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ABSTRACT

The vertical distribution of fish species in the deep Lake Mjesa was observed by means of
benthic and pelagic gill nets and echo sounder.

The water column was utilized by a significant number of fish of several species down to a
depth of 80—100 m, both in the pelagic zone and along the bottom, The dominant species
in the benthic catches were smelr, whitefish, roach, perch, ruffe and burbor. Roach was a
licroral species. Perch was caught down to nearly 50 m depth, whereas both smelt, whitefish,
ruffe and burbor were utilizing most of the bottom profile down to 80 m or more for
parts of, or the whole year. The pelagic zone was dominated by vendace, whitefish and smelt.
Vendace was caught within 25 m from the surface. Whitefish were common down to approx.
40 m, and smelt down to 80 m in late summer and autumn.

The distribution pattern is discussed in relation to food supply, predation and competition.

I. INTRODUCTION

Information on the horizontal and vertical distri-
bution of fish species is of prime importance in
discussions of habitat selection, and possible inter-
and intraspecific competition for food and space.
Until recently, there has been little systematic
information on the vertical distribution of multi-
species fish communities in deep Scandinavian
lakes (e.g. Nirsson 1979). Most of the published
informartion on fish distribution is from relatively
shallow lakes (e.g. NorRTHCOTE and RUNDBERG
1970, Hamrin 1973, ErLoranTa and ErLoranTA
1978).

Mjesa is a deep fjord lake (Fig. 1), which gives
an excellent opportunity to study the utilization
of the deep water column by a fish community
of 20 species (Table 1),

II. STUDY AREA

Mjesa (Fig. 1) is Norway’s largest lake, with a
surface area of approx. 365 km?, and a maximum
depth of 449 m. Since 1912 it has been regulated
for hydroelectric power production. The maximum
regulation amplitude is 3.6 m, leaving much of the
littoral zone dry in late winter. The lake is usually

ice covered from the end of January to the be-
ginning of May. In summer the thermocline is
established at a depth of 10—20 m, usually by
the end of June or in July (HoLTAN et al. 1980a).
Because of the thermal stratification, and the
summer floods, the epilimnic water is theoreti-
cally renewed twice during the summer period
(Hortan et al. 1979).

The main inlet is the River Gudbrandsdalslagen,
draining large mountaineous areas. The outlet is
in the south, the River Vorma.

In the twentieth century, especially after 1950,
Lake Mjesa has been subject to an accellerating
cultural eutrophication caused by domestic sewage,
agricultural runoff, and industrial wastes (HoLTan
1981). This development culminated in 1976, with
a mass bloom of the blue green algae Oscillatoria
rubescens, making the water unsuitable for drink-
ing and industrial use. Since 1976, measures taken
by the authorities have resulted in a pronounced
improvement of the water quality. In 1979—80
the primary production was back to the satisfac-
tory level of the early 1950°s (HovLTan er al.
1980a). The eutrophication did never, not even
in 1976, reach a level of reducing the oxygen
content of the deep waters.

The Furnes Fiord is an arm of the lake in direct
connection with the deep central basin, whereas
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Gudbrandsdalslagen

RINGSAKER-
FJORDENY:

Fig. 1. Lake Mjesa. The test fishing
arcas are shaded. G, S, and M are
localities for benthic net fishing in
deeper water.

ALTITUDE 121 m AL,
SURFACE AREA 365 kM’
CATCHMENT AREA 16,363 km’
MAX. DEPTH 449 m

AVERAGE DEPTH 153 m

WATER VOLUME 56 k'
THEOR, RETENTION TIME 5.6 vrs

The Ringsaker Fiord is isolated by a relatively
shallow area (Fig. 1).

The zooplankton community in Lake Mjosa has
an August—September maximum dominated by
Daphnia galeata (HoLTAN et al. 1980b). The main
zooplankton biomass is found in the upper 30 m
of the water column. There is also a relatively
large population (approx. 150 ind. m"2) of Mysis
relicta (KjELLBERG and SAnDLUND 1983). The
M. relicta population lives pelagically, and in the
ice-free season occupies the water layers between
approx. 25 and 110 m.

The zoobenthos in Lake Mjesa is dominated by
insect larvae (mostly Chironomidae), molluscs,
oligochaetes and amphipods. The highest zoo-
benthos biomass and diversity is found in shallow
water, from the lower regulation limit to approx.
25 m. The chironomids, molluscs, and oligochaetes
are the dominant benthic fauna in this zone. The
amphipods Pallasea quadrispinosa and Gammara-
canthus loricatus are most important in deeper
waters, but P. guadrispinosa is also found in the
littoral zone in summer (Hortan et al. 1980b,
NEsJE et al. 1981).



138

Odd Terje Sandlund, Tor Fredrik Naesje, Leif Klyve and Torfinn Lindem

Table 1. Total catch by gill net sampling in Lake Mjosa (localities Furnesfjorden and Ringsaker-
fiorden, Fig. 1), October 1978—Nowvember 1979. N=number of fish, W=weight of catch (kg),
C.P.U.E.=catch per unit effort (number of fish per 100 m2 net area per 24 hrs), p.n.=pelagic
nets, b.n.=benthic nets. + indicates that the species is rare in gill net catches, — indicates that

the species was only caught with other methods.

Total Catches CP.UE

Speci

— N % W % pn ba
Lamprey Lampetra fluviatilis (L.) — - = - - —
Brown trout Salme trutta L. 98 07 90 70 01 +
Vendace Coregonus albula (L.) 1194 8.8 84 66 09 01
Whitefish Coregonus lavaretus (L.) 1173 87 280 219 04 1.4
Smelt Osmerus eperlanus (L.) 5427 402 54 42 24 51
Grayling Thymallus thymallus (L.) 72 05 13 1.0 0.1
Pike Esox lucius L. 21 02 69 5.4 +
Roach Rutilus rutilus (L.) 1688 125 184 144 3.4
Ide Lewuciscus idus (L.) 93 07 63 4.9 0.1

Dace Leuciscus lenciscus (L)

+
+
_l_
BT e ] 1o 1ol | it
|12+

Bream Abramis brama (L.) 15 01 25 2.0
Bleak Alburnus alburnus (L.) 78 0.6 3 0.2
Minnow Phoxinus phoxinus (L.) — = e —_
Crucian carp Carassius carassins (L.) —_ = = —
Perch Perca fluviatilis L. 1047 7.7 103 8.1 2.1
Ruffe Gymnocephalus cernua (L.) 2131 158 25 2.0 4.3
Burbot Lota lota (L.) 439 32 284 222 0.9
Miller’s thumb Cottus poeciloprus HECKEL 38 03 + + 0.1
Deepwater sculpin Myoxocephalus quadricornis (L.) 2+ + - +

Stickleback Pungitins pungitius (L.)

111. METHODS

The two major localities for gill-net sampling
were chosen to cover different levels of eutrophi-
cation in Lake Mjesa (Fig. 1). The investigations
by the Norwegian Institute of Water Research
(NIVA) indicate clearly that the Furnes Fiord is
the most eutrophic, and the Ringsaker Fiord the
most oligotrophic part of the lake (HoLTaw et al.
1980a). This is mainly due to the influence of
the main inler, River Gudbrandsdalsldgen, in the
Ringsaker Fiord. For practical reasons, the mode-
rate depth (80—100 m) of these two arms of the
lake make them suitable for sampling with pelagic
gill nets. Echo soundings over the deeper parts of
the lake clearly showed thart the density of fish in
the pelagic zone was very low deeper than 80—
90 m (Lmvpem 1977, 1978). The sampling sites in
the Furnes and Ringsaker Fiords are therefore
assumed to show the main pattern in the vertical
distribution of the pelagic fish species in the lake.

To collect more information on the distribution
of benthic fish species in the deeper parts of Lake
Mjesa, benthic nets were used at three additional
localities (S, G, and M in Fig. 1).

The sampling was done by gill nets of twelve
different mesh sizes (§—50 mm knot to knot). The
benthic nets (2 m deep) were mounted in gangs of
twelve nets with a fixed succession of mesh sizes
(15, 35, 18, 45, 8, 29, 22.5, 50, 10, 39, 12.5, and
26 mm). The nets were set from the shoreline to
the deepest part of the sampling station. The exact
depth of the nets on the bottom profile was
registered by an echosounder (Simrad EL). The
nets were fished for 24 hrs, and the sequence of
mesh sizes reversed to ger the best cover of mesh
sizes in each depth zone. The benthic nets were set
on two localities in each sampling area, to cover
variations in bottom profile and substrate.

The pelagic nets (6 m deep) were mounted in
three gangs of four mesh sizes each, and all
twelve mesh sizes were set for 24 hrs within each
of five different depth zones (0—10, 15—25, 30—
40, 50—60, 70—80 m in the Furnes Fiord and 0—
10, 15—25, 30—40, 45—55, 60—70 m in the
Ringsaker Fiord, The position of the pelagic nets
were controlled by echo sounding. The catches
were sorted in species and counted. Catch per unit
effort (cpue) was calculated as number of fish per
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100 m? net area per 24 hrs. This is used as cpue
throughour this paper. The methods are described
in further detail by SaNDLUND et al. (1980a).

The test fishing in the Furnes Fiord was per-
formed in October and November 1978, February
1979 (through the ice) and monthly from May
through November 1979. In the Ringsaker Fiord,
fishing was performed in March 1979 (through
the ice) and monthly from May through November
1979.

In localites S, G, and M fishing with benthic
nets were performed in September/October 1979.
To investigate the distribution of fish in the deeper
part of the pelagial zone, fish was registered with
an echo sounder system designed for calculating
fish density and size distribution (Linpem 19814,
Livpem and SANDLUND 1984). During the project
period, fishing was also performed with beach
seine, pelagic pair trawl, traps etc., and some
observations from this sampling will be referred 1o
in this paper.

The selectivity of gill nets is well known (e.g.
Hamrey 1975), both in respect to fish species and
fish size. By using a wide spectrum of mesh sizes
and performing the fishing in exactly the same
way in all sampling periods, the errors caused by
the selectivity of the gear will be minimized. The
results can therefore be used to study qualitative
and quantitative changes in distribution (cf. e.g.
Firipsson 1972, Nicsson and NorTHcOTE 1981,
Hmpar and Jonsson 1982). As the nets were
fished during 24 hrs, the diurnal migrations of
pelagic fish in Lake Mjesa, which have been
demonstrated by hydroacoustic methods (LinpEm
1978), were not detected in the net catches.

I'vV. RESULTS

Species composition of the gill net catches

Sixteen fish species were recorded in the gill-net
catches from Lake Mjesa (Table 1). Approx. 40 %/,
of the total number was smelt. Ruffe and roach
constituted approx. 16 and 12 9, and vendace,
whitefish and perch 7—8 9/, each. Burbot were
also common in the gill net catches (3 %), whereas
nine other species each contributed less than 1 9/
of the total number of fish caught. Based on the
weight of the catches, whitefish and burbot were

Table 2. Relative fish density (number of fish per
1000 ) in the central part of Lake Mjosa between
50 and 120 m depth, calculated from echograms of
the Simrad EY-M echosounder.

Depth May  June  Sept Oct Nov
(m)

50— 60 4.53 2.19 3.26 1.81 1.40
60— 70 3.07 0.53 2.49 221 0.76
70— 80 0.66 0.39 2.49 2.19 1.08
80— 90 0.08 0.02 1.54 1.20 1.81
90—100 — — 0.51 0.24 0.71
100—110 —_ — 0.13 0.01 0.02
110—120 — — 0.01 —_ 0.01

dominating. Roach, vendace, trout and pike were
also important in the total catch.

The overall catch per unit effort indicates that
only four species were common in the pelagic zone
(Table 1). These were smelt, vendace, whitefish
and predatory trout. Seven additional species were
caught in the pelagic nets on rare occasions. In the
benthic net catches, the five species smelt, ruffe,
roach, perch, and whitefish were most frequent.
There is only one form of whitefish in Mjesa, with
approx. 31 gillrakers (Aass 1972a, Nusje 1984).

The spatial distribution of the main species

in Lake Mjosa

Echo soundings in Lake Mjesa, in the period 1977
through 1981, show that the density of fish is
very low in the pelagic zone deeper than 30—
100 m (Table 2). Fish schooling greatly influence
density estimates by echo sounding (LiNpEM and
SanpLunD 1984). During the echo soundings in
Mjosa, fish schools were never detected deeper
than approx. 40 m. Echograms from waters deeper
than 120 m in Mjesa show very low fish density
(less than 0.01 fish per 1000 m3), The density of
fish deeper than 70 m increases in autumn (Sep-
tember—November). A typical echo recording
from September is shown in Fig. 2,

Smelt were very prominent in the pelagic and
benthic gill-net catches in the Furnes and Rings-
aker Fiords (Table 1). The size of the catches
varied throughout the year, but in the benthic
catches, smelt was common in all months (Fig. 3).
The benthic carches of smelt in the Furnes Fiord
indicated that this species mainly utilizes the
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to be the only place in Mjosa to catch benthic
whitefish in deep waters, Whitefish catches in
pelagic nets during winter and early summer were
small. The catches of pelagic whitefish reached
maximum from August to November, similar to
smelt (Fig 8). This coincides with the maximum in
zooplankton biomass (Fig. 3, and SANDLUND et al.
1980a). The pelagic net catchesin the Furnes Fiord
indicates that pelagic whitefish keep mainly to
the upper 40 m of the water masses (Fig. 8). This
differs from smelt, which were caught in appre-
ciable numbers down to 80 m.

Vendace is the only species in Lake Mjosa that
was almost completely pelagic. Only on a very
few occasions vendace were caught in the benthic
habitat during our investigations (Table 1). In
late summer and autumn, during the spawning
migration towards the main inlet, River Gud-
brandsldgen, local fishermen catch vendace with
floating beach seine. This commercial fishery
yield some 50—150 tons (average 136 tons, AAss
1978) of vendace every year. The main catches of

vendace were made in the upper 25 m of the
pelagial zone, and only very rarely deeper than
40 m (Fig. 9). In both fishing areas, the catches
were low during winter and spring. In the Furnes
Fiord, the carches increased from July onwards,
and reached a maximum in August—September.
In the Ringsaker Fiord, the catches remained low
throughout July, and maximum was reached in
Seprember—October.

Brown trout and, to a lesser degree, pike are
living as pelagic predators in Lake Mjosa, preying
mainly on smelt, and some vendace and whitefish
(HurrreLpr-Kaas 1917, SaANDLUND et al, unpubl.
data). Being large predators, however, these species
are present in low numbers, and catches are small
(Table 1).

Gill-nert catches indicate that roach, perch, ruffe
and burbot were the most numerous of the benthic
fish species in Lake Mjesa. Roach is a littoral
species, rarely caught deeper than 10 m (Fig. 10).
Perch were commonly caught down to 30 m,
whereas ruffe were common at all depths down to
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80 m, exept in summer when most of the popula-
tion appeared to be living shallower than 30 m
(Fig. 10). This might be connected with spawning,
which takes place in June. The burbot spawns in
winter and early spring, and they were caught
above 10 m only at this period (SANDLUND et al.
1985). During winter they were not caught in the
50—80 m zone, but at all other seasons, they
were common in the bottom net catches from 10
to 80 m (Fig. 10). Neither ruffe nor burbot were
caught decper than §0 m (Fig. 4).

Perch and ruffe have been caught very occa-
sionally in pelagic nets and trawl, whereas burbot
appear to live strictly within one mertre from the
substratum.

Several other species, e.g. bream, bleak and ide,
were of less importance in our gill-net carches
(Table 1), bur appear to be quite common in
shallow, protected bays of the lake. This is shown
both in trap and beach seine catches.
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V. DISCUSSION

The spatial distribution of fish species is most
often related to food supply, suitable spawning
localities, and inter- and intraspecific comperi-
tion, including predation (NiLsson 1967, KEeasT
1977, PYKE et al. 1977, WERNER and MITTELBACH
1981).

The fish distribution in Lake Mjesa appears to
be in accordance with earlier investigations in
lakes where the large, so called “glacial relict”
crustaceans are present (JoOHNSON 1975, NiLssoN
1979). In Lake Mjesa, Mysis relicta create a hypo-
limnetic food supply with a vertical distribution
from 25 to 110 m (KJELLBERG and SANDLUND 1983),
and Pallasea gquadrispinosa a benthic food supply
down to more than 100 m depth (MaTHISEN 1953).
Gammaracanthus loricatus seems to have an inter-
mediate habitat between these two species, being
semibenthic down to depths of more than 200 m
(N&EsSIE et al. unpubl. data). G. loricatus is more
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mobile and swim faster than P. guadrispinosa,
and is therefore less likely to be eaten by fish
(NESJE ef al. 1981).

In Lake Mjesa, benthic fish density is relatively
high down to approx. 80 m depth. In Lake Vinern,
where the potential food resources of glacial
relicts are similar to that of Lake Mjesa, several
fish species utilize the water column down to at
least 85 m, which was the maximum depth in the
sampling areas of NiLsson (1979). Similar results
are reported from Great Bear Lake, where benthic
M. relicta was found down to approx. 200 m
(Jounson 1975). The Mysis-eating deepwater scul-
pin and its predator, lake trout (Salvelinus namay-
cush), were also caught down to this depth, but
catches were very low deeper than 80—100 m.
In Lake Mjesa a low number of deepwater sculpin
was caught down rto at least 150 m, but no preda-
tors were caught deeper than approx. 80 m. The
catches of smelt and whitefish deeper than 100 m
at locality G demonstrate the importance of food
supply in determining the distribution of fish. At

zones in Furnesfjorden, 1978—79.

this locality industrial effluents containing organic
fibers have created a sediment with high organic
content down to at least 300 m. This supports an
exceptionally high density of oligochaetes (Hot-
TAN et al. 1979), which can be urilized as food by
whitefish and smelt.

In oligotrophic lakes where the “glacial relicts”
are missing, fish are rarely found in any significant
densities deeper than 40—60 m (SANDLUND 1979,
LinpEM 1981a,b, Skurpar and Qvenmp 1982,
Hinpar and Jonsson 1982). In eutrophic lakes
oxygen depletion may reduce the possibilities for
fish to live in deep waters (ANDREASSON and STAKE
1970, BRABRAND et al. 1981). The presence of the
“cglacial relicts® M. relicta and P. quadrispinosa
thus appears to enable the fish to utilize a larger
part of the water volume in oligotrophic lakes.

In Lake Mjesa the upper 30 m of the water
volume support the largest fish biomass and the
most diverse fish fauna. This is the usual pattern
in lakes, and is due to the more abundant food
supply of zooplankton, zoobenthos, phytobenthos,
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and prey fish (Jonwsow 1975, NiLsson 1979,
Hovtan et al. 1980a). The regulation zone appears
not to alter this picture, although within the
3.6 m that are left dry in winter, zoobenthos
production will be low.

The benthic species
In Lake Mjesa, roach were dominating in the
littoral zone, eating both phyto- and zeobenthos.
This is commonly observed in oligo- and meso-
trophic lakes (HartmANN and LOFrLER 1978).
When the lake becomes more eutrophic, other
cyprinids, especially bream, become more abun-
dant in the littoral zone (TuunamneN 1971, Haxk-
KARI and GRANBERG 1977, HARTMANN and L&re-
LER 1978). The mouth apparatus of bream is
specially adapted to catching food organisms
buried in the soft sediment found in eutrophic
littoral zones (NikoLsky 1969, p. 286),

The two most important fish species feeding

10

almost exclusively on zoobenthos are ruffe, and
small to medium sized perch. Larger perch also
cat fish, mainly smelt. In Lake Mjosa, perch is
restricted to the 0—50 m depth zone, whereas
ruffe utilize the bottom profile down to at least
80 m. Ruffe are commonly found in deeper waters
than perch (Hamrin 1973, Hansen 1978, Nizsson
1979), but due to its small size, ruffe are often
missing from gill-net catches done with mesh
sizes from approx. 20 mm upwards (e.g. NorTH-
cote and RunpserG 1970). The different distribu-
tion of these two species might be due 1o differ-
ences in their ability to catch various food org-
anisms (NIKOLSKY 1969, p. 286),

The typical distribution of the two benthic
predators pike and burbor is that the pike is
littoral and the burbot lives in deeper waters
(SvArpson 1976). In Lake Mjesa, large pike also
move out into the pelagic zone, preying on smelt
and vendace in near-surface warers. The pike is
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very much depending on sight to cawch its prey
(NikoLsky 1969, p. 264), and must therefore keep
close to the surface. The burbot is less dependent
on sight, and in Lake Mjesa it feeds almost exclu-
sively on P. quadrispinosa and smelt (HurrreLDT-
Kaas 1917, SanpLUND et af. 1985). Its distribution
mainly follows that of its prey on the bottom, i.e.
down to approx. 80 m.

The pelagic species

Vendace is considered the most specialized zoo-
planktivore in the Scandinavian freshwater fish
fauna (SvArpson 1976). It is commonly found in
the upper layers of the pelagic zone feeding on
crustacean zooplankron (Varrmn 1964, Hamrin
1979, NrssoN 1979). This is in accordance with
the strictly pelagic way of life of the Lake Mjosa
vendace. In some warmer lakes vendace move
down into the meta- or hypolimnion in summer

when surface water temperature exceeds approx.
20°C (NorTHCOTE and RunNpBERG 1970, HAMRIN
1979). In Lake Mjesa, surface temperature rarely
reach 20°C, and no such downward movement
was detected in summer. In Lake Milaren, NorTH-
coTE and RUNDBERG (1970) observed that vendace
in summer moved in close to the bottom at mid-
day. In Lake Mjesa almost no vendace were
caught close to the bottom, probably due to the
relatively high density of smelt and whitefish,
increasing competition in this zone.

In addition to vendace, whitefish and smelt
are important in the pelagic catches in late sum-
mer and autumn. This dominance of salmonids in
the pelagic zone indicates the oligo-mesotrophic
state of the lake. With increasing cutrophication
other species, particularly roach, have been ob-
served to migrate into the pelagic zone (e.g.
NorrrcoTE and RUNDBERG 1970, BRENNER 1973,
BRABRAND et al. 1981).
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Species utilizing both the benthic and
the pelagic habitat

Whitefish and smeltr appear to be the most versa-
tile species in Lake Mjesa, utilizing almost all
habitats where fish were found. Both species are
commonly found to occupy both the benthic and
the pelagic zone (SvArpson 1976, NiLsson 1979,
SkurpaL and QveENLD 1982). Whitefish is often
found in two or more different “morphs® or
semispecies, living sympatrically, but in different
habitats (SvArDson 1976, BErGsTRAND 1977). In
Lake Mjesa, however, only one morph of white-
fish is found (Aass 1972a, NuEsjE 1984), and it is
only the medium sized part of the population
(approx. 30 cm body length) that migrates out
into the pelagic zone in late summer. Analyses of

stomach contents show that its main food source is
crustacean zooplankton and some surface insects,
and that there is no diurnal migration between
benthic and pelagic habitat (Nsje 1984). The
benthic part of the whitefish population had eaten
a much greater proportion of zoobenthos, espe-
cially P. quadrispinosa, than the pelagic part. The
same separation of stomach content was found
between benthic and pelagic smelt (SanpLUND
et al. 1980b). Pelagic smelt utilize crustacean
zooplankton, M. relicta and smelt fry, while the
benthic smelt also eats P. quadrispinosa. The
reason for the habitat shift in parts of the white-
fish and smelt populations in Lake Mjosa might
be as follows: In the benthic habitat, in addition
to smelt and whitefish, at least four species (ruffe,
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perch, burbot and deepwater sculpin) prey on
P. quadrispinosa. Both smelt and whitefish are
generalists able to utilize both zoobenthos and
zooplankton (Svarpson 1976). With a strong
competition for food in the benthic habitat, ir
seems natural for these facultative planktivores to
migrate out into the pelagic zone when this habitat
offers abundant food, i.e. in late summer and
autumn. The smelt, being a more effective predator
(Svirpson 1976), can utilize the deeper part of
the pelagic zone, preying on M. relicta, which is
living below the thermocline (KjELLBERG and
SanpLUND 1983). The reason that the zooplankton
specialist, the vendace, does not exclude these two
generalists in the pelagic zone might be that the
vendace is subject to quite extensive fishing.
Fishing mortality of adult vendace is estimated to
40 9, (Aass 1972b). Fishing mortality of white-
fish in Lake Mjesa is very low (Aass 1978), and
smelt are not fished at all.

As smelt is the main prey of all predators in
the lake (Hurrrerpr-Kaas 1917), natural mort-
ality of this species is relatively high, approx. 55 %
in adult fish (SanpLunp et al. 1980b). In adult
whitefish, however, natural mortality is appa-
rently very low (Nasjt 1984). The smelt and
whitefish both take other prey in addition to
zooplankton, and utilize a larger part of the
pelagic zone. In addition, there might exist a more
subtle habitat parrtitioning concerning space, time
of feeding etc. than we are able to detect by 24 hrs
gill-net fishing. Thus the habirar utilization indi-
cates interactive segregation (sensz NiLsson 1967),
with smelt and whitefish as the generalist species
widening and contracting their niche according to
food supply.
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Synopsis

Whitefish and cisco hatch in the River Gudbrandsdalslagen during May, and drift downstream into the Lake
Mjgsa where the alevins start exogenous feeding in litloral backwaters in late May and carly June. Age-()
whitetish dwell in littoral areas during summer and autumn, whereas age-0 ciscoes abandon the littoral zone
and become pelagic from August onwards. Early food of cisco and whitefish are Cyclops, and Bosmina,
whereas whitefish also eat early instars of Chironomidae. Later, age-0 ciscocs feed on zooplankton
(cladocerans), although surface insects are also eaten. Whitefish feed on a wider range of food items
including zooplankton, surface insects, chironomid larvae and pupac. cyprinid larvae, and benthic clado-
cerans. Cisco grew from 1.0 to ~1lem, and whitefish from 1.6 to ~12c¢m, during the first summer and

autumn.

Introduction

The present paper gives data on habitat, food and
growth during summer and autumn of age-0 white-
fish, Coregonus lavaretus, and cisco, C. albula, in
the northern part of Lake Mjasa, Norway. There
are few studies of habitat use and growth during the
first growth season of these species in Europe
(Lindstrém 1962, Hartmann 1983, Wilson 1984).
The first food of young whitefish are slow-moving
zooplankton not larger than 0.5-0.6 mm (John &
Hasler 1956, Kokova 1979)., but later during the
first summer the diet appears to vary with the
availability of potential food items (Lindstrém
1962, 1970).

Both whitefish and cisco produce widely fluc-
tuating year-classes (Jarvi 1942a, b, Aass 1972,

All correspondence o B. Jonsson.

Healey 1980). Several authors relate year-class
variations to feeding and other environmental con-
ditions during the first year (e.g. John & Hasler
1956, Aass 1972, Vladimirov 1975, Toneys & Coble
1979). As very little is known about the first year
ecology of European coregonids, we studied hab-
itat, food and growth of whitefish and cisco during
the first summer and autumn. We discuss the data
in relation to food availability, and give circums-
tantial evidence for a connection between year-
class strength and zooplankton biomass.

Methods
Study areu

Lake Mj@sa (61°30" N, P25'E. 122 m a.s.l.. sur-
face area 365km?) is a deep (max. depth 449m)
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fjord lake. The main inlet. River Gudbrandsdals-
ligen empties into the part of the lake, Rings-
akerfjorden (max. depth 80m), where sampling
was performed. Zooplankton in this part of Mjgsa
during 1972-74 and 1978-81 were dominated by
Limnocalanus macrurus during late autumn and
winter. Cyclops lacustris  during spring, and
Bosmina longispina, Daphnia galeata, and D.
cristate during summer and carly autumn (Gosta
Kjellberg, personal communication). During sum-
mer, the densities of the cladocerans in the Ring-
sakerfjord were high in 1973 and 1979 (Table 1).
Lake Mjasa contains 20 fish species. with cisco.
smelt, Osmerus eperlanus, and whitefish numer-
ically dominant in the pelagic zone. In shallow
water along the shore, roach, Rutilus rutilus,
perch, Perca fluviarilis, and rutte. Gymnocephatus
cernuun, are most numerous. The study arca and
fish community are further described by Holtan
(1951) and Sandlund et al. (1983). respectively.

Sampling and material treatment

During June—October 1979 to 1981, we sampled 249
age-0 whitefish and 427 age-0 cisco. In the pelagic
zone, we sampled 2-4 times cach month with 2
pelagic trawls (Bagenal & Braum 1978) (0.7 mm
and 5.0 mm bar mesh, 2 X 1.5m and 12 X 6 m open-
ing frames). The smallest trawl was an otter trawl,
pulled by one boat. The larger trawl was a pair
trawl pulled by two boats as described by Dahm
(1980}. Trawling depths and speeds were (-40m
and 2-3 knots (Lindem & Sandlund 1984). Newly
hatched embryos (May-June) were wecekly
sampled with dip net (0.7mm bar mesh) and the

small otter trawl. Larger young (late June-July)
were sampled 2-4 times each month with shot gun
and dip net. The schooling young were stunned by
firing a shot gun load at the water surface over the
school. The stunned young were caught with the
dip net (0.7 mm bar mesh). Large young (August—
October) were monthly sampled with pelagic and
benthic gill nets (5 nets with 8-18.5 mm bar mesh,
2-3.5mm in mesh increment), beach seine (7.8 mm
bar mesh, 60 m x 4 m) and the large pair trawl. The
pelagic and benthic gill nets were used at depths
between (80 m (panel size of pelagic nets: 15 x
6m, benthic nets: 15X 2m) (Hindar & Jonsson
1982, Sandlund et al. 1985). We measured total
lengths (0.1cm), and identified and counted the
number of food items of cach fish under a ster-
eoscopic microscope. Wet weights of stomach con-
tents were estimated from undigested food items
(Hindar & Jonsson 1982).

Zooplankton were sampled with a 501 Schindler
sampler (Schindler 1969, Langeland & Rognerud
1974) at the depths: 0.5, 2, 5, 8, 12, 16, 20, 30, and
50m. Number of crustacean zooplankton in the
(=50m zone per m® surface area (Table 1) was
calculated (Holtan et al. 1980, Kjellberg 1982).

Results

Whitefish and cisco hatch in the River Gudbrands-
dalsligen during May (Aass 1972, Nasje 1984), and
the eleutheroembryos drift directly into Lake
Mjgsa where they aggregate in backwaters along
the shore. There they start exogenous feeding.
Both species occurred in the littoral zone until the

Table 1 Densitics of zooplankton (number at depths (0=50m per m? surface area) in Ringsaker(jorden, July 1972-74 and 1978-81

(Kjellberg 1982).

Year B. longispina D. galeatu D, eristata Cyelops Total

1972 1710 630 0 21820 24180
1973 H7180 151820 17570 37510 654080
1974 13827 2838 1353 9300 27378
1978 157570 11400 19150 19460 207580
1979 229900 81430 29620 10460 341420
1980 41220 153380 10200 20120 92920
1981 7500 1000 96t 9O80 19140




end of July, often in mixed schools. From August
onwards, cisco abandoned littoral areas. All later
catches of age-() cisco were in the pelagic zone at
depths between 15-30m. Age-0 whitefish stayed in
littoral areas, and were never caught in the pelagic
Zone.

During June, zooplankton were important food
items for both species (Table 2). In addition, white-
fish fed on chironomid larvae and pupae. and sur-
face insects. In July the importance of the latter
food items increased for whitefish. Bosmina was
the most important food for cisco. In August and
September zooplankton were important food for
whitefish, in addition to smaller amounts of chi-
ronomid larvae and pupac in August and surface
insects in August and September. In September
and October cisco fed almost exclusively on zoo-
plankton. Zooplankton were overall more impor-
tant food items for cisco than whitefish (Mann-
Whitney U-test, P<<().05). Surface insects and chi-
ronomid larvae and pupae were less important for
cisco than for whitefish (P<().03).

Whitetish and cisco were 1.0 and 1.6 cm, respec-
tively at the start of exogenous feeding (Fig. 1).
Growth-rate of whitefish was almost rectilinear
until late August or early September. Whitefish
were ~12cm in September. We believe that fish
growth is negligible later in the autumn, as mean
size of age-1 whitefish was ~12cm in early June
(Naesje 1984). Growth-rate of cisco was low during
May. and increased rapidly in the beginning of
June. Cisco were ~1lcm in the beginning of Octo-
ber corresponding to the mean-size of age-1 cisco in
June (Sandlund et al. 1981a).

Discussion

Whitefish and cisco of age-0 start exogenous feed-
ing in littoral areas of the lake. In calm weather,
mixed schools were observed close to surface.
Age-0 whitefish dwell in this habitat throughout
the growth-season. whereas age-0 cisco abandon
littoral areas from August onwards. Later. young
cisco were difficult to catch. Our observations,
however, indicate that they move into the pelagic
zone, which also is the feeding habitat of older

311

LE]
Whitehish 1981 *+
0 é o
A
5 ¢
o
1980 ?
’
/’ d
"z/.+
+ @7
r‘/' —95% confidence limits
2 (/l}] Mean
T ) —Tolal range of varability
£
[S)
£ 1
2
] Cisco
F= 1979
&1 10
5
2
1
a7 s
May Jun Jul Aug Sep Oct
Months

Fig. 1. Summer growth of age-0 whitefish and cisco in Lake
Mjuesa 1979-81. The growth curves are based on total catch.

cisco (Svirdson 1976, Sandlund et al. 1981a). These
results support Lindstrom (1970) who found that
whitefish are littoral the first weeks after they start
exogenous feeding. There are very little published
data on summer and autumn habitat of European
whitefish. Our results, however, parallel those of
Hoagman (1973) on lake whitefish, C. clupeafor-
mis, in Lake Michigan. He found that whitefish
larvae occupied shallow inshore areas and bays to
depths of not more than 3m. There are very few
studies on the feeding habitat of age-0 European
cisco. However. Clady (1976) found that the
closely related lake herring, C. artedii, lived near
the surface in shallow bays during the first month
after hatching. Later, they moved offshore. al-
though they remained in near-surface water. Pel-
agic age-0 ciscoes in Lake Mjgsa were caught at
depths between 15-30m,

Several authors have found that nauplii and



(%)
—
(e8]

Table 2. Food percentage by weight of whitefish and cisco age-0 in Lake Mjosa. An "~ signifies that no fish was collected during a
sampling period,

Date Food items Whiteflish Cisco
1979 1980 1981 Mean 1979 1980 1981 Mean
[-6 Number of fish 6 10 10 58 17 8
June Per cent empty stomachs 0 0 0 3.4 0 38.9
Cyclops spp. 20 a8 0 36 85 89 23 66
Bosmina spp. () 2 100 34 ] 0 77 26
Daphiia spp. 0 0 0 0 O 0 (0 2
Calanoida 0 0 0 0 0 1 0 4
Rotatoria ] 0 0 0 9 1 ( 3
Chironomidae 80 0 0 27 i} () 0 ()
Surface inscets 0 10 0 3 0 0 0 0
13-30 Number of fish 26 2 10 32 16 4
June Per cent empty stomachs { 16.7 (0 0 6.3 25
Cyelops spp. 0 0 0 0 31 0 ] 10
Bosmina spp. a2 10 0 21 0 26 2 9
Daphnia spp. 48 0 0 16 10 0 ] 3
Polvphemus pedicidus 0 0 0 0 10 57 0 22
Leptodora kindi 0 0 0 0 0 17 0 6
Rotatoria 0 0 0 0 49 0 {0 16
Benthic Cladocera 0 () 23 8 0 0 0 0
Chironomidae 0 19 33 24 (0 0 0 ]
Surface insects 0 71 15 29 0 0 98 KX)
Cyprinid larvae 0 0 Y 3 0 0 0 0
July Number of fish 15 = 20 23 15 20
Per cent empty stomachs 0 - 0 4.3 6.7 &
Bosmina spp. 34 - 7 21 70 94 65 76
Leptodora kindti 0 - 8 4 0 ] 0 0
Rotatoria 0 - 3 2 () 0 1 0
Chironomidae 4 - 6l 33 7 2 0 3
Surface insects 62 - 20 41 23 4 34 20
Cyprinid larvae 0 - [ 1 0 ] 0 0
Aug Number of [ish 6 - 9 - - -
Per cent empty stomachs 0 = 0 - - -
Bosmira spp. 3 - 59 31 = - - -
Polyphemus pediculus 27 - 0 14 — — = -
Leptodora kindti 62 = 0 31 - - - -
Benthic Cladocera 0 - 6 3 = == - -
Chironomidae 8 - 20 14 - - - -
Surface insects 0 5= 15 8 - - - -
Sept Number of [lish 6 - - s - 3
Per cent empty stomachs 50 - - = - 333
Bosmina spp. 4 & s 4 = - 43 43
Daphnia spp. 64 - - 64 - - 49 49
Leptodora kindii 16 - - 16 - - 0 0
Alona spp. 0 - - {0 - - 5 5
Surface inscets 16 - - 16 = = 2 2
Oct Number of fish - - - 6 - -
Per cent empty stomachs - - - 0 - -
Cyclops spp. = - - = 10 - - 10
Daphnia spp. - - - - 34 - - 34

Limnocalanus macrurus - - - - 56 - - 56




small copepodids of cyclopoid copepods are the
first food of whitefish larvae (John & Hasler 1956,
Lindstrom 1962. Braum 1964, Kokova 1979), but
feeding will vary with the availability of food or-
ganisms (Lindstrém 1970). Larvae of whitefish
have a more diverse diet than cisco in that surface
insects. chironomid larvae and pupae. cyprinid lar-
vae, and benthic cladocerans are more frequently
eaten in addition to zooplankton. These food dif-
ferences parallel the dietary differences between
older whitefish and cisco (Sandlund et al. 1981a, b).
The whitefish is known as a generalist feeder. Zoo-
benthos, zooplankton. and surface insects are ma-
jorfood items and are the same food items eaten by
age-0 whitefish in the present study. The cisco is
known as the most spectalized zooplankton eater
among Scandinavian freshwater fishes (Svirdson
1976). and our results show that they feed mostly
on zooplankton trom the onset of exogenous feed-
ing.

First year growth of whitefish and cisco in Lake
Mjdsa is average to relatively good compared to
other Scandinavian populations (Hamrin 1979,
Svirdson 1979). Back calculation of growth from
scales and otoliths indicates that Swedish whitefish
and cisco grow 6-14 cm the first year.

Growth-rate of whitefish was almost rectilincar
during the first summer. Growth-rate of cisco was
low during the first weeks, but increased rapidly
during late June, concurrently with increasing bio-
mass of Bosmina (Holtan et al, 1980, Holtan 1981).
We found no seasonal or annual differences in
growth-rate which corresponded to differences in
zooplankton density.

Differences in zooplankton density during sum-
mer may. however. influence year-class strength of
cisco. Abundant cisco vear-classes in 1973 and 1979
(Per Aass, personal communication), corre-
sponded to years with high densities of clado-
cerans. This result supports the hypothesis that
variations in year-class strength are caused by vari-
ations in food availability during the first summer,
and strong year-classes appear when food is abun-
dant and competition is lax (John & Hasler 1956,
Aass 1972, Vladimirov 1975, Toneys & Coble
1979). Thus, our results suggest that zooplankton
density influences the survival-rate of age-0
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ciscoes. Those which survive, however, grow at
approximately the same rate whether zooplankton
are abundant or scarce.
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Synopsis

The whitefish, Coregonus lavaretus, in the lake Mjgsa exhibited two niche changes during their life cycle.
Juveniles (<25 cm body length) were confined to the shallow (0-30m) epibenthic zone. Medium sized
whitefish (25-35 cm body length) expanded their habitat use to include the deep (30-90 m) epibenthic zone as
well as the pelagic zone. From a body length of 35 cm, habitat use was restricted to the deep epibenthic zone.
Small fish in the shallow epibenthic zone ate small and medium-sized prey (zooplankton, insect larvae and
surface insects). Medium-sized fish in this zone were in addition feeding on the larger amphipod, Pallasea
quadrispinosa. In the pelagic zone, the diet of medium-sized whitefish was dominated by zooplankton,
although some larger prey like surface insects and age-0 smelt, Osmerus eperlanus, were also eaten. In the
deep epibenthic zone, the diet of both medium-sized and large (< 35 cm) whitefish consisted mainly of the

large prey P. quadrispinosa.

Introduction

Ontogenetic niche shifts have been shown to occur
during the life of many fish species (Werner &
Gilliam 1984, Persson 1990). As the fish grow, its
habitat choice and diet change. Optimal prey size is
generally positively correlated with fish size (Wan-
kowski & Thorpe 1979), and diet shifts are often
accompanied by relatively abrupt increases in food
particle size or abundance of available prey (Larkin
et al. 1957, Martin 1970, Werner 1979). Shifts to
larger or more abundant prey may occur within one
habitat, but are often associated with habitat shifts
(Werner et al. 1981).

The optimal diet model predicts that the fish will
select the prey that gives the highest net rate of
energetic return (Mittelbach 1981, Stephens &
Krebs 1986), modified by the relative predation
risk in the various habitats available (Mittelbach
1984, Werner & Hall 1988). The risk of predation is

amajor factor in habitat choice by small fish, but as
fish size increases, predation risk decreases (Crowder
& Cooper 1982, Werner et al. 1983). The optimal
prey size, however, usually increases with increas-
ing fish size.

Whitefish, Coregonus lavaretus, are omnivo-
rous, and may feed on zooplankton, zoobenthos,
surface insects and fish (Nilsson 1967, Svirdson
1976). As whitefish populations contain many size
and age groups, we would expect this variability in
diet to be associated with ontogenetic develop-
ment. We would predict that the changes in diet
and habitat use reflects the spatial variation in prey
abundance and predation risk.

Whitefish in the deep, oligotrophic lake Mjgsa,
Norway, are monomorphic, with a subterminal
mouth and a mean gillraker number of 30 (Sand-
lund et al. 1987). Whitefish reach a body length of
12cm during the first year and 20cm during the
second year. Asymptotic length was 31cm. Fifty
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percent sexual maturity was attained at age 5, at a
mean length of 29 cm. Thus, post-maturity growth
was low. However, a large proportion of the fish
was old; more than 10% of the adults were older
than 20 years. The whitefish stock is exploited only
as a by-catch when fishing for other species.

In Mjgsa, food availability differs seasonally.
Maximum abundance of the zoobenthos groups
(insect larvae, molluscs, and oligochaetes) is found
in July (Holtan et al. 1980). The amphipods Palla-
sea gquadrispinosa and Gammaracanthus loricatus
are also important zoobenthos, but, as they cannot
be sampled quantitatively with an Ekman grab,
their actual abundance is not known (Nesje et al.
1981). Maximum abundance of zooplankton is
found in August/September, when the zooplank-
ton community is dominated by Daphnia galeata
and Bosmina longispina (Holtan et al. 1980, Kjell-
berg & Sandlund 1983).

Of the 20 fish species present in the lake, 3 are
potential predators on whitefish older than a few
weeks: piscivorous brown trout, Salmo trutta, in
the pelagic zone; pike, Esox lucius, in littoral wa-
ters; and burbot, Lota lota, in profundal areas
(Huitfeldt-Kaas 1917, Sandlund et al. 1985a, b).

Based on this, one might expect that benefits and
costs for the whitefish should vary between hab-
itats, and depend on the size of the fish. We there-
fore wanted to investigate the possible changes in
habitat use of whitefish with increasing body size.

Methods
Study area

Mjgsa (61°30'N, 10°25'E, 121 m a.s.1.) is an oligo-
mesotrophic, dimictic fjord lake in south-eastern
Norway. Surface area is 365 km?, maximum depth
is 449 m, and mean depth is 153 m (Holtan 1979).

Sampling

Whitefish were sampled in Mj@sa from February to
November 1979, by use of epibenthic and pelagic
gill nets (Sandlund et al. 1985b). The gill nets con-

sisted of 12 panels (panel size, epibenthic: 25 X 2 m;
pelagic: 25 X 6 m) with varying mesh sizes (852 mm
bar mesh, mesh increments 2-7mm). The pelagic
nets were placed at the following depths: (~10,
1030, 3050, and 50-90 m. The benthic nets were
set from the shoreline down to 90m. The exact
depth of each net was recorded by an echo sounder
(Simrad EL). The nets were fishing for 24h, and
catch per unit effort (CPUE) was calculated as
number of fish per 100 m? net area for 24 hours
fishing. A total of 806 whitefish between 17 and
46 cm in length were caught, Abundance of pelagic
whitefish was estimated from data for fish density
and relative size distribution collected with a Sim-
rad EY-M echosounder (Lindem & Sandlund
1984).

Treatment of material

Fish were measured to the nearest 0.1 cm with the
tail in a natural position and weighed to the nearest
1g. Fish were aged by burning and breaking the
otoliths (Christensen 1964).

Stomach contents were analyzed, and prey cate-
gories identified and counted, under a stereoscopic
microscope. Wet weight of stomach contents were
estimated from undigested food items. The degree
of diet similarity between size groups was calculat-
ed according to Schoener’s (1968) similarity index

D=1-12 )} |p~q,|), where p, is weight propor-
i=1

tion of food item i in population 1, g; is weight
proportion of food item i in population 2, and n the
number of food categories. D varies between 0 and
1, representing no and complete food similarity,
respectively.

Results
Habirat
Catch per unit effort (CPUE) of whitefish in the

epibenthic zone varied between 0.9 and 2.6, with a
minimum during winter (Nasje et al. 1991). In the
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Fig. 1. Length distribution of whitefish caught in the epibenthic and pelagic habitat (depth zones 0-30 and 30-90m) in Mjg@sa,
February-November 1979. N = number of fish in cach habitat, all depths = 100% , Number of fish in the two depth zones were adjusted

for catch effort.

pelagic zone whitefish catches were low from De-
cember through June (CPUE: 0.02-0.12), and high
during August-October (CPUE: 0.40-2.09). A
similar variation in the number of pelagic whitefish
was also shown by hydroacoustic estimates, with
the number of pelagic whitefish increasing from 24
fish ha™' in May to a maximum of 182 fish ha! in
September and decreasing to a minimum of 21 fish
ha™! in November (T. Lindem personal communi-
cation).

There was a partial habitat segregation between
size groups of whitefish caught in gill nets (Fig. 1).
Whitefish smaller than 25 cm in length were largely
restricted to 0-30m depth in the epibenthic zone.
Fish between 25 and 35cm in length were found
from 0 to 90m in the epibenthic zone and in the
pelagic zone. In the pelagic zone, however, very
few fish were caught deeper than 50 m. Fish larger
than 35cm in length were mainly found deeper
than 30 m in the epibenthic zone. The diffcrence in
length distribution between depths in the epiben-
thic zone was highly significant (X = 209.4, 2d.f.,
p < 0.005). Furthermore, mean size of epibenthic
whitefish increased significantly from the 0-30m to

the 30-90m depth zone (t-test, p< 0.05). In the
pelagic zone length distributions between depths
were also significantly different, due to relatively
more small and large fish in the 30-90 m zone (X? =
10.4, 2d.1f., p< 0.01).

The partial habitat segregation between size
groups concurs with segregation between age
groups (Fig. 2). The 15-25 cm size group, living in
the shallow epibenthic zone, consisted of fish
younger than 6 years, with a mean age of 2.3 years.
The 25-35¢cm size group, which was living in all
three habitats, included fish of ages from 2 to more
than 20 years. Within this size group there was a
significant difference in age distribution between
the pelagic and shallow epibenthic habitat (X* =
20.9, 3d.f., p< 0.005), although mean ages in the
two habitats were not significantly different (10.2
vs. 8.8 years, t-test, p> 0.05). There was a signif-
icantly larger proportion of old fish among 25-
35 cm fish in the deep epibenthic habitat than in the
shallow epibenthic habitat (X?= 74.6, 3d.f., p<
0.005). This is also reflected in the significantly
higher mean age in the deep epibenthic habitat
than in the shallow epibenthic and pelagic habitats



344

. N A pepth |
Size group ®©
305 10.8 @_
0-90 m o
50 25-34.9 cm §
S H o]
1004 —
75 23
0-30 m
50 - 15-24.9 cm
1=
s 198 8.8
o 504 030m [
e 25.349em &
[ | 3
130  15.0 §
25-34.9 cm
B ‘_‘ HEm
70 23.2
30-90 m
50 >35cm
1]

15 640 11-15 16-20
Age

221

Fig. 2. Age distribution of the various size groups of whitefish caught in the pelagic zone (0-90m) and in the shallow ((~30 m) and deep
(30-90 m) epibenthic zone in Mjgsa, February-November 1979. N = number of fish. A = mean age (years) in sample.

(15.0 vs. 8.8 and 10.2 years, respectively, t-tests,
p < 0.05). There was no significant difference in
age distribution between 25-34.9 cm pelagic white-
fish and the pooled material of this length group
from the epibenthic habitat (0-90m) (X’ = 3.66,
3d.f., p> 0.05). Mean age of fish larger than
35c¢m, restricted to the deep epibenthic zone, was
23.2 years.

Diet

The prey taken by whitefish may be grouped ac-
cording to their wet weight into three size classes
(Table 1). Small prey (<1 mg wet weight) are
crustacean zooplankton, mainly within a pelagic
habitat, although they may also be found close to
the substratum. Medium sized prey (1-5.9 mg wet
weight) are large cladoceran zooplankton, mol-



luscs, insect larvae and pupae, and surface insects.
Thus, this prey size is found in all habitats. Among
large prey (= 6 mg wet weight), the benthic amphi-
pod P. quadrispinosa was important whitefish
food, whereas Mysis relicta and age-0 smelt, Osme-
rus eperlanus, were eaten occasionally.

In the epibenthic zone, there was a segregation
in diet between whitefish caught in the 0-30m
depth zone and in deeper waters (Fig. 3). In the
0-30m depth zone, all size groups had a varied
diet, dominated by small and medium sized prey
(cladocerans and chironomid larvae, cf. Table 1).
Deeper than 30 m the diet of 25-35 em fish and fish
> 35 cm was nearly identical, as both groups de-
pended heavily on P. quadrispinosa. The similarity
in diet between the size groups in deep waters is
indicated by the high diet overlap (Schoener’'s D =
0.913-0.997; Fig. 4) which was significantly higher
(Wilcoxon’s rank test, p<< 0.01) than the corre-
sponding indices of diet overlap between 15-25 em
and 25-35 cm fish in shallow waters (0.337-0.789).

Table 1. Wet weights of prey in subadult and adult whitefish
stomachs, Lake Mjg@sa 1979 (approximate means, over all
months), Only prey groups constituting more than 1% wet
weight of stomach contents at any time are included, Habitat
(P = pelagic, SB = epibenthic (-30m, DB = epibenthic 30~
90 m) indicates where this prey was important food.

Taxon Average wel
weight (mg) Habitat

Weight group <1 mg

Bosmina longispina 0.04 P.SB
Daphnia galeaia 0.12 P, SB
Cyclops lacustris 0.12 P.SB
Eudiaptomus gracilis 0.05 P.sB
Limnaocalanus macrurus 0.24 P, SB
Weight group 1-5.9mg

Leptodora kindti 2.0 P, SB
Bythotrephes longimanus 2.0 P, SB
Chironomidae larvae 1:7 SB
Chironomidae pupae 1.7 SB
Trichoptera larvae 5.4 SB
Pisidium spp. 1.7 SB, DB
Gyraulus spp. 37 SB
Surface inscels 3.0 P.SB
Weight group = 6 mg

Pallasea guadrispinosa 16.8 SB. DB
Mysis relicta 8.0 SB

Fish (age-0 smelt) 90.0 P
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In the epibenthic habitat, the frequency of fish with
large prey (=6 mg wet weight) in the stomachs
increased with increasing fish size (Wilcoxon-tests,
p < 0.01; Fig. 5).

In the pelagic zone there was no significant dif-
ference in diet between fish caught in various depth
zones, and they were therefore pooled. Pelagic
whitefish had eaten essentially the same proportion
of size groups of prey as the smaller fish in the
shallow epibenthic habitat (Fig. 3). The frequency
of pelagic 25-35 cm fish that had eaten large prey
(=6 mg wet weight) was significantly lower than
among fish of the same size, and similar to the
frequency among smaller fish (15-25¢cm), in the
epibenthic zone (Wilcoxon-tests, p < 0.01 and p >
0.05, respectively: Fig. 5).

Discussion

Our data demonstrate two changes in habitat use
during the life span of whitefish in Mj@gsa. When
the fish reach a body length of approximately
25 ¢cm, their habitat is expanded from the shallow
(0-30m) epibenthic zone to include all three main
habitats; the shallow and the deep (3090 m) epi-
benthic zone as well as the pelagic zone. At the
same time, the diet is diversified to include zoo-
plankton in the pelagic zone and P. quadrispinosa
in the deep epibenthic zone.

The second ontogenetic change in habitat use
occurs when the whitefish reach a body length of
approximately 35cm. From this size, their habitat
is confined to the deep epibenthic zone, and the
diet is chiefly restricted to P. quadrispinosa.

Ontogenetic habitat shifts in animals are the re-
sults of trade-offs between fecding (growth rate)
and predation risks (mortality) (Stamps 1983, Pow-
er 1984, Gilliam & Fraser 1987, Werner & Hall
1988). In the absence of predation risk, as in large-
sized fish, the shifts between habitats should be
determined by prey available, and energy spent on
search, capture and handling of prey (Werner &
Hall 1974, Abrahams & Dill 1989).

The juvenile whitefish in Mjgsa stay in the litto-
ral zone from the time of metamorphosis, and start
feeding as larvae at a length of 16 mm (Nasje et al.
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Fig. 3.Diet of whitefish in the epibenthic habitat (depth zones 0~30 m and 30-90m) and in the pelagic habitat (0-90m); mean over the
sampling periods February-November 1979, in Mjgsa. Sample sizes: Epibenthic 0-30m, <15 cm: 59 fish; 15-24.9cm: 39 fish;
25-34.9 cm: 138 fish. Pelagic 0-90 m: 247 fish, Epibenthic 30-90 m, 25-34.9 cm: 87 fish; > = 35 c¢m: 69 fish. Data for fish < 14.9 cm from

Nesje ct al. (1986).

1986). This is the habitat which the most abundant
zoobenthos (Holtan et al. 1980), but the availabil-
ity of benthic prey may be low, due to interspecific
competition, as most other fish species in the lake
also live in the littoral zone (Sandlund et al. 1985b).
A part of the stock of medium-sized whitefish ex-
ploit pelagic waters during late summer and au-
tumn, and the offshore movement is significantly
correlated with the abundance of zooplankton
(Nzsje et al. 1991). This accords with the pre-

Depth zone

o 1.0 P, A A 4+ 30-90 m
.(ﬂ .\
g 05 / ‘\
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Fig. 4. Schoener’s (1968) diet overlap index (D) between white-
fish length groups in the epibenthic habitat in Mjgsa: 0-30m
depth zone: between 15-24.9 cm and 25-34.9 cm length groups,
30-90 m depth zone: 25-34.9 cm and > = 35cm length groups.
Sample sizes as in Fig. 3.

diction that parts of the stock should change habitat
when the food situation improves offshore. How-
ever, we do not know whether the relative distribu-
tion of medium-sized whitefish is in proportion to
the abundance of food resources in the various
habitats (the ideal free distribution model; Fretwell
& Lucas 1970). From a fish-size/prey-size consid-
eration, we would expect zooplankton to be a more
profitable prey for small whitefish (Wankowski &
Thorpe 1979), but the smaller whitefish may stay
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Fig. 5. Frequency of occurrence of large prey (=6 mg wet
weight, cf. Table 1) in the stomachs of the various size groups of
whitefish in L. Mjgsa, Fish = 14.9 cm had eaten no large prey
(cf. Fig. 3).
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close to the bottom because it is safer to dwell in a
structured habitat than moving offshore (Crowder
& Cooper 1982).

In the pelagic zone, brown trout and the occa-
sional large pike are potential predators on white-
fish. Brown trout in Mjgsa eats mainly smelt,
which is usually less than 15 em in length. Only 4%
of the prey fishes in the stomachs of 75 predatory
brown trout were larger than 15 cm (Taugbel et al.
1989). Small pike (<60 cm) in Mjgsa tend to stay
in shallow protected bays where there is some mac-
rovegetation. Larger pike tend also to move in the
exposed littoral areas, and are occasionally caught
in the pelagic zone (Sandlund et al. 1985b). Little is
known about the diet of pike in Mjgsa, but in the
Norwegian lake Tyrifjorden, with a similar fish
community, only large pike (=60 c¢m) to some
extent ate adult whitefish (=30 cm) (Vollestad et
al. 1986). The third potential predator in Mjgsa,

burbot, live mainly in the deep epibenthic zone,
and feeds on smelt (Sandlund et al. 1985a). The
apparent concentration of prey sizes below 15 cm is
probably due to this being the adult size of smelt,
which seems to be the most easily available prey
species. Even so, for whitcfish predation risk will
probably decrease quite quickly as they approach
adult size.

The change in habitat use by whitefish at the size
of 25 cm might be termed an expansion of the niche
(Fig. 6). Whitefish between 25 and 35 cm utilize all
main habitats, including the shallow benthic zone
used by smaller fish and the deep benthic zone used
by larger fish, and a wide spectrum of prey sizes.
Individuals moving into the deeper benthic zone
find larger prey (P. quadrispinosa). However, be-
cause the whitefish is a visual predator (Braum
1978), searching time may be longer in darkness.
Feeding in the pelagic zone involves utilizing small-
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er prey, but at high zooplankton densities search-
ing and handling time is short (Werner & Hall
1974).

The asymptotic length of the Mj@sa whitefish is
31 em. Thus, relatively few fish ever reach the > 35
cm length group. We may hypothesize that the
post-maturity growth necessary to become larger
than 35 cm may depend on a diet shift from small
and medium-sized prey to the large P. quadrispino-
sa, giving a larger energy surplus. In bluegills, Lep-
omis macrochira, Mittelbach (1983) demonstrated
that the fish ceased growing if the availability of
large prey was low.

Broadly speaking, the whitefish stock thus con-
sists of three ecologically functional units: small
littoral fish, medium-sized fish utilizing all habitats,
and large profundal fish. These ecological units
each include a high number of age groups. Medi-
um-sized fish include more than 20 age groups,
whereas large fish include from age 12 upwards.
Age distribution in the two groups overlap to a
large extent, indicating that the whitefish popula-
tion is size-structured rather than age-structured
(Ebenman & Persson 1988).
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The size selection of Bosmina longispina and Daphnia
galeata by co-occurring cisco (Coregonus albula),
whitefish (C. lavaretus) and smelt (Osmerus eperlanus)

By Opp Terje SANDLUND, Tor FREDRIK Nagsje and Gosta KJELLBERG
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Abstract

There is no significant correlation berween gillraker spacing and size selection of
cladoceran zooplankton by whitefish, cisco and smelt. When co-occurring in the pelagic
zone of Lake Mjosa they showed positive size selection for both Bosmina longispina and
Daphnia galeata. Whitefish had significantly larger gillraker spacing than cisco and
smelr, but selected smaller individuals of D. galeata. D. cristata were abundant in the
water, but it was not eaten by the fish. D. cristata was nearly of the same size as D. ga-
leata and significantly larger than B. longispina. Both Daphnia-species were hyaline,
whereas B, longispina was brown all over the carapax, The area of the eye spot of D. cris-
1ata was about one third of the eye spot of D galeata. These results show that the feed-
ing behaviour of the predator and the visual size of the prey are more important than
gill raker spacing in the size selective feeding of planktivorous fish.

Introduction

The size distribution of zooplankton in lakes is influenced by the size-
selective predation by plankrivorous fish species (TIrBacek 1962, Brooks &
Donson 1965, Nisson 8 PrjLer 1973, LanceranD 1978, Konrer & NEy 1981).
The short term objective of the predators will be to eat those prey categories
which maximize energy intake relative to handling time (TownsenD & Win-
FiELD 1985). In the fish/cladoceran interaction handling time is fairly constant
irrespective of prey species or size, given a sufficient fish size (WernER & HarL
1974, TownseND & WinFELD 1985), We may therefore assume thart the pre-
dator will have a net energy gain by selecting larger cladoceran prey. Fish
strain the zooplankton away from the water taken into the buccal cavity by
use of the gill rakers. One might therefore expect that the fish species with the
smallest gill raker spacing are better at feeding on small zooplankton. How-
ever, the size selection by planktivorous fish also depend on the feeding behav-
iour of the fish (O’Brien 1979). Visual feeders like whitefish, smelt, and cisco
(SEGHERs 1975, Janssen 1978, O'Brien 1979) seek their prey actively and select
relatively large food items (O’Brien et al. 1976). In visual feeders, the apparent
prey size may be more important than actual prey size (ZareT & Kerroor
1975).
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Thus, we tested cladoceran zooplankton selection by three fish species,
cisco (Coregonus albula), whitefish (C. lavaretus), and smelt (Osmerus eper-
lanus), feeding together in the pelagic zone of Lake Mjasa, Norway.

Material and methods

Meonthly from June through October 1979 20 adult whitefish (28—32c¢m), smelt
(12—15cm) and cisco (21—25cm) were randomly chosen from pelagic gillnet catches
{mesh increment §—52mm) in Lake Mjesa. All fish investigated were sampled from the
same catches taken at depths between 0 and 30 cm. This is the depth zone with the high-
est density of fish in the Lake (Sanprumm et al. 1985). Stomach contents were an-
alyzed under a stereoscopic microscope, and the total length of undamaged Daphnia ga-
leata and Bosmina longispina were measured by inverted microscope. Due to seasonal
variations in the abundance of zooplankton, the number of undamaged B. longispina and
D. galeata varied between 20 and 180. Mean number of each group was approx. 70 indi-
viduals. Zooplankton were sampled at the same time and location as the fish, using a 501
Schindler trap at depths 0.5, 2, 5, 8, 12, 16, 20, 30m (HoLTaN et al. 1980). Total body
length and eye diameter of Daphmia galeata, D. cristata and Bosmina longispina were
measured by inverted microscope. The number of zooplankton measurements is given
in Table 2.

Distance between gillrakers were measured on the anterior left gill arch. Most of
the straining of prey occur in the bend of the gill arches (Garsrarmi 1967). We therefore
measured the space between the base of 15 gillrakers in the central part of the gillarch by
use of a stereoscopic microscope (Table 1). The gillraker spacing does not give the exact
“mesh size” of the gillraker sieve, bur gives a relative measure of the filtering ability of
the gillrakers (Secrers 1975, WriGHT et al. 1983).

Results

In June and October copepods were the most abundant zooplankton in
the water masses (Fig. 1). In August and September the cladocerans Daphnia ga-
leata, D. cristata, and Bosmina longispina were most abundant. During the pe-
riod June—October, between 33 and 100% of the cladoceran zooplankton was
found in the upper 20 m of the warter column.

In Lake Mjesa cisco, whitefish and smelt feed largely on Bosmina longis-
pina in June and July (KjeLiBErG & SanpLunD 1983). This species represented
up to approx, 14, 15, and 50 % wet weight of the stomach content of smelr,

Table 1. Mean number of gillrakers and distance between gillraker bases on the anterior
left gill arch in whitefish, cisco and smelt from Lake Mjesa. The differences between spe-
cies are significant (p <0.01).

Smelt Cisco WhiEEfisf;

Mean no. of gillrakers 33.9 46.6 30.1
95 % confidence limits 0.4 1.0 0.1

Gillraker distance (um) 3080 4365 6800
95 % confidence limits 24.4 31.3 81.2
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Fig. 1. Crustacean zooplankton abundance and composition in Lake Mjesa, June—
October 1979.

whitefish and cisco, respectively. In August, September, and October Dapbnia
galeata was the most important cladoceran in the stomachs, representing up to
approx. 27, 68, and 93 % wet weight in smelt, whitefish and cisco, respectively
(SanpLunp et al. 1980, 1981a,b). In Lake Mjesa the diet of cisco was do-
minated by D. galeata, B. longispina and Limnocalanus macrurus, the diet of
whitefish by D, galeata, B. longispina, Leptodora kindti, and Cyclops spp., surface
insects and smelt fry, and the diet of smelt by D. galeata, B. longispina, and Mysis
relicta. D. cristata was not eaten by any of the three species (K[eLLBERG & SAND-
LUND 1983).
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Table 2. Body size and eye diameter (xm) of three most abundant cladoceran zooplank-
ton in Lake Mjesa. N = number of animals measured.

Species Body length Eye diameter

N mean  95%cl. N mean  95%cl.
Daphnia galeata 484 965.2 18.6 20 1052 6.2
D. cristata 50 925.7 39.6 50 61.6 27
Bosinina longispina 327 454.5 10.5 50 58.5 1.5

Average widths between the gillrakers differed significantly between the
three fish species, it was smallest in smelt and largest in whitefish (t-tests,
p <0.01, Table1).

Measurements of zooplankton from water samples showed that body
length of D. galeata was more than twice that of B. longispina. D. cristata was
only slightly smaller than D. galeata (Table 2). The size of the eye spot was ap-
proximately the same in B. Jongispina and D. cristata, whereas the area of the
eye spot in D, galeata was nearly three times larger.

All three planktivorous species showed size-selective predation on Bos-
mina longispina and Daphnia galeata (Fig. 2). Throughout the sampling period
the zooplankton in the fish stomachs were significantly larger than in the
water masses {t-tests, p <0.05).

In June and August smelt had eaten significantly larger B. Jongispina than
cisco and whitefish (p <0.05) (Fig. 2). In October whitefish had eaten signif-
icantly larger B. longispina than cisco and smelt.

= Total range of variability

1.6
1.4
12
1.0 -
0.8
0.6 -
0.4

0.2 1

-+ 95% confidence limits
- Mean
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Fig. 2. Body size of Daphnia galeata and Bosmina longispina in water samples (dark) and

in stomachs of cisco (x), smelt (1), and whitefish (-) from Lake Mjgsa, 1979.
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Whitefish ate smaller individuals of D. galeata than cisco and smelt. Meas-
urements of D. galeata from whitefish and smelt were significantly different in
August, September, and October (p <0.05), whereas the difference between
whitefish and cisco were significant only in September (p <0.05). There were
no significant differences in the size of D. galeata eaten by smelt and cisco.

Discussion

As whitefish, cisco and smelt are visual predators, any differences between
their zooplankton selection might be due to differences in their ability to de-
tect prey, their feeding behaviour or feeding apparatus (O’Brien 1979). Mean
gillraker spacing in smelt is approximately half of whitefish. In spite of this,
whitefish eats significantly smaller individuals of D. galeata than smelt and
cisco. SeGHERs (1975) found that whitefish eat Daphnia with smaller body size
than the measured space between the gillrakers. He concluded that there must
be a way to narrow the actual “‘mesh size” of the filtering apparatus. One way
might be that the openings of the filtering apparatus is narrowed by diminishing
the distance between the gill arches (Wankowsk1 1979). If the distance is small,
the overlap between gill arches will make the actual openings of the filter sieve
smaller than the gill raker spacing. The fish might be able to regulate the dis-
tance between the gill arches by regulating the water flow through the gill slits
(WriGHT et al. 1983). By increasing the water velocity, either by increased
pump action or increased swimming speed, the fish may widen the distance be-
tween the gill arches and thereby retain only the larger zooplankton in the
buccal cavity.

The size difference between B. longispina (0.5—0.6 mm) and D, galeata
(1.1—1.4 mm) eaten, probably reflects the difference in pigmentation between
the two species. The visible size of Daphnia spp. is largely determined by the
eye pigmentation, whereas B. fongispina is brownishly coloured on the whole
carapax (cf. Zarer 1972, 1978, Zarer & Kerroot 1975). The important role of
zooplankton pigmentation on fish predation is also demonstrated by the pre-
dation on Daphnia cristata in Lake Mjasa, Although this species is racher large
(0.8—1.0mm) and abundant, it is eaten neither by whitefish, cisco nor smelt.
This might be explained by the hyaline carapax and the small eyes of D, cris-
tata, which are approximately one third of the size of the eyes of D, galeata.

We did not find any significant correlation between the size of zooplank-
ton selected and the relative abundance of Bosmina longispina and Daphnia ga-
leata. This contradicts the results of Ivisv (1961) and WernER & HaLL (1974)
who found that fish increase their prey selectivity at high prey densities. How-
ever, the reason for the strong positive selection of B. longispina and D. galeata
could be that the zooplankton densities in Lake Mjmsa all through our inves-
tigations were at sufficiently high levels for strong zooplankton selectivity.
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Our results clearly indicate that the visual size of the prey is of prime im-
portance in selective feeding of cisco, whitefish and smelt. Concerning these
species, it must also be concluded thar the gillraker spacing of the predator is
not the dominant factor in determining the size of cladoceran zooplankton
caten, This is in accordance with the findings of other investigators, c.g. SgH-
£rs (1975) and WriGHT et al. (1983).
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Year-class fluctuations in vendace, Coregonus albula
(Linnaeus): Who’s got the upper hand in intraspecific
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The vendace Coregonus albula (L.) populations in the lakes Mjosa and Osensjoen exhibiled
Nuctuating year-class strength. In Mjesa, a strong year-class emerged every third year, except for
the four year period between the strong year-classes 1969 and 1973, The difference between the
strong and weak year-classes decrcased from Lhe 1960s, through the 1970s to the 1980s. The
Mjosa vendace matured sexually al age 2+, and more than ten sexually mature age-groups were
present in the population. Growth ccased at maturation, and asymptolic length was 23-6 em. In
Osensjeen, one strong year-class (1969) dominated the population during the period 1976-1987.
The Osensjeen vendace matured sexually at age 3, and more than 15 sexually mature age-groups
were present in the population. Growth ceased at maturation, and asymptoltic length was
28:4c¢m. In both lakes, vendace fed on crustacean zooplankton in the epilimnion throughout
summer and autumn, Ourdata indicate that regular year-class oscillations occur as a result of the
Jjuvenile survival being negatively correlated 1o the number of adults.

Key wards: zooplanktivores; age structure: recruitment; fishing mortalily: iteroparity,

I. INTRODUCTION

In size-structured populations inter-cohort competition is asymmetric, as the
effects of large animals upon small are different from the effects of small animals
upon large (Lawton & Hassell, 1981; Connell, 1983; Schoener, 1983). Inter-cohort
competition is common among fishes (Mittelbach, 1981, 1983; Persson, 1985).
Larger fish will have an advantage over smaller ones in terms of search and capture
efficiency. Smaller fish will have an advantage over larger ones due to their smaller
metabolic demands, and the ability to feed on small food particles not available to
larger fish of the same species (Hamrin & Persson, 1986).

The commonly observed oscillations in stock size of many fish species are often
believed to be governed by intraspecific mechanisms (Healey, 1980; Persson, 1985).
If the balance between the foraging advantage of large individuals and the meta-
bolic and sufficient-prey-size advantage of small individuals is strongly skewed in
favour of one or the other, this may be one mechanism to explain these oscillations.

Based on inter-cohort competition, we have two alternative models explaining
regular year-class fluctuations in fish populations.

THE JUVENILE DOMINANCE MODEL

Age-0 fish dominate over old fish, causing high adult mortality and low popu-
lation fecundity due to a small spawning population and low quality of gonadal
873
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products (Cryer et al., 1986; Hamrin & Persson, 1986, Wyatt, 1988). A strong
year-class gives rise to a new strong year-class at its first spawning.

THE ADULT DOMINANCE MODEL

Older fish dominate over age-0 fish so that a large subadult and adult population
causes high age-0 mortality (Aass, 1972; Amundsen, 1988).

From the juvenile dominance model we may deduce that the fish should be
semelparous, and that the number of eggs spawned restricts recruitment to the
population. Young and old fish depend on the same prey groups, and the old fish
are at a disadvantage as the prey are too small to be utilized efficiently by adult fish.
In years with abundant age-0 stocks, the older fish will grow less and experience
higher mortality than in years with scarce age-0 stocks.

From the adult dominance model we may deduce that the adult fish deplete the
food resources or in some other way suppress the activity of young fish (cf. Healey,
1980), so that a strong year-class emerges when the number of subadult and adult
fish is substantially reduced. In this case the prey-sizes present are also available to
adult fish, and size at growth cessation depends on abundance of prey relative to
fish density. This model does not assume semelparity in the population, although
regular oscillations will depend on large or simultaneous adult mortality. If the
adult mortality is low, the regularity and amplitude in year-class oscillations will be
reduced.

These two models of explanation can be evaluated by analysing the vendace
Coregonus albula (L.) populations of the lakes Mjesa and Osensjeen, Southeast
Norway. In Mjesa vendace, until the early 1970s, annual fishing mortality over
all adult age-groups was estimated as ¢. 40% (Aass, 1967, 1978). In recent years,
exploitation has declined in this lake. In Osensjeen, where vendace from Mjesa
were introduced in 1893, fishing for vendace is negligible.

II. MATERIALS AND METHODS

STUDY AREA

Lakes Mjesa and Osensjeen are situated in southeastern Norway (Fig. 1), in the Glomma
watercourse. Both are large, deep, oligotrophic lakes (Table I). In Mjesa, water tempera-
tures during the ice free season may reach 18° C in the epilimnion and 10° C in the hypo-
limnion during late summer (Kjellberg, 1986). Corresponding temperatures for Osensj@en
are 16 and 7° C, respectively (Lien et al., 1981).

Primary production in Mjesa is 20 gCm *year ', which is approximately 2-5 times
higher than in Osensjeen (Table I). This difference in productivity is also reflected in
the crustacean zooplankton biomass (Table I). In both lakes the zooplankton biomass
increases during summer and reaches ils maximum in August-September (Fig. 2).

The fish fauna in Mjesa includes 20 species (Sandlund er al., 1985), of which whitefish,
Coregonus lavaretus (L.), and smelt, Osmerus eperlanus (L.), co-occur with vendace in the
pelagic zone (Sandlund er af., 1987). Large brown trout, Safmo rrurta L., (maximum size
approximately 100 cm, 15 kg) and, occasionally, pike, Esox lucius L., are pelagic predators.
Hydroacoustic estimates of the pelagic zooplanktivore fish stock (i.e. vendace, whitefish
and smelt) in Mjesa in autumn are 695 fish ha ' (Lindem, 1978), corresponding to a
biomass of approximately 26 kg ha ~ ' wet weight (Kjellberg & Sandlund, 1983). In 1979 the
adult vendace population was estimated as 4-10° fish, corresponding to 9-3kgha ' wet
weight (Kjellberg & Sandlund, 1983).

In Osensjeen the fish fauna includes eight species (Sandlund, 1979), and vendace co-occur
with whitefish in the pelagic zone. A few brown trout are also present in the pelagic zone,

1
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Osensjden

DWWo|9

F1G. 1. Location of Lakes Mjosa and Osensjoen.

TasLr 1. Physical and chemical characteristics of Lakes Mjosa and Osensjeen (Lien er al.,
1981; Kjellberg, 1986)

Mjesa Osensjeen

Altitude (m a.s.1.}* 123 437
Surface area (km?)* 362 45
Maximum depth (m)* 449 117
Mean depth (m)* 153 37
Regulation amplitude (m) 36 6-6
Secchi disc transparency (m) 2-5-8-0 3-4-6-4
Thermocline level (m) 12-20 8-15
pH 6-7-7-4 6467
Conductivity (1S) 20-40 18-19
Total phosphorous (ug P17") 86-9:0 3250
Primary production (g C yr~") 20 8
Zooplankton biomass (g wet weight m~?) 30 9-8

*Measured at maximum regulated water level,

but they rarely reach a body length of 40 cin, and fish constitutes only a minor part of their
diet (Sandlund & Nesje, [983). The pelagic zooplanktivore fish stock in Osensjeen has been
estimated as 64 fish ha~', corresponding to a biomass of approximately 4 kgha ' wet
weight (Linlekken & Qvenild, 1986). Based on this, the ratios of pelagic fish biomass to
crustacean zooplankton biomass in Mjesa and Osensjeen were 0-09 and 0-04, respectively.
In Mjesa, vendace spawn in the main inflowing river in the middle of October, and the
newly-hatched larvae drift into the lake in April-May (Nzsje et al., 1986a). In Osensjeen
spawning takes place at 5-20 m depth in the lake during the second half of October.
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The vendace population in Mjasa is subject to a commercial beach seine fishery, which
exploits the sexually mature stock during its migration towards the spawning sites (Aass,
1972; Rugsveen, 1985). Therefore, fishing mortality is negligible in vendace until it is matur-
ing sexually for the first time. In the period 1965-1975, the yield varied between 80 and 190
metric tonnes (mean+8.0.: 136-4 +32-0 tonnes; 3-7 kg ha ") (Aass, 1978). Most fish were
caught less than 10 km away from the mouth of the spawning river Gudbrandsdalsligen.
Since then, fishing activity has decreased gradually, and by 1989 the 24 beach seine localities
used in the 1960s had been reduced to seven localities, In 1987 total vendace yield was
reduced to less than I kgha 'yr ', or 25-30% of the former catch (I. Lovseth, pers.
commn.).

The exploitation of Osensjeen vendace is very small. According to interviews with local
fishermen, annual catches amount to less than 500 kg (0-1kgha—".

SAMPLING

In Mjesa, vendace were sampled with pelagic and epibenthic survey nets (bar mesh
8-52mm) in 1978-1980, and with beach seine during their spawning migration in
September 1978 and 1987. In Osensjeen, sampling was performed with survey netsin 1976—
1978, and 1985, and with 25, 29, and 32 mm bar mesh nets on the spawning grounds in
October 1976-1979, 1981-1985 and 1987, The survey net method is described in detail by
Sandlund et al, (1985), and the beach seine by Rugsveen (1985).

TREATMENT OF MATERIAL

Altogether 1405 vendace from Mje@sa and 2563 vendace from Osensjeen were sampled.
The flollowing variables were studied: total length (0-1 cm), total wet weight (1 g), sex,
degree of sexual maturity (Dahl, 1917), and otolith age by the burning and breaking method
described by Christensen (1964). Incoregonid populations with an almost complete growth
cessation, ageing by scales seriously underestimates the age of the fish (Aass, 1972). For
Mjosa vendace, data on tagged and recaptured fish supported the conclusion that lateral
reading of otoliths showed a correct age (Aass, 1972). Even lateral reading of otoliths may
give too low agesin old fish, whereas the burning and breaking method appears to show the
correct age, as shown in e.g. another coregonid, whitefish, C. lavaretus (L.), (Skurdal e al.,
1985), and in brook trout, Salvelinus fontinalis (Mitchill) (Reimers, 1979). Diet was studied
by counting and measuring the various food items under a stereoscopic microscope, and the
composition was calculated based on the weight of undigested food items.

Individual fecundity of females was estimated from gonads in fish just prior to spawning
{maturity stage 5; Dahl, 1917).

III. RESULTS

YEAR-CLASS STRENGTH

Vendace in Mjesa exhibited fluctuating year-class strength, but the pattern
changed from 1969 to 1987. The data from 1969 (Fig. 3) demonstrate the regular
fluctuations typical in the 1960s (Aass, 1972), with a strong year-class every third
vear. The data from 1978 and 1979, however, indicate that from 1969 to 1973 there
were four years between the strong year-classes. During 1956 to 1970, the fluctu-
ations were extreme, as very few fish emerged from intermediate year-classes (Aass,
1972). In 1978 and 1979, the difference in year-class abundance was less pro-
nounced, although the dominant year-classes 1973 and 1976 constituted 50 and
10% of the catches, respectively. All intermediate year-classes were, however,
represented in the catches. In 1987, the year-classes were even more equally distri-
buted. The prevalent age-group 4 constituted 27%, and five year-classes consti-
tuted more than 10% of the catch. A similar age distribution was also indicated in
a small sample from 1986.
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TasLe 1. No. of fish (1) and per cent sexually mature fish (% M) in age-groups 1-4 and
1-5, in Mjesa and Osensjeen, respectively. The fish were sampled prior to spawning
(July—October)

Mjasa Osensjoen

Age
group Females Males Females Males

n % M 1 Y% M n % M n % M
1 46 20 47 0 0 0 5 0
2 28 71-4 32 96-9 25 36:0 22 40-9
3 73 100 52 96-2 46 457 33 60-6
4 2 100 2 100 28 89-3 22 100
5 12 100 14 100

The variability in year-class strength may be indicated by the coefficient of
variation (CV) of the number of fish in one strong and subsequent two weak year-
classes. Mean CV for the four sets of three year-classes in each of the years 1969,
1979, and 1987 (cf. Fig. 3) were 1:73, 1-44, and 0-92, respectively.

In Osensjoen the 1969 year-class was numerically dominant from 1976 through
1987 (Fig. 3). constituting between 24-5 and 47% of the catches. In 1985 and 1987
the proportion of young fish had increased compared to the earlier years, but no
new year-class appeared to become as abundant as the 1969 cohort.

MATURITY AND GROWTH

Most vendace in Mjosa attained sexual maturity at an age of 2+ (Table 11),
whereas the Osensjoen vendace matured significantly older and less synchronously
(Z*=13:05, 2d.f., P<0-005; Siegel, 1956). Males matured significantly younger
than females in Mjosa (Z*=11-24, 3 d.f., P<0-005), but not in Osensjeen (Z* =
7-00, 3 d.f., P>0-05). In both populations, sexual maturity and growth stagnation
occurred simultaneously.

Both populations areiteroparous. In Mjesa, there were three to four age-groups
of juvenile fish and more than 10 age-groups of adult fish (Fig. 3). In Osensjeen,
four to five age-groups were juveniles, and at least 15 age-groups were adults (Fig.
3). Mark-recapture experiments indicate that individual fish spawn every year
(Aass, 1967).

In both lakes vendace ceased growing at early ages; in Mjesa at age 3, and in
Oscnsjoen at age 4 (Fig. 4). Vendace in Osensjoen grew larger than in Mjesa (Fig.
4), and the size at each age differed for all ages higher than 1 (simultaneous -tests,
P<0-005). The growth cessation was less abrupt among vendace in Osensjeen
than in Mjesa, as indicated by the lower Brody’s growth coefficient (K) (Fig. 4).

Back-calculated lengths of various year-classes demonstrated no systematic
body length differences between strong and weak year-classes among Mjesa
vendace (Table III). After the first growth season body lengths of strong year-
classes were not significantly different from subsequent weak year-classes (s-tests,
P>0-05). Length at first maturity (age-2) was increasing over the year-classes
1969-1976, irrespective of year-class strength.

Individual fecundity (F+s.p.) measured as number of eggs per female (mean
length +s.p.: 23-74+0-5cm, n=28) in Mjesa vendace was 73504+ 1219-5. The
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TasLE I11. Back-calculated lengths (cm) of vendace year-classes
19691978 after first (L0) and third (L2) growth season in Mjosa

Year-class " LO C.L. L2 C.L.
1978 24 11:59 0-54 — —
1977 32 [2:24 044 — -
1976 24 13-14 1-03 20-80 0-33
1975 2 1145 — 20-50 —
1974 13 12-32 0-67 19-86 0-70
1973 37 12-14 0-41 19-06 0-31
1972 1 10-90 — 17-30 —
1971 = — = = —
1970 4 10-58 3-11 17-48 2-82
1969 7 10-17 4-81 17-29 1-10

Strong year-classes are given in bold type. n=Number of fish, C.L.=95%
confidence limits.

corresponding number in Osen vendace (mean length+8.0.: 27-940-8 cm, n=26)
was 11 890-2+2893-3.

DIET AND FOOD PARTICLE SIZE

The feeding habitats of vendace in the two lakes were similar. Adult fish lived in
the epilimnion throughout summer. In Mjesa, age-0 vendace fed from emergence
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TasLe IV. Mean size (L, mm) and maximum occurrence by

number (max %) ol dominating crustacean zooplankton in

vendace stomachs from Lakes Mjesa and Osensjgen, data from

Sandlund (1979), Kjellberg & Sandlund (1983) and Sandlund
et al. (1987)

Mjesa Osensjoen

Zooplankton species
L Max% L Max%

Daphnia cristata 0-85 <3 1-11 20
D. galeata 1-25 88 — —
D. galeataflongispina — — 2-13 21
Bosmina spp. 0-50 81 0-65 40
Holopedium gibberum — — 097 6
Heterocope appendiculata — = 2:08 17
Arctodiaptomus laticeps — S 1-48 74
Eudiapromus gracilis 1-15 29 — =
Cyclops scutifer — — 1-03 67
C. lacustris 1-12 29 — -
Limnocalanus macrurus 1-78 90 — —

in May until June—July in the littoral zone. Subsequently, they moved out into the
pelagic zone eating the same crustacean zooplankton species as the adults (Nzsje
etal., 1986b; Sandlund et al., 1987). In Osensjeen, age-0 vendace were occasionally
caughtin 10 mm benthic nets, but not in pelagic nets, in autumn. In thislake, age-0
vendace have also been found in the stomach of littoral pike, indicating a littoral
way of life.

Zooplankton was the dominating prey type from the time the vendace moved
into the pelagic habitat (Sandlund, 1979; Kjellberg & Sandlund, 1983; Nasje er al.,
1986h). Although different species dominated the diet of vendace in the two lakes,
the overall size variation of the main prey species was similar (Table IV). In Mjosa
the most important prey were Bosmina longispina Lilljeborg, Daphnia galeata Sars,
and Limnocalanus macrurus Sars. In Osensjoen, B. longispina, Arctodiaptomus
laticeps Sars and Cyclops scutifer Sars were the main prey.

IV, DISCUSSION

Our results indicate that the heavy exploitation of the Mjesa vendace was
instrumental in creating the regular oscillations in year-class abundance observed
in the 1960s and 1970s. The difference between strong and weak year-classes has
decreased concurrently with the reduced exploitation rate. The lack of regularity
in year-class fluctuations in the unexploited Osensjeen vendace supports this con-
clusion. Thus, we maintain that in these vendace populations, older fish dominate
over age-0 fish, and the adult dominance model is valid.

The juvenile dominance model is not valid because the fish are not semelparous,
cohort fecundity is not limiting for year-class abundance, the fish may grow well on
the available prey sizes, and age-0 and older fish live in separate habitats until July—
August when zooplankton density is at its maximum. Before that, age-0 vendace
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live in the littoral zone. Consequently, the necessary conditions for the juvenile
dominance model are not present.

The results may be generally valid, not only concerning the two lakes treated in
the present paper. It has been assumed that vendace is a semelparous species (e.g.
Svirdson, 1966). In many cases, this may be due to the inadequate methods used
for age determination (Aass, 1972; Ricker, 1975). In most studies, scales have been
used for age determination (e.g. Jarvi, 1942a,b; Svdrdson, 1966). Asthe growth of
vendace ceases at sexual maturation, the scales stop growing. Therefore, ageing by
the use of scales underestimates the age of adult vendace, as strongly indicated by
Aass (1972) for the Mjesa population when he compared length distributions with
age distributions, according to otoliths and scales, respectively, in catches from six
consecutive years. Reimers (1979) provided conclusive evidence for the correct
ageing of brook trout up to 24 years from transverse sectioning of otoliths. When
vendace have been aged by the use of otoliths, they have in many cases been found
to be iteroparous (Aass, 1972; Hamrin, 1979; Vellestad, 1983). The necessity of
applying the proper ageing method to estimate correct age structure and degree of
iteroparity have also been demonstrated in other fish populations with ceasing
growth, e.g. whitefishes (Coregonus spp.) and charrs (Salvelinus spp.) (Power, 1978,
Jonsson & Ostli, 1979; Skurdal et al., 1985).

The individual fecundity and the large number of year-classes present at each
spawning in Mjesa and Osensjeen vendace indicate that the number of spawned
eggs is not limiting the recruitment to the populations. To maintain the popu-
lation, a survival of two individuals from the repeated spawning of more than 7000
eggs would be adequate. In this situation, it does not appear reasonable to expect
that the number of eggs spawned regulates the number surviving to maturity,
The total number of vendace larvae drifting into Lake Mjesa in the spring of 1986
and 1987 was estimated as 221-10° and 138-10° individuals, respectively (Hegge
& Skurdal, 1987). This may be related to an estimated adult stock in 1979 of
approximately 4-10° fish (Kjellberg & Sandlund, 1983).

According to the adult dominance model, the abundance of older fish limits
recruitment because they deplete the common food resources. The importance of
prey abundance for recruitment has been stressed for many other fish species. Prey
abundance during the first days or weeks of external feeding appears to be particu-
larly important (John & Hasler, 1956; Braum, 1978; Bogdanova, 1980; Frank &
Leggett, 1982; Leggett, 1986).

The apparent competition for the same prey groups between age-0 and older
fish, and the ontogenetic niche shift during the first summer may provide an
explanation for an age-0 mortality which seems to be dependent mainly on the
abundance of older conspecifics. After hatching in May, the larvae drift from the
spawning river into the lake where they aggregate in the littoral zone and feed
mainly on crustacean zooplankton (Nzsje et al., 1986a,h). Common predators in
the littoral zone are perch, pike and ide, Leuciscus idus (L.) (Sandlund et al., 1985).
In May and early June, the littoral zone might be a profitable and sheltered habitat
for coregonid larvae, as these predators are all spawning during this period. In
addition, the density of similarly sized fish of other species is probably low until the
offspring of the spring spawners reach this size. However, after the spring spawn-
ing period, predation pressure and interspecific competition might be expected to
increase. Facing increased mortality in the littoral zone, the specialized pelagic
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zooplanktivore age-0 vendace may find the pelagic habitat more profitable, with
only brown trout and the occasional pike as predators. The profitability of the
pelagic habitat in early summer, however, depends both on the development of the
crustacean zooplankton abundance, and on the abundance of older conspecifics
already in this zone. Thus, we may postulate that there is a juvenile bottleneck
(Neill, 1988; Persson & Greenberg, 1990) in the vendace stock, so that the survival
of age-0 fish depends on the time of summer when the pelagic zone becomes a
profitable alternative to the littoral zone.

Year-class strength variations in vendace have also been related to year to year
variations in environmental conditions (e.g. Jirvi, 1942a,b). This was excluded asa
possible explanation for the regular fluctuations in Mjesa vendace by Aass (1972).
None of the available data on the environmental conditions in Osensjeoen are able
to explain the unusually strong 1969 year-class.

In conclusion we maintain that regular year-class oscillations occur in itero-
parous size-structured populations. Prerequisites for this to occur are: (1) age-0,
juveniles and adults depend on the same dietary resources; (2) age-0 survival
depends on a bottleneck event, the severity of the bottleneck depends on the
number of subadult and adult conspecifics; and (3) a selective high mortality occurs
on the spawning stock, due to e.g. fisheries.

We thank Helge Hagen., Gerd Justds, Gosta Kjellberg and Leif Gjestad, and Nils
Myrene, Jon Marstad, Karsten Nohr and Edvinn Odden, for their assistance during feld
work in Mjesa and Osensjeen, respectively.
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ABSTRACT

Sandlund, O.T. and Nesje, T.F., 1989, Impact of a pelagic gill-net fishery on the polymorphic
whitefish (Coregonus lavareius L. s.l.) population in Lake Femund, Norway. Fish. Res., 7: 85-
97.

There are 3 morphs of whitefish in Lake Femund. These are characterized by different mean
numbers of gill-rakers, mean adult fish length and age at maturity, During summer and autumn,
D-whitefish live both in demersal and pelagic habitat. R- and S-whitefish live mainly in the de-
mersal habitat, as do juvenile fish of all morphs. Prior to 1981, the total whitefish yield was ap-
proximately 0.7 kg ha='. A commercial pelagic gill-net fishery with bar mesh sizes 35 to 39 mm
started in 1981, and by 1982 total yield had increased to about 1.6 kg ha—'. Commercial catches
were dominated by D-whitefish. Catch per unit effort (CPUE, no. of fish) of this morph decreased
from 10.8 in 1982 to 3.6 in 1984, and stayed around 4 in 1985 and 1986. CPUE of R- and S-
whitefish showed no cbvious downward trend, but varied between 0.7-2.1, and 0.1-0.3 fish per net
night, respectively. The commercial nets were clearly selective, catching more of the larger fish
(TL>35 cm), and fish with the higher condition coefficient in the pelagic stock. As a conse-
guence, the main changes in the pelagic whitefish stock over the sampling period 1982-1986 were
reduction in fish size (length and weight), and reduction in the size-at-age of adult pelagic D-
whitefish.

INTRODUCTION

In lakes with polymorphic whitefish populations (Coregonus lavaretus-com-
plex, Ferguson et al., 1978), the different morphs are usually distinguished by
habitat choice, diet, spawning time and spawning locality in addition to gill-
raker count and other morphological characters (review in Svirdson, 1979).
The intermorph differences in habitat and diet might indicate interactive seg-
regation between the morphs (Lindstrém and Nilsson, 1962; Lindsey, 1981).

0165-7836/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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This means that niche overlap, e.g. in terms of habitat and diet, is low when
resources are scarce, and increases with increasing resource abundance. When
exploitation is sufficiently strong to reduce stock density, increased niche over-
lap should be expected owing to increased relative food availability.

A gill-net fishery will increase mortality among the most active fish in the
population. A commercial gill-net fishery is usually aimed at catching adult
fish. As whitefish commonly exhibits stagnating growth at sexual maturation,
a fishery based on a few mesh sizes will still catch several age groups fairly
efficiently. Within each year class, the fastest growing individuals and those
with the highest weight/length ratio will reach a size vulnerable to the gill-nets
at the youngest age (Hamley, 1975; Handford et al., 1977). Based on this we
expect the immediate effect of a selective fishery to be a lower average size-at-
age.

In Lake Femund there are 3 whitefish morphs, distinguished by mean num-
ber of gill-rakers and adult body size (Svdrdson, 1979; Sandlund and Neesje,
1986). Before 1981, the exploitation of whitefish in Lake Femund was rela-
tively low, and performed with demersal gill-nets and beach seine just prior to,
or during spawning (Sandlund, 1986). In 1981 a commercial fishery with pe-
lagic gill-nets was initiated, resulting in more than a doubling of total whitefish
vield (Sandlund and Neesje, 1986). This fishery is performed during August
and early September, i.e. more than a month prior to spawning, and thus ex-
ploiting a mixed stock. This gave an excellent opportunity to study the effects
of the size-selective fishery on the polymorphic whitefish stock.

The aim of the present paper is to document the effects of the increased and
selective exploitation on the polymorphic whitefish stock.

MATERIALS AND METHODS
Study area

Lake Femund (Fig. 1) is an oligotrophic lake, with a zooplankton commu-
nity reflecting heavy fish predation (Levik and Kjellberg, 1982).

Of the 8 fish species in the lake: whitefish, arctic charr (Salvelinus alpinus),
brown trout (Salmo trutta), pike (Esox lucius), perch (Perca fluviatilis), gray-
ling (Thymallus thymallus), burbot (Lota lota) and minnow (Phoxinus phox-
inus), the first 4 are subject to exploitation (Sandlund and Neesje, 1986 ). Prior
to 1981 the yearly yield of whitefish was approximately 15 tons. The pilot sea-
son of the commercial pelagic gill-net fishery, 1981, vielded 11.6 tons. Addi-
tional whitefish catches during this year resulted in a total yield of approxi-
mately 22 tons. From 1982 the commercial fishery was performed in the period
1 August-15 September. The pelagic gill-nets used in the commercial fishery
from 1982 onwards were approximately 85% 39-mm and 15% 35-mm bar mesh
(Sandlund and Nzesje, 1986).
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Allitude 662 m.asl
Surface area 204 km
Max. depth 134 m
Mean depth . 30m
Theor. retention time 76yrs
Spec. conductivity 14 ps cm? "’

Fig. 1. Lake Fernund with the 20-m depth contour indicated. Black squares indicate survey net
localities. The dotted area was utilized by the commercial fishery.

Lake Femund has never been subject to introductions of whitefish from other
stocks.

Test fishing

Fish were sampled with pelagic survey gill-nets in June-July 1982, and Au-
gust—September 1982, 1983 and 1984, and demersal survey gill-nets in August—
September 1983 and 1984, at the locations shown in Fig. 1. Both pelagic and
demersal net series consisted of 12 different mesh sizes (8-52 mm bar). The
pelagic nets were 6-m deep and 25-m long, while the demersal nets were 2-m
deep and 25-m long. In 1982 pelagic fishing was performed in the depth zones
0-6, 10-16, 15-21 and 30-36 m, but as no fish was caught deeper than 20 m,
pelagic fishing was later restricted to the 0-21 depth zone. Echo surveys also
showed that the fish density was very low at deeper than approximately 20 m
(Lindem and Sandlund, 1986 ). Demersal fishing was performed between 0 and
80 m. During the period 1982-1985, 2072 whitefish were caught in the surveys
(Table 1).
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TABLE 1

Number of whitefish sampled in Lake Femund, 1982-1986

1982 1983 1984 1985 1986 Total
J? A A A A A
Pelagic survey nets 146 229 399 100 68 = 942
Benthic survey nets - - 490 397 243 - 1130
Commercial catches - 463 450 452 200 230 1795
Total 146 692 1339 949 511 230 3867

%] =June/July, A = August/September.
TABLE 2

Characteristics of whitefish morphs in Lake Femund. Van Bertallanfy parameters were calculated
according to Dickie (1978)

Character D-whitefish R-whitefish S-whitefish
Modal gill-raker count 28 35 43
Range 23-33 34-40 41-50
Size of sexually mature fish
Mean (cm) 31.5 36.0 37.9
Range (cm) 25-46 28-47 29-59
No.® 1821 682 116
Age at sexual maturity® (years)
Females 9 8 5
Males 8 7 3
L,, (cm) 32.2 38.3 40.5
k (Brody's growth coefficient) 0.39 0.26 0.26
ty 2.10 0.42 —0.77
Dominating year classes® 1972 1972 1972
(in 1983-1984 survey net catches) 1973 1973 1978

1983 1974 1979

1976 1980

Male/female ratio 0.94 0.76 1.09
No.® 2684 909 171
Main spawning locality >20 m Inlet rivers <20 m

In the lake In the lake
Spawning time November Late October Late October

"No.=no. of samples.

bAge at sexual maturity is given as the age when more than 50% of the fish are mature.
‘Dominating year classes are year classes that constituted more than 10% each of the total survey
net catches in 1983 and 1984 (Sandlund and Nasje1986, unpublished data).
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Commercial catches

Throughout the commercial fishing seasons, weekly samples were taken from
the commercial gill-net catches. Care was taken to get samples from the whole
area of fishing (Fig. 1). During the period 1982-1986, 1795 whitefish were
sampled from the commercial fisheries (Table 1).

Treatment of material

The fish were measured to the nearest 1 mm (total length, TL) and weighed
to the nearest 1 g. The sex and the degree of sexual maturity were determined
(Dahl, 1917). The anterior left gill-arch was removed for counting of gill -
rakers. Ageing of the fish was done by burning and breaking the otoliths
(Christensen, 1964 ). Annual survival rate (S) was calculated from catch per
unit effort (CPUE) data for the individual year classes in the commercial
catches for 1982-1986, based on 5000-6000 net nights year~! (Ricker, 1975).
CPUE was calculated as kg or number of fish per gill-net (256 m) per night.
This was only done for commercial catches, as effort (number of net nights)
during test fishing was not considered sufficiently large to give reliable
estimates.

Based on the number of gill-rakers, the whitefish were classified into 3 dif-
ferent morphs. The classification criteria (Table 2) were based on the trimodal
distribution of gill-raker counts from 3774 fish (cf. Sandlund and Nzesje, 1986).
The number of gill-rakers is considered a stable morphological character in
Scandinavian whitefish, and the final number of gill-rakers can be detected in
fish from approximately 12 cm TL (Svirdson, 1979). The names adopted for
the morphs, Deepwater (D-) whitefish, River (R-) whitefish and Shallow water
(S-) whitefish, refer to their main spawning localities.

RESULTS
Habitat use

In autumn, juvenile whitefish (TL <20 ¢m) of all 3 morphs, and adult R-
and S-whitefish, live mainly in the demersal habitat (Fig. 2). Approximately
90% of the juvenile fish between 12 and 20 em TL had less than 34 gill-rakers,
and were consequently classified as D-whitefish. Adult D-whitefish live both
in pelagic and demersal habitats. Both R- and S-whitefish are occasionally
caught in the pelagic hahitat (Fig. 2). The proportions of R- and S-whitefish
were significantly higher in the demersal than in the pelagic survey net catches
(x*=124.3,2 d.f., P<0.005). The proportion of D-, R- and S-whitefish among
adult fish in the pelagic survey net catches from 1982 to 1985 were 93.2, 5.7
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Fig. 2. Length distribution of adult D-, R-, and S-whitefish and juveniles in pelagic and demersal
survey nets in 1982-1985. N =number of fish.

and 1.1%, respectively. Corresponding figures for the demersal survey net
catches were 66.5, 21.5 and 12.0%.

The age composition of whitefish in the demersal survey net catches during
1983-1985 showed high proportions of juvenile fish. Age group 1 (body size
approximately 7-11 cm ) constituted between 10 and 31% of the total demersal
catches in these years. However, more than 15 age groups were represented in
the demersal survey net catches in all years.

Exploitation of the pelagic whitefish population

The age structure of D-whitefish in commercial pelagic gill-net catches
showed variable year-class strength (Fig. 3). The year classes 1971, 1972 and
1973 were all relatively strong, but in all years (1982-1986) more than 15 year
classes were represented in the commercial catches. In 1982 the year classes
1971-1973 (age group 9-11) constituted 71.3% of the commercial catches. The
proportion made up by these 3 year classes declined over the years, and in 1986
they constituted 39.5%.

The commercial pelagic gill-net catches varied between 12.8 and 22.2 tons
during 1982-1986 (Fig. 4A). The catches of D-, R- and S-whitefish varied be-
tween 8.3-16.5, 3.9-7.2 and 0.3-1.3 tons, respectively. An additional estimated
10 tons were annually caught through other fisheries, mainly at the spawning
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Fig. 3. Age distribution of D-whitefish in the commercial pelagic gill-net catches, 1982-1986. Year
classes 1971-1973 are shaded.

grounds of R- and S-whitefish. Thus, the total yield of whitefish varied he-
tween approximately 22 and 32 tons, corresponding to 1.1 and 1.6 kg ha=".

The CPUE of D-whitefish in the commercial fishery decreased from 3.39 kg
in 1982 to approximately 1 kg in 1984-1986 (Fig. 4B). For R- and S-whitefish
there was no such obvious downward trend over the 5 years of sampling. CPUE
of R-whitefish reached a maximum of 0.88 kg in 1985 and a minimum of 0.31
kg in 1986. Corresponding figures for S-whitefish were 0.13 kg in 1984 and 1985
and 0.04 kg in 1986.

CPUE calculated as number of fish varied in a similar fashion (Tahle 3).
CPUE of D-whitefish decreased from nearly 11 in 1982 to approximately 4 in
1984-1986, whereas CPUE of R-whitefish varied between 2.0 and 0.7 fish, and
S-whitefish varied between 0.3 and 0.1 fish. As a consequence of the decreasing
D-whitefish catches, the proportion of this morph in the commercial catches
decreased significantly from 1982 to 1985 (Table 3; 1982 vs. 1985; x>=28.0, 2
d.f., P<0.005). From 1985 to 1986 the proportion of D-whitefish in commer-
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(B) Catch per unit effort in kg per net night for D-whitefish (<), R-whitefish (®) and S-white-
fish (A ). (C) Length distribution (all morphs) in commercial catches, 1982-1986. (D) Mean
weight (all morphs) in commercial catches, 1982-1986.

cial catches increased significantly (1985 vs. 1986: x*=6.63, 2 d.f., P<0.05).
This was, however, mainly owing to the decreased CPUE of R- and S-whitefish
as CPUE of D-whitefish did not increase from 1985 to 1986.

The proportion of D-whitefish in the pelagic survey net catches was also
significantly lower in 1984-1985 than in 1982-1983 (Table 3; 1982-1983 pooled
vs. 1984-1985 pooled; x*=20.8, 2 d.f., P<0.005).

Both in pelagic survey net and commercial catches most fish caught were
30-33 cm. The proportion of fish smaller than 30 cimn in the commercial catches
increased from 1982 to 1986 (Fig. 4C), while the proportion of fish larger than

A TTAYPN T VIS T E—
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TABLE 3

Per cent whitefish morphs, CPUE (number of fish), and per cent mature fish in commercial
catches, 1982-1986, and per cent morphs and mature fish in pelagic survey net catches, 1982-
1985

1982 1983 1984 1985 1986
Commereial catches
D-whitefish
No. 346 365 310 128 173
% 83.1 81.1 70.1 83.8 75.2
CPUE 10.8 TH 3.6 4.2 3.9
R-whitefish
No. 65 80 109 64 51
% 15.7 17.8 24.7 32.2 22.2
CPUE 2.0 1.7 1.3 2.1 0.7
S.whitefish
No. 5 5 23 8 6
% 1:2 1. 5.3 4.0 2.6
CPUE 0.1 0.1 0.3 0.3 0.1
Total No. 416 450 442 200 230
Per cent mature 87.5 70.7 60.9 67.0 82.2
Pelagic survey net catches
D-whitefish
No, 352 376 83 57
% 93.9 94.0 83.0 83.3
R-whitefish
No. 20 18 17 9
% 5.2 4.6 17.0 13.6
S-whitefish
No. 3 6 0 2
% 0.6 1.4 0.0 3.3
Total No. 375 400 100 68
Per cent mature 77.6 80.3 51.0 48.5

34.9 cm decreased during the same period. This change in size distribution was
significant (¥*=49.9, 8 d.f., P<0.005). Also in the pelagic survey net catches
there was a decrease in large fish and an increase in small fish during the period
1982-1985 (x*=2217.6, 6 d.f., P<0.005). A corresponding significant decrease
in mean weight of whitefish (all morphs pooled) caught in the commercial
fishery was registered (1982 vs. 1986: ¢t =4.05, 645 d.f., P<0.001) (Fig. 4D).
Mean lengths of age groups 9-16 of D-whitefish in the commercial catches
showed a decreasing trend during 1982-1986, whereas age groups 7 and 8 (sub-
adult fish) remained constant in length (Fig. 5). The decrease was significant
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Fig. 5. Mean body length of age groups 7-16 of D-whitefish in commercial catches, 1982-1986. r
is the correlation coefficient and b is the regression coefficient in the linear regression model
L.=bY+a, where L is mean body length {c¢m) and Y is fishing season; n.s.; P> 0.05.

in age groups 10, 12, 13 and 16. In pelagic survey net catches the numbers of
D-whitefish in each age group were too small to allow similar comparisons
between years.

The commercial nets caught fish with a higher condition coefficient (Ful-
ton's K, Bagenal and Tesch, 1978) than did the pelagic survey nets. In catches
from both net types, females always had a higher condition coefficient than
males (survey nets: female K=0.86-0.95, male K =0.85-0.93, commercial nets:
female K=10.95-0.97, male K=0.93-0.97). As a consequence, the commercial
fishery caught a significantly higher proportion of females than the pelagic
survey nets. Male/female ratio was 0.82 and 1.05, respectively (¥*=7.1, 1 d.f,,
P<0.01).

Annual survival rate (S) for the year classes of D-whitefish dominating in
the commercial catches (1971-1973) was 0.624 in 1982-1983, decreased to 0.477
in 1983-1984, and increased to 0.806 in 1984-1985 and 0.956 in 1985-1986.
Mean survival rate for the younger year classes represented (1975-1978) was
2.139, and for the older year classes (1966-1969) 0.584,
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DISCUSSION

During summer and autumn different size groups and morphs of whitefish
lived in different habitats. Juveniles of all three whitefish morphs were mainly
restricted to the demersal habitat. Among adults, D-whitefish utilized both
pelagic and demersal habitat, whereas R- and S-whitefish mainly lived in the
demersal habitat. This habitat segregation greatly influences the exploitation
of the various components of the whitefish stock. The commercial fishery with
pelagic gill-nets of mesh sizes 35 and 39 mm catches mainly adult D-whitefish.
Demersal gill-nets of the same mesh sizes will catch a larger proportion of R-
and S-whitefish.

Over the 5 years of sampling, there was a reduced proportion of fish larger
than 35-cm TL, a reduced mean weight of fish, and a reduced length-at-age of
adult D-whitefish in the pelagic catches. As the mesh sizes used did not change
over this period, the decreases observed in fish size in the catches probably
reflect a real change in the size distribution of the pelagic whitefish stock. The
change is probably caused by the size-selective effect of the commercial pelagic
nets. Assuming that the catches of the pelagic survey nets give a less biased
picture of the pelagic fish stock than the commercial catches, the higher con-
dition coefficients and the surplus of females in the commercial catches indi-
cate the selectivity of the commercial nets. These results accord with the find-
ings of Handford et al. (1977) on lake whitefish in Lesser Slave Lake, Canada.
The decreasing length-at-age contrasts with the observations of Healey (1980)
and Henderson et al. (1983), who found increased growth rate of lake whitefish
when stock density was reduced. However, in these two cases the exploitation
of the lake whitefish stocks was less selective than that of the commercial
fishery in Lake Femund. The adult D-whitefish in Lake Femund have a very
low growth rate after sexual maturation (Sandlund and Neesje, 1986). Any
positive effects on growth rate owing to increased food availability as stocks
are reduced may therefore be offset by the size-selective mortality owing to the
commercial fishery.

Healey (1980) also found that the increased growth rate led to reduced age
at maturity, and Jensen (1981, 1985) suggested that increased juvenile sur-
vival and reduced age at maturity were the two most powerful means of com-
pensating increased adult mortality in lake whitefish. In Lake Femund we found
neither an increased juvenile growth rate nor a reduction in age at sexual ma-
turity. This may, however, be owing to the relatively short period of sampling,
covering less than one generation of D-whitefish.

Most investigations on coregonids show that juvenile fish are strongly un-
derrepresented in survey net catches (Ricker, 1975; Johnson, 1976; Healey,
1980). Thus, the relatively high proportion of small juvenile fish in the demer-
sal survey net catches in Lake Femund might indicate an unusually good re-
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cruitment to the whitefish population. Based on the present data, however, we
are not able to state whether this is owing to the increased adult mortality.

According to the interactive segregation theory (Lindstrém and Nilsson,
1962) niche overlap between morphs is to be expected when relative resource
abundance increases as stock density is reduced. As the commercial pelagic
gill-net fishery was selective for D-whitefish, increased niche overlap was ex-
pected between this morph and R- and S-whitefish. Thus, we would expect an
increase in pelagic CPUE of R- and S-whitefish in response to the substantial
decrease in CPUE of pelagic D-whitefish. This was, however, not the case, and
our observations rather indicate an overall reduction in the pelagic whitefish
stock,

The decrease in the commercial fishery might be caused by the fluctuating
year-class strength of the D-whitefish. In 1982 the adult D-whitefish stock was
dominated by a few relatively old year classes. As these year classes are de-
pleted, CPUE will be decreasing. This might be viewed as the removal of the
surplus of an accumulated stock, in which case a new and lower equilibrium
yield will be reached. However, the high frequency of juvenile fish in the benthic
survey net catches indicate that the commercial CPUE will increase as these
year classes reach adult size. Strongly fluctuating yields have been observed in
most commercial whitefish fisheries (e.g. Bell et al., 1977; Henderson et al.,
1983; Lehtonen, 1981).

A certain immigration of adult D-whitefish into the areas of the commercial
fishery from areas without commercial fishing is indicated by the continued
presence of older year classes in the pelagic catches, as well as the apparent
increase in yearly survival rate S in the 1971-1973 year classes of D-whitefish
over the study period. Inter-year S for these year classes was 0.674, 0.477, 0.806
and 0.956, respectively. Through the immigration of fish into exploited areas,
the unfished areas may help to sustain a steady yield from the commercial
fishery (Cucin and Regier, 1965).

In conclusion, as D-whitefish utilizes the pelagic habitat more than R- and
S-whitefish, it is also most affected by the commercial pelagic gill-net fishery.
The commercial nets were clearly size selective, reducing mean weight and the
proportion of fish larger than 35-cm TL in the pelagic stock. Within D-white-
fish, this size selectivity resulted in a reduced length-at-age of adult fish. The
expected increase in habitat overlap between morphs was not observed.
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Magndsson. K. P., Malmquist, H., J., Sigurjénsdéttir, H., Skilason, S. and Snorra-
son, 8. 8. 1992, The arctic charr Salvelinus alpinus in Thingvallavatn. — Oikos 64
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The coexistence of four morphs of arctic charr in Thingvallavatn, Iceland, was
demonstrated by investigations of morphology, habitat use, diet, endoparasitic
fauna, life history, time and place of spawning, ecarly ontogeny, and population
genetics. Head morphology in embryos, juveniles and adults revealed the presence of
two charr morphotypes. each including two morphs: (1) a benthic morphotype
including large benthivorous (LB-) and small benthivorous (SB-) charr, featuring
overshot mouth and relatively large pectoral fins, and (2) a pelagic morphotype
including planktivorous (PL-) and piscivorous (PI-) charr, featuring terminal mouth
and relatively small pectoral fins. SB-charr mature sexually (50%) at 2 (males) and 4
yr (females); asymptotic length is 133 mm. LB-charr mature sexually at § yr; asymp-
totic length is 553 mm. PL-charr mature sexually at 4 (males) and 5 yr (females);
asymptotic length is 203 mm. Pl-charr mature scxually at 6 yr; asymptotic length is
302 mm. SB- and LB-charr both live in the littoral zone, but they segregate in
microhabitat: LB-charr live epibenthically, whercas SB-charr live mainly in the
interstitial spaces of the stony substrate. Their diet, however, is similar (Schoener’s
D =0.34 — 0.89). Both feed mainly on the snail Lymnaea peregra. Pl-charr live
mainly epibenthically, feeding on sticklebacks and juvenile charr. PL-charr is the
most numerous morph in the lake. It lives both in the pelagic and in the epibenthic
zone, feeding on crustacean zooplankton and chironomid pupae. The young of the
year of all morphs live in the littoral zone where they feed on chironomid larvae. All
morphs spawn in the littoral zone, LB-charr spawn in July-August, PL- and Pl-charr
spawn in September—November. whereas SB-charr spawn during August to Novem-
ber. Genetically, the morphs are very similar; Nei’s genetic distances were between
0.00004 to 0.00126. The only significant difference found was between SB-charr and
the other three morphs combined. The four morphs are conspecifics, although they
may be reproductively segregated to some extent.

0. T. Sandlund and B. Jonsson, Norwegian Inst. for Nature Research, Tungasletta 2,
N-7004 Trondheim, Norway. — K. Gunnarsson, Inst. of Marine Research, Skitlagata 4,
IS-105 Reykjavik, Iceland. — K. P. Magnuisson, S. Skilason and S. S. Snorrason, Inst.
of Biology, Univ. of Iceland, Grensdsvegur 12, 1S-108 Reykjavik, Iceland. - H. Si-
gurjonsdottir, Icelandic Inst. for Teacher Education, Siakkahlid, 1S-105 Revkjavik,
leeland. — P. M. Jonasson and H.J. Malmquist, Freshwater Biological Laboratory,
Helsingprsgade 51, DK-3400 Hillerpd, Dewmark. — T. Lindem, Inst. of Physics, Univ.
of Oslo, P.O. Box 1054, Blindern, N-0316 Oslo 3, Norway.
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Fig. 1. Thingvallavatn with
the 10 and 20 m depth
contours and the decpest
points in the northern
(114 m) and the southern
(81 m) basin indicated.

M (Midfell), L (Lambhagi)
and B (Bjarnamol) are
benthic @il net localities.
P (deep pelagic) and PN
(pelagic over Nitella) are
pelagie gill net localities.

Bjarnamal

Introduction

Arctic charr Salvelinus alpinus (L.) is an important [ish
species in many subarctic and northern temperatc fresh-
water systems. Throughout its area of distribution, this
species shows extensive phenotypic variation. both
among and within localities. Arctic charr may occur in
1—4 distinct morphs in the same lake (Nikolskii 1969a,

Accepted 3 April 1990

Behnke 1972, 1980, 1984). The differences among sym-
patric morphs may include coloration, meristic charac-
ters, growth rate, size and age at sexual maturity, time
and place of spawning, food and habitat choice, and
parasites (Balon 1980a, Johnson and Burns 1984). The
sympatric morphs may be reproductively isolated (Frost
1965).

The phenotypic variability of arctic charr has given
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Fig. 2. Schematic outline of the main habitats for fish in Thingvallavatn, and some major physical and chemical characteristics of

the water masscs.

rise to a debate about the origin of the variation and
hence the systematic status of the morphs. Some au-
thors have claimed that arctic charr constitute a species-
complex consisting of sibling species that evolved allo-
patrically during the Pleistocene glaciations (Svirdson
1961, Nilsson and Filipsson 1971). According to this
view sympatric charr morphs would stem from multiple
immigrations of two or more of these sibling species.
The morphs now reside as genetically distinct entities or
in various stages of genctic retrogression (Henricson
and Nyman 1976, Klemetsen and Grotnes 1980, Nyman
et al. 1981).

An opposing view holds that the arctic charr morphs
belong to one polymorphic species (Reisinger 1953,
Savvaitova 1961, 1980, Frost 1965, Skreslet 1973, Balon
1980b, Jonsson and Hindar 1982). Recent rearing
experiments and genetical studies support this view,
Nordeng (1983) studied three morphs of arctic charr in
the Salangen river system in North Norway, and found
that intra-morph fertilizations gave rise to all three
morphs. Based on material from a number of arctic
charr lakes in Norway, Hindar et al. (1986) found that
genetic distances were greater between stocks of the
same morph from different lakes than between different
morphs from the same lake. They concluded that sym-
patric morphs of arctic charr should generally be re-
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garded as locally differentiated populations and not dif-
ferent species.

In lakes where fish encounter heterogeneous envi-
ronments and vacant resources they may diverge in
terms of habitat use and diet, and consequently in
trophic morphology and growth. This may explain the
propensity of arctic charr and many other fish species Lo
develop morphs through trophic differentiation, or eco-
logical polymorphism. within breeding populations
(Skreslet 1973, Sage and Selander 1975, Campbell 1979,
Turner and Grosse 1980, Hindar and Jonsson 1982,
Kornficld et al. 1982, Grudzien and Turner 1984, Spar-
holt 1985). Some salmonids have also been shown to
evolve genctically divergent local populations (Kirk-
patrick and Selander 1979, Ryman et al. 1979, Ferguson
and Mason 1981, Ryman 1981, Ferguson 1986, Hindar
ct al. 1986), a phenomenon enhanced by their well-
documented reproductive homing behaviour (Stuart
1953, 1957, Frost 1965, Behnke 1972). From the per-
spective of evolutionary genetics, the discontinuous
trophic variation may well be the type of niche specific
polymorphism that e.g. Maynard Smith (1966), and
Turner and Grosse (1980) have regarded as a funda-
mental requisite for sympatric speciation.

In Iceland, the arctic charr is one of only three lake
resident freshwater fish species, and in Thingvallavatn it
is the dominating species, the others being the brown
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Fig. 3. Schematic outline of the gill net sampling procedures.

trout Salmo trutta 1. and the threespine stickleback
Gasterosteus aculeatus 1. The occurrence of several
phenotypes of arctic charr in Thingvallavatn was recog-
nized carly by local people and reported by Semunds-
son (1904, 1926) and Fridriksson (1939). More recent
investigations suggested the presence of four ecologi-
cally and morphologically different variants (Snorrason
1982, Skilason 1983, Malmquist et al. 1985). Two
morphs are benthivorous (large, LB, and small, SB).
with overshot mouth and blunt snouts. The two other
morphs are planktivorous (PL) and piscivorous (PT),
respectively, with terminal mouths and pointed snouts.

To establish the distinctiveness of the morphs we
tested the null hypotheses that there is onc uniform
phenotype of arctic charr in Thingvallavatn. The pre-
diction from this hypothesis would be that the external
morphology, life history and ecological characters of
arctic charr in the lake should have continuous distribu-
tions. This we tested by investigating morphology, life
history traits, habitat, diet. parasites, and genetic varia-
tion of the arctic charr present.

This paper is based on reports by Skilason (1986),
Magnusson and Ferguson (1987), Sandlund et al. (1987,
1988), Malmquist (1988). Jonsson ct al. (1988), Frand-
sen et al. (1989), Snorrason et al. (1989), Skulason et al.
(1989a.,b), Sigurjonsddttir and Gunnarson (1989). as
well as unpublished data.

Study area

Thingvallavatn (83 km?) is Iceland’s largest lake (Fig.
1), with maximum depth 114 m and mean depth 34 m.
The lake is situated in the neovolcanic zone, which is an
exposed part of the Mid-Atlantic Ocean Ridge system
(Jonasson and Lindegaard 1987). The lake basin was
formed at the end of the last glaciation, approximately
10,000 years ago. Since then, its size and morphometry
have at intervals undergone considerable changes duc
to tectonic events like eruptions and subsidence, as the
continental shields are sliding apart (Semundsson 1965,
1992). Due to the permeability of the neovoleanic rock-
beds, up to 90% of the water inflow is subterraneous.
The inflow is steady throughout the year and relatively
rich in dissolved solids. The water level fluctuates ap-
proximately 0.5 m throughout the year. Annual fluctu-
ations were even smaller before the construction of the
outlet dam in 1959.

The physical habitat of Thingvallavatn consists of a
sizcable pelagic zone, and a benthic zone subdivided
into three different substrates (Fig. 2). In shallow wa-
ters, 0-10 m, wave action creates a hard bottom with a
stony substrate. On the north, east and partly on the
west shores, this substrate consists of lava, often with
scattered lava stones, and is spatially very complex, with
porous lava stones, innumerable crevices, and extended
interstitial spaces, providing a highly diverse habitat for
zoobenthos and benthivorous fish (Snorrason 1982, Lin-
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degaard et al. 1992). In some areas. ¢.g. Lambhagi (Fig.
1), the stony substrate consists of smaller, rounder, and
more weathered stones, and interstitial rooms are less
diverse. The stony substrate is absent only in the most
protected bays, where stones are covered by silt. In
smaller areas the bottom consists of black basaltic sand
or gravel. A densc vegetation of Nitefla opaca Ag. is
found at depths between 10 and 25 m in most arcas
(Kairesalo et al. 1987). Individual plants may reach a
height of 1 m. The littoral zone thus reaches down to a
depth of approximately 25 m and covers an area of
approximately 30 km”, including the stony littoral and
Nitella-zones. In the profundal zone, at depths greater
than 25 m, the bottom is soft with a firm diatomic gyttja
substrate (Lindegaard 1980).

In summer, surface temperatures in the lake rarely
exceed 11°C. At that time temperatures below 25 m are
around 6°C (Fig. 2). No classically defined thermocline
is developed (Lindegaard 1980), although a thermal
stratification does exist (Lastein 1983). The lake can be
classified as oligo- to mesotrophic, and phytoplankton
production is fairly high (Fig. 2).

The zooplankton of the lake is dominated by Daplnia
longispina  (Miill.), Cyclops abyssorum medianus
(Lindberg). and Leptodiaptomus minutus (Lilljeborg).
The zoobenthos is dominated by chironomids, tubificids
and the snail Lymnaea peregra (Miill.). with a maxi-
mum density of chironomids and molluscs in the stony
littoral zone, 0-10 m (Antonsson 1992, Lindegaard
1980, Snorrason 1982, Lindegaard et al. 1992).

The fish fauna of Thingavallavatn is greatly domi-
nated by arctic charr, which are found in all habitats.
The threespine stickleback is common in sheltered bays,
and abundant in the Nitefla-zone, whereas brown trout
are very rare, mostly due to the lack of spawning facili-
ties alter the regulation of the lake outlet.

Material and methods
Electrofishing

Age-() charr were sampled with an electric fishing appa-
ratus in the surf zone at 0-0.5 m depth. In September
1983, sampling was carried out at two localities. Skita-
vik and Mjéanes (Fig. 1). In June— August 1984, three
littoral localities, Midfell, Lambhagi and Olafsdrittur
were sampled. In 1985 the two localities Midfell and
Olafsdrittur were sampled at least monthly from May
through September, and in November. A total of 8§33
age-0 charr were examined.

Densities of age-0 charr in the surf zone were esti-
mated through repeated samplings (cf. Seber and Le-
Cren 1967) in 11 and 13 areas around the lake in August
1984 and June 1985, respectively.

OIKOS 64 1-2 (1992)

Gill netting

A total of 5808 arctic charr was caught with pelagic and
benthic gill nets in August 1983, May/June 1984 (later
called May 1984} and August/September 1984 (later
called August 1984). During this sampling five brown
trout and two threespine sticklebacks were caught. The
benthic nets consisted of 12 panels 1.8 x 6 m, with mesh
sizes 10, 12.5. 15, 18.5, 22, 25 mm in spun nylon, and
29, 33, 38, 43. 50. 60 mm in monofilament nylon. The
pelagic nets consisted of the same mesh sizes and mate-
rials in 6 X 6 m panels. These nets caught arctic charr
between 7 and 47 cm in length.

Pelagic nets were used at two locations (Fig. 1), over
72 m depth between Lambhagi and Midfell, and over 13
m depth above the Nitella-zone at Midfell. At the deep
pelagic station fishing was carried out at six different
depth zones between surface and bottom (Fig. 3). The
pelagic net close to surface (0-6 m) was sectioned hori-
zontally at 2 m, to distinguish the catch in the topmost
surface water (cpipelagic habitat, 0-2 m) from that in
deeper water The 66-72 m pelagic net stood on the
bottom. This net was sectioned horizontally to scparate
the catch closest to the bottom (epibenthic habitat
70-72 m). Over the Nitella-zone fishing was performed
at two depths: close to the surface (0-6 m) and on the
bottom (7-13 m). These nets were also horizontally
sectioned to scparate catches in the surface layer (02
m) and epibenthic (11-13 m) habitats.

Benthic nets were used at three locations (Fig 1),
Midlell, Lambhagi and Bjarnamél. At all locations,
fishing was performed on the shallow stony substrate
(0-10 m). On the Nitella-substrate (10-20 m), fishing
was carried out at Lambhagi and Midfell and on the
muddy substrate deeper than 30 m at Lambhagi (Fig.
3).

Arctic charr for genetic and parasitological analysis
were caught with 10-60 mm benthic gill nets during July
- November 1983.

Pelagic trawling

In Scptember 1983 trawling was performed with a pe-
lagic pair trawl with cod end mesh size 5 mm (Lindem
and Sandlund 1984) over the deep arca between Lamb-
hagi and Midfell. This sampling caught planktivorous
charr between 3.8 cm and 24.0 em Jork length.

Echosounding

Echosounding was carried out with a Simrad EY-M
portable echosounder in August 1983, and June and
September 1984. The echosounding was done on 12-17
transects covering the lake basin at a depth over 10 m.
The echo signals were recorded on tape and later com-
puter analyzed. The analyses give minimum estimates
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Table 1. Regression of ovarian weight (OW., g) on individual fecundity (F) of four arctic charr morphs from Thingvallavatn. All
coefficients (R”) of determination are significant (P << 0.05) {from Skilason 1983).

Morph Regression Fecundity range R* N
SB-charr log OW = 0.01045F + 0.0665 13- 385 0.70 46
LB-charr log OW = (LOOOB7T + 2.9640 135-2974 0.77 21
PL-charr log OW = 0.00373F + 1.7468 90- 297 0.55 26
Pl-charr log OW = (LO0094F + 3.0872 293-2076 0.89 12

for pelagic fish density, and by an indirect statistical
method the echostrength distribution is transformed to
a target strength (TS) distribution (Lindem 1983). The
size distribution of pelagic fish is found by relating TS-
distribution to the size distribution of fish caught in
pelagic gill nets and trawl (Lindem and Sandlund 1984,
Rudstam et al. 1987).

Mark-recapture experiments

A total of 360 charr were tagged with floy tags during
1983. The fish were caught, tagged and rcleased at
Olafsdrittur, Skitavik and Nesjavik (Fig. 1). Recap-
tures were made by local fishermen, and during our own
gill net sampling.

Fig. 4. External colour
pattern and mensural
characters determined.

A.

FL = fork length.

1 = presence or absence of
melanization on ventral side
of lower jaw,

2 = presence or absence of
parr marks,

3 = colour of belly edge
(white, beige, orange).

4 = colour of belly (white.
beige, orange).

HL = head length,

PF = length of pectoral fin,
LI = length of lower jaw,
measured with mouth held
close,

Ul = length of upper jaw,
ED = eye diameter,

SN = snout length,
measured from the anterior
edge of the eye socket to
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Treatment of material

Site and deplh were recorded for each fish sampled, and
specimens were classified into one of four morphs ac-
cording to mouth position and coloration. Of the 5808
charr caught during test fishing with gill nets. A total of
103 fish (1.8%) were impossible to classify to morph.

Fork length was measured (mm), weighed (g). sexed
and degree of sexual maturity recorded. Weight-length
relationships were estimated from wet weights (W, g)
and fork lengths (L, mm) by the general regression
model: Tog. W = b log, L. + a.

Ages of the charr were estimated by use of sacculus
otoliths. The otoliths were both read whole, as de-
scribed by Jonsson (1976), and transversely after being
burnt and divided as described by Christensen (1964).
Annual adult survival rate was estimated by use of the
Chapman-Robson method (Youngs and Robson 1978).
Age groups giving significant fit (P >0.03) to the model
were used.

Individual fecundity (F) was defined as number of
mature eggs per adult female just prior to spawning.
Regressions of fecundity on fork length were calculated
with both untransformed and log-transformed data
sets, and the data set giving the better fit was used. Age
specific population fecundity was cstimated as a func-
tion of the number of fish in each age group. and their
mean fecundity:

PF, = NFF, 100 D) N,F,.

where N, = number of mature females at age i, F, =
mean age specific fecundity, a = age of youngest mature
female, n = age of oldest mature female.

Gonadosomatic indices (GSI) of females were esti-
mated as ovarian wet weight (OW, g) on somatic wet
weight (SW, g): GSI = 100 (OW/SW). Ovarian weights
were estimated on basis of their fecundity. This was
based on data from Skulason (1983) (Table 1).

Relative annual investment into reproduction (RAI)
of females at age i was estimated as ovarian weight
(OW)) on ovarian weight plus annual increase in so-
matic weight (ISW,): RAL = OW,/OW, + ISW, (Mills
and Eloranta 1985).

Stomach contents were dissected out and stored fro-
zen until analyzed. Prey groups were identified under a
stercoscopic microscope, the stomach content was
sorted to taxonomic groups, and the organisms counted.
Ash free dry weight (AFDW) of the various groups was
determined (Malmgquist 1988), and the diet is presented
here as per cent AFDW. Dict overlaps of morphs occur-
ring in the same habitat were calculated by Schoener’s
(1968) index:

n

D=1-05>Ip - q|

1=1
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where p, and q, are weight proportions of prey group i in
stomachs of morphs p and q, respectively. n is number
of prey groups. D varies from 0 (no diet overlap) to 1
(complete diet overlap).

Dietary breadth (B) of each morph was estimated
according to Levins (1968):

- (3)

where p, is the weight proportion of prey group i. B may
vary between 1 (narrow food niche) and 6 (wide food
niche), as we defined the following six prey groups: 1)
Lymnaea peregra, 2) insect larvae, 3) insect pupae, 4)
crustacean zooplankton, 5) surface insects, and 6) fish
(threespine stickleback and arctic charr).

The following organs were examined for parasites:
digestive tract, liver, kidney, urinary ducts, gonads,
swimbladder, and cye. External parasites were ex-
cluded due to the methods of catching, when nets were
out for 10 hours. Thirty-one fish were examined fresh
whereas 100 fish were frozen and examined later. The
analyses were performed according to methods de-
seribed by Bylund et al. (1980) and Frandsen et al.
(1989). The terms prevalence, intensity and mean in-
tensity applied here follow the definitions given by Mar-
golis et al. (1982).

From the arctic charr caught during test fishing in
1983, 1461 adult fish (230 SB-charr, 100 LB-charr, 1031
L-charr, 100 Pl-charr) were scored for external body
colours and flesh colour. Morphological characters were
measured on 411 adults (123 SB-charr, 58 LB-charr, 158
PL-charr. 72 Pl-charr) (Fig. 4).

Measurements were performed with a dial caliper to
the nearest 0.1 mm. Gillrakers were counted on the
anterior left gill arch from 387 adults. Adult fish were
defined as SB-charr older than 2 yr, PL-charr older than
3 yr and PI- and LB-charr older than 5 yr. The reasons
for not including younger fish in the morphological
analysis were that young fish grew faster than adults and
exhibited different allometric relationships.

The morphological data were analysed using software
from SAS Statistical Institute (Freund and Littel 1981,
Ray 1982a). To [acilitate comparisons of shape between
morphs, mensural variables were adjusted or trans-
formed, thereby removing the effects of fish body size.
Two methods were used to achieve this: Principal Com-
ponents Analysis. PCA. deriving sheared components
of shape, as described by Humphrics et al. (1981) and
Canonical Discriminant  Analysis, CDA (Pimentel
1979), with size adjusted characters (Thorpe 1970, Reist
1985). The data on external coloration, flesh colour and
gill raker number were analysed using the FREQ proce-
dure in SAS. testing for association (Ray 1982h).
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Fig. 5. The four arctic charr morphs, with drawings of lateral view of their heads. From top: Small benthivorous (SB-) charr, Large
benthivorous (LB-) charr. Planktivorous (PL-) charr, Piscivorous (PI-) charr. Body lengths ofthe individuals shown were:
$B-charr 11.3 em; LB-charr 34.0 ¢cm; PL-charr 12.5 em: Pl-charr 31.5 em. (Karl Gunnarsson and A. Gardarson phot.)
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Spawning time and place

Information on spawning periods and spawning places
was compiled from Skilason (1983), from our present
sampling. from samples of commercial catches of PL-
charr (Snorrason et al. 1991) and from interviews with
local fishermen. Frequencies of potential spawners (ma-
turity stages 5-6) in catches indicate spawning periods.

Spawning behaviour

Spawning behaviour was observed in LB-charr spawn-
ing at Olafsdrittur (Fig. 1). The mating fish were pho-
tographed and filmed, and parameters such as number
of courting males per female, size differences between
and within sexes and the succession of behaviour during
mating and spawning were recorded. Number of fish on
the spawning ground was estimated by counting along
zig-zag transects covering the spawning ground.

Early ontogeny

Experimental progeny groups were abtained from arti-
ficial matings within each morph (Skilason 1986). In
the laboratory, fertilized ova were incubated in Reykja-
vik tap water, mecan temperature 4.7°C  (range
4,4-5,1°C). Egg diameter was measured with a caliper.
Embryo growth was recorded until the onset of exo-
gencous feeding, to test the relationship between yolk
volume and free embryo size, and how this correlated
with size differences among the morphs. After exogene-
ous feeding started, the fish were fed freeze dried brine
shrimp (Artemia sp.) and later commercial salmonid
rearing food (EWOS ST40 No. 1). Mortality was negli-
gible throughout the laboratory experiment.

Eight mensural head characters in addition to fish
standard length were measured on the laboratory
reared progeny groups at age 153 d, 183 d and 225 d
after fertilization. The data were analysed using canoni-
cal discriminant analysis (CDA) (Ray 1982a), to obtain
information on the relationship between the a priori
classified progeny groups (Pimentel 1979). To compare
shapes, the measurements were adjusted for fish size
(Thorpe 1976, Reist 1985).

To examine early development among morphs in the
field, fertilized cggs were placed in Whitlock-Vibert
boxes placed inside a closed box full of gravel at two
different spawning localities, Olafsdrdttur (OD) and
Svinanes (SV) (Fig. 1). At OD, cold spring water in-
fluences water temperatures in the substrate (Fig. 26).
Two places (OD-A and OD-B) with slightly different
temperature regimes were used at this location. At SV,
there is no spring water influence.
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Morphology
Results

Colour patterns and seasonal colour changes

SB-charr always feature benthic camouflage coloration
(Fig. 5). The back is very dark and the sides are sct with
parr marks and irregular golden or yellow specks. The
belly is yellow or beige with a golden tinge. The ventral
side of body and head is often melanized to various
degrees, The external colours do not change much dur-
ing spawning (August - November).

Outside the spawning scason (July— August) mature
LB-charr exhibit typical benthic camouflage coloration
(Fig. 5). The back is very dark, and the sides are a shade
lighter, with a silvery tinge. The adults lack parr marks
but the sides are frequently set with small round light
specks. The belly is white or yellowish.

Outside the spawning period (September—Novem-
ber), PI-charr feature a brown back, the sides are some-
what lighter, often silvery, frequently with small round
light specks, and the belly is white or pale yellow (Fig.
5). During spawning, both LB- and Pl-charr become
darker on the sides and develop brilliant white stripes
on the anterior edge of the fins. The belly becomes
bright yellow or orange (Fig. 27).

PL-charr exhibit pelagic camouflage colours (Fig. 5).
The back is dark with a green tinge, the sides are sil-
very, often with small round lighter specks, and the
belly is white. During spawning (September—October),
which takes place in the littoral zone, the males develop
benthic camouflage, as they become darker and some
even develop faint parr marks. The females retain their
pelagic colours also during spawning, This difference
may be due to the fact that males stay at the spawning
grounds for a relatively long period, whereas the fe-
males only stay to release their eggs.

Analysis of size and shape

The morphs showed significant differences in all 7 log-
transformed mensural characters (univariate ANOVA,
F’s; g7 = 253 — 472, P < 0.001). reflecting a distinet dif-
ference in body size among mature fish of the morphs
(Fig. 19).

In the principal component analyses of log,,-trans-
formed mensural characters, we found that the first
component (PC1) accounted for 97.1% of total varia-
tion (Table 2). There was a clear size effect and isometry
among characters as all character loadings of PC1 were
positive and uniform. Eye diameter was the only char-
acter that departed from multiple isometry (0.22 vs
expected value for isometric character loading: (0.38).
The eyes became relatively smaller as the fish grew
larger (see also Table 4).

The second principal component, PC2, indicated
variation in the ratio eye diameter on snout length (Ta-
ble 2). Although variation among morphs was highly
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Table 2. Variable loadings of the first three principal components (1-3), sheared component 3 (Hs), total canonical structure (CS1)
and within standardized canonical cocfficients (SCI) of seven (for CST and SC1: six) log,-transformed mensural characters of 4 11

adult arctic charr from Thingvallavatn,

Character Principal component: H.* CS1 SCl

1 2 3
Fork length (FL) 0.42 0.44 —0.02 —0.03
Upper jaw length {UJ) 0.41 -0.13 —0.22 —.23 0.32 (.88
Lower jaw length (LJ) 0.42 —0.00 —1).66 —0.67 —0.42 -1.54
Pectoral fin length (PF) .36 0.19 0.67 0.66 0.76 0.59
Head length (HL) .37 0.12 0.03 0.1 .63 .49
Eye diameter (ED) 0.22 .36 0.08 0.08 0,27 -0.02
Snout length (SN) 0.41 -0.78 0.24 0.22 (.46 0.13
Variances 0.1598 0.0015 L0012
Per cent variation 97.13 .92 0.72

* shear coefficients a, = 0.030, b,y = 1.00, b, ; = 0.026,

significant (ANOVA of PC2: F;,, = 30.25. P
<<().0001), the group definition was poor as variation
within SB-charr overlapped to a large extent with the
other morphs.

The lower jaw length and pectoral fin length ac-
counted for most of the variation in the third principal
component, PC3 (0.72% of total variation). Among-
group variation was highly significant (ANOVA of PC3:
Fi4p = 112.56, P < 0.0001), and the means were all
significantly dilferent; LB-charr > SB-charr > PL-charr
> Pl-charr (Duncan’s multiple range test) (Table 3).
The grouping of morphs in the planc of the first and
third principal component was clear (Fig. 6). The third
principal component was therefore used in order to
gencerate a size-free shape discriminator, H; (Table 2)
{Humphries et al. 1981). The shape discriminator, H;,
indicated distinct differences between the benthivorous
morphs on one hand and the planktivorous and piscivo-
rous morphs on the other (Fig. 6).

We found that the morphs differed in allometric rela-
tionships of seome mensural characters versus fork
length (Table 4). Therefore we had to use within group
coefficients for allometric size adjustments before ca-
nonical discriminant analysis. Hence, the removal of
size effects in the transformed measurements was in-
complete (R* = 0.181. F, 4, = 14.9. P < 0.001). All
adjusted characters were significantly different among
morphs (Table 5). There were also significant differ-
ences between all morph pairs (Table 6). The difference
was smallest between PL- and Pl-charr, and between
LB- and SB-charr. In the canonical discriminant analy-
sis the first axis covered 91.5% of the variation in dis-
criminant space, and therefore interpretations were re-
stricted to information contained in this axis. There was
high correlation between canonical variables and origi-
nal variables for all mensural characters (Table 2), the
highest being lower jaw length. pectoral fin length,
snout Iength and head length. We found discrimination
contrasts in lower jaw length versus pectoral fin length,
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snout length and head length (Table 2). Among group
variation in the first canonical variable was significant
(Fyq47 = 471.8, P < 0.0001),

Plotted against each other the shape discriminators
H; and CANI showed two main clusters; one for LB-
and SB-charr, and one for PI- and PL-charr (Fig. 7).
There was a high positive correlation between these
discriminators (R* = 0.721, F; 4, = 149.2, P < 0.0001).

Analysis of discontinuous variables

Presence of parr marks clearly discriminated SB-charr
from the other morphs (Table 7). The six (2.6%) SB-
charr found without parr marks were all relatively old
and large individuals. The ten (1.0%) PL-charr found
with parr marks were mostly young and relatively small
individuals. The four (4.0%) LB-charr found with parr
marks were all small.

SB-charr also differed from the other morphs by hav-
ing melanin (black colour) on the ventral side (Table 7).
The beige colour of the belly in SB-charr may be a
mixture of the yellow-orange pigment and the melanin.
PL-charr was very homogeneous in external coloration,
whereas the large morphs were more variable. Flesh
colour differed significantly between the morphs (Table
7). The small morphs (SB- and PL-charr) had mainly
whitc flesh whereas the large morphs (Pl- and LB-
charr) had mostly orange flesh.

The four morphs differed in mean number of gill
rakers (+ standard error): SB-charr 24.3 + 0.16, LB-
charr 25.9 £ 0.21, PL-charr 27.4 * (.10 and PI-charr
26.8 £ (.19. The distribution of gill raker number did
not differ significantly between PL- and Pl-charr, but
there was a significant difference between all other pairs
of morphs (G-tests, P < 0.05).
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Table 3. Mean scores of principal component (PC) 1-3,
sheared component 3 (Hy) and the first canonical axis (CANI)
of seven log-transformed mensural characters for four

morphs of arctic charr from Thingvallavatn. Based on
measurements from 411 adult arctic charr.

Morph PC1 pPC2 PC3 H, CANI1
SB-charr  —0.45 —=0.017 0.011 0.024 2.35
LB-charr .37 0.009 0.047 (.035 1.46
Pl-charr 0.47 -0.026  -0.027  —=0.04] —1.39
PL-charr ~ —0.00 0022 -0.013 -0013  -1.73
Discussion

These morphological analyses demonstrate that the
classification of arctic charr morphs in Thingvallavatn
based on mouth position and external coloration has a
sound quantitative basis.

The shape analyses clearly identify two morphotypes
of arctic charr in Thingvallavaln: a “pelagic” morpho-
type. with terminal mouth (i.e. long lower jaw) and
small pectoral fins, including the two morphs PL- and
PI-charr, and a benthic morphotype, including SB- and
L.B-charr, featuring subterminal mouth (i.e. short lower
jaw) and large pectoral fins. The pelagic morphotype is
within the range of morphological variation shown by
arctic charr in general (Cavender 1980, Behnke 1980).
The benthic morphotype, however, shows trophic mor-
phology that has not been described for arctic charr
from other places (Behnke 1980).

The dichotomy in mouth position and pectoral fin size
appears to be a clear case of trophic adaptation (Schutz
and Northcote 1972, Lavin and McPhail 1986). as it
corresponds well with habitat and diet divergence be-
tween the two morphotypes (sce Habitat use and Food.,
below). Subterminal mouth and large pectoral fins are
typical of benthic feeders. Terminal or undershot mouth
is more common in plankton feeders and predators that
snap food particles (Nikolsky 1963, Keast and Webb
1966). The differences in gill raker number also fit with
the diet of the morphs. The planktivore PL-charr has
the highest, and the benthivores, LB- and SB-charr, the
lowest gill raker number.

Within both morphotypes the most marked differen-
ce between morphs was that of adult body size (Fig. 18).
There were also significant shape differences between
morphs within the morphotypes. The differences were
smallest between PL- and Pl-charr, as these two morphs
differ significantly in mensural characters, but not in gill
raker number. SB- and LB-charr differed both in men-
sural characters and in gill raker number. SB-charr are
also quite different from the other morphs in coloration,
commonly featuring parr marks, beige belly and melan-
ized lower jaw.
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Fig. 6. Outlines of score clusters for the sheared principal
component 3 (H;) on principal component 1 (PC1) of log;-
transformed mensural characters in 411 arctic charr from
Thingvallavatn. O = SB-charr, O = LB-charr, + = PL-charr,
A = Pl-charr. Cluster outlines inclide peripheral individuals,
except individuals deviating more than (0.2 PCI units from the
respective main clusters.

Habitat use
Results

Habitat of young of the year
Young of the year charr were living in the surf zone
(0-0.5 m depth) from May through November (Fig. 8).
In May and early June. length distribution of age-0 fish
in this zone was unimodal and variation small (coeffi-
cient of variation, CV <0.08). From late June a few
larger age-0 fish appeared in the catches, and variation
in length increased significantly (P << 0,05, test of equal-
ity of two variances). Later during summer and autumn,
variation remained high (CV >0.10).

Mean densities of age-0 charr in the surf zone were

Table 4. Slopes of regression log,(Y) on logy(FL) (FL: fork
length) for individual measurements of cach mensural char-
acter (Y) tor each morph, and F-tests of homogeneity of slopes
among morphs (P gives the significance level). Based on
measurements from 411 adult arctic charr from Thingvallavatn.

Mensural SB- LB- PI- PL- F P
character charr  charr  charr  charr

Upper jaw 0.943 1.006 1,032 1.079 2.69 0.046
Lower jaw 0,865 0980 1.064 1.112 9.19 < 0.001
Pectoral fin 0.941 0942 0.886 09353 032 0811
Head length 0,930 0.860 0.929 0914 084 0472
Eye diameter  0.644  0.467 0,338 0.636 11.69 < 0.001
Snout length 0,979 0.892 1.044 1.142 293  0.033
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Table 5. Means of size adjusted mensural characters (X) of 411 adult arctic charr from Thingvallavatn. P-values denote

significance of F-tests between morphs (univariate ANOVA).

Character X Xais Xin Xn X Fiii P

Upper jaw 19.08 19.79 18.79 19.78 18.32 35.97 0.001
Lower jaw 17,13 16.61 16,27 18.41 17.28 43.53 0.001
Pectoral fin 30.75 33.05 32.33 29.54 28.93 113.34 0.001
Head length 42.41 44,78 42.87 42.67 40.19 83.19 0.00]
Eye diameter .90 9.21 8.65 9.01 8.70 23.61 0.001
Snout length 9.19 9.77 9.33 v.49 8.56 40.22 0.001

(+ 95% confidence limits) 1.83 £ 1.07 m™* in August
1984 (11 sampling arcas, range: 0.1-6.1 m ) and 4.70
3.13 m " in June 1985 (13 sampling areas, range: 0-16.6
m °). Of the total of 441 fish caught during sampling for
density estimates, seven (1.6%) were threespine stickle-
back.

Pelagic trawlings in August 1983 caught young of the
year PL-charr at 15-2(00 m depth between Midfell and
Lambhagi. Mean length of these fish was 42.25 = 3.62
mm. Thus they were similar in size to the larger among
age-0 charr from the surfl zone at that time of the year.

Vertical distribution of morphs in pelagic and
epibenthic habitats

Vertical distribution of the four Arctic charr morphs in
pelagic and epibenthic habitats in May and August is
demonstrated by the gill net catches made in August
1983 (Fig. 9), May 1984 (Fig. 10) and August 1984 (Fig.
11). PL-charr dominated in all habitats and depths. In
the total catches during August 1983, May 1984, and
August 1984 PL-charr made up 95.6, 99.6 and 99.0% of
the pelagic catches and 55.4, 58.3 and 67.4% of the
epibenthic catches, respectively. Only in the shallow
littoral zone (< 10 m depth) and the Nitella-zone (10-20
m) were other morphs of any prominence. LB-charr
was important in both these epibenthic habitats,

Table 6. Mahalanobis distances (MD) between tour morphs of
arctic charr, based on six size adjusted (by fork length) mensu-
ral characters. F-statistics for comparisons between groups and
probabilities (P) of higher F under null-hypothesis of cqual
centroids.

Morph SB-charr PL-charr PlI-charr
PL-charr (MD) 4.12
F 247.7
P < (.001
PI-charr (MD) 383 1.35
F 64.3 6.8
P < 0.001 < 0.001]
LB-charr (MD) 1.38 3.25 3.28
F 5.8 27.1 45.9
P < 0.001 < (.001 < 0.001
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whereas SB-charr was restricted to the shallow littoral
zone. PI-charr was found in low numbers in the epiben-
thic habitat, and also occasionally in the pelagic zone.

In August, gill net catches were significantly higher at
night than during day in all habitats except for those
deeper than 35 min the pelagic zone (Wilcoxon's signed
rank test, P << 0.01) (Figs 9 and 11). The day and night
catches in May were not significantly different (P
> 0.05) (Fig. 10). Catches were generally lower in May
than in August. Epibenthic catches were low above 10
m in May.

SB-charr showed low activity during the day. In four
out of six sampling series in the shallow littoral zone
(0-10 m) there were no catches of SB-charr at all during
the day. Visual observations and electrofishing in the
littoral zone suggested that SB-charr hide between
stones during the day. To test this, small meshed nets
(10 mm) were laid out horizontally covering sections of
the stony bottom at depths between (0.2-1.0 m. These
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Fig. 7. Qutlines of score clusters for sheared component 3 (H;)
and the first canonical variable (CAN1) from canonical dis-
criminant analysis on size adjusted mensural characters in 411
arctic charr from Thingvallavatn. O = SB-charr, O = LB-
charr, + = PL-charr, A = Pl-charr. Cluster outlines include
peripheral individuals, except individuals deviating more than
1.0 CANI units from the respective main clusters.
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Table 7. Number of [ish in colour categories, and y*-tests of
independence of score distribution and morph classification.

Character  Scores  SB-  PL-  PI-  LB- Tests of
charr charr charr charr association
Parrmarks + 224 10 0 4 ¥ =1317
= 6 1021 100 96 P < 0.001
Belly beige 54 0 0 0 yt = 789
edge yellow 167 1007 52 15 P <0001
orange 9 24 48 55
Belly white 49 1030 89 535 oyt = 1442
beige 168 0 i 0 P <0001
orange 13 1 11 45
Melanized + 204 6 10 19 ¥ = 1071
lower jaw - 260 1025 90 81 P < (0.001
Flesh white 227 697 17 16 ¥ =327
orange 3 334 83 84 P <0.001
Number of fish 230 1031 100 100

nets only caught SB-charr during night, always from
below. The other morphs showed smaller diel activity
variation. Average CPUE day/CPUE night for the shal-
low littoral and Nitefla-zones over all sampling periods
were (1,61, 0.58, 0.14 and 0.56 for PL-, PI-, SB- and
LB-charr, respectively.

In August pelagic PL-charr were most abundant close
to the surface, and the abundance decreased gradually
with depth. Near the bottom, however, the abundance
increased again (Figs 9 and 11). In May, on the other
hand, PL-charr was most abundant at a depth of 20-26
m (Fig. 10). PL-charr caught over the Nitella-zone in
August were also most abundant near the surface and
the bottom. PL-charr was relatively abundant along the
bottom at all depths investigated.

Hydroacoustic recordings were made on six occasions
during 1983-1985. In the pelagic zone, target strength
(TS) distributions on all occasions show an increasing
proportion of small fish with depth small fish: TS < —46
dB. corresponding to fork length < 14 c¢m), indicating
that small PL-charr live in deeper pelagic waters (Fig.
12). This was supported by the size distribution of PL-
charr in the pelagic gill net catches. In August 1983 and
May 1984, there were significantly more small PL-charr
in the catches from decper waters (August 1983: y* =
41.6, 3 d.f., P < 0.001, May 1984: y* = 33.0, 2d.f., P
< (.001). Mean lengths of PL-charr caught at 0-26 m
and 35-72 m were in August 1983 17.6 and 15.8 cm, re-
spectively, and in May 1984 18.0 and 16.6 cm. respec-
tively.

Horisontal distribution of the charr

In general there were higher catches in the benthic nets
at Midfell and Bjarnamol than at Lambhagi (Figs 9, 10,
11). There were differences in age composition in both
PL-, LB- and SB-charr between the three benthic local-
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ities (y™tests, all P < 0.025). Among LB-charr there
were more young fish at Midfell than at Lambhagi and
Bjarnamdl (Table 8). The SB-charr were younger at
Lambhagi than at Midfell and Bjarnamdl. In benthic
PL-charr the fish at Bjarnamdél and Lambhagi were
more evenly distributed between age groups than at
Midfell, where age group 5 made up 34.1%. The
catches of PI-charr were too small to permit such com-
parisons.

Fish migrations in the lake

The mark-recapture experiments showed that per cent
recapture varied considerably between morphs, being
highest among Pl-charr (13.2%) and lowest among PL-
charr (1.4%) (Table 9). Recaptures of the two large
morphs, PI- and LB-charr were made around most of
the lake, indicating extensive migrations (Fig. 13). Re-
captures of the two small morphs were too few to allow
any conclusions.
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Fig. 8. Length frequency distnibution of littoral age-0 charr,
caught at Olafsdrittur (number: No), and Midfell (number:
Nm), May 14 - November 24, 1985.
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Discussion

The densities of arctic charr below 60 mm in length in
the surl zone of Thingvallavatn were high (1.83-4.70
fish m ). Similar investigations on salmonids in shallow

rivers with comparable substrates have shown numbers
between (1,02 and 0.53 fish m™ (Heggberget 1984, Salt-
veit and Styrvold 1984, Jonsson and Gravem 1985).

The surf zone is an important habitat for age-0 charr,
but less so for older fish. As the surf zone is scoured and
covered by ice during winter, incubating charr eggs
cannot survive in this arca. Consequently, newly
emerged charr must migrate into the surf zone during
spring. Some of them seemed to move out from the surl
zone to pelagic waters or to deeper epibenthic waters
during summer. From visual obscrvations during elec-
trofishing, it appeared that some age-0 charr in the surf
zone stay in small schools above the substrate, and some
hide between the stones, Older SB-charr occurred fre-
quently in the surf zone. However our observations
indicated that this morph stayed in the interstitial space
between the lava stones during daylight hours. Older
PL-charr were numerous in the stony littoral zone in
late summer, but not in early summer. In neither case
did the surf zone appear to be an important habitat for
these fish. However, all fish have to abandon the surfl
zone before the ice cover develops, which usually accurs
in January.

Agpe-0) charr caught in the pelagic zone were of the
PL-morph. These young of the year were caught at 15 m
depth. In the pelagic gill nets, age-1 and -2 PL-charr
were found mainly at this depth and deeper (Snorrason
et al. 1991). This was also supported by the ccho soun-
der results, showing a higher percentage of fish less than
14 cm in deep pelagic waters. The older PL-charr oc-
curred at all depths in the lake, but in August densities
were highest close to the surtface, where zooplankton
biomass also was highest (Antonsson 1977, 1991). Thus,
young charr which abandon the surf zone seem to avoid
the uppermost pelagic waters, although food is most
abundant here.

The pelagic way of life observed for some of the age-0
charr in Thingvallavatn differs from what has been
found in earlier studies, Generally, little is known about
habitat selection among the voung of the year, but the
few studies that exist indicate a benthic way of lile

Table 8. Age distribution (%) of PL-, SB- and LB-charr on three benthic sampling stations Bjarnamdl (B), Lambhagi (L) and

Midfell (M). N = number of fish

Morph Local- Age group N
ity
' 1 3 3 4 5 6 7 8 <9

PL B 0 0 0.3 20.3 37.0 25.0 9.8 0.6 (.9 316
L 0 12 28 26.9 34.1 17.3 10.8 5.2 36 249
M 0 0.2 1.3 22.0 54.1 13.3 6.0 ] 0.6 481

SB B3 0 .4 12.0 16.2 25.4 239 2.0 4.2 4.9 142
L 0 6.9 40.2 274 10.6 2.1 3.0 () 0 ol
M 0 24 17.0 17.0 26.3 19.4 9.3 6.5 2.0 247

1.B 3 1.8 16.2 274 8.1 6.3 6.3 8.1 4.5 20.7 11
L 4.2 222 9.7 15.3 6.9 8.3 15.3 9.7 8.3 72
M 21.0 26.9 19.3 39 8.4 8.4 5.0 0.8 4.1 119
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Table 9. Number (N) of charr tagged and released at Olafs-
drattur. Skutavik and Nesjavik, July - September 1983, and
per cenl recaptures.

Morph PL Pl SB LB Total
Olatsdrattur (N) 57 4 3 282 426
Y% recaptures 1.8 v.8 2.3 6.0 5.4
Skutatavik (N) 8 31 13 32 84
% recaplures (0 22,6 7.7 15.6 15.5
Nesjavik (N) 9 39 = ) 30
Y recaptures 0 10, - 16.7 10.0
Total 70 114 56 320 560
Yo recaptures 1.4 13.2 3.6 72 7.3

(Frost 1965, Kircheis 1976, Johnson 1980, Hindar and
Jonsson 1982). The rcason for this may be that the
pelagic zone in Thingvallavatn offers a more stable
feeding habitat than in systems studied earlier, In addi-
tion no other lish species is present in the pelagic zone
in Thingvallavatn,

Among older fish. the spatial distribution of morphs
corresponded well with expectations according to their
morphology and diets.

SB- and LB-charr lived close to bottom. Both were
largely restricted to the littoral zone (0-200 m), and
occurred in highest number over the shallow stony sub-
strate (0—10 m). PL-charr usually dominated in all habi-
tats reflecting the large population and high activity
levels of this morph. Pl-charr were found in highest
numbers in benthic and epibenthic habitats. A few PI-

Recaptures:
s | B-charr
+PI-charr

— Tagging locality

charr preying on PL-charr were also caught in the pe-
lagic zone. The presence of the visual predator appears
to influence the distribution of small PL-charr in this
zone, as they were mostly caught in deep waters where
the lack of light provides some protection aganst preda-
tion.

Mark-recapture experiments showed quite extensive
migrations among the large morphs. Pl-charr were abvi-
ously utilizing the whole lake basin, whereas LB-charr
kept to the littoral zone. and migrations must therefore
be performed along the shores. The presence of young
LB-charr at Midfell gquitec some distance [rom known
spawning areas, cither indicates extensive migrations in
this morph or suggests the existence of unknown spawn-
ing grounds.

The differences in age structure of morphs caught at
the three different benthic localities may indicate local
differences in substrate as well as prey types and avail-
ability. E.g. the low frequency of old $B-charr in Lamb-
hagi may indicate the velative lack of large interstitial
rooms suitable for shelter for large SB-charr in the
weathered stony substrate on this locality. The proximi-
ty of spawning grounds and the level of fishing mortality
may also influecnce the age structures. The high fre-
quency of LB-charr older than 8 yr at Bjarnamél may be
because fishing is prohibited in this area, as it is situated
inside the Thingvellir national park.

SkGtavik

Fig. 13. Recaptures of PI- and LB-charr. tagged and released at Olatsdrattur (A). Skitavik (13) and Nesjavik (C). 1983,
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Olafsdrattur

Fig. 14. Composition (per
cent ash free dry weight,
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15 N AFDW) of stomach contents
S of littoral age-0 charr. 1985,
N = number of analvzed
stomachs with contents.

] Chironomid larvae
O Chironomid pupae
kS Misc. insect [+p.
f90ther zoobenthos
M Zooplankton

[1Surface insects

Table 10. Number of stomachs analyzed (N total). per cent empty stomachs, and frequency ol oceurrence of the various groups of
prey in littoral age-0 charr from Midfell and Olafsdrattur, 1985,

Sampling May June June July Aug. Aug. Sept. Sepl. Nov.
date 14 12 27 2 8 29 4 27 24
Mudlell

N total 10} 20 20 20 20 2 8 19 -
Yo empty 2000 4] ] i 0 { 0 5.3 -
Chir. L. + p. 75.0 100 100 100 100 50.0 100 50.0 -
Insect 1. + p. 12:8 () 0 5.0 0 50.0 125 g2 2 =
Other zoobenthos 12.5 5.0 5.0 5.0 35.0 50.0 100 66,7 -
Zooplankton 0 0 5.0 0 5.0 0 4] 11.1 -
Surface insects 25.0 5.0 0 0 5.0 50.0 12:5 35 =
Olafsdrdttur

N total 8 23 27 28 34 27 - 20 16
Y empty 75.0 4.3 3.7 0 0 222 = 0 6.3
Chir. L. + p. 100 87.0 100 100 100 100 - 90.0 Fas
Inseet | + p. 0 0 18.5 17.9 14.7 47.6 - 35.0 553
Other zoobenthos 50.0 4.5 7.4 10.7 17.6 23.8 - 45.0 40.0
Zooplankton 0 13.5 3.7 3.4 26.5 4.5 - 55.0 10.7
Surface insects 0] 9.0 0 17.9 2.9 0 - 5.0 6.7
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Deep pelagic

Pelagic over Nifella
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Fig. 16. Stomach contents (per cent ash free dry weight) ol two morphs of arctic charr caught in pelagic gill nets over Nitella at
Midtell and at the deep pelagic station. June and August 1984, N = number of fish analysed.

Food
Results

The diet of voung of the vear charr

There was no significant difference in diet of small and
large age-0 charr living together (cf. Fig. 8) (Mann-
Whitney U-test, P > (L03). The results were theretore
pooled (Fig. 14). The stomach contents of age-0 charr in
the surfl zone was dominated by chiromid larvae and
pupac (Table 10). Only in May and late August and
September were other groups of zoobenthos of any
importance. Zooplankton (Cyclops  abyssorum  and
Daphnia longispina) was of minor importance as food
for voung surf zone charr. Mean weight of stomach
contents relative to fish weight reached a maximum in
June. July and early August. indicating high feeding
activity during this period. The number ol empty stom-
achs was low except on [4 May and 29 August (Table
10). On both occasions, {ish with empty stomachs were
significantly smaller than those with filled stomachs (1-
tests, P << 0.05).

The chironomids present in the stomachs were almost
all large orthocladiine larvae (instar 3 and 4). The main
species were Fuorthocladius frigidus (Zetl.). Enkieffe-
riclla minor (Edw.), Orthocladius oblidens (Walker).

328

Diamesa spp. and Rheocricotopus effusus (Walker).
Diamesa spp. was significantly more prominent as [lish
food at Olafsdrittur than at Midfell (Mann-Whitney
U-test, P < 0.01).

There were some differences in charr diet between
Olalsdrittur and Midfell, especially in May and in late
August and September (Fig. 14). The differences in
spring may be due to small sample sizes. In late August
and September, chironomids were significantly more
important fish food at Olafsdrattur than at Midfell (z* =
128.05, 2 f., P <0.005: Siegel 1956). However, at
both localities other insects (plecopteran nymphs, house
building caddis larvae, and larvae and pupae of Atalanta
stagnalts (Haliday)) and the snail Lymnaea peregra in-
creased their importance as fish food in the autumn. A
similar dominance of chironomids was also found in the
diet of littoral age-0 charr caught in 1983 and 1984,

In September 1983 pelagic age-0 charr had all eaten
Cyclops abyssorumn, in addition to a few chironomid
pupae and ostracods. Cyclops was only found in 3.2%
of the stomachs of age-) charr in the surf zone during
late August and September 1985,

Stomach contents of age-0 charr from the surl zone at
various localitics during 1983 and 1984 revealed a simi-
lar dominance of chironomid larvae and pupae as shown
for 1985.

OIKOS 611 2 (1992)



Table 11, Dietary niche breadth indices (Levins 1968) ol four
arctic charr morphs in the various habitats of Thingvallavatn.

May 1984 August 1984

Stony littoral zone

Pl-charr 2197 2:25

Pl-charr 1.93 1.47

SB-charr 1.49 1.20

LB-charr 2.36 2.406
Nitella-zone

Pl.-charr 3.06 1.12

Pl-charr 1.21 1.00

LB-charr 1.87 1.57
Profundal zone

PL-charr 2.68 2.22
Pelagic zone

PL-charr 1.76 2.36

The diet of subadult and adult charr

The diet varied among morphs. By weight, PL-charr fed
chiefly on zooplankton in all habitats. except for close
to bottom (50-72 m) at the deep pelagic station in May
and August. and in the littoral zone in May (Figs 15 and
16). A shift from Cyelops in May to Daphnia in August
was observed in all habitats where zooplankton was
important food for PL-charr. PL-charr caught close to
bottom at the deep pelagic station had eaten mainly
inscct larvae (mostly instar 4 of Chironomus islandicus
Kieffer) both in May and August. The diet of PL-charr
in the shallow littoral zone in May was dominated by
inscet pupac (mainly Orthocladiinae) and surface in-
sects. The diet of epibenthic PL-charr living in the Ni-
tella-zone in May was more diverse, including, in addi-
tion to Cyclops, chironomid larvae and pupae, plecop-
teran nyvmphs. trichopteran pupae. as well as surface
insects.

Pl-charr fed chicfly on fish. In the epibenthic habitat
the prey species was threespine stickleback (Fig. 15),
whereas in the pelagic habitat arctic charr were taken
(Fig. 16). Fish was found in the stomachs ol Pl-charr
[rom a length of 22 em. Only occasionally, insect pupae
and arctic charr were found in the diet of Pl-charr in the
epibenthic habitat.

SB- and LB-charr co-occurred in the stony littoral
zone and to some extent ate the same main prey types.
ie. Lymnaea and some groups ol insect larvae and
pupac (Fig. 15). Both morphs ate chironomid larvae,
mainly instar 4 of the large species Pseudodiamesa ni-
vosa and Chironomus islandicus. In May . nymphs of the
plecopteran Capnia vidua were also found in the stom-
achs of both benthivorous morphs. However, their diets
also differed in many aspects. In May, insect pupac
constituted a larger part of the diet of LB-charr than
SB-charr (d = 95,12, P < 0.001). In August. caddis
larvac (mainly Apatania zonella) constituted a larger
part of the diet of LB-charr (d = 44.61. P < 0.001).

OIKOS 64012 (192

LB-charr had also occasionally caten sticklebacks.
Lymnaea constituted a larger part of the diet of SB-
charr than of LB-charr both in May and August (bino-
mial tests, P < 0.001).

The length of Lymnaea (L,,. mm) caten by SB-charr
(Lyn) and LB-charr (L, ) increased with increasing fish
size in both species (L and L, ;; are log,, fish length in
mm):

L, =063+ 0.02 Ly, N =74 R =0.15. P <0.001
Li,=1I13+0.01 L, N=102, R*=0.55. P <0.001.

Regression slopes were not significantly different (F-
test, Fy 5 = 3.54, P > 0.05). However, mean sizes of
snails eaten by SB- and LB-charr of the same body size
(75-185 mm and 80-185 mm, respectively) were signil-
icantly dilferent (t-test, t = 2.36, 112 d.f., P < 0.05),
Mean size (£ sp) of Lymunaea in SB-charr and small
LB-charr was 3.36 + 1.78 mm and 2.61 + 1.37 mm,
respectively. Large LB-charr (FL = 190 — 470 mm),
however, ate larger snails (5.08 + 0.91) than SB-charr
(t = 6.80, 132 d.f.. P < (.001).

In the stony littoral zone at Midfell in May both PL-
and LB-charr had consumed chironomid pupac. How-
ever, LB-charr ate more large Pseudodiamesa nivosa
and less small Orthocladins spp. than PL-charr (bino-
mial tests, d = 7.46 and d = 313.66. respectively, P
< 0.001).

Levins' (1968) dietary breadth index (B) was usually
lower than 2.5 for all morphs (Table 11). Only for
PL-charr in the Nitella- and profundal zone in May did
B exceed this value. In the stony littoral zone. where all
morphs co-occur. dietary breadth was lowest for SB-
charr and highest for LB-charr, both in May and Au-
gust.

The dict overlap between morphs co-occurring in the
same habitats as measured by Schoener's (1968) index
(D). were generally lower than 0.3, except between 1L.B-
and SB-charr (Table 12).

Table 12. Schoener's indices (Schoener 1968) for diet overlap
between arctic charr morphs co-occurring in the same habitats
in Thingvallavatn.

May 1984 August 1984

PL- PI- SB- PL- PI- SB-
charr  charr  chan charr charr  charr

Stonv littoral zone

Pl-charr 0.260 (1,090)
SB-charr  0.070  0.063 0.055  0.085
LB-charr 0.225  0.165  0.475 (0L135  0.275  0.660
Nitellu-zone
Pl-charr  0.095 0.000
[.B-charr  0.205  0.095 0030 0.000
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Table 13. Per cent distribution ol number of helminth species
[ound in the four arctic charr morphs in Thingvallavatn. Num-
ber ol helminth species are significantly different among charr
morphs (G-test, 15 d.l., P < 0.001),

Number of 0 | 2 3 4 )
helminth species

SB-charr 12 54 19 13

[LB-charr 13 42 32 11
PL-charr 3 8 43 29 17
PI-charr 3 19 22 28 28

Discussion
The tood of littoral age-0 charr was dominated by chiro-
nomid larvae and pupae from May until late August. [n
autumn larger zoobenthos increased in importance.
This is somewhat different from findings in Swedish
Jamtland lakes and Vangsvatn, Western Norway. where
benthic crustaceans scem to be the most important food
for arctic charr in the carly alevin phase (Lindstrom
1955, Hindar and Jonsson 1982). In these lakes, how-
ever, age-0 charr live in the sublittoral or prefundal

sones where available prey groups may differ from
those in the surf zone of Thingvallavatn. The zooben-
thos of the surf zone in Thingvallavatn is totally dom-
inated by chironomids (Lindegaard 1980, Lindegaard et
al. 1991) and this prey may therefore be the most easily
available food. In Myvatn. chironomid larvae dom-
inated the diet of littoral age-0 charr from April through
November, although benthic crustaceans also were sig-
nificant (Ranta-Aho 1983).

Twenty mm charr caught in May/June had already
resorbed their yolk sacs, and probably had just begun
external feeding (Skidlason 1986). Arctic charr start ex-
ternal feeding at approximately 20 mm (Nielsen 1961,
Balon 1980b. Hindar and Jonsson 1982, Ranta-Aho
1983). Thus, there is good evidence that the initial food
of arctic charr in Thingvallavatn is chironomid larvac
and pupae and some adult chironomids. There was no
evidence during our sampling that [ood choice differs
between the size groups of age-0 charr present in the
surf zone.

The diet of older charr varied among morphs: PL-
charr fed largely on zooplankton, Pl-charr was a fish
cater, and SB- and LB-charr fed mainly on the gastro-
pod Lymnaea peregra and other zoobenthos. This dif-

Table 14. Prevalence, geometric mean (GM) intensity, geometric mean (GM) relative density and range of parasites in four arctic
charr morphs from Thingvallavatn. N = number of fish examined. Differences in prevalence were tested by G-tests, intensities

and densities by Mann-Whitney tests.

SB-charr LB-charr PL-charr Pl-charr Morph P

N: 26 38 35 32 comparison
Trematoda
Crepidostomum farionis (Maller)
Prevalence 19 55 16 47 SB + PL vs LB + PI < 0.001
GM intensity .2 8.7 1.8 6.0 SB + PLvs LB + PI < 0.0]
GM relative density 0.2 0.5 0.4 0:3 SB vs PI < 0.05
Range 1-3 [-407 1-5 2-90
Duplostomum sp.
Prevalence 85 100) 100) 100
GM intensity 133.3 131.9 42.4 100.8 PL vs PI < (.01
GM relative density 36.9 14.6 hol 6.0 SB vs LB. LB vs PL < 0.01
Range 4-900 22-850 0-165 11-720
Cestoda
Diplivllobotlriun spp.
Prevalence 8 16 89 78 SB + LB vs PL. + PI < 0.001
GM intensity 5.0 0.2 v.8 21.8 PL vs PI << (.001
GM relative density (.5 0.2 2. 1.8 SB vs Pl < 0.001
Range 1-31 1-31 1-76 2-295
Fubothrivm salvelini (Schrank)
Prevalence - 29 7 44 PL vs PI < 0.001
GM intensity - 226 2.0 22
GM relative density = 0.1 0.0 0.2 PL vs P1 < (.05
Range - 1-30 1-31 1-46
Proteocephalus longicollis Zeder
Prevalence 23 24 36 53 PL vs PI < (.001
GM intensity 2:3 4.4 10.9 12.2 PL vs Pl < (.001
GM relative density 0.3 0.2 2.9 0.6 SB vs PI < (.001
Range 1-12 1-20 1-255 1196
Nematoda
Philonema oncorhynchi Kuitunen-Ekbaum
Prevalence 4 24 43 38 SB + LB vs PL + PI < 0.001
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ferentiation corresponds well with morphology. colora-
tion, and habitat use of the morphs (see above), and the
spatial distribution of their prey types (Lindegaard
1992, Antonsson 1992),

In addition to zooplankton, PL-charr fed on chirono-
mid pupac, and in carly summer also on surface insects.
The zooplankton species eaten were Cyclops abyssorum
and Daphnia longispina, and their dominance in the
stomachs reflected their relative dominance in the water
column (Antonsson 1977, 1991). When both species
were present, however, D. longispina was clearly se-
lected over C. abyvssorum (Malmquist 1988).

Pl-charr had eaten sticklebacks in the epibenthic
habitat and small PL-charr in the pelagic habitat. This
reflects the availability of prey in the two habitats. In
the pelagic habitat PL-charr is the only small fish pre-
sent. In the epibenthic habitat, sticklebacks are abun-
dant in the Nirella-zone. whereas charr of a similar size
(<6 cm) mainly arc restricted to the surt zone. The
large sized predators may not easily move into these
very shallow waters.

The apparent niche overlap of SB- and LB-charr is
somewhat reduced by the tact that the two morphs ate
snails of different sizes. Large LB-charr ate larger snails
than the smaller SB-charr. Among fish with similar
body size. however. SB-charr ate larger snails than LB-
charr.

There also appears to be some dictary convergence
by LB- and PL-charr on chironomid pupae in May,
when this prey 1s abundant (Lindegaard 1992). How-
ever the two morphs utilized different chironomids,
with LB-charr taking the larger species.

Thus. the morphs are well scgregated in diet even
when thev co-occur in the same habitat. The low values
of dict overlap and niche breadth indices indicate that
segregation is strong both in May and August. The
segregation in dict between the charr morphs in Thing-
vallavatn appears more complete than what has been
observed in most dimorphic arctic charr populations,
where segregation breaks down during parts of the year
(¢.g. Hindar and Jonsson 1982, Sparholt 1985). The
strong diet segregation in the Thingvallavatn population
is probably due to mainly two factors: 1) the well devel-
oped differentiation in trophic morphology between the
two morphotypes (PI- and Pl-charr vs SB- and LB-
charr), and 2) the large difference in body size between
morphs within the morphotypes (PL- vs Pl-charr and
SB- vs LB-charr). In some dimorphic arctic charr pop-
ulations it appears that diet segregatlion is stronger be-
tween size groups within one morph than between
morphs (Klemetsen and Grotnes 1980).
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Parasites
Results

The number of parasite species per infected [ish varied
significantly among morphs increasing from SB-
through LB- and PL- to Pl-charr (Table 13).

In total. seven parasite species were identitied (Table
14). Positive identification of the cestodes Diphyllo-
bothrium ditremum and D. dendriticum is very difficult
for frozen samples. and they were therefore pooled.
Differences in site preference and size of the pleurocer-
coids (Halvorsen [970, Henricson 1977) indicated. how-
ever, that D. ditremum and D. dendriticum oceurred
approximately in the ratio 5 : 1.

The intestinal fluke Crepidostomum farionis occurred
more often and in higher intensity in the two larger
morphs LB- and Pl-charr than in the smaller SB- and
PL-charr. Mean relative density of this species followed
the same pattern among morphs. In LB-charr, intensity
of C. farionis increased significantly with length (Ken-
dall’s coefficient of rank correlation ¢ = 0418, P
<0.01).

The prevalence of the eye lluke Diplostomum sp. was
very high. and all the fish, except three SB-charr. were
infected (Table 14). The mean intensity of Diplostomum
sp. was high and not significantly different among SB-,
LB- and Pl-charr, whereas PL-charr had a significantly
lower number of metacercariac. The relative density of
Diplostomum sp. was significantly lower in PL- and
Pl-charr than in the benthivorous morphs, and also
significantly lower in LB- than in SB-charr. The in-
tensity of the eye (luke increased significantly with age
(0 =0.514, P < 0.01) and length (o = 0,423, P < 0.01)
in SB-charr,

The infection patterns of the cestodes Diphviloboth-
rium spp. and Protocephalus longicollis ditfered signil-
icantly among morphs (Table 14). PL- and Pl-charr had
high prevalences. high mean intensitics, and high rela-
tive densities, whereas SB- and LB-charr were lightly
infected. PL-charr had higher relative density of P. lon-
gicollis than Pl-charr. whereas relative density of Di-
phyllobothriven spp. was similar in the two morphs. In
Pl-charr. high infection rates of Diphyvllobothrium spp.
were [requently accompanied by internal hemorrhaging
and intense adhesion of organs. For both PL- and PI-
charr the mean intensity of Diphyllobothritm spp. in-
creased with length (¢ = 0.321 and o = ().315, respec-
tively. P < 0.05). but not with age.

The prevalence of the cestode Eubothrium salvelini
was low compared with the other cestodes, and this
species was not found in SB-charr (Table 14).

The nematode Philonema oncorhynchi occurred
more often in PL- and Pl-charr than in the benthic
morphs (Table 14).
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Fig. 17. Percentage sexually mature males (- ) and females
(— ——) of the four morphs ol arctic charr in Thingvallavatn.
The fish were caught in August/September 1983 and 1984 N =
sample size, males (¢F) and females (D).

Discussion

The charr marphs show clear differences in composition
and infection patterns of their helminth species: SB-and
LB-charr carry relatively lew parasite species and are
primarily infected by the trematodes Diplostonum sp.
and Crepidostomum furionis. PL- and Pl-charr carry
relatively many parasite species, and are mainly in-
fected by the cestodes Protocephatus longicollis and
Diplivilobothrium spp.. and the ncmatode Philonemua
oncorhynehi.

This difference is in accordance with the differences
in diet and habitat between morphs, and can be ex-
plained by ditterent host-specific pathways in the trans-
mission of the parasite species.
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All the four cestode species and the nematode found
in the charr morphs have copepods. mainly Cyelops
spp. as the first intermediate host belore entering the
fish (Vik 1963, 1964, Lien and Borgstrgm 1973, Smith
1973, Henricson 1978). The threespine stickleback is a
potential host for D. ditremm (Bérubé and Curtis
1986) and probably also for Eubothrivum salvelini (Vik
1963). The charr may be infected cither by eating cope-
pods or sticklebacks carrying the parasite (Vik 1963,
1964, Halvorsen and Wisler 1973, Curtis 1984). Thus,
PL-charr is infected when feeding on Cyclops, whereas
Pl-charr is infected when eating threespine stickleback,
which is also eating Cyclops (Sandlund et al. 1992). On
the other hand, the benthic morphs very rarely feed on
zooplankton or fish, and consequently they are only
lightly infected by these parasites.

The first intermediate host of Diplostonunm sp. is the
snail Lymnaea peregra, which constitutes a major food
item for the benthic charr morphs. Diplostomum may
also be transmitted through the skin of fish living close
to the intermediate host (Shigin 1986). The higher rela-
tive density of Diplostomum in SB-charr than in LB-
charr may be due to the fact that SB-charr live in the
interstitial rooms of the stony substrale, swimming very
close to the surfaces where Lyminaea is living. In con-
trast, LB-charr live epibenthically,

PL- and PI-charr live in pelagic waters or epibenthi-
cally at some distance from the substrate and very rarely
feed on Lymnaaea. Thus they are more lightly infected
by Diplostomuum.

Protocephalus longicollis is not transmitted through a
second intermediate host like sticklebacks. and conse-
quently relative density of this species was much higher
in the zooplanktivorous PL-charr than in the piscivorous
Pl-charr.

The life cycle of Crepidostomum farionis in Thing-
vallavatn is uncertain, as none ol ils known second
intermediate hosts (amphipods and mayfly nvmphs.
Thomas 1958) occur in the lake.

Life history
Results

Age and sex

Age at sexual maturity differed between morphs (Fig.
17). SB-charr (2 to 17 yr of age) and PL-charr (1 to 14 yr
of age). both matured within a few age groups. Among
SB-charr. more than 50% of the males in age group 2
were mature, and 50% of the females in age group 4
were mature. The difference in maturity age between
sexes was significant (z° = 105.34, 4 d.[., P < 0.0001).
Among PlL-charr more than 50% of the males in age
group 4, and females in age group 5, were mature. This
difference between sexes was also highly significant (27
= 508.26. 5 d.f.. P << 0.0001). LLB- (2 to 18 vr ol age)
and Pl-charr (5 to I8 vr of age) matured over wider
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Table 15, Adult annual rate of survival (S) + 95% confidence
limits, ¥™-test for goodness ol [fit to the Chapman-Robson
model, and sample sizes of the various arctic charr morphs
trom Thingvallavatn based on catch data from August-Septem-
ber 1983 and 1984. None of the y-values are significant. This
indicates agreement between sample observations and the
maodel used.

Morph Year S e Age  Sample
(yr) size
SB-charr 1983 0.63 = 0.04  0.078 5-13 200
1984 0.51 £ 0.04  2.8K87 6-11 164
Pooled 0.537 £ 0.03  3.223 5-13 488
LB-charr 1983 0.65 £ 0,05 0,037 0-14 112
1984 0.59 + 0.07 0.004 6-14 72
Pooled 0.63 £ 0.03 0.0l 7-13 145
PL-charr 1983 0.47 + 0.05 1.890 6-14 S01
1984 041 £+ 0.01 0.074 5-13 1789
Pooled 043 £ 0.02 0.572 H-14 2179
Pl-charr 1983 0.63 £ 0,06 0.063 7-15 3Y
1984 0.62 £ 007 0.221 7-14 78
Pooled  0.63 + 0,05 0,030 7-15 169

ranges of years, Among LB-charr, 50% maturity of
both sexes was attained at age-8. and among Pl-charr at
age-0. Age at maturity differed between sexes for PI-
charr (z* 24.69, 5 d.f., P < 0.001), but not for
LB-charr (z© = 832, 4 d.{., 0.1 > P > 0.05). Some
non-breeding fish., males in particular, may be previous
spawners which omit gonadal development in some
years. Maturity ages did not differ between 1983 and
1984 (P = 0.05), and the data were therefore pooled.

The estimated annual adult survival rate (Table 15)
was lowest for PL-charr (0.41-0.47), but higher for the
other morphs (0.51-0.63). The data indicated some in-
ter-year difference in age structure among SB-, LB- and
PL-charr (t-tests, P < (0.03).

Sex ratios were investigated during spring (May —
June). August — September samples were omitted in
this respect because the various morphs spawn between
July and November. During spawning sex ratios in gill
net catches may be influenced by differences in activity
between the sexes (Alm 1939, Jonsson and Hindar
1982). Females predominated among SB-charr (M/F =

0.36. binomial test: N = 49, Z = 3.14, P < 0.01) at all
ages. Among LB-charr, males were dominant in most
age groups. The M/F ratio of the total sample. however,
was not significantly different from unity (M/F = .38,
N = 100, P < 0.15). Among PL-charr the sex ratio
approached equality for age groups 2-4 (M/F = [.29 N
176, P < 0.15). In older fish, females were most
abundant (M/F = 0.54, N = 291, P < 0.001). Among
Pl-charr, females were more numerous in most age
groups. but the overall sex ratio was not significantly
different from unity (M/F = 0.57, N = 47, P < 0.10).

Size and growth

The morphs varied in size distribution. The mean size of
mature individuals increased from SB-charr through
PL- and LB-charr to Pl-charr (Table 16). The length
interval covered by adult LB-charr was larger than any
other adult morph. Growth rates estimated by von Ber-
talanffy’s model (Allen 1966), based on empirical fork
lengths, differed significantly between morphs.

The SB-charr were the slowest growing, and growth

rates were successively higher in LB-, PL- and Pl-charr.
The growth rates levelled off at ca. 13, 20 and 30 ¢m in
SB-, PL- and PI-charr, respectively. Pl-charr feeding on
PL-charr are sometimes caught in the lake, and such
individuals may become larger than 60 ¢m in length
(Malmquist et al. 1985). In the present sample, how-
ever, there were no Pl-charr larger than 48 em (Table
16). LB-charr continued to increase in length (L, ;. mm)
with increasing age (A. years) at an almost rectilincar
rate:
Lig =263 (£ 0.5) A +50.3 (% 2.8
N =64, R* = 0.80, P < 0.0001.
Fish which were classified as intermediate between SB-
charr and LB-charr had L £ standard deviation cqual to
200 £ 47 mm (N = 48). Those which on habitus were
classified as intermediate between PL- and Pl-charr had
L equal to 229 £ 9 mm (N = [5).

Back calculation of growth by using otoliths (Table
17) corresponded well with empirical growth rates (Fig.
18). The growth curves of PL- and Pl-charr were almost

Table 16, Emprrical lengths (mm) and the parameter estimates (£ 95% confidence mits) of L, and k of the exponential growth
model: Ly =L, (1 —¢ ") where Ajs age (yr) of arctic charr from Thingvallavatn based on pooled data from August=September

1983-1984.

Morph Adult fork lengths L. k Sample

size
Males Females
Mean Range Mean Range

SB-charr v6 73-2060 109 75-310 1329+ 0.7 0,333 + 0.045 740

LB-charr 240 135-4060) 274 9(0-470 3335+ 742 0,086 = 0.016 044

PL.-charr 175 130-230 188 140-260 205.1 ¥ [:6 0417 £ 0,011 4224

PI-charr 268 180480 295 200-440 3024 £ 151 .328 + (0.064 224
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Table 17. Regression of fork length (L. mm) on otolith radius (r;. mm: cf, Jonsson and Stenseth 1977) of arctic charr morphs from
Thingvallavatn. All coefficients of determination (R} are highly significant (P <2 0.001).

Morph Regression Length R’ N

SB-charr log L = 7.27 — 2.29 log,r + 0.37 (log.r)’ 73-310 0.76 232
LB-charr log L = 4.60 — L.25 log,r + 0.28 (log.r) T0-470 (.93 681
PL-charr log L = 33.28 + 15.24 log.r — 1.51 (log.r)’ 85-260 0.76 4467
Pl-charr® log L = -6.80 + 3.75 log,r — 0.26 (log.r)* 85-480 0.80 306

N = sample size. ' PL-charr was used for fish younger than 6 ycars.

parallel between 1 and 3 yrs of age, but PL-charr ceased
to grow in length considerably younger than Pl-charr.
The back-calculated mean lengths of SB- and LB-charr
were significantly different at all ages (t-tests, P <
0.001). There was no significant difference in growth
rate between sexes, or sexually mature and immature
fish within morphs.

Weight-length relationships  differed  significantly
among morphs both in June and August (tests of homo-
geneity of regression coefficients, Junc: Fs g = 64.68. P
< 0.0001. August: Fy i = 8.685, P < 0.05) (Table 18).
Significantly different weight-length relationships were
found between the sexes within PL- and SB-charr, and
spring and autumn samples within PL- and Pl-charr.
Among SB- and PL-charr, intramorph regression coeffi-
cients decreased with age within age groups 2-9 yr,
wheras in LB+ and Pl-charr they did not (Fig. 19). A
significant heterogeneity in  regression  cocfficients
among age groups (Fiam = 7.49. P <0.001} was only
found for PL-charr.

Fecundity and reproductive effort

Individual fecundity of females increased significantly
with fork length (L, mm) for all morphs (Table 19). In
the case of PL-charr, the predictive value of the individ-
ual regressions using length as the independent var-
iable, was fow, Adding age as a second independent
variable increased the cocfficient of determination. but
it was still low (R° = 0.22) due to individual variability
and a limited size range. Length specific fecundity of
SB-charr also decreased signilicantly with age (P
< (.0001), whercas this was not the case for LB- and
Pl-charr (P >0.05). Sample sizes for the two latter
morphs were, however, small.

Age specific population fecundity demonstrated that
among PL-charr a few age groups were important con-
tributors to the fecundity of the morph, whereas within
SB-. LB- and Pl-charr, several age groups were of im-
portance (Fig, 20). Some of the variation in relative
contribution between age groups in LB- and Pl-charr
may be due to small sample sizes.

Gonadosomatic indices (GSI) of females decreased
with age lor all morphs, but were generally higher for
PL- and Pl-charr than for PL- and SB-charr (Fig. 21).
Relative annual investments into reproduction (RAI) of
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females were less than (.5 for LB- and SB-charr youn-
ger than 7 yr, and (.7 and higher for PL-. PI- and
SB-charr 7 yr and older (Fig. 22).

Discussion

The variation in adult size of charr morphs in Thing-
vallavatn embraces a large part of the total variation
observed in lake resident stocks throughout the Holare-
tic distribution area of the species (Schmidt-Nielsen
1939, Nilsson 1935, Frost 1965, Nilsson and Filipsson
1971, Adalsteinsson 1979, Jonsson and @stli 1979,
Johnson 1980), Jonsson and Hindar 1982, Gydemo 1984,
Hindar et al. 1986). SB-charr arc of the same size as the
smallest adults observed, and their size at maturity may
be close to the lower limit for gonadal development of
the species. One of the females. 7.5 ¢em in length, had
only 12 eggs. Myers ct al. (1986) reported a threshold
length of approximately 7 cm for the onset of sexual
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Fig. 18. Back-calculated fork lengths with 95% confidence
limits of the estimates for four arctic charr morphs from Thing-
vallavatn, caught in August/September 1983 and [984.

OIKOS 64 1-2 (1992)



Table 18, Total weight (W g)/fork length (L. mm) relationships of four arctic charr morphs from Thingvallavatn, 1984, fitted 10
the regression model: log W = a log L — b, where a and b are constants. N = sample size, R* = coefficient of determination,
F-values for test of homogeneity between regression coefficiens (a) between sexes and times of the year.

Morph Month Sex Regression R* F N
a b sex month
SB-charr August Male 3.06 11.58 (.90 244
5.91"
Female 2.83 10.51 0,92 21T
Pooled 2.94 11.03 0.91 462
1.08 NS
May Pooled 3.00 [1.78 1.95 S0
[.B-charr August Male 3.10 11.82 1.00 162
0.04 NS
Female 3.10 11.84 .99 133
Pooled 311 11.87 1.00 313
1.40 NS
May Pooled 314 12.16 0.99 102
PL-charr August Male 3.04 11.59 0.96 1733
15,867
Female 3.11 11.97 0.97 1049
Pooled 3.08 11.82 0.97 2801
1552.691%*
May Pooled 2.40 5.43 0.81 479
Pl-charr August Male 3.20 12.44 0.97 67
1.27 NS
Female 3.07 11.78 0.93 35
Pooled 11 11.95 0.95 102
4.877
May Pooled 322 12.66 0.94 47
NS =P>005*=P<0.05 * =P <00[, " =P < 0.00].
O T T T T T T ¥ T
maturity in male Atlantic salmon (Safmo salar L) which 42 3.4 | .
i 5 . i C
is the size of the smallest adult SB-charr observed in @
Thingvallavatn. 2 i |
Maturity ages of 45 yr as in PL-charr, seem common '@ 3.2 | LB 4
G : bo) -charr
among arctic charr elsewhere (Johnson 1980). The ma- O Plechar
turity age of SB-charr is low, whereas those of LB-and ¢ " - F
PI-charr are high. but not uncommon for subarctic pop- '% 30+ 4
ulations (Klemetsen and Grotnes 1980, Nilsen and Kle-
metsen 1984), and even greater ages at maturity have Gy " 7
been reported from populations in northern Canada @ 2.8 1 4

(Johnson 1980) and in Bear Island (Klemetsen et al,
1985). The present data on maturity age and growth
pattern are complemented by earlier findings (Skilason
1983).

Optimization theory predicts that growth stagnation
at an early age sclects for young age at sexual maturity,
whereas growth stagnation at an older age selects for
late sexual maturity (Schaffer and Elson 1973, Jonsson
et al. 1984, Stearns and Crandall 1984). The variation in
age at sexual maturity of the arctic charr morphs in
Thingvallavatn agrees well with the qualitative expecta-
tions based on optimization theory. SB- and PL-charr.
which both have early growth stagnation, mature sex-
ually at an early age. LB- and Pl-charr have higher
growth rates at older age, and mature late. In addition
to this, the optimal maturity age may differ between

OIKOS 04 1-2 (1992)
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Fig. 19, Regression cocflicients (a) of the weight (W, g)/length
(L, mm) relationship: log, W = a log, L. for cach age group
within four arctic charr morphs from Thingvallavatn, August/
Seplember 1983 and 1984,
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Table 19. Regression of individual fecundity (F) on fork length (L, mm) for four arctic charr morphs, and on fork length and age
(AL yr)ol two morphs from Thingvallavain. All regressions are signilicant (F-tests, P < 0.0001). N = sample size. R™ = u)d’f}u(_m

of determination.

Morph Regression Fecundity range R- N
LB-charr log F = 2.719 log L — 8.97 [49-1914 0.95 7
Pl-charr log F = 2.841 log L — 9.70 278-1795 .68 26
SB-charr F=128L - 7474 12- 221 (.6v 175

F=13L-475A - 5791 13- 221 0.71 172
PL-charr F=147L — 57.53 96— 431 0.11 404

F=208L - 186A - 0606.11 96— 431 0.22 397
Pooled log F = 2.284 log L. — 6.63 12-1914 (.89 012

LB- and SB-charr because of different physical con-
straints ol their habitats. The stone matrix of the bottom
is probably a better habitat for small individuals, as they
may manocuvre [reely among the stones. Foraging effi-
ciency in the epibenthic zone may, on the other hand,
be positively correlated with size. Medium-sized fish
may do relatively badly in both habitats. Sclection may
therefore favour maturity at young age among the most
slow growing benthic charr, and maturity at old age for
[ast growers. The individual growth rate decreases when
sexual maturity is attained because gonadal develop-
ment and reproductive activity reduces somatic growth
(Calow 1979, 1985, Reznick and Endler 1982, Rolf
1983), and early maturing fish become small, while late
maturing ones may grow large. Thus. the individual
growth rate appears to influence the onset of sexual
maturation, and is itself reduced by the allocation of
energy into gonadal development.

The relative amount of energy allocated to gonadal
production increases with age in all morphs. Increased
investment into reproduction relative to somatic growth
may be a general trend among adult iteroparous fish
species until they grow older (Nikolsky 1963). One rea-

Per cent
ot
o

2 4 6 8 10 12 14
Age years

Fig. 20. Age specific fecundities, per cent, ot the four arctic
charr morphs from Thingvallavatn, August/September 1983
amd 1984,
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son may be that the chance for surviving another year
decreases with age. On the other hand, young fish may
show restraint in their gonadal production, thus de-
creasing post spawning mortality and increasing future
growth and [ecundity.

Individual fecundity varied among morphs: it was
lowest in SB-charr and highest among LB- and Pl-charr.
The main reason is that fecundity imcreases with size.
The benthivorous fish invested less in gonadal relative
to somatic growth compared with the planktivorous and
piscivorous morphs. Furthermore, the length specific
fecundity decreased with age in SB- and PL-charr. even
though the relative amount of energy allocated to gona-
dal development increased with age. Reduction in
length specific fecundity with increasing age has also
been found in other populations of arctic charr (Jonsson
and Hindar 1982) as well as in other salmonids such as
brown trout (Jonsson 1983). Variations in number of
eggs developed each year is partly influenced by the
variable food consumption ol the fish (Simpson 1931,
Nikolskii 1969b). This is supported by the fact that the
weight/length ratio is reduced with age in SB- and PL-
charr,

Sex ratios of SB-, PI- and adult PL-charr showed an

T T T T T T T T T T

- \PL— charr ]

Gonadosomatic index GSI

Age years

Fig. 21. Gonadosomatic index (GSI) within age groups of four
arctic charr morphs from Thingvallavatn, August/September
1983 and 1984,
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Fig. 22. Annual investments in gonadal relative to somatic

growth ol age groups of four arctic charr morphs from Thing-
vallavatn, Avgust/September 1983 and 1984,

excess of females, whereas males were more abundant
in most age groups of LB-charr. The excess of females
in the three former morphs may result from earlier
maturation of males than of females. Natural mortality
of lish which are sexually mature is higher than that of
immature individuals of the same age (Sviirdson 1951,
Calow 1979, Jonsson et al. 1984). Among LB-charr the
sexes attained maturity at the same age.

Fishing mortality has an impact on the life history
variables of PlL-, PI- and LB-charr. Most SB-charr die
from natural causes. as most of them are small and of
little interest for human exploitation. PL-charr. on the
other hand, are heavily exploited by gill net fishing
during spawning, from late September till late October;
up to 30-40% of the adult population are caught an-
nually. Pl-charr and LB-charr are caught in consid-
crable numbers during May — August by local fisher-
men. The fishing removes predominantly old and large
individuals of each morph, thus influencing size and age
distributions as well as variables based on these.

Spawning and early ontogeny
Results

Spawning time and localities
The occurrence of sexually mature fish in maturity
stages 5 and 6 in gill net catches made throughout the
season indicates the approximate annual timing of
spawning for the four arctic charr morphs (Fig. 23). The
exact timing of spawning is based on dirccet observation
or collection of spawning lish.

SB-charr spawned over a relatively long period (Fig,
23). The carly SB-charr spawners were probably con-
fined to sites with upwelling cold ground water. This
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was observed in the northern basin, where SB-charr
were spawning from early September until November,

L.B-charr were rarely found in stage 5—6 in the south-
ern lake basin (Fig. 23). Catches in the northern basin
indicated a main spawning period in July and August,
although a few ripe males were also caught in Septem-
ber. Observations on spawning sites indicate a spawning
period from late July to early August (cl. Fig, 26).

PL-charr in stage 5-6 were caught from late August
to late October in the southern part of the lake (Fig.
23). Although fewer samples were taken in the northern
basin, the material from this part of the lake also in-
dicated the main spawning period to be September —
October, The commercial fishery for PL-charr catches
spawning fish. and is mainly taking place from 15 Sep-
tember to 20 October. with the vast majority of females
in stage 6 present during the first week of October. The
exact spawning period of PL-charr thus appears to be
quite short.

Pl-charr were found in a state ready to spawn approx-
imately over the same period as PL-charr (Fig. 23).
However. the catches indicate that spawning in this
morph may take place well into November.

Ripe males of all morphs were found to stay longer on
the spawning grounds than ripe females. LB-charr
spawned both at day and night, and they were easy 1o
observe. PL-charr spawned during the night. whereas
little is known about the diel pattern in spawning activ-
ity in PI- and §B-charr.

The spawning localities of the four charr morphs in
Thingvallavatn are shown in Fig 24. PL-charr appear to
be spawning over large areas of stony substrate in the
littoral zone around most of the lake. This is based on
the commercial fishing for this morph during spawning.

Less is known about spawning localities of Pl-charr,
but ripe (stage 6) male-female pairs of Pl-charr have
been caught at a few localities. strongly indicating the
position of spawning grounds. Other observations sug-
gest that PI-charr spawn more or less in the same arcas
as PL-charr.

Spawning LB-charr were observed in two arcas, both
with inflowing cold groundwater. This clearly influences
the water temperature in the spawning redds. In the
groundwater well areas interstitial water temperature in
the substrate remains stable at approximately 3-4°C
throughout the vear. At the same water depth in areas
without groundwater influx, interstitial water temper-
atures in the substrate may go down from 10°C in Au-
gust to 2°C in December — April, and increase to 7°C in
June (Fig. 25).

Spawning SB-charr was caught in the shallow littoral
zone (0=10 m) in all areas where fishing was performed.
In August, ripe SB-males were caught among spawning
LB-charr.
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PL-charr Pl-charr

SB-charr LB-charr

. Assumed breeding grounds  ++++ Based on commercial fishing
AAA Based on own sampling during spawning or information from
fishermen

Fig. 24, Recorded spawning localities of the four arctic charr morphs in Thingvallavatn. The map is based on our awn observations
and ohservations from local tishermen.
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Spawning behaviour

The spawning site at Olafsdrittur covers an area ap-
proximately 40 m wide and 170 m along the shore.
Spawning occurred at depths of 0.2-3 m. In 1986 spawn-
ing activity peaked during the first week of August (Fig.
26). Males greatly outnumbered females, as mean male/
female ratio was 4.4 (range 2.4-7.2) Tagging of LB-
charr in the spawning areas showed that breeding LB-
charr were rather stationary., and that males stayed
longer than females, This probably explains the skewed
sex-ratio on the breeding grounds.

Females selected spawning sites, and cleaned the sub-
strate. Most of the time they stayed close to the nest
spot, circled it, and accepted courtships from males
(Fig. 27). Usually a female was surrounded by a group
of males, but one (the guarding male) defended her
against potential intruders, i.c. satellites. The satellites
employed a sneaking technique both to court the [emale
and to join in with a spawning pair. Release of gametes
was a relatively rare event. Most males present were
medium sized, but the probability ol being in a guarding
position increased with fish size (Table 20). The satellite
males usually fled when attacked, but sometimes they
tried to take the position of the guarding male. The
intruder’s rate of sucess was, however, low, because the
guarding male usually won these conflicts (3° = 48.6. P
< 0.001). The female sometimes attacked males ap-
proaching her. especially when the intruding male was
small. Small males were chased away significantly more
often than medium sized males (¥ = 6.4, P < 0.011).
Large males were never chased away by the female,

It is envisaged that the males behaved according to a
pure conditional strategy which is dependent on size so
that relatively large males employ a guarding tactic,
whereas smaller males sneak. Although the success of
the dilferent tacties in terms ol number of lertilized ova
was not measured, the fact that guarding males spent
more time courting the females than did sneaking males
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may indicate that the guarding tactic is more successtul
(Sigurjénsdéttir and Gunnarsson [989).

SB-charr males were on rare occasions seen sneaking
close to the LB-females but they were chased away by
the LB-female and her guarding male. Both SB- and
PL-charr were observed eating eggs on the spawning
ground. and LB-charr were often seen eating their own

cgas,

Early ontogeny

There were significant differences between morphs in
both pre- and post-activated egg diameter (Table 21).
Corresponding ditferences were also found in newly
hatched embryos (103 d after lertilization) as well as in
older [ree embryos. Under equal conditions all progeny
aroups appeared to develop at a similar rate, and
started exogeneous feeding [45-160 d after fertilization.
Close to the start of exogeneous feeding (143 d. Table
21). progeny of all morphs were about 20 mm in length,
but SB-charr progeny were the smallest and PI- and

= 200 T T H T
]
u Males
P Females
= 150

100

50

15 25 4 13 23
July Aug 1986

Fig. 20. Fluctuations in number ol LB-charr spawners on the
spawning ground at Olafsdrattur. July - August 1986,

OIKOS 6d 12 (1992



Table 20, Number of paired and single males within size groups
small (< =25 em), medium (26-35 em) and large (> 35 cm)
counted along the transect. The proportion of paired fish were
sienificantly larger among large males (3° = 67.57, 2 d.f.. P
< (.001).

Small Medium Large
Paired 4 34 27
Single 8 Ho 4R

LB-charr progeny were the largest, In addition to yolk
volume paternity may influence embryo growth. In
progeny groups where eggs from PI-, PL- and LB-charr
were fertilized with sperm from SB-charr males, result-
ing embryos tended to be smaller than embryos from
groups where egegs from the same females were fertil-
ized with sperm from the corresponding morph.

In the field experiment. the free embryos of LB-charr
were approximately 20 mm already in January and 24
mm in April (Table 22). As the alevins were mostly
unable to feed in the incubation boxes. this indicates
their Tength at first exogencous feeding. The free em-
bryos of autumn spawning PI- and PL-charr were about
20 mm in April. and in June reached a length of 22 and
25 mm. respectively (Table 22). These fish had no yolk
lelt, but had not started exogeneous [eeding. Length
distributions of electrolished charr alevins from the surf
zone at Olalsdrittur in June are bimodal (ct. Fig. 8).
similar to what is indicated in Table 22.

The head morphology of the progeny strongly in-
dicates two groups, SB- and LB-charr progeny resemble
cach other, as do Pl- and PL-charr progeny (Fig. 28).
However. differences were also significant between SB-
and LB-charr. and between PL- and Pl-charr already at
an age ol 1533 d alter fertihization (Table 23). The differ-
ences increased with age up to 225 d. At 153 d, charac-
ters like head length and eye diameter contributed
much to the variation, indicating that embryonic charac-
ters were still prominent. At age 183 d, and even more
at age 225 d. lower jaw length and snout length contrib-
uted relatively more to the variation. These are charac-

ters prominent in scparating morphs among juvenile
and aduli fish (sce Morphology). A short lower jaw and
a round snout are embryonic characters that are re-
tained in juvenile and adult LB- and SB-charr. PL- and
Pl-charr adults have a head morphology more diverted
from the embryonic phenotype. This indicates that de-
velopmental heterochrony is the ontogenetic mecha-
nism bchind the variation between morphotypes. It
should be noted that SB-charr progeny tended to form a
distinct group (Fig. 28, Table 23). In general these fish
tended to have relatively larger heads and head features
than the other progeny groups. This suggests [urther
genetic differences between morphs.

Discussion

Arctic charr are usually autumn spawners (Johnson
1980). In Thingvallavatn LB- and some $B-charr spawn
unusually early, in July — September. This carly spawn-
ing occurs in arcas with cold water springs, where water
temperatures in the spawning redds stay around 3-4°C
cven in summer. PL- and Pl-charr and some SB-charr
spawn in areas not influenced by cold water springs. and
their main spawning time is the usual for arctic charr: in
October.

[n Windermere, England the arctic charr includes one
aulumn and one spring spawning stock (Frost 1965).
The former stock spawns in shallow waters (2—4 m), the
latter in deeper waters (15-18 m). In Attersee. Austria,
arctic charr in spawning condition have been caught in
all months of the year (Brenner [980). This may be
attributed to the reduced effects of seasonality in the
deep habitat (40-60 m) of arctic charr in this lake. An
interesting parallel to the situation in Thingvallavatn is
found in the landlocked kokanee salmon Oncorfivichus
nerka (Walbaum) of Lake Kronotskiy in Kamchatka,
where two morphs of this species differ in spawning
season due to the presence of cold water springs and
variable feeding habits (Kurenkov 1977).

LB- and SB-charr feed extensively on the snail Lyin-
naea peregra, which is abundant throughout the vear.

Tuble 21. Lgg diameters (mm £ 95% confidence limits) of pre- and post-activated ova, and total lengths of free cmbrvos of the
four arctic charr morphs in Thingvallavatn. during laboratory incubation. and rearing 103-143 days after activation (Skulason

1986). N = number of eggs or embryos. Postactivated egg sizes and embryo lengths were measured on material preserved in 10%
tormalin.

Marph N PL-charr N Pl-charr N SB-charr N [.B-charr
Egg diameter:

Pre-activated RE! 474 £ 0.07 43 511 £ 0.08 32 4.58 4 0,09 43 4.95 4 0.06
Post-activated 25 4.84 = 0.0Y 26 501 % 0.01 26 4.82 = (L12 43 506+ 0.05
Free embryo length:

103 d 17 16303 23 6.8 = 0.3 14 15403 11 17.6 £ 0.4
113 d 25 [7.3 £ 0.3 25 8.1 04 11 163 0.4 16 I8.4 £ 0.5
123.d 19 184 + 0.3 27 19.6 £ 0.9 13 6.8 = 0.5 I8 1.5 £ 0.5
133d I8 19.3 = 0.4 24 203 £ 0.5 3 185+ 04 13 210 £ 04
143 d 15 205 £ 0.5 25 211 =04 12 19.2 + 0.0 3 20,0 £ 04
OIKOS 64 1.2 (1992) 341



Table 22. Total lengths (mm + 95% confidence limits) of free embryos from ova of three arctic charr morphs incubated in
incubation boxes at Svinanes (SV) and Olafsdrittur (OD), January - June 1985 (Skdlason 1986). N = number of fish measured.
The material had been preserved in [0% formalin for more than 6 months before being measured.

Morph Locality N Jan 6 N Apr 19 N Jun 16
PL 3% = 9 2005 & 3 19 23,1104
oD - 2 202 - 28 22:2%0.3
Pl SV = 27 17.4 £ 0.5 19 24203
oD - 13 20.8 £ 0.5 9 236 £ 0.6
LB 0D 15 19.3 + 0.6 7 24.0 + (.7 =

Age days

153

183

Canonical scores

48
42
28

Fig. 28. Absolute frequency
of scores on first canonical
axis, derived from canonical
discriminant analysis. for
four progeny groups (of
LB-, Pl-, PL-, and SB-charr)
at ages 153 and 183 d after
activation, and for three
progeny groups (of LB-. PI-,
and PL-charr) at age 225 d
after activation.

N = Number of [ish.
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Table 23. Mahanalobis® distances between progeny groups of
PL-. PI-, SB- and LB-charr within age groups 153 d. 183 d and
225 d (no SB-charr) after activation. Significance (P <) of
F-values are given in brackets (Skialason 1986).

Age (d) PL-charr Pl-charr SB-charr
153 Pl 1.59
(0.003)
SB 2.60 2.70
(0.0001) (0.0001)
LB 2.42 2.08 2.20
(0.002) (0.03) (0.004)
183 PI 1.42
(0.0003)
SB 4.50 399
(0.0001) (0.0001)
LB 334 3.26 2.65
(0.0001) (0.0001) (0.0001)
225 P1 2.32
(0.0001)
LB 3:73 4.29

(0.0001) (0.0001)

including spring and carly summer. This enables the
benthic charr morphs to develop their gonadal tissue at
this time of the year. The main food of PL-charr, zoo-
plankten, is on the other hand not abundant until July.

The variable spawning scason has obvious conse-
quences for early life history ol the progeny. LB-charr
progeny start exogeneous feeding in January—Febru-
ary, L.e. 2-3 months carlier than progeny of the autumn
spawners. The progeny of September-spawning SB-
charr may start exogencous feeding in between these
two periods. This is indicated by the great variation in
lengths of age-0 fish in the surf zone at Olafsdrattur in
June. Further sampling at this locality in 1987 indicated
a trimodal length distribution of age-0 charr (Skilason
et al. 1989b). The constant water temperature of the
groundwalter springs in Olafsdrittur is relatively warm
in winter, providing suitable conditions for feeding and
growth of age-0 charr. By starting to feed early, the
progeny of summer spawners may avoid competition
with progeny of autumn spawners, thus reducing mor-
tality risks (Elliott 1984a. b, 1986).

The differences in spawning times indicate that LB-
charr at Olafsdrattur may be reproductively isolated
from PL- and PI-charr. The behaviour of LB-females on
the spawning redds also indicates isolation from SB-
charr. They behave aggressively towards SB-males as
well as small LB-males trying to come close. This may
partly be a defence against egg predation (Campbell
1979) but it also reduces the chance of SB-males mating
with LB-females. Such size selective mating may be of
particular importance when a mixture of morphs is in
spawning condition. Thus, although SB-charr partly
overlap in spawning time with the other morphs, beha-
vioural isolating mechanisms may be present. The fact
that SB-charr differ significantly from the other morphs

OIKOS 64: 12 (1992)

in polymorphic allozyme frequencies (see below) also
indicates reproductive isolation.

Egg size and embryonic growth was clearly connected
with parent body size among morphs; SB-charr being
smallest and PI- and LB-charr being largest. Survival
and growth rate of age-0) salmonids are strongly depend-
ent on body size (Bagenal 1969, Elliott 1984a, Taylor
and McPhail 1985), so this variation probably influences
morph scgregation.

The morphology of progeny groups of the four
morphs strongly indicates two morphotypes: one ben-
thivorous (including SB- and LB-charr) with an under-
shot mouth, and one morphotype featuring terminal
mouth including PL- and Pl-charr. The significant dif-
ferences in morphology at this early stage indicate ge-
nctic differences between the morphotypes. The signif-
icant differences between SB- and LB-charr progeny
furthermore indicate that SB-charr may be genetically
distinct.

Population genetics
Results

Protein products of 36 enzyme loci in 39 to 40 fish of
each of the four morphs were analysed according to the
clectrophoretic methods described by Utter et al. (1974)
and Allendorf et al. (1983). Locus designations arc ac-
cording to Andersson et al. (1983).

Variation was detected at five loci (Table 24). The
remaining 31 loci were considered fixed for the same
allele in all four morphs. Only Esr2 and Mdh4,5 showed
enough variation to permit statistical analysis of varia-
tion among morphs. There was no significant deviation
from Hardy-Weinberg proportions at FEst2 neither

Table 24, Allozyme variation at five polymorphic loci in four
morphs of arctic charr from Thingvallavatn, Iceland.

Locus Alleles Morph
SB-charr LB-charr Pl-charr PL-charr
Est2 100 0.913 0.863 0.795 (.795
el (LO87 0.137 0.205 0.205
Gpi3 100 0.963 1.000 1.000 1.000
92 0.037 - - -
Ldh4 100 0.963 0.963 0.987 1.000
65 0.037 0.037 0.013 -
Mdhda,5% 100 0.419 (1,325 0.250 0.281
130 1.581 .675 0.750 0.719
Pgm2 100 0.975 0.987 1.000 1.000
114 0.025 0.013 - -
H 0.032 0.029 0.028 0.026
P 0.139 0.111 0.083 0.056

H: average expected heterozygosity.
P: proportion of loci polymorphic.
* considered a single duplicated locus in all analyses.
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Fig. 29. Dendrogram for the genetic relationship among four
sympatric morphs of arctic charr in Thingvallavatn, con-
structed from Nei's D based upon 36 enzyme loci. * indicates
that branch is significant based on frequencies of £st2 and
Mdh4.5 phenotvpes, P < 0.05,

within morphs nor in the combined sample ol all Tour
morphs (N = 138) (3 goodness of fit. 1 .d.f.. P >0.05).
At the Mdh4.5 locus, live phenotypes were observed:
the homozygotes (14)) and (/36)) and three heterozy-
gotes. All have been described by Andersson et al.
(1983). and are considered products of a duplicated
locus. Due (o difficulties in distinguishing between the
three heterozygous phenotypes, they were combined
into a single heterozygous class in the chi-square analy-
sis. Frequencies of phenotypes al the Mdh4,5 locus
were also in Hardy-Weinberg proportions within all

morphs, but for the combined sample of all four morphs
there was a significant deviation from the expected fre-
quencies (%° goodness of fit, 1 d.f., P << 0.05). There was
a deficit of heterozygotes and an excess of the (730)
homozygote. The biological meaning of this result is,
however, unclear, due to the difficulties in correct scor-
ing of the three different heterozygotes.

Nei's genetic distance (D) (Nei 1972) was calculated
for cach pair of morphs (36 loci). A high degree of
similarity was observed. with D ranging from 0.00004-
0.00126. A dendrogram was constructed with the un-
weighted pair group method of arithmetic averages
(UPGMA: Sncath and Sokal 1973) (Fig. 29). Chi-
squarc analysis showed that SB-charr dillered signil-
icantly from the other three morphs. There was a signif-
icant difference in the numbers of (700) and (90) alleles
at F5t2 between SB-charr and the other three morphs
combined (contingency ¥~ = 4.02, 1 d.{., P <0.05).

Using Mdh4,5 we compared the [requencies of indi-
viduals in the two homozygous classes (100 and 130) and
the combined heterozygous classes (700/130) and found
no significant difference between SB-charr and the
other three morphs (P = 0.05). However, summing up
the y--values and the degrees of freedom from the two
analyses gave significant differentiation between SB-
charr and the other three morphs combined.

Discussion

The four sympatric morphs of arctic charr in Thing-
vallavatn are genetically very similar. Genetic distance

Table 25. Summary ot morphological and ceological charactenisties of the four arctic charr morphs of Thingvallavatn, TL. = total
length, [, = asymptotic length. $ = annual survival rate + 95% confidence limits, F = individual fecundity range (no. of eggs).

Morph Morphology Life history traits Spawning period Habitat Main food
Small benthivorous  Overshot mouth, [, =133 cm. July —November Littoral Lymnaea
(5B-charr) Adult TL: 7-31 cm. Age at maturity: peregra

Parr marks along the flanks. female = 4.

dark coloration male = 2,

25.2 gill rakers S = 0.57 £ 0.03

F=12-221.

Large benthivorous  Overshot mouth, [, =354 cm. July — August Littoral Lymnea

Adult TL.: 935 cm.
No parr marks.
dark coloration
259 gill rakers

(1.B-charr)

Terminal mouth, L,
Adult TL: 13-26 cm.
No parr marks.,
silvery coloration
27.4 gill rakers

Planktivorous
(PL-charr)

Age at maturity:
female = male = 8,
S =0.63 £ 0.05
[ =149 — 1914

= 20.5 cm,
Age at maturity:
female = 5.
male = 4,
S =043+ 0.02

peregra

B =96 — 431

‘Terminal mouth,

Adult TL: 23-65 cm.
No parr marks.

light to silvery coloration
27.1 gill rakers

Piscivorous
(Pl-charr)

L, =302cm.

Age at maturity:
female = male = 6.
S = 0.63 £ 0.05

F =278 -

Seplember— Whole lake  Crustaccan
October sooplankton,
3 chironomid
pupac
September - Whole lake  Threespine

stickleback.
small charr

October (1)

1795
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Fig. 30. Schematic summary
of the proposed
interrelations between and
factors creating the four
morphs of arctic charr in

v Population density

Thingvallavain. Roman
figures indicate decisive
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morphotypes and morphs: L
Reproductive isolation
between the two
morphotypes (1) is indicated
by differences in embryonal,
juvenile and adult
morphology. The
reproductive barrier may be
behavioural. and to some
extent temporal and spatial.
PL- and PI-charr are two
trophically specialized L
morphs that may develop
from the same parents. The
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adult size difference (1)
between the two pelagic
morphs is mainly
determined by food particle L
size (crustacean muplzmklun
vy tish). The proportion of
Pl-offspring is probably
larger from PI- than PL-
parents due to diffences in
egg size (111). SB- and F
[.B-charr are two trophically

specialized morphs that may 20 +
be reproductively solated.
Reproductive isolation (I1V)
is indicated by gill raker
number, genetic distance
and spawning time.
Difference in adult size (V)
is due to physical habitat
constraints favouring small
body size in SB-charr. Male
() and female (§) svimbols

constraints
AS. v
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Physical habitat

LB-charr

SB-charr A

adAjoydiow o1yjusg

indicate age at 0% sexual | .
maturity within morphs. 2
Triangular arrows indicate
lactors influencing
asymptotic sizes (ALS,) of
maorphs.

Age years

values (D < 0.001) and the absence of lixed alternate
alleles among morphs indicate that SB-, LB-, PL- and
Pl-charr are conspecilic, and should not be considered
dilferent evolutionary lineages. Therefore. these data
do not support Gydemo's (1984) proposal that Thing-
vallavatn contains at least two sibling species ol arctic
charr.

General discussion

Our null hypothesis was that there is one uniform phe-
notype of arctic charr in Thingvallavatn. The prediction
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from this hypothesis was that the external morphology.
lite history, and ecological characters of arctic charr in
the lake should have continuous distributions.

Our analyses show that this hypothesis must be re-
jected. The four morphs ol arctic charr in Thingvalla-
vatn differ in a number of biological variables, summa-
rized in Table 25. Significant differences were found in
e.g. embryonal, juvenile and adult morphology, onto-
geny, life history variables, habitat distribution. diet,
endoparasites, spawning time and place. and allele fre-
quencies in polymorphic loci. The variation among
morphs was discontinuous.

Analysis of shape clearly reveal two morphotypes
(Fig. 30): 1) a benthic morphotype, including SB- and
LB-charr, with subterminal mouth and relatively large
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pectoral fins, and 2) a pelagic morphotype, including
PL- and Pl-charr with terminal mouth and relatively
small pectoral fins. The benthic morphs have signif-
icantly fewer gill rakers than the pelagic morphs. The
two morphotypes also differ significantly in the mor-
phology of newly hatched progeny. This dichotomy in
morphology correlates clearly with the distinet diver-
gence in food and habitat preferences, with resulting
patterns of growth, relative gonadal investments, and
parasite infection. SB- and LB-charr live in the littoral
zone, and feed to a large extent on Lymnaea peregra.
The pelagic morphs are found in all habitats, with PL-
charr [eeding on zooplanton and chironomid pupae and
Pl-charr (eeding on fish. Thus it appears that the dis-
tinct diferences in morphology represent trophic adap-
tation to different habitats and food (Keast and Webb
1966, Schutz and Northeote 1972, Moyle and Cech
1982, Lavin and McPhail 1980).

The pronounced phenotypic and ecological differ-
ences and the fact that we have found no signs of in-
terbreeding between the morphotypes. suggest repro-
ductive isolation between them. The insignilicant ge-
netic distance between the morphs, however, indicates
that the segregation must have taken place in recent
times. probably within the lake basin itsclf, and it may
not he complete (cf. Turner and Grosse 1980, Hindar et
al. 1986).

The two morphs within each morphotype differ in life
history characteristics, such as growth rate, age and size
at sexual maturity and asymptotic length (Fig 30).
Within the pelagic morphotype, back-calculated growth
shows that PL- and Pl-charr grow at a similar rate
during the first years of life. PL-charr mature early and
egrowth stagnates at a size of approximately 20 cm.
Asymptotic length, however, may vary with vear class
strength and food abundance (Snorrason et al. 1992).
Pl-charr start fish feeding at a Iength of approximately
22 em. and they mature 1-3 vr later than PL-charr.
Pl-charr reach an asymptotic length of 30.2 em. Both
PL- and Pl-charr appear to develop from one morpho-
logically homogencous group of juvenile fish. Further-
more. these two morphs have practically identical allele
[requencies and do not ditfer significantly in number of
gill rakers. These observations suggest that PL- and
Pl-charr stem from the same population. Although both
PL- and Pl-charr may develop to Pl-charr, a larger
proportion of Pl-progeny than PL-progeny may rcach
the size necessary for fish cating, becoming PI-charr (cl.
Nordeng 1983). Eggs and embryos of Pl-charr were
larger than those of PL-charr. Egg size is a parental
component that may have some influence on the onto-
genetic path taken hy the offspring (Fig. 30). Such ini-
tial differences in progeny may be enlarged in juveniles
if relative size within vear classes is positively correlated
with their performance in competition for food or
predator avoidance (cl. Allendorl et al. 1983, Elliott
1984b. Taylor and McPhail 1983). Thus, Pl-charr, being

346

larger when they commence external [eeding, retain
their size advantage throughout their life span.

The process leading to the ontogenetic divergence
may be envisaged as follows: Part of the juvenile PL/PI-
charr population tend to stay close to the bottom. both
in the Nitella-zone and deeper. In the Nitella-zone they
encounter high densities of threespine stickleback of all
sizes up to approximately 6 em (Sandlund et al. 1992),
We suggest that such encounters can induce a shift to
predation on stickleback in the largest PL/PI-juveniles,
resulting in increased growth rate and delayed matura-
tion. The majority of juveniles, however, continue as
planktivores and mature carly at a small size. Pl-charr
that turn to piscivory may also find abundant prey in
PL-charr up to more than 20 cm in length. This might be
the dietary base for the occasional PI-charr with weights
up to more than 5 kg caught by the local fishermen.

According to this scenario, the differencies in adult
size between PL- and Pl-charr are determined by their
food. Each prey type, i.c. zooplankton vs fish, yields
optimal returns at a given predator size. explaining the
growth stagnation at different body sizes (Werner and
Gilliam 1984, Werner 1986). Bimodality in size due to
shifts in diet and habitat has been documented in sal-
monids (Skreslet 1973, Campbell 1979. Hindar and
Jonsson 1982, Sparholt 1985, Jonsson (985, Riget et al.
1986) as well as other groups of fish (Timmons et al.
1980, Keast and Eadie 1983).

Spawning periods overlap in PL- and Pl-charr. Arctic
charr probably mate assortatively, as similar looking
lish tend to spawn together (Jonsson and Hindar 1982,
Sigurjonsdattir and Gunnarson 1989), Whether PL- and
Pl-charr actually spawn together is not known. This
may. however, be immaterial, since genetic mixing may
oceur in every generation through polymorphic pro-
geny, as demonstrated by Nordeng (1983).

Based on this. PL- and Pl-charr are two trophically
specialized morphs, but both morphs may develop [rom
each of the two parental types.

The relationship between the two benthic morphs
appears to be ol a different nature. SB-charr grow
slowly and mature carly, reaching an asymptotic length
of merely 13.3 cm. whercas LB-charr have a higher
growth rate and grow almost rectilinearly throughout all
age groups represented in our material (Fig. 30). On
average, they mature lale and reach an asymptotic
length of 55.4 cm.

SB- and LB-charr resemble each other closely in head
morphology, they have a similar diet, and both live in
the littoral zone. This seem to counter theories on niche
utilization and overlap (McArthur and Levins 1967,
May 1973}, However. the complex structure of the lava
bottom creates two physically different habitats. which
may enable the coexistence of the two morphs. In addi-
tion to the open epibenthic habitat. the lava bottom has
myriads of clelts, crevices and large interstitial spaces
between and under lava stones, constituting a habitat
rich in benthic invertebrates, giving ideal shelter to fish
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below a certain size. Our data indicate that SB-charr, as
well as some age-0 and age-1 individuals of the other
morphs, for the most part stay in this interstitial habitat.
To cfficiently utilize the interstitial habitat for feeding as
well as for shelter during daylight hours the fish must
stay small. This constraint has profound effects on the
life history of SB-charr. They stay small by maturing at
an carly age, and by markedly increasing relative in-
vestment into gonadal tissue as they approach a critical
age (size), i.e when size becomes costly in terms of
decreased manocuvrability in the interstitial habitat
(Fig. 30). The costs of being small; particularly low
individual fecundity and restricted foraging arca, are
met by higher juvenile survival as both sexes mature
young.

Adult LB-charr must, due to their large body size,
forage above the stone matrix. The mark-recapture ex-
periments indicate that their foraging area includes the
whole littoral zone of the lake. and that they are able to
migrate at will, e.g. between patches of high food den-
sity. The rectilinear growth in LB-charr throughout the
age groups represented (Fig. 30), indicates that most
LB-charr do not live long enough to reach the asymp-
totic size presumably imposed by their foraging strategy
(cf. Werner and Gilliam 1984, Werner 1986). Thus, the
differences in life history between SB- and LB-charr are
maintained through a size dependent asymmetry in
habitat use.

In spite of similaritics in head morphology and diet,
the benthic morphs differ significantly in external col-
oration and gill raker number. They also have signif-
icantly different allele frequencies in polymorphic loci.
Yet SB-charr overlap in spawning time with all other
morphs. including to some extent also LB-charr. Obser-
vations on the spawning grounds of LB-charr revealed
the presence of both PL- and SB-charr cating eggs of
LB-charr. The aggressiveness of spawning LB-females
towards SB-males trying to sneak close, as well as to-
wards smaller LB-males courting them, suggests beha-
vioural isolating mechanisms between SB- and LB-
charr. However, considering the high densities of SB-
charr in the stony littoral zone, successful sneak matings
by SB-males with females of other morphs cannot be
ruled out altogether.

Based on this. SB- and LB-charr are two trophically
specialized morphs that may be reproductively isolated
through differences in spawning time and assortative
mating behaviours.

Several mechanisms for intralacustrine population di-
vergence have been presented in the literature (review
in Echelle and Kornfield 1984). The reasons we have
chosen to stress the hypotheses based on sympatric di-
versification into unoccupicd niches are twofold: 1) the
habitat diversity, productivity, stability and lack of in-
terspecific competition in the lake should facilitate such
processes, and 2) the differentiation in trophic charac-
ters and life histories seen in the charrs of Thingvalla-
vatn fit well to predictions emerging from such hy-
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potheses (c.g. Hypothesis 5 in Smith and Todd 1984).
During the process of divergence of the morphs, in-
traspecific competition may have been an important
agent, favouring the individuals best adapted to the
distinct habitat and food niches available. At present,
the inter-morph competition may appear largely to be
avoided through habitat and diet segregation. What we
observe may be an example of a “ghost of competition
past™ (Connell 1980). However, inter-morph competi-
tion may still be an important factor in maintaining the
morphs as distinct morphological and ecological enti-
tics.

Genetic difficulties are inherent in the processes of
sympatric population divergence (Mayr 1976, Vrijen-
hoek et al. 1987), though some authors claim that thesc
can be overcome (c.g Maynard Smith 1966, Tauber and
Tauber 1977, Wilson and Turelli 1986). Strong spawning
site fidelity and adaptations to local incubation and
nursery environments may have played a key role in the
development of the trophic specializations observed in
Thingvallavatn today.

In summary. our conclusion is that the two morphs of
the pelagic morphotype belong to one breeding pop-
ulation different from SB- and LB-charr, and that SB-
and LB-charr also belong to different breeding pop-
ulations. As stressed above, Thingvallavatn is, through
its stability, habitat diversity and productivity, a lake
system where it is casy to envisage processes leading to
polymorphism, either through ontogenetic divergence
or by intralacustrine population divergence. Over the
whole area of arctic charr distribution the occurrence of
sympatric charr morphs seems in accordance with our
observations. The number of sympatric morphs in any
one lake appears to be related to the number of vacant
niches available to the species (Savaittova 1961, John-
son 1980, Hindar et al. 1986). The pattern of distribu-
tion renders improbable an explanation based on allo-
patric speciation and successive immigration.
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