
the south basin than in previous years. It is not
known if this decline will continue.

Comparative ecology of charr and trout
in Windermere

As both charr and brown trout now occur in the
pelagic zone of the lake, it is important to com-
pare their ecology and examine the possibility
of competition between them. The following as-
pects are considered to be important and will
therefore be examined for different stages in the
life cycle: oxygen tolerance and critical thermal
limits; growth and feeding; movements and sur-
vival, especially during the early critical period
of the life cycle. Information is available on the
following life-stages for some, but not all, of
these comparisons: eggs, alevins (newly hatched
fish with yolk sacs), fry (fish with little yolk and
starting to feed exogenously), parr in their first
(0+), second (1+) or third (2+) year (immature
fish feeding independently) and adults (mature
fish about to spawn or having spawned already).
Salmon may also be mentioned briefly because,
as stated earlier, they pass through the lake
whilst moving to and from their spawning
streams (Fig. 1).

Very little information was available on the
oxygen requirements of Arctic charr until some
recent experiments were performed to determine
the lower limits of tolerance to reduced oxygen
concentrations for Windermere parr kept at
acclimation temperatures of 5, 10, 15, 20°C
(Baroudy and Elliott 1994a). No significant dif-
ferences could be found between races. The parr
tolerated lower oxygen levels (1.8-2.0 mg I'l =
15-17% saturation) at lower (5, 10°C) than at
higher (15, 20°C) acclimation temperatures (2.2-
24 mg Tl = 22-25% saturation). Windermere
charr alevins were less tolerant of low oxygen
levels than parr; alevins required at least 9 mg F
(= 70% saturation) for maximum survival over
7 days or longer at 5°C, and all died at less than
30% saturation (Baroudy 1993). Parr of Arctic
charr are therefore amongst the most tolerant of
salmonid parr to low oxygen levels, but are only

slightly more tolerant than parr of brown trout
(see comparisons in Baroudy and Elliott 1994a).
As mentioned earlier, marked decreases in oxy-
gen concentration have occurred only at depths
below 25-30 m in Windermere, and therefore
there have been no major problems for the
pelagic fish. However, if oxygen concentration
decreased markedly in the pelagic zone, then parr
of charr could probably cope better than those
of trout. Incidentally, smolts of Atlantic salmon,
that must pass through Windermere, are less tol-
erant with lower limits of 24-29% saturation at
13-15°C (Alabaster et al. 1979).

In contrast to the parr, the values for the charr
alevins are high when compared with tolerance
limits of 0.3 mg I' at 5°C for alevins of brown
trout and Atlantic salmon (Bishai 1960). The
charr alevin values are, however, similar to those
recorded elsewhere for charr eggs (Gruber and
Wieser 1983). Alevins and eggs of charr would
therefore appear to be the most vulnerable life-
stages. Fortunately, oxygen concentrations are
high on the spawning grounds in Windermere
during the appropriate season; autumn spawners
spawn in shallow, well-oxygenated water in
November and spring spawners in deeper, well-
oxygenated water in May. The spawning grounds
of the trout and salmon are, of course, in the
well-oxygenated streams flowing into the lake.

A paucity of detailed studies on the critical
thermal limits for charr was also the stimulus
for an experimental study (Baroudy and Elliott
1994b). Comparisons between lethal tempera-
tures for four acclimation values (5, 10, 15, 20°C)
revealed negligible differences between races of
Windermere charr and therefore the data were
pooled to estimate the lethal values for survival
over 7 days (incipient lethal temperature) and
over only 10 min (ultimate lethal temperature)
for three life-stages (alevins, fry, parr). Upper
lethal values increased with acclimation tem-
peratures for alevins but this effect was negligi-
ble for fry and parr. Alevins were generally less
tolerant than fry and parr at lower, but not
higher, acclimation temperatures; e.g. after
acclimation at 5°C, mean upper ultimate values
were 23.3, 25.1, 25.7°C and mean upper incipi-
ent values were 18.7, 21.5, 21.5°C for alevins,
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fry and parr respectively; after acclimation at
20°C, mean upper ultimate and incipient values
were 26.2, 26.1, 26.6°C and 20.8, 20.8, 21.6°C
for alevins, fry and parr respectively. The lower
temperature limits were close to 0°C for all three
life-stages.

A comparison with other salmonid species
showed that parr of Arctic charr are the least
tolerant to high temperatures but the most re-
sistant to low temperatures (Baroudy and Elliott
1994b). One advantage of the comparisons be-
tween charr, brown trout and Atlantic salmon is
that the parr of the two latter species were ob-
tained from the Windermere catchment for use
in the experiments (Elliott 1981, 1991). These
differences are summarised in Fig. 6 that also
compares the temperature requirements for egg
hatching, feeding and growth, using values from
the literature (references in legend to Fig. 6). In
all these comparisons, the lowest values are for
charr and the highest are for salmon, with trout
in between. Although the optimum temperature
range for growth is similar in charr and trout,
the lower limit for growth is about 4°C in trout
but close to 0°C in charr. Charr therefore con-
tinue to grow, albeit slowly, at low winter tem-
peratures when trout growth has ceased. The
chief food organisms of Windermere charr are
planktonic Crustacea, especially Cladocera, but
larval and pupal chironomids are sometimes
abundant in the diet, and charr eggs are taken
during both spawning seasons (Frost 1977, Mills
1989). Studies on the diet of brown trout in
Windermere indicate the chief food organisms
to be benthic macroinvertebrates, with the larger
trout also feeding on fish (Allen 1938, Frost
1977). However, small samples of trout taken
recently in gill nets set in open water indicate
that the diet of these pelagic trout is closer to
that of charr.

The most obvious difference in the life cycle
is that the charr spend their entire life in the
lake, apart from one small group that spawn in
the River Brathay instead of the lake. Trout and
salmon spawn in the streams; all juveniles re-
main there for at least one year and most do not
leave their natal stream until they are at least
two-years old (age 2+ years). The life-stages of

4

charr and trout that occur together in the lake
are therefore the parr that are at least one-year
old and the adults. Juvenile trout have already
been through the first critical period of their life
cycle before they enter the lake. This critical
period occurs when the fry leave their gravel nest
and start to feed on small invertebrates in the
stream. Mortality is high during this period and
is often density-dependent (see reviews by Elliott
1989, 1994). It has been found for trout in the
Windermere catchment that the size of newly
emerged fry is related directly to egg weight, the
latter is related positively to female size, and
therefore larger females produce larger eggs that
hatch to larger fry. These larger fry survive
longer without food than smaller fry and there-
fore have a longer time in which to learn to feed
(Elliott 1984, 1989). One consequence of these
relationships is that the fry ofthe larger sea-trout
have a survival advantage over those of the
smaller resident trout (for further discussion, see
Elliott 1994).

Although the relationship between egg size,
fry size and ultimate survival is unknown for
charr in Windermere, some recent experimental
work strongly suggests that there may be simi-
larities with trout (Baroudy and Elliott 1994c).
There were no major differences between races
for egg incubation times and the percentage of
eggs hatching successfully, the latter being high
(mean values 76-96%) with a negligible propor-
tion of abnormal alevins (<0.8%). Although
there were no significant differences in the
lengths of female parents, both eggs and alevins
were significantly larger for the autumn spawn-
ers than the spring spawners. Size differences
in alevins, especially live weight, were positively
related to egg size but not female parent size.
Mean percentage survival for juveniles attain-
ing the independent feeding stage was higher
for the larger progeny of autumn spawners (32%)
than the smaller progeny of spring spawners
(3%). Racial differences in the egg and alevin
stages therefore appear to have a significant ef-
fect on subsequent survival in the laboratory, and
could be ultimately responsible for the relatively
small proportion of spring spawners (only 4-6%)
in the Windermere population of charr. It is dif-
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Fig. 6. Comparison of the temperature requirements for Arctic charr, brown trout and Atlantic salmon: critical
thermal limits for parr (Inc = incipient lethal temperature, Ult = ultimate lethal temperature, hatched areas
indicate the range over which both change with acclimation temperature); extreme lower and upper lethal
limits are given as actual temperatures for each species; range for successful egg development; ranges for
feeding and growth with optimum range for maximum growth (hatched areas indicate the range over which
values change with acclimation temperature). Values collated from: Swift (1964,1965), Siginevich (1967),
Elliott (1975a,b,1981,1991 ), Gunnes (1979), Crisp (1981,1988), Wandsvik and Jobling (1982), Jobling (1983),
Steiner (1984), Jungwirth and Winkler (1984), Wallace and Aasjord (1984), Humpesch (1985), Jensen (1985),
Jensen and Johnsen (1986), Brénnés (1987), Dwyer and Piper (1987), Elliott et al. (1987), Wallace and
Heggberget (1988), Jensen et al. (1989), Jobling et al. (1993).

ficult to draw a firm conclusion because the prog-
eny of the spring spawners attain the independ-
ent feeding stage at a slightly later time (May,
June) than those ofthe autumn spawners (March,
April), and this could affect their subsequent
survival.

Although these summaries have shown that
there is some information on the comparative
ecology of charr and trout in Windermere, there
are still many unanswered questions. A large
amount of quantitative information now exists
on the ecology of brown trout in their stream
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habitat (see review by Elliott 1994), but there is
relatively little information on their ecology in
the lake before they return to spawn in their na-
tal stream. Most of the returning females are
three-years old whilst most returning males are
two- or three-years old. Their size indicates rapid
growth in the lake. Nothing is known about their
movements in the lake. From anglers’ catches,
it was assumed that they occurred chiefly in the
littoral but, as shown earlier, they now occur in
the pelagic zone, especially in the south basin
of the lake.

Little is known about the growth and move-
ment of the charr in the lake. Mark-recapture
studies have shown that adults return each year
to the same spawning site (Frost 1963, Le Cren
and Kipling 1963), and differences in allele fre-
quencies at esterase and malate dehydrogenase
loci have been found between fish spawning at
similar times but on different sites (Partington
and Mills 1988). The charr mature at a much
older age than the trout and their growth rate is
much slower. The mean age of spawning female
charr (c. 8 years for autumn spawners, c. 9 years
for spring spawners) is slightly higher than that
of spawning males (6-7 years for autumn spawn-
ers, 7-8 years for spring spawners). Most male
charr mature at an age of 5 years whereas females
mature at 6 years or older and live longer than
males. About 80% of charr between 9 and 14
years old are female. There are no obvious dif-
ferences in age structure between basins, and
male and female charr grow at similar rates. As
there is a high proportion of old charr in both
basins, mortality through angling cannot be high
or few fish would survive to reach such ages.
These conclusions are based on recent informa-
tion, and comparisons with earlier data are dif-
ficult because the previous use of scales for age-
ing led to marked under-ageing of older fish
when compared with the use of otoliths for age-
ing in recent years (Mills 1989, Mills and Flur-
ley 1990, recent unpublished data). These con-
clusions are also based on data obtained from
mature fish caught in gill-nets. Virtually noth-
ing is known about the growth and movements
of the immature charr in Windermere.

Discussion

The Arctic charr and brown trout of Windermere
have now been studied scientifically for over 50
years and observations on their natural history
extend over a much longer period. For example,
it has been known for over 300 years that there
are autumn and spring spawning charr (Fleming
1671, see also Frost 1955). Worthington (1950)
implied that there had been a change in the eight-
eenth and nineteenth centuries from a lake domi-
nated by trout and charr to one dominated by
perch and pike as a result of eutrophication. Al-
though there is no doubt that Windermere has
become more eutrophic, there is plenty of his-
torical evidence that all four species have co-
existed for at least 200 years, and certainly long
before the onset of eutrophication (Le Cren et
al. 1972). The historical records also show that
a successful net fishery for the four species was
in operation for several centuries until over-
fishing for charr and an increased interest in
sport fishing for salmon and trout brought it to
anend in 1921 (Le Cren et al. 1972). Old records
of charr catches show the classic signs of over-
fishing such as reduced fish size and increased
effort with smailer-mesh nets yielding lower
catches. Cessation of the net fishery and later
annual culls of large pike were probable respon-
sible for the increase in the charr population from
1945 to about 1965, as shown by the gill-net
catches (Fig. 2a).

In recent years, there has been a marked in-
crease in quantitative information, especially for
the charr. It is now known that there are at least
four, genetically distinct, races of charr in the
lake. Although there are slight morphological
and major meristic differences between these
races (Partington and Mills 1988), no differences
could be found in their tolerance to low oxygen
concentrations, their critical thermal limits for
survival, their egg incubation times and hatch-
ing success (Baroudy and Elliott 1994a,b,c). This
lack of differences is perhaps not surprising if,
as seems likely, the different races share the same
feeding habitats. Both eggs and alevins were,
however, significantly larger for the autumn
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spawners than the spring spawners, even though
the female parents were of similar size (Baroudy
and Elliott 1994c). As mentioned earlier, sur-
vival in the laboratory was much higher for the
progeny of autumn spawners than those of spring
spawners, possibly because of their larger size,
and this could be ultimately responsible for the
small proportion of spring spawners in the Wind-
ermere population (4-6%). It has already been
noted, however, that the later emergence of the
fry of the spring spawners could also be a con-
tributory factor. The newly emerged, smaller fry
of the spring spawners would be not only more
vulnerable to predation, but also inferior to the
larger, and already established, fry of autumn
spawners in any competition for food. There do
not appear to be any major differences between
races in either their morphology or feeding pref-
erences, as seen in other charr lakes with dwarf
and normal charr (see references in Hindar and
Jonsson 1982, Hindar et al. 1986, Jonsson et al.
1988, Svedéng 1990, Hartley et al. 1992). Re-
cent experimental work indicates that this eco-
logical polymorphism in a Norwegian popula-
tion is largely environmentally, rather than ge-
netically, determined (Hindar and Jonsson 1993).

There was general agreement between the
three methods (gill-netting, anglers’ catches,
echo-surveys) used to estimate fluctuations in the
charr stocks of Windermere. Two major changes
have occurred in recent years. First, there has
been a decrease in numbers and catches of charr
in the south basin compared with the north ba-
sin (Figs 2, 3). Second, there has been an in-
crease in the number of pelagic brown trout
caught by charr anglers in the south basin but
not the north basin (Figs 4,5). Both changes are
associated with increasing enrichment of the
lake, especially in the south basin. It is not
known why the trout have moved into the pelagic
zone of the south basin. One possible explana-
tion could be the marked increase in plant
growth, especially blanket weed (Cladophora),
in the littoral, once again associated with in-
creasing eutrophication in the south basin. The
plants provide excellent shelter for invertebrate
animals and thereby reduce their availability as
food for the trout. A general increase in trout

abundance, especially in the littoral, could also
be responsible for increased numbers of pelagic
trout, but it is difficult to see why this would
occur in the south, but not the north, basin of
the lake. This hypothesis is also unlikely because
anglers report that catches of trout from the lit-
toral are still good in the north basin but have
decreased markedly to negligible numbers in the
south basin.

It is not known if the pelagic trout and charr
compete for food because there have been no
detailed comparative studies of the diets of the
two species or of different life-stages of charr,
as available for other lakes (e.g. Langeland et
al. 1991, Klemetsen et al. 1992, L’Abée-Lund et
al. 1993). Detailed studies in Norwegian lakes
have shown that the food-overlap index is typi-
cally lower than 70% for sympatric trout and
charr; the pelagic trout usually feed in the upper
1-5 m chiefly on surface insects and zooplankton,
whilst charr feed over a greater range of depths
and chiefly on zooplankton with zoobenthos be-
ing important at certain times ofthe year (Hindar
and Jonsson 1982, Jonsson and Gravem 1985,
Langeland et al. 1991).

The comparisons between Windermere charr
and trout have shown that the eggs and alevins
of the charr require higher oxygen concentra-
tions than those of trout, but that charr parr can
tolerate lower oxygen levels than trout parr. In
terms of temperature tolerance, charr are less
resistant than trout to higher values but more
resistant to lower values, and grow slowly at low
temperatures (0-4°C) when trout growth has
ceased (Fig. 6). Although there is little detailed
quantitative information on the life cycles ofthe
two species in the lake, some major differences
have been identified and these are summarized
in Fig. 7. Differences between the autumn and
spring spawning charr are almost as great as
those between trout and charr. The major differ-
ence between the two species is the very slow
growth ofthe charr compared with the trout, and
the much older age for the spawning charr. Al-
though the mean age of spawning charr is
slightly lower for autumn spawners than for
spring spawners, the latter grow slightly faster
(cf. ages and lengths in Fig. 7). This suggests



Trout

Spawn November, December in
streams, eggs hatch February.
Critical period (high mortality)
in April, May when fry disperse.
Most parr (70%) migrate into
lake at 2+ years.

Live chiefly in littoral in north
basin and in pelagic zone in
south basin of lake. Grow fast
in lake, e.g. attain length of
c. 340 mm at age of 4-5 years.

Most trout mature and return to
spawn in streams at 2+ years
(males) and 3+ years (females),
then return to lake. Survivors re-
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Charr

(autumn spawners)

¢. 94-96% of spawning popula-
tion.

Spawn November, December
in shallow water in lake(one
small group spawn in R.
Brathay). Critical period prob-
ably when fry disperse in
March, April.

Larger eggs, alevins and fry:
higher survival (32%) to inde-
pendent fry stage.

Live chiefly in pelagic zone.
Growth slow, e.g. attain length
of ¢. 340 mm at age of 9-11
years.

Mature and spawn at much
older age than trout; mean age
of spawners is 6-7 years
(males), 8 years (females).

Charr
(spring spawners)

¢. 4-6% of spawning population.

Spawn February, March in
deep water of lake. Critical pe-
riod probably when fry disperse
in May, June.

Smaller eggs, alevins and fry:
lower survival (3%) to inde-
pendent fry stage.

Live chiefly in pelagic zone.
Growth slow, e.g. attain length
of ¢c. 340 mm at age of 8-10
years.

Mature and spawn at much older
age than trout; mean age of
spawners is 7-8 years (males),
9 years (females).

peat spawn at 4+ years, 5+ years
etc.

Fig. 7. Major differences in the life cycles of brown trout and both autumn and spring charr in Windermere

that once the progeny of spring spawners have
overcome their problems of smaller size and later
emergence compared with the progeny of autumn
spawners, their subsequent growth is good. A
detailed study of energetics in a Norwegian po-
pulation of Arctic charr has shown that differ-
ences in growth in the early life stages (age O+
years) influences the age for a niche shift from
zooplankton to zoobenthos feeding and also the
age at maturity (Forseth et al. 1994).

There is clearly a need for more information
on charr and trout in Windermere. Virtually
nothing is known about the food, growth and
movements of the immature charr in the lake.
There is no information on the food ofthe pelagic
trout or to what extent they are competing for
food with the charr. Although there is some in-
formation about the temperature requirements

of the two species, little is known about the
growth and energetics of Windermere charr so
that comparisons can be made with the exten-
sive data already available for the trout. Such a
comparison may help to explain the slower
growth of the charr and their higher age at ma-
turity. Recent declines in the charr stocks, espe-
cially in the south basin, are a cause for concern
and it is important to continue the monitoring
programme to ensure that there is advance warn-
ing of any marked changes in population density.
The present contribution has also shown that
there are still many unanswered questions on the
ecology of charr and trout in Windermere. There
is therefore an urgent need for more research to
ensure the successful conservation and manage-
ment of these two species that provide naturally
sustainable resources of economic importance.
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Confessions from a Four Decade Affair with Dolly Varden: a
Synthesis and Critique of Experimental Tests for Interactive
Segregation between Dolly Varden Char Salvelinus malma)
and Cutthroat Trout (Oncorhynchus clarki) in British Columbia

THOMAS G. NORTHCOTE

Department of Zoology, The University of British Columbia and
Elderstrand, 10193 Giant’s Head Road RR2, S77B, CIO Summerland, B.C., VOH 170, Canada

Abstract

Validation of the competitive exclusion principle has been attempted over a forty year period
for species pairs of British Columbia freshwater fishes, mainly Dolly Varden char and cut-
throat trout, by field comparisons in sympatry and allopatry on their use of space and food
resources, by laboratory study of their trophic and visual structures, by large-scale field
manipulation experiments, and by controlled laboratory behavioural experiments. Although
much information has been obtained on ecological interactions between the species pairs,
little insight has been gained into the validity of the principle itself or the mechanisms
which might support it. Probably this is a result of difficulties and lack of precision in con-
cept definition as well as in design of appropriate experiments to test its assumptions. Pre-
cise definition of the principle may not be practical and it may be more useful to consider
competitive exclusion between closely related species pairs as a quasi-permanent final state
of genetically determined difference realized by a series of less fixed steps brought about by
interactive segregation.

Keywords: competitive exclusion, interactive segregation, salmonids.

Introduction

Competition, and interactive segregation between
closely related species pairs has commanded the
attention and study of biologists throughout the
western world at least since the time of Charles
Darwin. In essence the concept is that two spe-
cies with similar resource demands cannot oc-
cupy for long the same ecological niche, or co-
gently stated by Hardin (1960) as the competi-
tive exclusion principle, “complete competitors
cannot coexist”. One should eventually displace
the other, if not physically then temporally, or
by shifts in niche requirements. Though attacked
by Cole (1960a,b), the "principle” continued to
serve as a focus for ecological theory as well as

for both field and laboratory experiments with
various attempts at redefinition, the most com-
mon following that of Colinvaux (1973, 1986)
as ”stable populations of two or more species
cannot continuously occupy the same niche”. In
a review which examined some 527 field experi-
ments and some 215 species to evaluate evidence
for interspecific competition, Connell (1983)
concluded that it could be reasonably demon-
strated for about two fifths of the experiments
and for over half of the species, but that more
studies were needed for freshwater ones.

The competitive exclusion principle and its
offshoots have been thoroughly discussed by a
long series of well known ecologists such as
Hutchinson (1978), Brewer (1979, 1988), Krebs
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(1985) and Ricklefs (1990) to name but a few.
Some have pointed out problems and shortcom-
ings of the principle. McNaughton and Wolf
(1979) noted that it is probably a truism but that
it can lead to very interesting work on how two
coexisting species differ. Others have regarded
it as a transient phenomenon (Connell 1980)
with little critical evidence ofhow it comes about
(Andrewartha and Birch 1984), and perhaps the
best evidence of it having taken place being when
the poorer competitor disappears (Ricklefs 1990).
Much recent attention has been directed to a
range of mechanisms which can permit compet-
ing species to coexist (Briggs 1993, McLaughlin
and Roughgarden 1993). These include ones
which increase resource number or supply, pre-
vent one species always being a superior com-
petitor, result in environmental variation in space
(patchiness) or time (diel, seasonal or longer
term change), or bring about ontogenetic (and
often asymmetric) change in resource demands.

So it was into this morass of controversy that
we launched our long-term study of competitive
interaction between Dolly Varden char (Salveli-
nus malma) and cutthroat trout (Oncorhynchus
clarki) in the 196.0s, anointed with some of the
background but blissfully unaware of much of
the further conflict that would surround the sub-
ject.

First beginnings

In the summer of 1949 | was involved in a
limnological survey ofthe Arrow lakes in south-
central British Columbia. Part of our work in-
cluded beach seining to collect representative
samples of shoreline fishes and in these, two
species of cottids, the prickly sculpin Cottus
asper and the torrent sculpin C. rhotheus, were
frequently captured together in the same haul.
Having recently read the work of David Lack on
cohabiting cormorants and other birds of prey
(Lack 1945, 1946), | became interested in ques-
tions centering around how these two closely
related species of fish could apparently occupy
the same or at least very similar ecological
niches. Attempts to resolve the questions formed

the basis of my B.A. Honours thesis (Northcote
1950) and eventually my first publication in a
refereed scientific journal (Northcote 1954). In

C. rhotheus

> 10
C. asper
Total length (mm)
C.asper C. rhotheus
(< 30 mm)
(30-55 mm)
\ (56-70 mm)
(>70 mm)
Percent Volume
| Zooplankton Aquatic Insects
i B Amphipods

Fig. 1. Upper: changes in mouth size with body length
in two cohabiting sculpins, Arrow lakes, British Co-
lumbia, 1949. (Adapted from Northcote 1954.)
Lower: changes in prey taken with age (size; see
above) in two cohabiting sculpins, Arrow lakes, Brit-
ish Columbia. 1949. Prey size increases from top to
bottom in legend.
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summary it turned out that these two species not
only showed some differences in habitat prefer-
ence (prickly sculpin being more associated with
low current velocity, muddy shoreline and tor-
rent sculpin with higher velocity, gravel shore-
line) but also had differences in mouth gape
which allowed the larger mouthed torrent sculpin
to feed earlier on larger sized prey (Fig. 1). Thus
this seemingly glaring exception to the competi-
tive exclusion principle was nicely “explained”,
or so | thought then.

in 1951 1 was on limnological survey of a se-
ries of lakes in the coastal region of the prov-
ince and was struck with the sharp vertical dif-
ferences in distribution shown by two salmonid
species, Dolly Varden char and cutthroat trout -
hereafter called char and trout respectively in
this paper - which frequently cohabited in these
lakes. The char were most commonly taken in
nets set offshore in deeper waters (often below
10 m) whereas the trout were most abundant in
shallow sections of onshore nets. Later observa-
tions on the same species pair in Queen Char-
lotte Islands streams showed that, though they
often occurred together in the same reach, the
char usually were under the cover of cutbank
areas whereas the trout were most common in
open off-edge waters.

By the early 1960s my first graduate student
and | became interested in two cohabiting spe-
cies of cyprinids, longnose dace (Rhinichthys
cataractae) and leopard dace {R. falcatus) from
the Fraser River of British Columbia. During the
period of early summer freshet, marginal flood-
ing, and abundant food supply, the two species
live together along the river edge but even then
show some differences in current preference.
These become intensified especially in older fish
during lower flow periods when food is less abun-
dant. The habitat shift may result from
ontogenetic changes in their buoyancy as ex-
pressed by swim bladder volume in relation to
body weight (Fig. 2).

Thus by the early 1960s | had pondered prob-
lems of cohabitation in three different species
pairs - sculpins, char/trout and dace. In each
case, apparent solutions lay in subtle shifts in

microhabitat use associated with differences in
body structure for feeding or depth position, and
in overlaps of resource requirements occurring
mainly at times of abundant supply.

Leopard Dace

Longnose Dace

Fish Weight (gm)

Leopard Dace

05 -

<0.5m*s' >0.5nvs'

Longnose Dace

05 -

Fry and Yearlings Adults

Fig. 2. Upper: changes in swimbladder volume with
body weight in two cohabiting dace, Fraser River,
British Columbia. (Adapted from Gee and Northcote
1963.) Lower: relative abundance of two cohabiting
dace in slow and fast current, Fraser River, British
Columbia. Based on 342 seine hauls in slow current
(<0.5 m+ sj)and 101 in fast current (>0.5 m « s').
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Insights from Nils-Arvid Nilsson

But our “explanations” to resolve apparent con-
tradictions to the competitive exclusion princi-
ple were not entirely satisfactory, either to our-
selves or to our critics! In the summer of 1962 |
attended the 15th International Limnological
Congress held in Madison, Wisconsin and there
heard a presentation by Dr Nils-Arvid Nilsson
on his research with Arctic char (Salvelinus
alpinus) and brown trout (Salmo trutta) interac-
tion in Swedish lakes and reservoirs. He made
extensive comparisons between sympatric and
allopatric populations of this species pair (see
Nilsson 1967, 1978 for reviews), showing that
in allopatry each species had a broad use of space
and food resources whereas in sympatry these
were greatly narrowed with each presumably
focussing on its region of most effective speciali-

zation. The question then centred on whether or
not these differences actually represented shifts
brought about by direct interaction between the
individuals involved (i.e. interactive segregation)
or was the result of previously selected genetic
differences between the species (i.e. selective
segregation). For various good reasons Nilsson
generally opted for the former explanation (see
especially his 1967 review).

Comparisons of B.C. sympatric
and allopatric populations

We followed Nilsson’s lead, examining in an
extensive field study (Andrusak and Northcote
1970, 1971) the differences evident in use of
space and food resources by sympatric and
allopatric populations of char and trout where

Fig. 3. Vertical distribution of
sympatric and allopatric char
and trout taken in gill nets
from spring to autumn. 1967.
Sample size in parentheses.
Adapted from Andrusak and
Northcote (1970, 1971).
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neither was potentially confounded by interac-
tions with other species of fish. As an allopatric
population in Dickson Lake, char were widely
distributed mainly within the upper 10 m with
no marked concentration at any depths within
that zone (Fig. 3). Echo sounder traces showed
that some char were located at depths up to 25
m during the day (lake maximum depth 76 m)
but were less deep in distribution at night. On
the other hand in Marion Lake (maximum depth
12.1 m), sympatric char were concentrated at
depths below 4 m (Fig. 3). Allopatric trout were
abundant in shallow Placid Lake (maximum
depth 6.7 m) at all depths except perhaps the
uppermost metre (Fig. 3), but as a sympatric
population in Marion Lake were clearly concen-
trated in the upper 4 m.

Allopatric char in Dickson Lake preyed heav-
ily on all three major food categories with sur-
face insects contributing well over 40% of their
average food volume (Fig. 4), and bottom fauna
about 20%. When sympatric with trout in Marion

Lake, char reversed the relative contributions of
the three major categories so that bottom fauna
accounted for well over 60% of the volume and
surface insects only about 6%. Allopatric trout
in Placid Lake used all three major prey catego-
ries but when sympatric with char concentrated
more on surface insects. Changes in diet for both
species between allopatry and sympatry appeared
to follow the shifts evident in their spatial dis-
tribution, the char being more bottom and deep
water oriented and the trout more surface and
littoral oriented.

Even though similar patterns in use of space
and food resources by allopatric and sympatric
char and trout were observed in several other
coastal British Columbia lakes (Andrusak and
Northcote 1970, 1971), it was difficult to dem-
onstrate conclusively that the shifts were a re-
sult of interactive segregation rather than dif-
ferences between lake conditions or other fac-
tors.

Fig. 4. Major categories
of prey eaten by
sympatric and allopatric
char and trout from
spring to autumn, 1967.
Sample size in parenthe-
ses. Adapted from
Andrusak and Northcote
(1970, 1971).
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Table 1. Behavioural differences between adult char and trout in the 0-4 m depth zone of
Marion Lake in summer, 1968. Adapted from Schutz and Northcote (1972).

Depth zone (m) Group size

0-2 23 34 1 2-3
Char 0 48 30 16 12
Trout 14 1 0 23 2

Early experimental approaches

Field observations in the shallow waters of

Marion Lake (Table 1) indicated that char fre-

quented the near-bottom waters, often in small

groups, and commonly took prey close to or di-

rectly off the bottom by forays into the soft

surficial sediments. Trout on the other hand were
most frequently seen in the near-surface waters

as solitary individuals and often took prey di-

rectly from the lake surface.

The field observations led to a series of labo-
ratory experiments on the feeding behaviour of
char and trout as solitary individuals and as in-
teractive species pairs exposed to benthic and/
or surface invertebrate prey. Details are given
in Schutz and Northcote (1972) but may be sum-
marized as follows:

» solitary char have much a higher capture rate
than solitary trout when feeding on benthic
prey (Table 2);

+ solitary char have much longer capture times
than solitary trout when feeding on surface
prey (Table 2);

Feeding location

>3 Surface Midwater Bottom
4 0 12 13
0 23 0 0

+ solitary char have much lower “surface grabs”
than solitary trout when exposed to both
benthic and surface prey (data not shown);

+ solitary char are much more effective than trout
in capturing benthic prey at low light inten-
sity (10" to 1073 lux), especially after a 40 min
adaptation period at 103 lux (Fig. 5);

+ char cohabiting with trout, when not subordi-
nated, have moderate to high feeding success
on benthic prey, and even when subordinated,
have moderate to high benthic feeding suc-
cess when benthic and surface prey are both
available (Table 3).

Another series of field and laboratory experi-
ments were run later with sympatric (Loon Lake)
and allopatric (Dickson Lake) adult char using
the same tanks, holding and feeding procedures
as those of Schutz and Northcote (1972). De-
tails are given in Armitage (1973) but two com-
parisons are of interest here. Allopatric char
spent over half the time in the upper half of the
test tanks whereas sympatric char were there for
only about a third of the time and often rested
on the bottom. The difference was significant

Table 2. Feeding success of solitary char and trout adults in labora-
tory tanks on different types of invertebrate prey. Adapted from

Schutz and Northcote (1972).

Benthic

Mean captures per min searching
Buried?

Surficiall'

Char
Trout

0.8-0.9
0-0.2 0.4

3.6-7.4

Surfacey
Mean capture time (s)

26-74
12-29

13 Green Psectrotanypus larvae, 2 Tubifex oligochaetes, 3 Single

Drosophila adults.
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CHAR

TROUT

Light Intensity - Lux

Fig. 5. Effect of light intensity
after 10 min adaptation period
on benthic prey capture rate in
10 min ofred Chironomus lar-
vae by solitary char and trout.
Adapted from Schutz and
Northcote (1972).

1073
After
40 minute
adaptation
period

Table 3. Feeding success (% prey obtained) of adult char on benthic and surface prey when cohab-
iting with adult trout in laboratory tanks. Adapted from Schutz and Northcote (1972).

Benthic prey alone

Char
Subordinant 0-10 21-35
Not subordinant 42-85 52

(/'<0.01), using arcsin transformation. Feeding
success on planktonic fourth instar Chaoborus
trivittatus larvae was different between the two
forms, with allopatric char showing higher mean
capture efficiency (0.55 captures per attempt
versus 0.37).

Whole lake experimental
introductions

Our previous work on use of space and food re-
sources of allopatric and sympatric populations
was in part unsatisfactory because the study lakes
were widely separated and in some cases had

Surface prey alone

Benthic and surface prey together
Benthic Surface

20-80 0-40

rather different limnological features. The
Malcolm Knapp University of British Columbia
Research Forest where Placid Lake was located
also had several lakes with cohabiting char and
trout as well as several other closely situated
fishless lakes of similar size and other charac-
teristics. Therefore in the late 1960s a “grand”
experimental series of studies and introductions
was conceived to exploit this unique opportu-
nity in three phases:

1) a several year pre-introduction study of the
zooplankton and zoobenthos communities in
three nearby fishless lakes - Gwendoline,
Eunice, and Katherine (Fig. 6);
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i (Marion)
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Blaney

2) introduction of Loon Lake sympatric char to
form an experimental allopatric population in
Katherine Lake, of Loon Lake sympatric trout
to form an allopatric population in Eunice
Lake, and maintenance of Gwendoline Lake
as a fishless control, with a two decade study
period to follow short and long-term changes
in zooplankton communities as well as use of
space and food by the experimental allopatric
char and trout in their "new” lakes;
experimental introduction of Katherine Lake
char into the allopatric Eunice Lake trout po-
pulation, and vice versa, to establish experi-
mental sympatric populations followed by a
similar subsequent study period.

3

~

Fig. 6. Location of study
lakes and their water-
sheds in the Malcolm
Knapp University of
British Columbia Re-
search Forest. Inset
shows general location
in southwestern British
Columbia.

? km B

Pre and post introduction studies of
zooplankton were completed (Fedorenko 1973,
Fedorenko and Swift 1972, Northcote and
Clarotto 1975, Northcote et al. 1978, Walters et
al. 1987, 1990) and of zoobenthos (Northcote
unpublished data, Hindar et al. 1988) as were
the short and long-term effects of experimental
segregation of formerly sympatric char and trout
populations (Jonsson et al. 1984, Hume and
Northcote 1985, Hindar et al. 1988, Rempel and
Northcote 1989, Andrew et al. 1992). Only the
latter studies will be reviewed briefly here.

A 3-4 m high waterfall on the stream con-
necting Gwendoline (the control lake) and
Eunice proved to be unstable, giving away dur-
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ing a severe freshet and allowing upstream ac-
cess of trout into Gwendoline Lake a few years
after their introduction into Eunice Lake in 1974.

Spatial distribution changes

There were no statistically significant changes
in vertical distribution of either allopatric char
or trout during the first 18 months after the ex-
perimental transfers (pooled G tests, Table 2 in
Hume and Northcote 1985) and the clear pat-
tern for concentration of char in the near-bot-
tom waters when sympatric with trout in Loon

DONOR EXPERIMENTAL
SYMPATRIC ALLOPATRIC
0
Q 5
(32
1 1=0.1 Fish per H 1=0.1 Fish per H
CHAR
I ]=0.1 Fish per H | 1=0.1 Fish per H
(268) (94)
[[=0.1 Fish per H [[1= 0.1 Fish per H
TROUT

[I=0.1 Fish per H [[1=0.1 Fish per H

Lake remained following their experimental
transfer to Katherine Lake (Fig. 7). Eight years
after transfer to Katherine Lake, the char had
broadened their vertical distribution to include
the shallow littoral zone, were often seen to feed
at the surface waters of the lake, but still were
abundant in the deeper waters to 20 m (Fig. 8).
The average vertical overlap in distributions
between allopatric and sympatric lakes was less
than 40%. Trout on the other hand had a much
higher vertical overlap (>70%) between
allopatric and sympatric lakes, apparently con-
centrating even more in near surface waters of

Fig. 7. Vertical distribution of
sympatric char and trout (Loon Lake)
and allopatric char (Katherine Lake)
and trout (Eunice Lake) in surface
to bottom gill net sets at 5 and 10 m
contour stations from spring to au-
tumn 1975 to 1976 (first 18 months
after experimental introductions).
Data from Hume and Northcote
(1985).
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DONOR EXPERIMENTAL
SYMPATRIC ALLOPATRIC
Depth Zone
(Metres)
I 0-2
25
CHAR 5-10
10-20
(37.6)2)
[j= 1 Fish» Q=1 Fish)
10-20
DONOR EXPERIMENTAL
SYMPATRIC ALLOPATRIC
Depth Zone
(Metres)
CHAR
0-2
=0.1 Fish perH 9.5
5-10
10-20
20 +
0-2
TROUT
= 0.1 Fish perH

Fig. 8. Vertical distribution
of sympatric char and trout
(Loon Lake) and allopatric
char (Katherine Lake) and
trout (Eunice Lake) in sur-
face to bottom gill net sets
at 2, 5, 10 and 20 m con-
tour stations from summer
to autumn 1982 (eight years
after experimental introduc-
tions). Data adapted from
Hindar et al. (1988).

P catch per net station per
48 h,

J) average vertical overlap
(percent similarity index)
comparison with donor lake
sympatric distribution.

Fig. 9. Vertical distribution
of sympatric char and trout
(Loon Lake) and allopatric
char (Katherine Lake) and
trout (Eunice Lake) in bot-
tom live traps during spring
1994 (20 years after experi-
mental introductions).
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Fig. 10. Upper: schematic
representation of the four
habitat zones used in analy-
sis of char and trout distribu-
tion. Adapted from Rempel
and Northcote (1989).
Lower: February 1988 per-
cent contribution to catch per
unit effort (CPUE) of char
and trout in four habitat
zones of Loon Lake.

Littoral

their experimental allopatric lake (Fig. 8). These
and other changes in use of lake habitat by ex-
perimentally segregated populations of char and
trout have been documented in detail by Andrew
et al. (1992).

Additional information on spring spatial dis-
tribution of char and trout in the study lakes was
obtained recently in conjunction with their re-
ciprocal transfer between Katherine and Eunice
lakes to form sympatric populations there (Fig.
9). In the donor sympatric Loon Lake, char catch
rates were very low in the littoral zone but high
at depths of 10 to 20 m, whereas trout were
mainly caught at depths less than 2 m and none
was taken at 15 or 20 m. Allopatric char and
trout were more broadly distributed vertically
with highest catch rates at 15 m.

Epipelagic

Littoral

Pelagic

Epibenthic

Sampling Depth Contour (m)

TROUT
—1 CHAR

Epibenthic
Habitat

Pelagic Epipelagic

The high degree of spatial segregation evi-
dent between cohabiting char and trout (Figs. 3,
7, 8, 9) during spring to summer apparently
breaks down during winter with char moving
into the littoral zone where highest catches per
unit effort were recorded for both species (Fig.
10). No significant differences were found be-
tween species in their distribution between four
major types of habitat, nor in habitat and spe-
cies interaction (Rempel and Northcote 1989).

Prey selection changes

Shortly after experimental transfer to their
allopatric lakes both char and trout concentrated
feeding on the larval midwater populations of
Chaoborus trivittatus and C. americanus, virtu-
ally eliminating them within a year (Northcote
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et al. 1978). Then particularly char shifted to a
much higher proportion of large benthic inver-
tebrates (Fig. 11), mainly leeches, trichopterans
and plecopterans. Eight years after experimen-
tal allopatry, plankton formed a very much less
important prey item especially for char (Fig. 12),
with non-chironomid zoobenthos dominating
their summer diet (see Fig. 4 in Hindar et al.
1988).

Foraging experiments and visual
prey detection
To investigate the extent to which prey detec-

tion by coexisting char and trout might be
adapted to their patterns of spatial and prey

DONOR
SYMPATRIC

TROUT

Surface
Insects

Bottom Plankton

Fauna

Bottom
Fauna

segregation, we undertook a series of foraging
experiments in relation to irradiance level and
also examined the retinal structure of sympatric
and allopatric populations (Henderson and
Northcote 1985, 1988).

At a certain low irradiance level, the fish were
incapable of detecting prey visually (designated
the visual irradiance threshold - VIT), but that
level for char, 7.0 « 1014 photons ¢ nr? « s',, was
about an order of magnitude lower than that for
trout (Fig. 13). At irradiance levels above their
VIT, reaction distance to both natural and arti-
ficial prey increased to a saturation irradiance
threshold (SIT) above which no further increase
occurred, that for char, 3.0 + 1016 photons * nr2 +
s',, being very much lower than that for trout at
6.6 * 108 photons * nv? « s'. Furthermore the

EXPERIMENTAL
ALLOPATRIC

TROUT

Fig. 11. Percent contribution
of major prey types to diet
of sympatric char and trout
(Loon Lake donor stock) and
allopatric char (Katherine
Lake) and trout (Eunice
Lake) taken in surface to
bottom gill net sets from
spring to autumn 1975 to
1976 (first 18 months after
experimental introductions).
Data from Hume and
Northcote (1985).

Chaoborus

Surface
Insects

Plankton
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Fig. 12. Percent contribution
of major prey types to diet
of sympatric char and trout
(Loon Lake donor stock) and
allopatric char (Katherine
Lake) and trout (Eunice
Lake) taken in surface to
bottom gill net sets from
summer to autumn 1982
(eight years after experimen-
tal introductions. Data
adapted from Hindar et al.
(1988); see for details.

Bottom
Fauna

TROUT

Bottom
Fauna

reaction distance of trout exceeded that for char
at all irradiance levels above about 4.2 » 1017 pho-
tons « nr2 « s' and at their SIT was more than
twice that for char (Fig. 13). By measuring diel
changes in vertical irradiance in the waters of
Loon Lake, we could estimate corresponding
changes in the depth at which irradiance
matched the VIT and SIT of both species (Fig.
14). Irradiance always exceeded the VIT for char
in some part of the water column in midsummer
(Table 4), but only above the uppermost 5 m be-
tween late evening and early morning, whereas
even at the lake surface irradiance was less than
the VIT for trout between late evening and early
morning. Irradiance level was at the SIT for char
over a longer period and extended to far greater
depths than that for trout (Fig. 14, Table 4).

DONOR
SYMPATRIC

CHAR

Plankton

Plankton

EXPERIMENTAL
ALLOPATRIC

CHAR

Surface
Insects

Surface Plankton

Insects

Bottom
Fauna

TROUT

Surface
Insects

Surface Plankton

Insects

Bottom
Fauna

Nevertheless because of the differential effect of
irradiance level on mean foraging velocity of
char and trout (that of the latter being higher
than the former above about 101 photons ¢« nr? ¢
s'l see Fig. 6 in Henderson and Northcote 1985),
we estimated that in July trout could visually
search over 1000 m3 of water for 1.5 mm Diap-
tomus kenai, whereas char could only cover about
150 m3,

Our investigation of retinal structure in char
and trout provided further insight into mecha-
nisms supporting differences in their spatial dis-
tribution and foraging behaviour. Sympatric char
have a much higher rod to cone ratio than do
cohabiting trout (Table 5) and that for allopatric
char is intermediate. Similarly the summation
ratio of sympatric char is much greater than that
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Atrtificial Prey

Fig. 13. Effects of irradiance
on mean reaction distance of
Loon Lake char and trout to
prey. Adapted from Hender-
son and Northcote (1985);
+95% confidence limits lie
within circle diameter of

# TROUT

Trout Visual O  Trout saturation Ineans. .
Irradiance Irradiance > 1 + 3 mm cylinders of
Threshold Threshold chicken liver,
» 1.5 mm Diaptomus kenai.
Char Visual
Irradiance CHAR
Threshold
Char Saturation
Irradiance
Threshold
Natural Prey "< TROUT
CHAR

Irradiance ( photonsem'2«s'l )

for cohabiting trout and intermediate for
allopatric char (Table 5). These differences in
retinal structure suggest that char could operate
visually at lower irradiance levels than trout but
that their visual acuity would be poorer, helping
to explain differences in vertical distribution and

foraging ofthe two species in sympatry. Further-
more the intermediate retinal features of allo-
patric char but not trout may correlate with behav-
ioural differences between the allopatric forms,
char but not trout having intermediate vertical
distribution and food habits when in allopatry.

Table 4. Irradiance levels for visual prey detection by char and
trout in Loon Lake, 8-9 July 1980. Data from Henderson and
Northcote (1985). VIT=Visual irradiance threshold, SIT=Satura-

tion irradiance threshold.

Species  Irradiance <VIT
Time period

Char Never

Trout 21:30-02:45

(even at surface)

Irradiance = SIT
Time period Max. depth (m)

03:00-21:00 >40
04:30-20:00 16.7
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July 8-9
T—————r
Hours
s 20 -
TROUT
CHAR
T j—+ 1 f *_|. 1 l'].T
12
Hours

Fig. 14. Upper: depth-time isopleths of irradiance
(photons * nr2 « s'l) in Loon Lake on 8-9 July 1980.
Adapted from Henderson and Northcote (1985).
Lower: relationship between irradiance (photons ¢
nr « s') in Loon Lake on 8-9 July 1980 and visual
sensitivity of char and trout. Upper line for each spe-
cies gives depth where irradiance matches “satura-
tion intensity threshold” (SIT); lower line gives depth
where irradiance matches visual intensity threshold”
(VIT).

Synthesis and speculation

After more than four decades of work on inter-
action between closely related species pairs of
freshwater fish, are we any closer to validation
or vilification of the competitive exclusion prin-
ciple? The uncharitable but probably realistic

answer is no! But surely we now have greater
understanding of the mechanisms involved in
expression of resource use differences between
cohabiting (sympatric) and isolated (allopatric)
populations of the species pairs. These mecha-
nisms may be based in structural differences be-
tween the species involved, as first suggested by
such crude morphological measurements as
mouth gape (Northcote 1954) or swimbladder
volume (Gee and Northcote 1963) and most re-
cently by more subtle histological differences in
retinal cell structure and wiring (Henderson and
Northcote 1988).

Unequivocal demonstration of interspecific
competition’s involvement in exclusion between
species pairs often fails because of difficulties
in determining not only the quantity of the spe-
cific resource being competed for, but more im-
portantly its availability over a time span suffi-
cient to bring about a shift in resource use. In
temperate freshwater habitats subject to sharp
seasonal change and with freshwater fish spe-
cies whose resource demands undergo quick
ontogenetic alteration, one often may be trying
to prove the impossible! Hence the frequent frus-
trations and lack of relationships in field stud-
ies attempting to measure use of habitat space
by gill net sets and seine hauls as well as prey
availability by plankton nets and Ekman dredges.

One way out was to bring the problem into
the laboratory where conditions could be more
precisely controlled and replicated. And this we
did, demonstrating differences in behaviour be-
tween char and trout when feeding on benthic
and surface prey, in prey location at low irradi-
ance levels, and in aggression and dominance
relationships. These provided better understand-
ing of interactions observed in the field but also
seemed in part unsatisfactory because the scale
had to be resolved in centimetres not metres.
Spatial scale of experiments may not necessar-
ily distort their numerical dynamics but other
effects may occur (Gascon and Travis (1992).
Surely the answer then was to effect whole lake
experimental manipulations.

We were most fortunate in having a series of
fishless lakes where experimental introductions
could be made close to ones with natural
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Table 5. Comparison of some structural features in retinas of sympatric and allopatric
char and trout. Adapted from Henderson and Northcote (1988).

Species Rod : Cone ratio

Sympatric (Loon L.)

Char 344 1|

Trout 132 : 1
Allopatric

Char (Dickson L.) 211 1

Trout (Placid L.) 141 1

sympatric and allopatric populations. Thus we
were able to establish single fish species
allopatric char and trout populations with simi-
lar genetic background from known donor
populations and to follow their use of space and
food resources over a twenty year span before
creating sympatric populations in each by recip-
rocal introductions.

But separate lakes are never quite the same
so we were bugged by the bogey of Hurlbert
(1984) and by other differences making inter-
pretation of natural experiments to test
interspecific competition difficult (Begon et al.
(1990). Though similar in many limnological
variables, there were differences between the
study lakes. These, discussed in detail by Hindar
et al. (1988), are summarized in Table 6. The
major morphological difference among lakes is
the lower mean depth and greater area of shal-
low littoral zone in Katherine. Loon has the
deeper late summer epilimnion depth and clear-
est water. All lakes have similar water chemis-
try with no serious oxygen depletion except oc-
casionally below 40 m in Eunice. There are only
minor differences in zooplankton species com-
position and no significant ones in abundance.
Differences in zoobenthos density, size compo-
sition and vertical distribution do occur among
lakes (see Hindar et al. for details) but these do
not seem to explain the virtual absence of char
in the shallow littoral of Loon Lake and their
greater use of that zone when placed under
allopatry in Katherine Lake. Also there probably
are differences in intraspecific competition

Summation ratio
photoreceptor : bipolar : ganglion cells

78.0: 233 : 1
39.6: 16.6 : |

52.0 :
36.5 :

178 : 1
153 1

among the lakes (Table 6), but again these do
not provide a convincing argument for the dif-
ferences in resource use between Loon and
Katherine lakes (Hindar et al. 1988).

Instead, the fact that experimentally allopatric
char but not trout showed spatial and food shifts
when placed in allopatry seems best explained
by the view that interspecific competition is more
severely expressed on char. Long-term (after 20
year) effects of experimental allopatry on their
use of food resources must await analysis of the
April/May 1994 samples. Nevertheless the niche
shifts already observed and the suggestion of
trout having greater impact on char than vice
versa seem consistent with the field observations
in other lakes (Andrusak and Northcote 1970,
1971) and laboratory behavioural findings of
Andrew (1985) on these species, as well as those
of Nilsson (1955, 1963) on Arctic char and
brown trout. Reciprocal formation of sympatric
char and trout populations in Katherine and
Eunice lakes will provide further whole lake tests
of competitive interaction, and one less dogged
by the alternate lake difference hypothesis. These
will require development of sizable flourishing
populations from the founder ones recently in-
troduced to the lakes.

But there will still be problems in interpreta-
tion of natural manipulative experiments as
pointed out for work on percid species interac-
tion many years ago by MacLean and Magnuson
(1977) and more recently by Hanson and Leggett
(1985). Furthermore our studies have dealt
mainly with sub-adult to adult stages and much
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Table 6. Review of major limnological and ecological characteristics in the three study lakes. (Northcote and
Clarotto 1975, Hindar et al. 1988, and Northcote, unpubl. data.)

Characteristic Loon
sympatric
Morphometry
Area (ha) 48.6
Mean depth (m) 27.5
Shoreline development 2.2

Shallow littoral (0-2m, % total area) 7.1

Epilimnion depth

(late summer, m) 5.5-8
Transparency

(Secchi, m) 8-9
Irradiance extinction coefficient 11
Colour

(Pt units) 5
pH 6.5
Total dissolved solids 32

Zooplankton composition, abundance

Zoobenthos composition, abundance

Food resource availability
Intraspecific competition

Vertebrate predation

highest littoral

density, profundal
maximum at 40 m
best in upper 2 m

higher than Katherine L. lower than Loon L.

Study lakes
Katherine
allopatric char

Eunice
allopatric trout

20.7 18.2
7.5 15.8
1.9 15

245 10.4

2.5-6 2.5-6

6.5-9 6-10

14 17

10-15 15

6.6 6.4

15 16

minor differences in composition but not in densities

higher proportion of higher proportion of
large littoral large deep

zoobenthos zoobenthos (>20 m)
best in upper 2 m best in upper 2 m

higher than Loon L.

occurs in all lakes from birds (loons, ospreys, mergansers) but

impact or intensity not known (probably highest in Loon L.)

needs to be done on juvenile stages as these may
provide better understanding of asymmetries in
interspecific interactions (Wissinger 1992). Size-
scaling components have been regarded as “one
ofthe most important attributes affecting mecha-
nisms and expression of competition” (Werner
1994).

Also we may have relied too heavily on field
observations and manipulations as well as labo-
ratory studies in lake or lake-simulated environ-
ment. Even lake-dwelling (as adults) char and

5

trout may spend up to a year or more in stream
habitats. These we have not investigated al-
though they clearly may be important (see re-
views by Hearn 1987, Fausch 1988) and more
recent studies by Dolloff and Reeves (1990),
Glova et al. (1992), Mcintosh et al. (1992),
Nakano et al. (1992), Kessler and Thorp (1993).

As long-lived and stimulating as has been the
competitive exclusion principle in ecology, its
definition does not seem rigorous enough to sub-
ject to strong experimental test, certainly in the
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laboratory and probably also in the field. Many
of the apparent “exclusions” that we observe in
temperate natural populations of closely related
species pairs may be the temporary (geological
speaking) product of pioneer species invading
habitats opening up after déglaciation and ex-
ploiting those habitats and conditions where pre-
vious selection provided them with long-term
competitive advantages.
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Abstract

The population structure of Arctic charr (Salvelinus alpinus) may generally be characterized
based on food and living habitats as having four individual forms: i) anadromous, ii) normal
resident, iii) dwarf resident and iv) piscivorous. Throughout their life history, charr may shift
from one form to another in association with changes in habitat use, food and growth. All of
these forms can coexist in the same freshwater system or may be present in a lake as a single
form. A mixture of different forms in the same lake has resulted in differing opinions about
the importance of genetic versus environmental determination. Most studies, however, show
that the forms within a lake are largely environmentally determined and belong to the same
genetic pool. In this paper charr management is considered from an environmental and eco-
logical point of view assuming that the charr within a lake belong to a common genetic pool.
Examples are given to illustrate different populations. Annual yields and harvesting experi-
ments of charr from different lakes are summarized. The possible effects of fishing on growth,
mortality and maturation are discussed. Four scenarios of population structure are discussed.
Based on present experience, two fishing stategies are recommended i) sustainable harvest
by removal of both immature and mature fish with emphasis on the protection of large charr.
and ii) sport fishery of predatory or cannibalistic fish.

Keywords: Charr, management, harvest.

Introduction

This species is commonly distributed in the
northern hemisphere having both anadromous
and landlocked forms. Arctic charr (Salvelinus
alpinus) is typically a cold water species living
in Arctic and temperate lakes with low produc-
tivity and few other fish competitors. The most
commonly occurring fish competitors and preda-
tors are two other Salvelinus species lake trout
($. namaycush) and brook trout (S. fontinalis),
whitefish and cisco (Coregonus spp.), brown
trout (Salmo trutta), burbot (Lota lota), pike
(Esox lucius), three-spined stickleback (Gast-
erosteus aculeatus) and nine-spined stickleback
(Pungitus pungitus).

Since early historical times, the Arctic charr
has been an important source of food for abo-
riginal people (LeDrew 1984, Kristofferson et
al. 1984). Arctic charr, have in all likelihood,

been exploited and utilized in northern Labra-
dor since the arrival of the first Dorset Inuit,
who occupied the region about 2,600 to 1,000
years ago (LeDrew 1984). In more recent times,
the charr has become an important target for
commercial and recreational fisheries. Thus,
fishing has probably affected population struc-
ture in different ways. The introduction of
monofilament nylon gillnets in the 1950’s, co-
incided with a drastic change in population struc-
ture towards reduced fish size and high density
(stunting) as observed in many Scandinavian
Arctic charr lakes (Nyman 1984). To reveal the
effects of fishing, it is necessary to look for
unmanipulated stocks which still may be found
in unpopulated northern areas and mountain
lakes.

Here | will use the more general term form to
describe charr occurring in different morphologi-
cal types irrespective of whether the different



forms are determined genetically or environmen-
tally. All sympatric forms will be considered as
belonging to the same gene pool. However, spe-
cific management may be implemented when a
population is proven to be divided into different
spawning populations separated by space and
time. The genetic differences recorded between
the dwarf and normal forms of Lake Sirdals-
vatnet corresponded to differences in spawning
time (Hindar et al. 1986). The coexistence of four
morphs of Arctic charr in Lake Thingvallavatn,
Iceland, was demonstrated by investigations of
morphology, habitat use, diet, endoparasitic
fauna, life history, time and place of spawning,
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early ontogeny and population genetics
(Sandlund et al. 1992). Genetically, the morphs
are very similar. The four morphs are conspecif-
ics, although they may be reproductively segre-
gated to some extent (Sandlund et al. 1992). In
the following, Arctic charr is denoted as charr.

Why is it so difficult to manage charr lakes?
Is it due to the charr’s plasticity to inhabit lakes
differing greatly in environmental conditions.
We know that charr exhibit great variation in
size and life history as a response to different
lake charracteristics. Charr may spawn both in
lakes and running waters, and it may utilize all
habitats and most prey animals in lakes differ-

Standard char population

8 10 12 14

Fig. 1. Effects of different harvesting strategies on population age structures of Arctic charr (B-D) based on a
basic age distribution (A). Hatched areas indicate age-at-first maturity.
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ing in productivity potential. Charr are found in
Arctic, alpine and temperate lakes. The ana-
dromous charr may regularly migrate to feeding
grounds in the sea during a few months in sum-
mer. Thus, preconditions are set for great varia-
tion in charr productivity and population struc-
ture (size and age). Perturbation by fishing may
strongly affect population structure, which makes
it difficult to predict the outcome of charr man-
agement. In this paper | review some yield and
harvesting experiments and consider the most
important interactions with other fish species.
Finally, | discuss the management of charr based
on four scenarios of population structure (Fig.
1). I conclude with two basically different strat-
egies for managing charr lakes (sustainable har-
vest and sport fishery of predatory fish).

Forms of charr

There are four forms of Arctic charr, which are
characterized by different sizes: dwarf of 10-100 g,
normal charr of 100-500 g, sea or anadromous
charr of 300-3,000 g, and large piscivorous charr
of 500-3,000 g. In addition, forms may be char-
acterized according to age at maturity, habitat
and food (Johnson 1980). The sizes of the dif-

ferent forms overlap and are arbitrarily set for
practical identification. One or several of these
forms may be present in allopatry or sympatry
in the same lake. Cannibalism in charr occurs
throughout most northern regions as reported by
Martin (1955), Nilsson (1955, 1965), Skreslet
(1973a,b), Johnson (1980), Fraser and Power
(1984), Sparholt (1985) and Riget et al. (1986).
On the western side of the Atlantic, anadromous
forms of charr are found as far south as Gander
River in Newfoundland at latitude 49°N (Johnson
1980). In Norway, the anadromous form occurs
on Spitsbergen and along the Norwegian coast
south to 65°N (Jensen 1981). Therefore, one
problem in management of charr stocks arises
from the complexity and variation in size and
morphology of the species.

Yield and harvesting experiments

Records of charr harvest in different lakes show
that the harvest may vary greatly depending on
lake size, lake productivity, fishing effort, com-
petition with other fish species and predation
(Table 1). Due to the short term records of fish-
ing and restricted fishing intensity, no records
of the maximum sustainable yield (MSY) exist.

Table 1. Harvest of Arctic charr in different lakes, change in surface is due to hydropower regulation.

Lake Area (ha) Change surface Harvest kg/halyr YT Reference
Tunhovdfjord 2,535 18.0 m 2.69 1961-80 Aass 1984
Palsbufjord 1,950 245 m 1.83 1961-80 Aass 1984

Limingen 9,570 85 m 0.08 Aass 1984

Songsjoen 70 Natural 0.61 1968-84 Langeland & Jonsson 1990
Gronsjoen 163 Natural 2.75 1978-86  Kirkvoll 1987

Ovre Stavatjonn 3 Natural 11.00 1979-84 Langeland 1986
Essand 2,730 6.6 m 0.7-1.7 1974-80 Jensen 1988

Nesjoen 3,870 23 m 4.7-9.8 1974-80 Jensen 1988

Takvatn 1,420 Natural 3.60 1984-88 Amundsen et al. 1993
Mokkelandsvatn 110 Natural 3.90 1990-93  Svenning pers.comm.
Foldvikvatn 100 3.00 1990-93 Svenning pers.comm.
Goulasjavri 240 20 m 3.00 1990-93  Svenning pers.comm.
Selbusjoen 5,788 6.3 m 1.70 1974 Langeland 1976
Keyhole 48 Natural 4.35 1962-66 Hunter 1970
Thingvallavatn 8,400 Natural 8.90 Kristjansson &

Adalsteinsson 1984



In most recorded cases of harvest, the figures
also include a reduction of biomass, which sug-
gests that the sustainable harvest is lower than
the amount of fish removed from the lake. Most
of the lakes referred to are charr/trout lakes
where both species compete for the same re-
sources (Langeland et al. 1991). A general fea-
ture of harvest records is that sustainable har-
vest of charr in small oligotrophic lakes ranges
between 2 and 3 kg ha'l In large, deep Arctic
lakes the harvest is assumed to be lower or be-
tween 0.5 and 2 kg. The high yield of charr in
Lake Nesjo and Icelandic lakes (see below) is
outside this range. Yet, no studies have been
performed to correlate yield of charr with envi-
ronmental conditions, e.g. primary production.
It seems justifiable to suggest that exceptionally
high yields of charr are primarily caused by
higher lake productivity.

Hunter (1970) estimated the standing stock
of charr in Lake Keyhole in 1962 to be 43.5 kg
ha'l. During the years 1962 to 1966, 7,228 charr
were removed from the lake. He belived that half
ofthe stock could be removed once every 5 years,
i.e. equivalent of 4.35 kg hal (Table 1).

According to Kristjansson and Adalsteinsson
(1984), the annual yield in Lake Tingvallavatn
was 8.9 kg ha'l (Table 1). On average, charr lakes
in lceland yield annually 10-15 kg, with better
lakes yielding up to 45 kg ha'l (Kristjansson and
Adalsteinsson 1984).

The annual yield in large hydropower reser-
voirs varies greatly from 0.02 kg in Lake
Limingen (Aass 1984) to 9.8 kg ha'l in Lake
Nesjoen (Jensen 1988). The differences between
reservoirs were due to natural conditions, regu-
lation height of the lake surface and manage-
ment practice (Aass 1984). The Nesjo reservoir
was made in 1970 impounding 3870 ha of new
land which resulted in good conditions for fish
productivity. Subsequently, high yields were re-
corded in this lake (Jensen 1988). Until 1976,
the biomass of charr per net in Lake Nesjo was
4-6 times higher than normal in Norwegian
lakes. Lake Selbusjoen is steep-sided and deep,
with a maximum depth of 204 m and yields
a low annual harvest of about 1.7 kg ha'
(Langeland 1976).
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Gronsjoen is a shallow lake with an area of
163 ha. The mean annual yield in the lake over
a 9 year period was 2.75 kg (80%) charr and
0.66 kg (20%) brown trout, or a total of 3.4 kg
ha! (Kirkvoll 1987). Lake Songsjoen with an
area of 70 ha, has been harvested over a 17 year
period yielding 2.3 kg (79%) of brown trout and
0.61 kg (21%) of charr, or a total of 2.9 kg ha'
(Langeland and Jonsson 1990). The reason for
the difference in dominance ratio between charr
and brown trout seems to be caused by envi-
ronmental conditions related to water quality,
lake productivity and morphometry. The moun-
tain Lake Gronsjoen is a clear water lake suit-
able for charr. The lower lying Lake Songsjoen
is a brown water lake with low productivity. Both
lakes offer good spawning areas for charr and
trout. Although the fish yield is similar for both
lakes, ca. 3 kg ha'l, the population dominance
ofthe species seems to depend on their ability to
utilize different food resources. In a harvesting
experiment lasting over 6 years in the small (4
ha) mountain lake Ovre Stavatjonn, most of charr
removal was due to biomass reduction (Lange-
land 1986). The mean yield for the last three
years was 6.0 kg, or slightly less than the hy-
pothesized estimate of annual surplus produc-
tion of 7 kg ha'l that could be harvested.

The larger Lake Takvatn, of 1,420 ha, was
intensively fished using funnel traps (Amundsen
et al. 1993). During the period 1984-89, a total
0f 666,000 charr were removed amounting to an
annual mean of 3.6 kg ha'l mainly due to a
biomass reduction to less than 30% of the ini-
tial value. The effects of the fishing program
were substantial and positive, with a shift in age
structure towards younger fish and increased
individual growth for charr older than 4 years.
The experiment in Lake Takvatn showed that re-
moval of substantial numbers of small charr in
a large lake is feasible using funnel traps baited
with fish roe or casein (Amundsen et al. 1993).

In the Lakes Mokkelandsvatn, Foldvikvatn
and Goulasjavri, funnel traps were used to re-
move charr (Svenning pers. comm.). During the
period 1990-93 annual removal of charr was es-
timated to be 3.9-3.0 kg ha'l, mainly due to a
biomass reduction (Table 1).
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Commercial harvests of anadromous charr are
well known from the Northwest Territories and
Labrador, Canada (Kristoffersson et al. 1984,
LeDrew 1984). In the 1980’s, the commercial
harvest of anadromous charr in Cambridge Bay
was largest in the Northwest Territories, repre-
senting more than 50 tonnes annually (Kristof-
fersson et al. 1984). In comparison, the annual
landings of charr in Labrador after 1977, ex-
ceeded 200 tonnes, accounting for more than
50% of the total commercial production of Ca-
nadian charr in 1980 (LeDrew 1984). It is diffi-
cult, however, to calculate anadromous harvests
on a unit basis of lake surface area. This is be-
cause sea charr migrate to feeding grounds in
coastal waters and remain 6-8 weeks during the
summer before migrating back to the lake
(Mathisen and Berg 1968). There are few records
of anadromous harvests from Norwegian waters.
In a mixed stock of charr, the genetic difference
between resident and migratory individuals of-
ten appears to be small or non-existent (Jonsson
and Jonsson 1993). According to these authors,
preference towards migration to sea instead of
stationary behaviour probably depends on indi-
vidual growth rate, or a physiological process
like metabolic rate which is correlated with
growth rate. Little attention has been paid to
studying the ratio between migrating and resi-
dent parts of sea migrating stocks. Studies from
Lake Kobbvatnet, northern Norway, indicate that
anadromous charr may decline simultaneously
with a great reduction in individual weight and
increased number of resident charr. In Lake
Kobbvatnet, the population of charr consists of
a small fraction of sea charr, a small fraction of
normal charr and a very high portion of small
dwarf charr (Jensen and Larsen 1985). Accord-
ing to Jensen and Larsen, the reason for the high
density of slow-growing charr is reduced food
availability and fishing, disallowing charr to
reach a size suitable for smoltification and mi-
gration. They concluded that intensive fishing
on resident charr may increase the fraction of
anadromous charr. Decades ago the situation was
opposite, with a large population of sea charr
and a small fraction of resident charr (Berg
1964). Before the mechanisms determining the

partial migration of anadromous charr and the
interaction with resident charr are identified, it
is difficult to develop harvesting strategies for
mixed stocks. However, intensive fishing on the
resident part of the population seems advisable
to increase the migratory fraction.

High density of charr in lakes has led fisher-
men and scientists to believe that productivity
and maximum sustaniable yield is very high.
However, studies on turnover rate of accumu-
lated charr biomass or ratio of productivity to
biomass, give low values in nearly 3 years, with
a P/B-ratio approximately of 1/3 (Langeland
1986). Through intensive fishing, the turnover
time may be reduced to 15 months. Calculation
of charr harvest should be based on fish produc-
tion per unit of time and not on the biomass tem-
porarily present in a lake.

Common fishing gear and
strategies

Gillnets, seines, traps, rods and lines, and troll-
ing with baited line are common fishing gear
and methods. Aboriginal people harvest spawn-
ing populations of anadromous charr at spawn-
ing sites in a rivers, lakes and estuaries using
nets.

Harvesting in Norway is commonly a combi-
nation of gillnets and sport fishing using differ-
ent gear. A lower mesh size is set for gillnets to
protect young fish. In the 1950’s, monofilament
gillnets were introduced and greatly increased
gillnet efficiency on specific sizes of fish, de-
pending on the mesh size in use. However, this
seriously affected larger mature charr which were
fished to extinction. In such lakes, intense gillnet
fishing does not permit the survival of larger
piscivorous charr. A popular recreational activ-
ity during winter is icefishing. Fishing is car-
ried out through a hole in the ice using a lure
and hook coverd with live bait. This type of
tackle catches most sizes of charr and is not as
selective as other gear.

In the Cambridge Bay fishery of anadromous
charr, nylon gillnets are used in estuaries and
river mouths during the downstream migratory



runs in early July and on upstream migratory
runs in August and September (Kristofferson et
al. 1984). Before gillnets came into use, the Inuit
in Labrador used different types of leisters, spears
and stone weirs in the rivers (LeDrew 1984).

The Sameh-people of northern Scandinavia
fished the lakes in a rotational way which be-
came a system of letting lakes lie fallow for pe-
riods of several years. This periodical harvest
was basically due to their nomadic behaviour,
moving with their reindeer herds from place to
place to avoid overgrazing of lichens. The ef-
fects on the charr populations were usually posi-
tive and stunted charr populations rarely devel-
oped (Filipsson and Svéardson 1976).

Interactions with other fish species

The most important competitors and predators
of charr seem to be whitefish, cisco, three-spined
and nine-spined stickleback, brown trout, burbot,
pike, and lake trout.

The strongest competitor of charr is the white-
fish. This is due to both species having very simi-
lar habitat and niche requirements. Both spe-
cies are able to utilize different food resources
in littoral, pelagic and profundal areas. Accord-
ing to Svardson (1976), whitefish is clearly
dominant over charr, mainly due to its more ef-
ficient feeding on zooplankton. If charr are to
survive sympatrically with whitefish, they must
adapt as a deep-living population (Svérdson
1976). Intense fishing on whitefish is assumed
to benefit sympatric charr populations.

Three-spined sticklebacks are able to utilize
food in both littoral and pelagic habitats and can
feed on small prey like zooplankton. Sticklebacks
are able to live in populations with high densi-
ties. Therefore, they are considered a strong com-
petitor of charr. In a fertilization experiment in
Lake Langvatn, three-spined sticklebacks fed on
similar prey to charr (Langeland 1982). Due to
a strong reduction of zooplankton, the charr dis-
appeared from the pelagic zone and decreased
in density. Simultaneously, sticklebacks were
recorded in pelagic waters feeding on smaller
zooplankton. The results from this study indi-
cate that the stickleback is a stronger competi-
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tor in exploitative competition than the charr due
to higher feeding efficiency (Persson 1985). The
utilization of pelagic habitat by sticklebach, how-
ever, is dependent on charr due to predator avoid-
ance.

In the Northwest Territories, Canada, sympatric
stocks of charr and lake trout occur in small lakes
(Johnson 1976,1980). In Northern Quebec
sympatric stocks occur more frequently (Benoit
and Power 1978, Power and Grégoire 1978, Mar-
tin 1955). Johnson (1980) claimed that interac-
tions between lake trout and charr are of great
importance in determining present distribution
of charr in North America. There, however, is
considerable uncertainty as to whether predatory
lake trout can drive charr to extinction in small
arctic lakes. Lake trout is an aggresive fish
predator, feeding on most fish species including
charr and may greatly affect the population struc-
ture of charr stocks.

In Norwegian lakes, burbot seem to be an
important regulator of charr density. Informa-
tion from local fishermen indicates that lakes
containing charr in sympatry with burbot, fea-
ture large individuals of charr. According to
Filipsson and Svardson (1976) burbot is an ef-
fective predator on charr and thus prevent stunt-
ing of charr stocks. This is well known by the
Sameh-people of Scandinavia which introduced
burbot in some lakes to improve charr size. These
authors refer to several lakes with charr and
burbot where the charr stocks attain a large in-
dividual size. The Lakes Snasavatn and Selbu-
sjoen were well known for their high quality
charr a few decades ago. Both ofthese lakes have
stocks of charr, brown trout and burbot. In Lake
Selbusjoen, gillnet fishing of charr at spawning
sites in autumn vyielded high catches of burbot
with stomachs full of charr roe. | suggest that
predation by burbot is one important reason why
stunted stocks of charr rarely have been reported
in lakes containing burbot.

In addition to lake trout and burbot, brown
trout are well known predators of charr. In sev-
eral lakes investigated by L’Abée-Lund et al.
(1992) the number of brown trout with fish in
their stomachs ranged from 0 to 30.1 % (mean
5%). One exception was Lake Tunhovdfjord with



74 Arnfinn Langeland

30% piscivorous individuals. According to Aass
(1990), the piscivorous brown trout in this lake
consume annually a charr biomass of 3-4 kg hal,
which is more than the average charr annual
yield of 2.7 kg ha'l. Brown trout are also an im-
portant charr competitor. Langeland et al. (1991)
showed that the habitat and resource utilization
of Arctic charr and brown trout was a result of
selective differences and asymmetric competi-
tion, where brown trout are the dominant spe-
cies in summer in contrast to the superiority of
Acrctic charr at low temperatures.

Piscivorous pike are commonly distributed in
lakes in Arctic and temperate areas and coexist
with charr in large and deep lakes. Huitfeldt-
Kaas (1918) reported that charr disappeared
from Lake Vaalmangen after the introduction of
pike, and therefore considered pike the charr’s
worst enemy in shallow lakes. The same situa-
tion occurred in four lakes in Sweden reported
by Filipsson and Svérdson (1976). Studies in
lakes on the Kola Peninsula in 1993 revealed
that charr were able to coexist with pike in deep
lakes, but not in shallow lakes with maximum
depth of 3 m (Langeland et al. 1994). The avail-
ability of refuges and morphometry of lakes are
assumed to be of great importance for coexist-
ence between charr and piscivorous fish like
pike, burbot, lake trout and brown trout.

Recommended fishing strategy

As interactions between different forms seem to
be predominantly environmentally determined
(Hindar et al. 1986, Hindar and Jonsson 1993),
it is necessary to know the basic mechanisms of
intraspecific population structuring for the shift
from one form to another. The ontogenetic shift
from benthic habitat to pelagic seems to depend
on the availability of zooplankton and the pres-
ence of predators. Therefore, it is necessary to
decide which form is to be fished. One uncer-
tainty is the management of mixed stocks of resi-
dent and anadromous charr. According to the
literature, partial migration seems to be deter-
mined by environmental conditions,and growth
rate has been identified as the most important
factor (Jonsson and Jonsson 1993). In sockeye

salmon, both fast and slow growers may become
resident while medium growers migrate to the
sea (Ricker 1938). Smoltification and migration
may be an alternative strategy that depends on
age at maturity and growth rate. Thus, there
seems to be no simple solution to the manage-
ment of anadromous/resident stocks.

The effects of fishing on charr will affect sev-
eral important population dynamic processes.
According to the dynamic pool model, four main
processes have to be considered: recruitment,
growth, natural mortality and fishing mortality
(Pitcher and Hart 1993). In the following, the
effects of four scenarios of management (Fig. 1)
on these processes are discussed. The basic re-
gime is the age structure ofa population in steady
state without year-class fluctuations (Fig. | A).
These scenarios are based on an age-distribu-
tion following the cohort from birth to extinc-
tion in accordance with cohort-analyses used in
modern dynamic pool models (Pitcher and Hart
1993). The main problem in managing charr,
however, is the great variation in size due to
density dependence and food choice. According
to Ebenman and Persson (1988), size is prob-
ably the most important population characteris-
tic of any organism. This certainly holds true
for charr. Charr size will affect the type of prey
it can eat, what predators will attack it, its physi-
ology and energetics and its reproductive suc-
cess. A challenge would be to develop a size-
dependent tool for managing freshwater fish. So
far, we need to look for relationships between
size and age.

Sustainable harvest

Removal of individual charr from landlocked
stocks by fishing implies population density
changes. This is predicted to affect population
regulating mechanisms which are density-de-
pendent. Backiel and LeCren (1978) concluded
that there are two main density effects operat-
ing on fish populations: mortality and growth.
Mortality will be strongest in early life, particu-
larly the larval and immediate post-larval stages.
Density-dependent mortality may operate
through intraspecific competition for a limited



resource, such as food or space. Indirect effects
of competition for food operate by lengthening
the time taken for the fish to grow through a
stage, making them vulnerable to predation.
Stunting of charr may make them vulnerable to
piscivorous fish or cannibals for a longer period.
Johnson (1976) hypothesized that recruitment in
some unexploited fish populations is regulated
by older fish within the population. Older fish
may suppress recruitment through predation or
intraspecific competition for food or space. Re-
moval of older and dominant age-classes of
brown trout (Jensen 1977), brook trout (Donald
and Alger 1989), whitefish (Healey 1980) and
charr (Langeland 1986, Amundsen et al. 1993)
have been associated with an increase in recruit-
ment of younger year classes, supporting John-
son’s hypothesis. Power (1978) challenged
Johnson’s hypothesis suggesting that the number
ofyoung fish and the ages in northern fish stocks
are underestimated.

The second density effect, growth, becomes
increasingly important as the fish ages (Backiel
and LeCren 1978). Several exploitation experi-
ments with brown trout (Jensen 1977), brook
trout (Donald and Alger 1989), whitefish (Healey
1980) and charr (Langeland 1986, Amundsen
et al. 1993) resulted in increased growth and a
shift in the age-freguency distributions towards
younger fish. The degree of increase in size at-
age in whitefish from exploited lakes was pro-
portional to the intensity of exploitation (Healey
1980). Thus, it is reasonable to expect that ex-
ploitation of older fish in a charr population will
result in increased growth, and survival, particu-
larly of younger fish, and a shift in age-distribu-
tion towards younger fish. Density-dependent
effects on mortality are evident from shifts in a
standard age-distribution (Fig.l A, D b) towards
younger charr (Fig. 1 C). This fishing strategy
may be defined as sustainable harvest and em-
phasizes the removal of both immature and ma-
ture fish. | propose that a permissible upper bar
mesh size of gillnet intended to protect larger
charr from extinction should be adopted accord-
ing to the conditions prevailing in different lakes.
Experience from low productive Norwegian lakes
indicates that an upper mesh size of 29 mm
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would be advisable (Langeland 1986, Langeland
and Jonsson 1990). This mesh size is related to
a fish size of about 29 cm (Jensen 1986).

Most charr populations have a high reproduc-
tive potential. The many stunted charr stocks
indicate that reproduction is not limiting charr
density in most lakes. There is little evidence
for a relationship between spawning stock and
recruits in freshwater fish similar to the models
developed by Beverton and Holt and Ricker
(Pitcher and Hart 1993). In the case of charr
stocks, this is probably due to the excess of
spawners satisfying the asymptotic level of re-
cruitment.

Extensive studies by Johnson (1976, 1983,
1987) in the Canadian Arctic concluded that the
landlocked undisturbed populations of Arctic
charr had reached a climax condition charac-
terized by large individual size, a high degree of
uniformity, high accumulated total biomass,
great mean age, indeterminate age-at-death and
low incidence of replacement stock. After severe
perturbation by fishing, it was shown that charr
stocks returned to their state of least dissipation
of energy without oscillation. The absence of
oscilliation indicated an effective dampening
mechanism in the population. Johnson’s descrip-
tion of charr stocks seems to apply to other dense
slow-growing populations with low production
relative to biomass, e.g. the stocks prior to in-
tensive fishing in Lake Stavatjonn (Langeland
1986) and Lake Takvatn (Amundsen et al. 1993).
Amundsen et al. (1993) discuss the possibility
that more than one steady state may develop
within a lake if the initial conditions are suffi-
ciently different, which is regarded as an expan-
sion of Johnson’s hypotheses. A consequence of
Johnson’s original hypothesis would be that the
stock would return to the original configuration
relatively quickly after cessation of fishing.

A management strategy of sustainable harvest
has been proposed by Langeland (1986) for charr
populations with high recruitment potential.
Similar proposals have been made for brown
trout by Langeland and Jonsson (1990) and
Borgstrom (1993). The strategy is based on the
same causal population mechanisms experienced
during experimental studies of stunted charr and
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brown trout stocks. Sustainable harvest of the
smaller fish size in Lake Stavatjonn substantially
reduced population density and greatly increased
the fraction of larger fish (Langeland 1986). The
Lake Songsjoen experiment using gillnets of
larger mesh sizes (Fig. ID b), increased the
stunting stage of both brown trout and charr
populations throughout a 17 year harvesting ex-
periment (Langeland and Jonsson 1990). The re-
sult was a population consisting of younger and
smaller fish (Fig. ID a). A further consequence
of fishing with gillnets of large mesh size may
be an accumulated stock of small and older fish.
In the experiment by Borgstrom (1993), reduc-
tion of the mature segment of the brown trout
population caused increased recruitment of
younger fish and no growth increase in mature
fish. The intensive fishing program in Lake
Takvatn using funnel traps caused a substantial
increase in growth of charr >5 year, and a strong
1983-year class (Amundsen et al. 1993). The
fraction of charr >250 g in Lake Takvatn in-
creased from only one fish out of 1,133 recorded
in 1980 to 22% in 1989.

Changes in growth rates caused by changes
in food supply are also expected to influence age
and/or size at maturity. Generally, fast growers
mature younger and smaller than slow-growing
individuals (Aim 1959). Grainer (1953) found
that faster growing charr matured at an earlier
age, but at approximately the same size as slower
growing fish. Several other studies both experi-
mentally (Nordeng 1983 for charr, Scott 1962
for rainbow trout, Bagenal 1969 for brown trout)
and by field observation (Miller 1956, Healey
1975 and Donald and Alger 1989 all for white-
fish) have reported that as food supply increased
and fish grew faster, age at maturity decreased.
However, Huitfeldt-Kaas (1927) proposed that
hunger, which causes slow growth results in early
maturation in salmonids (Arctic charr, brown
trout, whitefish). In fish stocks where ana-
dromous or cannibalistic behaviour results in
substantial growth increase, maturity seems to
be delayed. This has been shown for both charr
(Nordeng 1961, Skreslet 1973 b) and brown trout
(Jonsson 1989). Also in sympatric populations
of charr, it has been recorded that fast-growing

morphs may mature at older ages and larger sizes
than the slow-growing morphs (Klemetsen and
Grotnes 1980, Jonsson and Hindar 1982,
Sparholt 1985, Jonsson et al. 1988). After re-
moval of charr in Lake Takvatn (Amundsen et
al 1993), maturation occurred at an older age
and larger size (Svenning 1993). According to
Svenning (1993), increasing growth rates for
young fish would probably lead to early matura-
tion, while growth increase for older fish may
induce a delay in maturity. According to Jonsson
and Jonsson (1993), slow growers may delay
maturity until their growth levels off, or mature
earlier if their fitness is thereby maximized (ma-
ture at the growth inflexion). Thus, changes in
maturation caused by increased growth as a con-
sequence of fishing can be expected. Changes in
age-at-of first maturation may occur at either an
earlier or later age, depending on the fishing
strategy and resulting individual growth
changes. Increased piscivory or cannibalism may
likely increase the range in age-at-first matura-
tion (Fig. ! B)..

This fishing strategy is in contrast with prac-
tical implementation and historical behaviour of
fishermen who only want larger fish. Manage-
ment practices today have adapted to this opin-
ion by setting a lower limit of mesh size for
gillnets and a lower limit of fish size. This prac-
tice is mainly based on management of brown
trout, where recruitment is assumed to be a lim-
iting factor for population density.

Sport fishery of predatory fish

As previously mentioned, cannibalistic or
piscivorous behaviour of charr commonly occurs
in most northern regions. Such lakes are char-
acterized by a wide range of length- frequency
distributions. Most of the lakes in northern Nor-
way with large charr are in remote areas and are
normally fished by handheld gear (Amundsen
et al. 1993). They state that such lakes may be
as stable as the stunted ones and concludes that
more than one steady state may develop in the
same lake ifthe initial conditions are sufficiently
different and influenced by management. Use of



coarse-mesh monofilament gillnets in easily ac-
cessible charr lakes will probably wipe out large
charr, which in turn promotes the stunting stage
of charr stocks (Nyman 1984, Filipsson 1987,
Amundsen et al. 1993). Johnson (1983) men-
tioned that the removal of large, cannibalistic
charr may create greater uniformity in the re-
maining stock. The results from the Swedish
Lake Véstansjon supports this theory (Filipsson
1987). Test fishing in 1983-86 indicated that
total catch weight and average individual weight
and length had increased after the ban of gill
net fishing in 1983. In recent experiments with
stocked piscivorous brown trout, positive results
were achieved as predicted. Stocking a lake of
stunted charr with piscivorous brown trout re-
sulted in reduced population density and in-
creased growth and mean length of charr after
63 weeks (Damsgard and Langeland 1994). In
another stocking experiment with piscivorous
brown trout, individual charr increased in length
and condition, the population density was re-
duced, and the habitat use shifted to safer areas
(Sandlund and Forseth 1995). L’Abée-Lund et
al. (1993) found that segregation by size and age
between pelagic and epibenthic charr appeared
to be a result of a trade-off between feeding pos-
sibility and risk of predation. Introduction of
piscivory fish in charr lakes will probably also
induce changes in feeding behaviour. This may
force prey to hide in less profitable habitats re-
sulting in reduced growth rate. The prey size
available for the predator is mainly determined
by suitable refuges for prey and gape limitation
of the predator (Damsgard 1993).

Based on laboratory and field studies,
Amundsen (1994 a, b) concluded that cannibal-
ism can play a significant role in population
regulation of charr. The experiments showed
strong individual specialization for cannibalism.
Estimations from Lake Takvatn suggested that
cannibalism could account for all the natural
mortality among 1-4 year-old charr. Based on
studies from Svalbard, Svenning (1993) also dis-
cussed the possible importance of cannibalism
in population regulation and spéciation in charr.
Yet, quantitative evidence from nature that can-
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nibalism plays a significant role in regulation
of recruitment, population structure and density
of natural charr stocks, is lacking.

Based on previous considerations a fishing
strategy relying on piscivory as alternative to
sustainable harvest is recommended (Fig. | B).
Probably the most efficient way to harvest charr
on a higher trphic level is to utilize the energy
by other piscivorous species like the aforemen-
tioned brown trout and lake trout. However, the
use of species not naturally present in the lakes
may conflict with other purposes of nature con-
servation. Obviously, the annual yield will be
lower in such lakes where piscivory is utilized
rather than sustainable harvest directly aimed
on the lower trophic level. Lakes with cannibal-
istic charr or other piscivory species have not
been well studied. More knowlede about the sta-
bility of charr stocks is required before a proper
management practice is established. At present,
it is difficult to predict how many piscivorous
fishes can be harvested to maintain a stable state
within charr stocks. Yield of piscivorous fish
eating charr is scarce. According to Martin and
Olver (1980), the productivity of piscivorous lake
trout is low (0.25-0.75 kg ha'l). Expected yield
of piscivorous fish eating charr would probably
be less than 1 kg ha'l

Piscivorous or cannibalistic charr may be re-
cruited from the entire population depending on
the availability of suitable fish prey or larger
invertebrate prey and critical size of niche shift
to piscivory. These fish are very vulnerable to
being removed by selective fishing gear. Meas-
ures should be taken to ensure the survival of
piscivorous charr. A prerequsite for maintain-
ing a stock with cannibalistic charr seems to be
complete prohibition of using gillnets. Protect-
ing predatory fish or cannibalistic charr will in-
crease the capability to control recruitment and
population density. Larger fish are stronger com-
petitors in interference competition, however,
smaller fish may be superior in exploitative com-
petition (Persson 1985). | consider the presence
of larger fish and a wide heterogeneous size
structure important for benficial harvest of charr
and a guarantee against stunting.
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Summary management
recommendations

Sustainable harvest

+ sport fishing and commercial fishery using
gillnets and funnel traps: an upper permissi-
ble mesh size for gillnets should be adopted
according to the specific conditions in the lake

+ give highest maximum sustainable yield rela-
tive to harvest of piscivorous fish

« fishing of immature fish is important

+ intense fishing on resource competitors like
whitefish

+ protection of larger charr and piscivorous
brown trout

+ gillnet fishing on spawning grounds is selec-
tive on charr

+ ice and sport fishing may be encouraged
throughout all seasons

+ fishing of resident charr probably increases
the frequency of anadromous charr

Sport fishery of predatory fish

+ sport fishing of piscivorous and cannibalistic
charr

+ gives low yield due to fishing at the tertiary
consumption level

+ protection of predatory fish and cannibalistic
charr

+ prohibition of gillnet fishing in small lakes

+ bag limits of 1-2 large fish per person per day

+ change fishing areas

Decisions regarding which strategy or com-
bination of strategies to implement should be
based on population size and age structure and
potential lake productivity.
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Abstract

The following questions are discussed: disputable questions of Arctic char systematics and
spéciation; phenomena of ecological variability; sympatric groupings - the level of diver-
gence, the ways of their origin; the species boundaries; a complex species as a population
system of the highest hierarchic level. Divergence levels in the genus Salvelinus and the
structure of endemic species; the rate of spéciation in Arctic char; the patterns of modern
diversity. General conclusion is: the majority of Arctic char forms are not species in statu
nascendi. The complicated structure does not necessarily reflect the process of spéciation
and represents a quasistationary state of the interrupted divergence that is able to reverse.
Elor the classification of such a structure, the concept of a species-complex is more applica-
e.
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Disputable questions of Arctic
chars' systematics and spéciation.
Historical aspects, and the modern
condition

The study of the systematics of char of the ge-
nus Salvelinus in Europe and North America
began a very long time ago. It is possible to sin-
gle out two main points of view which were pre-
vailing over the entire period of study.

In the first approach, numerous char forms
are considered as separate species. 29 species
have been described in Europe, 15 in North
America and 12 in Siberia and the Far East
(Gunther 1866, Jordan and Evermann 1896,
Regan 1911, Kendall 1914, Berg 1948). The
other approach is to view the diversity of forms
as a reflection of the great plasticity of the ge-
nus and intraspecific variability. The latter point
of view prevails in Europe, where the majority
of authors reduce all previously described spe-
cies to a few or even one, represented by diverse

intraspecific forms, and in America as well,
where 4-5 species only are considered independ-
ent (Behnke 1972, 1984).

The taxonomic position of char is the subject
of constant ongoing discussions. They have be-
come particularly lively in the last few years.
The reason for this lies mainly in the fact that
detailed studies revealed the existence of differ-
entiated sympatric forms and the researchers
faced the necessity of interpreting these facts.
New methods have appeared revealing a high
level of polymorphism and allowing ambiguous
conclusions to be made. At the same time, the
study of populations was continued from typo-
logical positions. All ofthis led to the revival of
viewpoints of splitters. The number of species
started to increase again (Viktorovsky 1978,
Glubokovsky and Chereshnev 1981, Glubo-
kovsky et al 1992).

The status of char populations in Russia is
the subject of a controversy, which goes beyond
the purely taxonomic issues and touches upon
the problems of microevolution and systematics
in a broad sense.
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Some Russian ichthyologists consider that
Arctic char are represented by many species
(Viktorovsky 1978, Glubokovsky and Cheresh-
nev 1981), up to 23. They claim that differences
between species are very consistent and there are
no intermediate phenotypes.

These views are in contradiction with the data
on high variability and plasticity of char. In
nearly all populations, intermediate phenotypes
are present and it is often difficult to determine
the status of concrete groupings (Savvaitova
1989).

Therefore, to understand the situation, it is
necessary to look through the next main ques-
tions and, first of all, the phenomenon of eco-
logical variability.

Ecological variability of Arctic char

The absolute majority of char species (for ex-
ample in Siberia and in the Far East) has been
described in violation of the taxonomic proce-
dure, that is, regional situations alone have been
taken into consideration, but not the overall situ-
ation throughout the range (Berg 1948, Viktor-
ovsky et al 1978). For this purpose, the morpho-
ecological properties of numerous char popu-
lations have been investigated from the whole
range inhabited by the genus Salvelinus
(Savvaitova 1989). The distribution patterns for
the mean values of pyloric caeca and gill-rakers,
the diagnostic characters most frequently used
in the literature, have been analysed (Savvaitova
and Volobuev 1978, Savvaitova 1989). Three
morphotypes have been discovered and described
as "malmoid”, “alpirioid” and arctoid” with
minimum, medium and maximum values. The
same morphotypes have been discovered and
discriminated with the help of multivariate sta-
tistical analysis for 29 measures and 8 meristic
characters (Michailova 1981). It turns out that
all the variation within the char’s phenons (in
sense of Mayr 1969) can be reduced to these
morphotypes. The char of each morphotype are
ubiquitous, but they predominate in definite parts
of the area where corresponding habitats are
found. Thus the alpinoid” morphotype is

circumpolar but its predominant habitat is in
Europe; the “malmoid” morphotype is found in
the Pacific Ocean basin and prevails in streams
and the arctoid” morphotype is found on the
Arctic coast of Siberia, North America, in the
Alpine lakes of Europe and in the Baikal area -
in deep water lakes with extreme conditions.
Morphotypes of Arctic char may be deter-
mined rather well on the basis of morphological
characters. But individual variability in certain
populations is so great that it is possible to find
individuals with character values of all detected
groups. Even in cases when obvious differences
exist between morphotypes, they overlap in all
characters. The char populations of one morpho-
type can apparently have different origins and
ages. In some cases their ancestors are char of
the same morphotype to which they belong them-
selves and in other cases these are char of an-
other morphotype. Irrespective of the origin, the
resulting phenotype can be similar (Savvaitova
and Volobuev 1978, Savvaitova 1989).
Therefore, in different areas of the natural
range under similar conditions, as a result of the
manifestation of a homologous parallel variabil-
ity, char phenotypes are formed that are similar
in respect to individual features but not identical.
Char morphotypes should be viewed as non-
taxonomic “adaptive types” analogous to those
in humans (highland type, Arctic type, etc. Alexeeva
1986). They are predominant in certain habitats
and can be found in different parts of the range
where there are suitable conditions. They are
manifestations of biological plasticity in re-
sponse to the environment and provide balance
between populations and the environment which
is reflected in their morphology. Thus char morpho-
types are phenomena of ecological variability.
Each morphotype includes different ecologi-
cal forms. Ecological forms differing in their life
history can be distinguished among them
(anadromous, lacustrine, fluvial). Each includes
groups differing in preferred habitats, spawning
periods, spawning grounds, growth rates, time
of maturation, colour patterns etc. The sympatric
groupings confuse the picture even more
(Savvaitova, 1976).
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Sympatric groupings of Arctic
char, and the level of divergence

Throughout the whole circumpolar range, one
can find sympatric groupings characterized by
different degrees of isolation. However, their
interrelationships vary depending on different
conditions.

In streams the isolation among groupings as
a rule is not absolute and they are all part of the
same population systems. For example in
anadromous char flocks of the Kamchatka pe-
ninsula, dwarf freshwater males occur that re-
produce together with anadromous fishes. These
males retain throughout their life the morphol-
ogy and colouring of young fish. They are
benthophagous and occupy a niche similar to that
of young fish (Savvaitova 1960, 1989). In cer-
tain situations (the rivers of the Kommandor Is-
lands) a river grouping is part of the spawning
flocks of the anadromous forms as well as the
dwarf males. This river grouping is represented
both by males and females. Anadromous form,
dwarf males, riverine females and males repro-
duce at the same time on the very same spawn-
ing grounds (Savvaitova and Maximov 1975).
The absence of absolute reproductive isolation
among river groupings ensures survival in
changing environmental conditions (Savvaitova
1976).

But other examples of more profound differ-
entiation are known. Although no genetic dif-
ferences were revealed, it was demonstrated that
anadromous and resident char in Varflusjoen
(Svalbard) had established two discrete life-
history strategies (Svenning 1993). The char
from this lake seem to illustrate a case of an ad-
vanced split between resident and anadromous
life history strategies in sympatry. This may be
related to the long post-glacial period (45,000
years) that has existed in Spitsbergen.

The degree of isolation of sympatric groups
in lakes varies. It depends on the size and depth
of the waterbody, its age, trophic conditions,
presence of spawning grounds. All these deter-
mine the evolutionary and taxonomic status of
different char populations. In thermokarst lakes
with their temporary links, conditions do not

favour spéciation; in isolated mountain lakes
where conditions are much more stable,
spéciation usually leads to the emergence of com-
paratively stable groupings and some of them
achieve a rather high degree of divergence.

Closely related sympatric small slow-growing
forms and large relatively fast-growing canni-
bals can be observed in Lake Nordlaguna on Jan
Mayen (Skreslet 1973). These groups are formed
in the ontogeny of one generation.

Genetic divergence is absent between small
and large sympatric forms in four unexploited
lakes in Greenland (Sparholt, 1985). The two
groups differed in feeding habits, growth rates,
age of maturation and spawning periodicity. But
they did not differ in the frequencies of the F-
and S-serum esterase alleles. Small char recruit to
the large char by entering a period of fast growth.

The char population in Tasersuag (Greenland)
is divided into three rather separate groups but
there is evidence oftransformation between them
(Riget et al. 1986).

In Lake Thingvallavatn (Iceland) pronounced
phenotypic and-ecological differences exist be-
tween morphotypes of S. alpinus. There are no
signs of interbreeding between pelagic and
benthic morphotypes, which suggests reproduc-
tive isolation between them. Insignificant genetic
distance between the morphs, however, indicates
that segregation must have taken place recently,
within the lake basin itself and is not yet com-
pleted (Sandlund et al. 1992).

The two morphs within each morphotype dif-
fer in life history characteristics. Planktivorous
and piscivorous forms appear to develop from
one morphologically homogenous group of ju-
venile fishes. These two morphs have practically
identical allele frequencies. These morphs are
two trophically specialized groupings but both
can develop from each ofthe two parental types.

The relationship between the two benthic
morphs appears to be of a different nature. They
differ significantly in allele frequencies in poly-
morphic loci and in spawning behaviour and also
in coloration and gill-raker number. The benthic
morphs can be reproductively isolated because
of differences in spawning time and assortative
mating.
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Specialization towards cannibalism can be a
force creating and sustaining the two ecological
morphs of char from Lake Arresjoen (Svalbard).
The char in Arresjoen have different life history
strategies, and due to long postglacial isolation,
they have evolved into genetically distinct
morphs. The two char morphs from this lake are
reproductively isolated, which is also in accord-
ance with the observed differences in S-serum
esterase alleles and Mdh 4,5 (Svenning’s pres-
entation at the symposium). The observed ge-
netic differentiation between the two morphs can
even represent an early stage of sympatric
spéciation (Svenning 1993).

In some lakes of Norway and Sweden, sym-
patric groups of Arctic char are reproductively
isolated and may be considered as sibling spe-
cies (Nyman 1972, Klemetsen and Grotnes 1975,
Nyman et al. 1981, Hammar 1984, Klemetsen
1984). But two distinct spawning groups of char
from Ellasjoen, Bear Island, could not be sepa-
rated by serum esterase analyses. And in this
case, according to the authors, the first step of
sympatric divergence is observed (Klemetsen et
al. 1985).

Pelagic and benthic char from Loch Rannoch,
Scotland are genetically distinct (Gardner et al.
1988, Walker and Greer 1988).

There are at least four races of char in Wind-
ermere, the largest natural lake in England. The
North and South basins of the lake each contain
two distinct races that spawn in autumn and
spring respectively. In addition to genetic dif-
ferences and differences in growth rates, the two
races differ in some morphological characters
(Frost 1965, Child 1984, Partington and Mills
1988, see also Elliott and Baroudy 1995).

Different stages of sympatric divergence are
observed in char of the Kola Peninsula, Taimyr
Peninsula, Lena River delta, in Lake Labynkyr
(East Siberia), in waterbodies of Chukotka,
Kamchatka, Okotsk Sea coast (Savvaitova 1989).

Four endemic species of char were described
in the waters of the Taimyr Peninsula: S. tolma-
choffi, S. boganidae, S. drjagini and S. taimyri-
cus. Two other forms live in the Norilo-Pjasina
lakes-deepwater char and black lake char. In lake
Ayan lives another dwarf char form. As a rule,

many forms are sympatric. In different lakes,
they usually appear independently. It is likely
that the following are the base of the processes
for the emergence of char forms in Taimyr: ex-
tended spawning season, differences in growth
rate and time of sexual maturity. The divergence
in type of food from the short vegetation period
is revealed here to a lesser degree. Genetic di-
vergence is observed between deepwater and
large forms in some lakes of Taimyr in the fre-
quencies of the Est-2 alleles.

In Lake Forelevoe (Lena River delta) two
sympatric groupings differing in growth rate and
time of maturity were discovered. There are lat-
eral parr marks on the body of the small form.
The large and small chars of Lake Forelevoe rep-
resent a single population. The process of the
emergence of forms in this lake is in the early
phase (Savvaitova 1989).

In Lake Labynkyr (Eastern Siberia) we found
three forms of Arctic char classified as small,
medium and large. These forms differed in vari-
ous morphological and meristic characters as
well as food habits and other ecological charac-
ters. When we evaluated the whole complex of
characters together, we found a closer relation-
ship between the small and medium forms than
between each of them and the large form. Thus
the three sympatric forms showed different lev-
els of relationships. Maybe, the result of pro-
longed spawning activities and differentiation in
growth rate are caused by a trophic poly-
morphism. The three forms of char are probably
not reproductively isolated. Their spawning pe-
riods overlap and there were no great differences
in meristic characters (Savvaitova, 1989).

In the Pegtymel Lakes (Chukotka) we also
found three char groupings. The differentiation
of the forms was made on the basis of a combi-
nation of external morphological characters and
coloration. They were called the ”’long-headed”,
the ”deep-bodied”, and the deepwater” char.
The “deepwater” char was planktophagous, the
”deep-bodied” char benthophagous, and the
’long-headed” char carnivorous. As a conse-
quence of different food, all forms demonstrated
different levels of infestation rates of Diphyllo-
bothrium spp. and different growth rates.
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When comparing the sympatric char forms,
we observe that they differ in a number of char-
acters and they are probably reproductively iso-
lated, especially the deepwater char. The long-
headed and the deep-bodied char seem to be
closer to each other and they possibly hybridize.

We may assume that all forms from this lake
have had different anadromous or resident fresh-
water ancestors. We can also presume two an-
cestral populations - one which gave rise to the
small deepwater char with a high number of gill
rakers, the other to a large char with a low
number of gill rakers. The latter population di-
verged into the long-headed and the deep-bod-
ied forms in the lake itself. This divergence is
not yet completed. It is also quite possible that
all the char forms diverged sympatrically in the
lake from one ancestral population on the basis
of trophic polymorphism, different growth rates,
spawning periods and spawning grounds. The
last hypotheses is supported by the fact that the
Lake Pegtymel char forms do not correspond
diagnostically to any char form described previ-
ously by the main diagnostic characters (gill
rakers, pyloric caeca and vertebrae) (Savvaitova
1991).

In Ueginskoje Lake (the continental coast of
the Sea Okhotsk) the structure of the char popu-
lation is represented by large and small dwarf
groupings. The females dominate among the
former and the males dominate among the lat-
ter. Both groupings complement one another and
reproduce jointly. The differentiation ofS. neiva
into large and small dwarf groupings is prob-
ably due to insufficient food in this water body,
the dwarf grouping occupied a niche of plankto-
phagy and the large grouping became a bentho-
phage and predator.

Two different forms live in Lake Nashikinskoe
(Kamchatka) where they occupy completely dif-
ferent niches. Lake char live exclusivly in the
lake, the small lacustrine-riverine char form pre-
fers small rivers flowing into the lake. Besides
morphological and ecological differences, these
forms differ from each other in karyotype and in
the results of hybridization of the thermostable
fraction of DNA (Savvaitova 1989). The results
obtained by different methods are evidence of

reproductive isolation between char forms in this
lake.

But the degree of divergence of different forms
and populations of char on the Kamchatka pe-
ninsula may be different. It is possible to observe
morphological differences of varying degree.
There are no clear breaks in these populations
where it would be possible to draw a natural
boundary. A divergence in food, in spawning
places and times are prerequisites for the emer-
gence of forms.

There exist two approaches to the explana-
tion of coexistence of sympatric char forms.
Some authors believe that each of the now
sympatric groups from one water body had a
different ancestor and postulate repeated inva-
sions separated by periods of allopatry. After
invasion, each new grouping occupied a free
ecological niche. Differences of now sympatric
groups stem from the differences of ancestral
populations (Svardson 1979, Hammar 1984,
Nyman et al. 1981, Viktorovsky 1978, Glubo-
kovsky et al. 1992). The opinion of some other
investigators is that the leading role in the di-
vergence of sympatric groups belongs to ecologi-
cal factors such as differentiation in feeding,
growth rate, spawning grounds and spawning
time (Frost 1965, Savvaitova 1976, 1989, Grotnes
1980, Klemetsen et al. 1985, Riget et al. 1986,
Sandlund et al. 1992, Svenning 1993).

But isolation of sympatric forms in fishes does
not necessarily lead to the emergence of new
species. As Kondrashov and Mina (1986) dem-
onstrated by computer simulations at early stages
of spéciation, it is nearly panmictic and domi-
nated by morphologically intermediate speci-
mens. Later on, extremes become more abundant
and the distribution of specimens in the space of
morphological (or other) characters becomes bi-
or polymodal. Such structure, that is linked
phenons which are distinguished on the basis of
characters controlled by natural selection, can
give rise to new species, but in other conditions
can remain evolutionary stable for an indefinite
time. There is evidence that structures consist-
ing of two or more components are rather abun-
dant.
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It should be stressed that such structures are
more often found in an unstable environment,
for instance in Arctic or Subarctic regions, in
mountain lakes or in temporary water bodies of
deserts where fish communities are poor and
there are vacant ecological niches.

Special attention should be paid to horizon-
tal sequences of intermediate stages of spécia-
tion, as their study can help to reconstruct pat-
terns of microevolutionary processes (Mina 1986).

We observed successive stages of sympatric
spéciation in two anadromous char forms from
Chukotka. As the degree of their divergence is
different in different parts of the range, it is im-
possible to determine their status precisely.
Greater morphological distances between allo-
patric populations ofthe same form than between
sympatric populations ofthe two forms is evidence
of their sympatric origin (Savvaitova 1989).

One of the most interesting examples is rep-
resented by large and small char from Trans-
baikalian lakes. Small char feed on plankton,
large ones are partly piscivorous (so differentia-
tion of the two forms here depends on the pres-
ence of the niche of planktophagy). In different
lakes ofthis region, different stages of spéciation
can be observed from groups emerging in the
ontogeny of one generation and groups spawn-
ing together - to reproductively isolated groups
(Savvaitova 1989).

Nevertheless, throughout the range of the
whole group, reproductively isolated forms are
the most frequent. They differ from one another
and from analogous groups from other regions.
Some of these forms can probably be considered
as separate species. Such are sibling species from
some Kamchatka lakes, melanistic stone char
from Kamchatka river, Salvelinus elgyticus from
Lake Elgygytgyn in Chukotka. Sometimes diver-
gence can be more profound. Not long ago in
Lake Elgygytgyn another char was found and
described as representative of a new genus Salve-
thymus svetovidovi (Chereshnev and Skopetz
1990).

Thus regarding various examples of interre-
lated sympatric ecological groups of char in na-
ture, it is possible to find different stages of

spéciation which, when properly ranked, paral-
lel the temporal sequence of stages of phenetic
divergence during sympatric spéciation.

When the probability of assortative mating
increases (shifts in spawning time and spawn-
ing grounds, growth rate, maturation, behaviour
etc.), sympatric forms can give birth to new spe-
cies. In other words, the main role in sympatric
spéciation is played by reproductive isolation
which follows displacement in ecologically im-
portant characters subjected to disruptive selec-
tion. The latter leads to polymorphism in natu-
ral populations. Assortative mating on the one
hand reinforces the effect of selection, on the
other, it itself can give impetus to divergence
and spéciation, though notin every case are new
species formed. | would like to stress that not
every case of sympatry should be treated as the
result of sympatric spéciation. Processes of
sympatric and allopatric divergence complement
each other.

The problem ofthe criteria of
species boundaries and the evalua-
tion oftaxonomic rank of Arctic
char

Each time the researcher comes across sympatric
populations of char there is a question of how to
interpret the differences observed and how to
assess the taxonomic rank of these groupings?

The problem is really complicated. Groupings
that are similar in ecology, coloration and mor-
phology exist in many parts of the range. At the
same time there are no absolutely identical
populations. They can certainly differ from one
another and are often reproductively isolated
from neighbouring groupings.

This is situation which was depicted by E.
Mayr as "nightmare for systematics, paradise for
the evolutionary biologist” (Mayr 1947).

In this situation, the description of new spe-
cies can result in a classification of char that
will be impossible to use. This will be a return
to those days when a new species was described
from each water body. Such an approach to the
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solution ofthe char problem is incompatible with
the biological concept of species. With all its
merits, the biological concept of species also has
faults. In particular the criteria for interbreed-
ing and reproductive isolation are not compre-
hensive. There are a number of known cases
when interbreeding between good fish species
results in viable offspring (Gritzenko 1970, Berst
et al. 1980).

One should agree with Mayr (1969) that many
populations may be found in nature that have
passed only part of the way leading to species
status. It can be difficult to apply the biological
species concept to them. An objective definition
of species boundaries is impossible in a
multivariate system. Natural populations in con-
tact zones often behave with respect to one an-
other as good species, until their habitats are
destroyed. Isolating mechanisms for species in
statu nascendi are not yet completely formed.
Species level is reached after the spéciation proc-
ess becomes irreversible. However it is often
impossible to determine whether a species has
reached the irreversible stage. Refinement of iso-
lating mechanisms in different populations may
occur at varying rates. Therefore when their
natural habitats overlap, species can be isolated
in some regions, but cross easily in others. Spe-
cies are populations divided by gaps, but not
every gap gives the right to give an isolated
population species rank. Cases are known when
most diverged populations reach the species
level. They do not breed in sympatry but are con-
nected by a chain of populations overlapping in
all characters. S. alpimts sensu stricto-S. malma
could be an example of such a distribution if one
could prove species isolation of the extreme
members of the series. In the case of sympatry,
the situation becomes even more complicated.
Separation of species, as a rule, becomes impos-
sible and not even necessary since in not all cases
can the various forms of adaptive polymorphism
be viewed as the initial stages of sympatric di-
vergence.

Besides, different systems of characters evolv-
ing at a different rate are used for identification
of char. It is well known that differentiation in

life history precedes morphological differentia-
tion, the latter preceding genetic differentiation.
There can be no strict correspondence between
the degree of phenotypic and genetic divergence
as phenotypic variability includes both genotypic
and paratypic components.

This situation points to a lack of clear species
criteria. The boundaries between species and
forms prove to be blurred in a number of cases
and this reflects the situation in nature. Arctic
char is a complicated complex of forms of dif-
ferent levels of isolation, beginning with group-
ings that appear each time in the ontogeny ofa
single generation and ending with sibling spe-
cies or phenothpically well distinguished spe-
cies. Besides, zones of intergradation can exist
between different forms.

Bearing in mind the evolutionary taxonomic
situation described above, we tried to determine
the status of Arctic char.

A complex species as a population
system ofthe highest hierarchical
level

Regarding high variability of Arctic char group-
ings, their complex interrelations, and the pres-
ence of intermediate phenons, we propose to
unite all Arctic char in one superspecies -
Salvelinus alpinus complex. My point of view is
that the complex of Arctic char from various
Holarctic water bodies is a population system of
the highest hierarchical level. Moreover, it can
be viewed as both a superspecies and a
syngameon since it unites allopatric and
sympatric semispecies and species. Such systems
were called by Mina (1986) full species.

This complex is represented by three morpho-
types, each ofthem being characterized by a cer-
tain set of adaptive traits. Representatives of one
morphotype can include groupings varying in the
degree of differentiation. Within the boundaries
ofthe S. alpinus complex one can find groups of
any level: 1) intraspecific level within the limit
of one morphotype or intermediate between two
morphotypes, 2) semispecific level and 3) spe-
cific level.
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Beyond its boundaries are S. leucomaenis, S.
fontinalis, S. namaycuch and possibly Salvethy-
mus svetovidovi.

Groups of different levels have different de-
grees of isolation. In some cases continuous vari-
ability was found and hiatuses between pheno-
types lacking; in other cases sympatric forms
were reproductively isolated. Depending on the
point of view of the researcher, they can be re-
garded as species or ecological races.

This scheme of population structure of the 5.
alpinus complex” can be defined more precisely,
as newly examined char groups of any level can
be included in it.

Such complex species can be also found in
other groups of fishes inhabiting non-stable en-
vironments, mainly in high latitudes, for exam-
ple in the genera: Brachymystax, Coregonus,
Gasterosteus, Oreoleuciscus and others (Reshet-
nikov 1980, Mina 1986, Zuganov 1991). It seems
probable that such hierarchical systems of group-
ings are characteristic of extreme environmen-
tal conditions.

Divergence levels in the genus
Salvelinus and the structure of
endemic species

A group of char species exists in the genus
Salvelinus where a different stage of subdivision
is observed. The following are included in this
group: the western Pacific S. leucomaenis, a pre-
dominantly anadromous form, the western
Atlantic anadromous, riverine and riverine-
lacustrine S. fontinalis and the American lake
char S. namaycush. No one doubts their specific
status and the definition of separate individuals
is not difficult.

The structure of endemic species is much sim-
pler. Throughout most of its range, S. leuco-
maenis is monomorphic and represented by an
anadromous form, though one population of a
resident form is known in Lake Chuktcha (Tauj
River basin near Magadan). Towards the south
of the natural habitat, the occurrence of dwarf
freshwater males increases in populations of
anadromous forms. They are noted on Sakhalin

Island and in the Southern Kuril Islands
(Savvaitova 1989).

In some waterbodies of Kuril Islands, the dif-
ferentiation into two seasonal groups is observed.
These groups differ in growth rate and spawn-
ing periods. A freshwater form of S. leucomaenis
lives in the south of the area in Japan and ap-
parently in the lower reaches of the Amur river
and Primor’ye (Loftus 1958, Savvaitova 1989).

S. fontinalis has freshwater and anadromous
forms that are characterized by a significant vari-
ability in their morphological features.

S. namaycush is a lake form. A deepwater lake
grouping S. namaycush siscowet occurs rarely.
Lacustrine-riverine populations are also known
(Savvaitova, 1989).

The structure of endemic ancient char forms
from Elgygytgyn Lake (the age ofthe lake is over
one million years) in Chukotka is likely to be
much simpler. This species is adapted to defi-
nite narrow niches in the lake (Chereshnev and
Skopetz 1992).

So the genus Salvelinus is represented by spe-
cies differing in their size and composition that
are on different levels of their evolution.

The rate of spéciation in Arctic char

According to Cavender (1980), the oldest known
fossil Salvelinus found in northern Nevada is at
least ten million years old. The affinity with re-
cent North American taxa indicates that at that
point, divergence and dispersal ofthe major evo-
lutionary groups of char had already taken place.
Thus, at least the basic distributional pattern of
Salvelinus that we see today over the North Pa-
cific basin had probably taken place millions of
years prior to the first glaciation (Cavender 1980).
This is likely to be the case even though the dis-
tribution of modern taxa such as S. malma and
S. alpinus was greatly influenced by glaciation.

According to Benke (1972) the divergence of
the common ancestor of American S. alpinus and
S. malma took place not later than the Pliocene.
Perhaps the divergence of S. leucomaenis also
took place at that time. It is suggested by their
highest chromosomal number among chars (2n
84-86).
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The recently described S. svetovidovi from
lake Elgygytgyn in Chukotka is also considered
to have a remote origin close to the Pliocene ori-
gin of the lake itself (Chereshnev and Skopetz,
1992, Glubokovsky et al. 1992). On the other
hand, this species has the lowest chromosomal
number among salmonids (2n 56) which accord-
ing to Glubokowsky et al (1992) is inoculation
of a high rate of evolution of its high karyotype.

However Alekseyev and Power (1995) con-
sider S. svetovidovi to be a paedomorphic form,
many of its unique features being the result of
retardation of somatic development. Other mani-
festations of this phenomenon are low growth
rate and long life span (up to 30 years). Thus,
the paedomorphic nature of S. svetovidovi indi-
cates that this cannot be a very primitive form,
but a derived form which is in concordance with
karyological data.

Primitive char species are as a rule charac-
terized by monomorphism and low rate of
spéciation. Dispersal of Arctic char and forma-
tion of their present population structure took
place mainly in the Holocene and was strongly
influenced by glaciations. This process was char-
acterized by a high spéciation rate, however only
in a few cases, it resulted in the formation of
new species.

Conclusions

1. It is difficult to put in stable formula of the
eternally changing essence of a species.