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Muscle and Blood Lactate in Juvenile Salmo salar

Exposed to High pCOa

HANS BORJESON and LARS B. HOGLUND

Institute of Zoophysiology,
University of Uppsala, Sweden

I. INTRODUCTION

Transitory acidosis in salmon parr due to hyper-
capnia brought about by a sudden increase in
pCO0? in the ambient water has been described
by Hoglund and Borjeson (1971). According
to earlier observations by Hoglund and Hardig
(1969) young salmon also respond to a raised
environmental pCO, by transitory agitated swim-
ming and hyperventilation. Hoglund and Bérije-
son (op. cit) found no statistically significant
increase in the blood lactate content during this
initial phase of carbon dioxide induced hyper-
activity. No determinations of muscle lactate were
performed, as no valid sampling technique suitable
for assay of carbohydrate metabolites in fish
muscle in vivo was known by the authors at that
time. Since then the sampling technique developed
by Wollenberger et al. (1960) has been adapted
by Bérjeson and Fellenius | (to be published) for
accurate sampling of fish muscle. The present
paper describes the use of this method for me-
asurement of the lactate contents in body muscle
from salmon parr during the agitation caused by
a high external pCO02

Il. MATERIAL AND METHODS

Test fish

Second-summer parr (Salmo salar L.) weighing
25—40 g were brought from the salmon hatchery
of the Fishery Board of Sweden, Alvkarleby,
to Uppsala two months before the experiments.
The fish were kept in our laboratory in a 1 000
litre aquarium with streaming water (1—3 m/min)
and acclimatized to the aerated Uppsala tap

1 Towards a valid technique of sampling fish muscle
to determine redox substrates.

water (for quality, see Table 1). The fish were
fed automatically twice a day with pellets (Salmon
Grove, size 4, Astra-Ewos AB, Sodertilje,
Sweden).

Experimental

The fishes were placed in the test aquarium
(Hoglund and Hardig 1969, Fig. 2, p 84: Hog-
lund and Persson 1971, Fig. 1, p 76) 24 h
before the pC02 was sharply raised to about 20
mm Hg. This was achieved by adding hydro-
chloric acid to the aerated tap water (see Table 1)
to a pH of 6.8—6.9. After 20 min of exposure
to the raised pCO? the fish was taken out and
stunned by a blow on the head, and aluminium
clamps cooled in liquid nitrogen (Wollenberger
et al. 1960) were pressed on the back just in
front of the dorsal fin, whereby a piece of frozen
muscle tissue 2 mm thick was obtained. The whole
procedure, from the time of removal of the fish
from the water, took about 10 seconds.

Analyses

Skin and visible bone were removed from the
muscle sample which was then pulverized in liquid
nitrogen as described by Lowry et al. (1964).
Lactate was determined in neutralized perchloric
acid extract according to Hohorst et al. (1959).
Lactic dehydrogenase and NAD+ were obtained
from Sigma Chemical Co.

Statistics

Student’s t-test was used in the statistical analyses,
p <0.01 being considered significant.

I1l. RESULTS

The lactate estimates arrived at in the present
study are presented in Table 2 along with earlier
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Table 1. Chemical characteristics of the aerated tap water in the laboratory in Uppsala (Nov.

1974).*
Temp. Tr Tot. CO2F
o2 PA1 mM

7.9 4.5

p022

PCO|2_| as percentage of
mm Hg air saturation
2—3 85—90

1 Alkalinity determination according to Berger; in Karlgren (1962).
2 Oxygen determination — ordinary Winkler; in Karlgren (1962).

Table 2. Lactate content in body muscle (mmol/kg wet weight') and blood (mmol/l) of salmon

parr.
Control group Test group
Fish acclimatized to aerated Fish exposed to pC02 of 20 mm Hg
Uppsala water (see Table 1)
i 0—60 min

Muscle 1 Blood 2 ﬁ/tl)ursncllg Blood 2
Mean *+ SD 1.01 = 0.53 1.08 + 0.42 232+ 0.65 171 £ 1.26
n 6 10 10 13

1 Data from Bérjeson and Fellenius (to be published).

2 Data from Hoglund and Bérjeson (1971).

data from Hoglund and Borjeson (1971) and
Borjeson and Fellenius (in preparation). The
values obtained by the latter authors may be
regarded as good estimates of muscle lactate in
rested salmon parr. The hyperactivity induced
by raising the pCO2 caused a notable increase in
the muscle lactate from 1.01 to 2.32 mmol/kg
wet wt (p <0.01). However, there is no statisti-
cally significant difference between the lactate
levels in the muscle and in the blood of the parr
belonging to the test group of Table 2 (0.20 <p
< 0.10). Hogiund and Bosrjeson (1971) found
only a slight increase in the blood lactate of
salmon parr exposed to a high pC02 as compared
with the controls. The significance level pertaining
to this difference was erroneously noted in that
paper {op. cit, Table 2, p. 70). It should have
been 0.20 < p < 0.10, which further supports the

* It should be noted that during the last few years
the alkalinity of the tap water in Uppsala has de-
creased.

statement made by these authors on p. 71. “It
is concluded that the transient acidosis observed
is not caused by a lactate accumulation. Accord-
ingly the acidosis just seems to depend upon an
unbalanced hypercapnia caused by the CO2 treat-
ment.” Thus, it is evident from the present study
that the lactate content and pH of the blood
alone do not give a complete picture of the acid-
base status of the fish. The lactate content in the
muscle would seem to be a more sensitive index
of the metabolic acidosis due to lactate than the
lactate level in the blood.

IV. DISCUSSION

The present results seem to support the view
expressed by Love (1970, cf. p. 44), among others,
that lactic acid is released rather slowly from
fish muscle into the blood. Violent thrashing
about gives rise to an increase in muscle lactate.
This increase must be considerable, however, be-



fore significant lactate accumulation can be ob-
served in the blood either immediately or later.
Wittenberger (1968) found that muscular work
leads to an intensification of glycolysis in the
white muscle, and of oxygen consumption in the
red muscle. Bitinski and Jonas (1972) noted a
much higher rate of lactate oxidation in red than
in white muscle from rainbow trout. This indicates
that the lactate produced in the white muscle may
be oxidized in the red muscle and thus partly may
not be released into the blood circulation.

V. SUMMARY

The lactate content in the body muscle of salmon
parr (Salmo salar L.) increases during the initial
phase of hyperactivity and acidosis due to hyper-
capnia deriving from a sudden rise of the pCO02
in the respiratory water. This is not accompanied
by any statistically significant elevation of the
blood lactate level. The biological significance
of this event is briefly discussed.
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The Acidification of Swedish Lakes

WILLIAM DICKSON

The National Swedish Environment Protection Board,
Research Laboratory, Drottningholm, Sweden

I. INTRODUCTION

Sweden has about 90,000 lakes. These have a total
area of about 40,000 km2 and thus occupy 9 per
cent of the country (450,000 km2). The four larg-
est ones, Lakes Vanern, Véttern, Malaren and
Hjéalmaren, take up a quarter of this area and a
further 4,000 lakes are bigger than one km2, but
the majority (85,000) are smaller, accounting
for 20 per cent of the total lake area.

The yearly precipitation over the country rang-
es from 400 mm in the eastern parts to 1,800 mm
in the mountain area in the north-west. The mean
precipitation is about 700 mm.

The run-off increases from about 125 mm in
the south-east to over 1,500 mm in the mountain
area. The average run-off is about 400 mm per
year.

Owing to different proportions between size
of drainage areas and lake volumes, the theo-
retical retention time for the lakes varies from
several decades (Lake Véttern, 60 years) to less
than two years or even one year for most lakes.

II. BEDROCK

The bedrock in Sweden consists mainly of slowly
weathering granites, gneisses and porphyries. In
some parts of the country, however, limestone
or lime-rich greenstones (diorites, gabbroes, hy-
perites, diabases and amphibolites) are found.

The occurrence of lime in rocks and soils is
shown in Fig. 1 (from Magnusson et al. 1957).

Limestone and calcareous rocks are found in
the following areas: Around Lakes Storsjon and
Siljan; to the east of Lake Véanern and Lake Vat-
tern; to the west of Lake Hjalmaren; in the
southernmost part of Sweden; and on the islands
Gotland and Oland.

From these areas and from the lime rocks in

Fig. 1. The occurrence of lime in Sweden (from
Magnusson, Lundqgvist and Granlund 1957).



the Gulf of Bothnia, lime was spread — mainly
south-eastwards — by the inland ice during the
last glacial period, making the soils in adjacent
areas more calcareous than in other parts of the
country.

On some places along the coast, shell banks
give a high calcium content to the soil.

I1l. LAKES

The bedrock and soil have a great influence on
the composition of lake and ground water. In
lime-rich areas, lakes will have a bicarbonate
content, owing to the solution of the lime
CaC03+H,0+ CO,,Ca2++2HCO3-,

that is often of the order of 0.5—2 mekv/litre,
giving a pH of 7—8. Lakes on less weathering
ground will have a natural alkalinity of 0.1—0.2
mekv/litre or even less and a pH of 6—7. The
majority of Swedish lakes belong to this latter
group, i-e. to the soft and low-buffered waters.
In these the atmospheric contribution is responsible
for the greater part of their salt content. In the
mountain region several of these lakes have con-
ductivities of about 10 1iS, 20 C°, which is almost
similar to that of distilled water.

Fig. 2 shows the alkalinity of Swedish lakes.
The map is mainly based on the results from 1,250
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Alkalinity
010 Q.25 0,50 1 2 mekv/|
Storsjon 0.32

Samamanssjoarna 0

Venjansjon 0,10

N Uppramen 0
Ovre Fryken 0,04

Sodra Boksjon 0
Vanern 0,17

Rishagerodvattnet 0
Ommern <0,01

Bolmen 0,07

Ringsjon 1.52-

300 km

Fig. 2. Alkalinity in Swedish lakes.

The map is mainly based on the observations in 1,250
lakes in August 1972. Alkalinites above 0.5 mekv/I.
are found in the lime-rich areas, cf. Fig. 1. Values
below 0.1 mekv/l. are found in the western and south-
western part, along the coast in the north and south-
east of Stockholm (from Johansson and Karlgren
1974).

Table 1. Some examples of alkalinity, pH and conductivity in lakes on weath-
ering and less weathering ground. (Data from Méalaren and Vanern from Anhl
1973 a and h. Cither data from the National Swedish JLnvironment Protection
Board, Research Laboratory, Drottningholm, 1972—74.)

Ground Lake Size km?
Vombsjén 12.4
Béste trask 6.6
weathering Ringsjon 41
Vattern 1912
Maélaren 1140
Storsjon 456
Vanern 5550
Hornavan 251
less Venjansjon 34
weathering Bolmen 184
ovre Fryken 42
ommern 10.3
S6. Boksjon 9.1

Alkalinity

Date mekv/l. pH  pS 20°C
Aug 1972 2.03 89 371
Aug 1972 2,01 79 234
Aug 1972 1.52 88 238
Sep 1972 0.54 7.7 104
1964—1971 0.53 8.0 150
Aug 1972 0.32 7.3 36
1973 0.175 7.1 80
Aug 1972 0.14 6.9 23
Aug 1972 0.10 6.9 21
Aug 1972 0.07 6.6 64
Aug 1972 0.04 6.5 26
Aug 1974 <0.01 55 64
Aug 1972 0 45 39
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Table 2. Contents of salts in precipitation 1955—59 and 1970—73. Station Plonninge in the south-western part
(56° 42' 12° 45") and Forshult in Central Sweden 400 km to the north (60° 05 13° 47’). At station Plénninge
there is a general increase of salts 1970—73 compared with 1955—59 (partly local contamination). At both
stations, however, a rise in sulphur and nitrogen of 50—100 per cent is noted. The alkalinity of 0—0.02
mekv/l. during 1955—59 is replaced by an excess of hydrogen ions of 0.03 mekvH. 1970—73 and a lowering of

pH to 45. (Data from the International Meteorological Institute, University of Stockholm, 1974.)

PH H Na K Ca
Plénninge
1955—59 5.0 0 0.097 0.007 0.042
1970—73 45 0.03 0.107 0.031  0.063
1955—59 5.4 0 0.017 0.004 0.039
1970—73 45 0.03 0.017 0.007 0.027

lakes analysed in August 1972 (from Johansson
and Karlgren 1974). The good agreement be-
tween alkalinity and the occurrence of lime in
Fig. 1 should be noted.

Examples from some lakes on weathering and
less weathering ground are given in Table 1.

IV. ACIDIFICATION
Bogs

It has long been known that bog lakes can be
very acid. Bog water usually has a very low salt
content, which is entirely derived from the atmos-
phere. The vegetation around it, mostly peat
mosses, have to depend on these salts for their
nutrient requirements. The uptake of cations is
larger than is that of anions, and is compensated
for by a corresponding release of hydrogen ions,
which in turn leads to an acidification of the
bog water. Together with the dissolved acid de-
composition products, humic acids, this process
can bring about a very low pH, as low as pH
3 in small bog pools.

Coniferous forests

A similar mechanism is considered to appear
when spruce or pine is planted on former arable
land. The uptake of cations and the release of
hydrogen ions and acid humic substances may
acidify the soil from a level even above pH 6
to values of only pH 4 within a few decades.

Mg nhi SO cl NOs  Alk
mekv/I
0.032 0.044 0.074 0.104 0.025 0—0.02
0.034 0.054 0.148 0.126 0.045 0
0.010 0.012 0.045 0.012 0.012 0—0.02
0.010 0.015 0.076 0.012 0.020 0
Oxidation

Another type of acidification occurs when sul-
phide is oxidized in soil or sediment.
Hydrogen sulphide H2S+202-*m 2H++ S042-
Iron sulphide FeS+ 20, +2H20 ->

2H++Fe (OH)2+S042-.
The processes occur regularly and are considered
to be very important for the weathering of the
soil material. When soils that are usually sub-
merged in water, come in contact with air during
a long period of dry weather or low water, they
will be oxidized and will acidify the next high
water. lllustrative examples of this natural acidi-
fication have been found in lakes surrounded
by sulphide soils. In such lakes a pH decrease
to 3—3.5 has been found, as well as fish Kkills,
clarification of the water owing to the precipita-
tion of humic substances, and the adaptation of an
extreme plankton (Hogbom 1921, Vallin 1953).

The same type of acidification, in this case
man-influenced, may also occur when bogs are
ditched. Here, too, fish kills have been observed
(Dani 1923).

In nitrifying soils (above pH 5), ammonium
will be oxidized to nitrate with a consequent
acidification

NH4+20g 2H++NOg-+H,0
The process is well known to agriculturists and
has become a problem in modern farming. The
acidification from 100 kg ammonium-nitrogen
requires a lime dose (CaO) of the order of 300
kg (No6mmik 1966).



Man-made atmospheric acidification

The acidification of soil and lakes due to atmos-
pheric pollution by sulphur and nitrogen com-
pounds has attracted increasing attention in
Scandinavia during the last decade (Oden 1968,
Anon. 1971). The problems are similar in Canada,
where large acidifying emissions have influenced
meagre soils and low-buffered lakes (Beamish
and Harvey 1972).

Today about 20 per cent of the total quantity
of sulphur released into the atmosphere is emitted
in Europe, from an area of only about 1 per cent
of the total surface of the earth. In this region
more than 75 per cent of the sulphur in the at-
mosphere has an anthropogenic origin (Anon.
1971). The emission has probably increased by
about 3 per cent a year (Munn and Rodhe 1971).

In Sweden the composition in air and precipi-
tation has been analysed monthly since the early
1950's by the International Meteorological Insti-
tute of the University of Stockholm.

The data show a sharp decrease in pH from
around 5.5 in the 1950's to pH 4.3—4.5 up to
Middle Sweden today, and an increase in sulphur
and nitrogen compounds of 50—100 per cent
(Table 2).

These changes are clearly connected with the
continuous increase of acidic emissions and with
the change-over from coal to oil combustion and
from small to tall chimneys in Western Europe.

V. EFFECTS IN LAKES

pH and alkalinity

Naturally there must have been a continuous
increase in atmospheric pollution ever since the
Industrial Revolution, with corresponding in-
creased effects on waters. In Southern Norway,
fish kills occurred as early as the 1920’s in waters
with a pH of around 5.0 and a connection be-
tween a mild, humid climate (southern winds?)
and the acidity of the lakes was suspected (Sunde
1926). This area is now the most highly acidified
in Scandinavia.

In Sweden, the most sensitive lakes in the
West Coast region, with “natural” pH values of
about 5.5—6 (almost that of rainwater), lost
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lake
area
Total area
6067 Nectars
number
of lakes

Total number
of lakes 321

4,0-45 46-50 51-55 56-60 =60 pH

Fig. 3. pH in 321 lakes around Gothenburg during
1968—70. 85 per cent of the lake area had a pH of
5.5 or lower. 53 per cent of the total number of lakes
even had a pH of 4.0—45 (from Schmuul 1972).

their roach population in the 1930’s possibly on
account of the atmospheric acidification. “Clean
rainwater” has a pH of about 5.6 and the roach
will be affected already at values just below pH
55 (Almer 1972).

During the last 20 years a large number of
Swedish lakes have been acidified. Trends of the
“Surface  Water Network” in Sweden (Odén
and Anl 1972) indicate that “if the present
development continues, in less than 50 years
about 50 per cent of our lakes and rivers may
have pH values of 5.5 or even 5.0” (Anon. 1971).

This situation occurred long ago in the region
around Gothenburg on the West Coast, which
not only is extremely sensitive but also repre-
sents the most exposed area of Sweden. Of 321
lakes investigated during 1968—70, 93 per cent
had pH 5.5 or lower and 53 per cent even had
4.0—4.5. Of the corresponding lake area, 85 per
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number summer values
of lakes 197
summer values
1930- & 40'ies

45 50 55 60 65 70 75 8,0 pH

Fig. 4. pH change in West Coast lakes. Values from
1971 were often 1.5 pH units lower than during the
1930s and 40s in the same lakes.

cent had pH 5.5 or lower (Fig. 3, from Schmuul
1972).

A similar picture is found in the whole West
Coast region. Extrapolated from the findings
1970—72 (Table 3, from Almer et al. 1974),
half of the number of lakes in the area, about
1,500 of a total of 3,000, would have a pH

transparency.

lower than 6, and some 800—900 would have
pH values even lower than 5.0. In these lakes,
the values had been lowered by up to 1.8 pH
units from the 1930’s and 40’s to summer 1971
(Figs. 4 and 5).

The atmospheric pollution can be followed
further north in almost the whole of Sweden,
all lakes and rivers being affected, to a greater
or lesser extent. Those with natural alkalinities
below 0.1 mekv/litre are the most sensitive and
they are the first where the pH will drop (Fig.
6). Most of them are located in the western
part of the country (Fig. 2). They may have
an area of several square kilometres. The total
number of lakes now acidified to below pH 6
is probably around ten thousand and the number
below pH 55 five thousand. Thousands will
now have alkalinities of 0—0.05 mekv/litre and
pH reduced by 0.5—1 unit.

The most acidified lakes are often located in
the upper parts of a lake system, thus having
small drainage areas and not being subjected to
influence from agricultural land.

Conductivity and ionic composition

In Southern Sweden, since the 1930’s and 40’s,
the conductivity in lakes has risen by 10—30 pS

Transzaarency
m)

Fig. 5. Lake Stora Skarsjon.
Size 0.6 km2 (58° 13' 11°
56"). From 1943 to 1973 the
pH decreased from 6.25 to
45. The transparency in-
creased more than 7 metres
(from Aimer et al. 1974).



alkalinity 0,078 mekv per litre
(Lake Lygnern 32,6 km2)

alkalinity 0,466 mekv per litre
(Lake Norra Samsjon 9,2 km2)

mekv acid

Fig. 6. The low-buffered lake, with an alkalinity of
0.078 mekv/1., needs only one sixth of the amount of
acid added to the strongly-buffered lake to reach pH
5.0. Below this pH almost all bicarbonate is lost and
pH will fall drastically in both lakes when more acid
is added.

(20° C) and in Northern Sweden by 5 pS. The
increase in sulphate is 0.1—0.3 mekv/litre and
this accords well with the increased deposition.
In many cases there is also noted an increase of
cations, which is probably connected with the
leaching activity of the acids.

In the so-called “Standard Composition” of
lakes (Rodhe 1949), bicarbonate is the most
abundant anion and the ratio of bicarbonate to
sulphate is 4.7:1. The increase — at least a
twofold one — in sulphate, and the decrease in
bicarbonate have considerably reduced the va-
lidity of the “Standard Composition” as far as
most Swedish lakes are concerned. The ratio of
bicarbonate to sulphate is now usually less than
1.1

Transparency and nutrients

Along with the acidification, the lakes will be
clarified owing to precipitation of humic sub-
stances and a decrease in the plankton flora
(Atmer et al. 1974). In some cases the trans-
parency has increased by ten metres during the
last thirty years.
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pH
8,0

50

0 0,1 0,2 0,3 0,4 05 0,6 Al mg per litre

Fig. 7. Aluminium content in clear-water lakes. The
solubility rises at low pH.

The content of phosphorus is very low, 2—10
pg/litre, possibly owing to the increasing precipi-
tation of humus and a decreased decomposition
of humus and detritus. The nitrogen content
varies considerably according to the atmospheric
fall-out; it ranges between 0.1 and 0.4 mg N/litre.
A high proportion of this remains as nitrate even
during the summer, owing to the low plankton
activity.

Solution of aluminium and manganese

The content of aluminium rises in acidified lakes
and is 0.2—0.6 mg Al/litre (0.01—0.07 mekv),
whereas clear-water lakes with a normal pH have
0.05 mg/litre or less (Fig. 7). Below pH 5, alumi-
nium will probably occur as a tri- or bivalent
cation, but in less acid water it will exist in a
monovalent or a non-ionic form (Pionke and
Corey 1967, Malmer 1974). Manganese, too,
goes into solution in acid water, and a high con-
tent, 0.3—0.4 mg/litre (Fig. 8), appears in the

PH

5.0 . o j

01 0,2 0,3 0,4 Mn mg per litre

Fig. 8. Manganese in lakes. A considerable increase
in solubility appears at about pH 4.5.
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Table 3. pH in lakes on the West Coast 197072, within 80 km from the sea.
The total number of lakes in the region is about 3,000. Extrapolated from the
lakes examined, some 1,500 would have a pH below 6 and 800—900 a pH

below 5 (from Almer et al. 1974).

Number of lakes

November—
PH December, 1970
<3.9 15
4.0—4.9 97
5.0—5.9 67
6.0—6.9 116
>7.0 19
No. of lakes
studied 314
<5.0 36 per cent
<6.0 57 per cent

most acid lakes (corresponding to about 0.01
mekv/litre). No increased solubility of iron or
silicon has been observed, so far as is known.

Composition of precipitation and lakes,
three examples

The water chemistry of most of the Swedish lakes
on primary rocks is influenced to a marked extent
by the atmospheric contributions. Three examples
from different parts of Sweden will illustrate this.

West Coast area

The precipitation around Gothenburg and the
industrialized areas in this region is very acid,
with a pH of about 4.2 (1973). The precipitation
amounts to about 700 mm per year, and évapo-
transpiration will concentrate it about 1.6—1.8
times. The composition of the water of three
forest lakes and some calculations of the possible
contributions are made in Table 4.

The content of chloride in the lakes near
the coast, 20 km from the sea, 100 metres above
sea level, but below the highest shoreline of the
sea, is 0.35 mekv/litre, or more than twice the
amount that comes with precipitation (0.15 mekv).
Even lakes above the highest shoreline have the
same content of chloride. So in this area the dry
deposition of sea salts will be equal or greater
(about 1.0—15 times) than the amount from
precipitation.

April— August, 1972
June, 1971
4 3
79 17
129 35
124 63
47 43
383 161
22 per cent 12 per cent
55 per cent 34 per cent

Of the sulphate content, 0.34 mekv/litre, some
0.16 mekv is derived from precipitation. To this
must be added a small fraction, which is derived
from sea spray (0.02 mekv/litre), while probably
the greater part of the rest, 0.16 mekv/litre, is
of anthropogenic origin airborne sulphur dioxide
and sulphate. The total increase in sulphate, in-
cluding the increase from precipitation, at least
0.1 mekv/litre, since a natural stage, is probably
of the order of 0.2—0.3 mekv/litre.

The content of nitrate in precipitation is about
twice as great as that in the precipitation of the
1950’s, and ammonium has increased by around
25 per cent (Table 2). The concentrated deposition
of ammonium and nitrate with precipitation (2.4
mg N/litre) is six times as great as that found
in lakes (0.4 mg Total N/litre). The soil and
forests evidently have a considerable ability to
retain the nutrients needed.

There seems, however, to be a very consider-
able leaching of cations, calcium, magnesium,
sodium, potassium and aluminium to the lakes
(up to 0.25 mekv/litre) to compensate for the
increased deposition of acid, sulphur and nitrogen.
The hydrogen ion concentration in lakes at pH
4.9, for instance, is 0.09 mekv/litre less than what
comes from precipitation, and to compensate for
the sulphur a further 0.16 mekv of cations per
litre is required (Table 4). Part of the amount of
cations and sulphate may have leached out when
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Table 5. Rishagerddvattnet near Stenungsund and Gothenburg in the West
Coast area (58° 07' 12° 00'). Mean values from. 1947—52 (Lysén 1960)

and 1972—74.
Ca+Mg Alk SO4
mekv/1.
1947—52 0.17 0.03 about
0.1
1972—74 0.33 -0.01 0.33

ammonium and nitrate are fixed in the soil. The
natural additions to these lakes are very small.

Since 1947—52 the conductivity in one of these
lakes has risen from 55 to 89 pS, with a corre-
sponding ionic increase of 0.16 mekv of calcium-
magnesium per litre, and probably some 0.2—0.25
mekv of sulphate per litre (Table 5).

Lakes with less lime and a lower capability
of cation leaching will, of course, be more acidified
and consequently have pH 4—4.5.

The aluminium content in the lakes (pH 4.9) is
around 0.17 mg/litre, corresponding to about 0.01
mekv as a bivalent ion (Al (OH)2+) or 0.02 mekv
as a trivalent ion (AIl3+). The manganese content
is around 0.1 mg/litre (0.004 mekv Mn2+/litre).

Sweden

Lake Uppramen (60° 22' 13° 53") is situated 447
metres above sea level (and above the highest
shoreline of the sea) and has a size of 3.8 km2,
corresponding to about 31 per cent of its drainage
area. The yearly precipitation is about 800 mm
and the run-off is of the order of 500 mm. The
salts from precipitation will then be concentrated
1.5—1.7 times (Table 6).

When these concentrated values of the precipi-
tation are compared with those of the lake (Table
6), one finds that if all chloride in the lake (0.03
mekv/litre) is derived from the atmosphere, which
is plausible (Eriksson 1955, 1960), the dry depo-
sition (0.01 mekv/litre), will be much less than
in the West Coast area and will represent about
0.5—0.6 of the wet deposition.

Potassium is a nutrient retained by the vege-
tation and the lake has even less than what comes
from precipitation. Still more evident is the re-

Central

Cl
pS/ Colour
PH  20°c  mgpu1.
0.41 5.8 55 45
0.40 49 89 15

tention of nitrogen. Only half of what is derived
from the precipitation, 0.78 mg/litre, is to be
found in the lake (0.4 mg Total N per litre).

Of the sulphate in the lake, 0.14 mekv/litre,
0.12 mekv is derived from precipitation and the
small remainder, 0.01—0.02 mekv, may have
come from dry deposition or from leaching. The
lake content in a “natural” stage probably did
not exceed 0.04 mekv/litre, and the increase since
then should be at least three fold. Since 1955—59
there may have been a doubling (Table 2).

The content of calcium-magnesium in the lake
is only 0.09 mekv/litre and at least two thirds
of it is derived from the atmosphere.

One third of the water supply to the lake is
deposited on the water surface as unneutralized
precipitation with a pH of 4.5, and the leaching
to the lake of bicarbonate from the ground is
far from sufficient to compensate for all the acid
contributions. The pH of the lake is now 4.7, i.e.
too acid for the stock of Arctic char, which has
died out.

Lake Fjallramen 20 km downstream has a pH
of 5.4 (a decrease of 0.02 mekv/litre hydrogen
ions) and 0.02 mekv of calcium-magnesium more
per litre. The content of sodium and potassium
is also higher.

In the clear-water lake, Uppramen, some 0.18
mg of aluminium is found, corresponding to 0.02
—0.01 mekv of Al3+ and Al(OH)2+, whereas Lake
Fjallrdmen, with a pH of 5.4 and rather brownish
water, has 0.24 mg of aluminium, probably mostly
bound to humic substances.

The precipitation values come from a station
50 km south of Lake Upprédmen (Forshult, Hag-
fors), and Fig. 9 shows the trend of pH since



Precipitation, Forshult

year

Precipitation, Trysil

1957 60

Figs. 9 above and 10 below. pH in precipitation at
Forshult, Varmland (60° 05' 13° 47) and Trysil,
Norway (61° 20" 12° 15'. (Data from the Inter-
national Meteorological Institute, University of Stock-
holm 1974.)

year

1955. The pH has dropped from 59 to 45
(International Meteorological Institute, University
of Stockholm, 1974).
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Mountain region

The lakes considered are the Sdrnamannasjdarna
(61° 36" 12° 45") in the most southerly mountain
area of Sweden. During the winter of 1972 the
snow profile had a pH of 4.2 and contained
twice as much sulphate and more than twice as
much nitrate, ammonium and phosphorus as the
lakes, where the pH was 4.9—5.0 (Table 7). The
contents in the lakes rose, however, when the
snow melted, and the pH dropped to 4.5. In
July the pH had risen to 4.9 again.

In April 1964 a pH value of 5.4 was measured
(Puke 1971, Andersson et al. 1971) and in April
1973 a value of 4.5 was recorded. The trend in
precipitation has been the same (Fig. 10, Station
Trysil, Norway).

At springtime, when the snow accumulated
during the winter melts within a short time,
there usually occurs a sharp drop of pH in low-
buffered waters and this may cause kills of the
fish fry, while pH during the rest of the year
may be tolerable.

These three examples show the extreme depen-
dence of the composition of lake waters on the
precipitation. The anions, with the exception of
bicarbonate (if there is any), may all derive from
the atmosphere, and the same is true for nitrogen
and phosphorus. An increased leaching of the
cations occurs, however, probably to compensate
for the increased acid deposition. But the leaching
of cations and bicarbonate is often not sufficient,
and this results in an acidification of the water.

Heavy metals

Parallel with this large-scale acidification, there
is an increased deposition of heavy metals. The
content in precipitation is several times higher
than that found in lake water.

Table 8 shows the composition in precipitation
during the winter 1972—73 at Drottningholm,
10 km from the centre of Stockholm. The content
of cadmium (7 pg/1) was at least ten times greater
than that found in lakes and the content of lead
(64 pg/l) was from ten to fifty times greater.
Though there is probably an influence from Stock-
holm, the values should nevertheless not be quite
unrepresentative for certain areas of Southern
Sweden. Snow investigations in Norway show
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pH

4,0-L- | - =
<005 01 0,2 0,3 0,4 0,5 0,6 Cd "ig per litre

Fig. 11. Cadmium in lakes with differing pH. Acid
lakes on the West Coast have high values.

similar results (Henriksen 1972, Eilgmork et al.
1973).

Though the soil has an extraordinary ability
to retain this content of heavy metals it is prob-
able that when the snow melts some of the con-
tent is washed out to the lakes and in part sedi-
ments to the bottoms. The content of lead in
otherwise unpolluted lakes in the West Coast
region is about 150 mg/kg in the upper part of
the sediment or at least 4 times as great as the
“normal” value. Their waters have around 1—5
pg/litre. Lakes further north have less than this.

Zinc and cadmium show the same tendency.
West Coast lakes have zinc values of 0.03—0.12
mg/litre and lakes further north have 0.01—0.03
mg/litre; the cadmium content is 0.08—0.63 tig/
litre on the West Coast whereas further north
it is < 0.05—0.23 jtg/litre (only 35 lakes were
investigated, in November 1973, up to 60° 20'
in Western Sweden).

There also seems to be a slight tendency to-
wards a pH dependence (Fig. 11), as acid lakes
are the most affected by the polluted precipi-
tation; and owing to the acidity, more metals
might be kept in solution.

Together with the acidity in soft waters, this
mixed heavy-metal pollution will probably in-
crease the poisonous effects on aquatic life.

VI. CONCLUSION

The acidification affects thousands of Swedish
low-buffered lakes. Many of these lakes are
situated in virgin forests, in national parks and

The acidification of Swedish lakes 19

in mountain areas. According to the Government
they were “not allowed to be polluted by any
kind of matter”. Some of them can be limed,
but it is certain that the country as a whole
is suffering through the loss of unpolluted water
and much of the habitat for aquatic life.
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Possible Odour Responses of Juvenile Arctic Char (Salvelinus
alpinus (L.)) to Three Other Species of Subarctic Fish.

LARS B. HOGLUND, ANDERS BOHMAN and NILS-ARVID NILSSON

Institute of Zoophysiology, University of Uppsala, Sweden
Institute of Freshwater Research, Drottningholm, Sweden

I. INTRODUCTION

This study deals with avoidance and attraction
between fish species on account of hitherto un-
determined chemical agents — presumably odours.
The method employed is a modification of the
fluviarium technique described earlier in detail
by Hoglund (1961).

Juvenile specimens of arctic char (Salvelinus
alpinus (L.)) have been tested upon presumed odour
agents deriving, in the majority of the present
experiments, from intact individuals of three
other species of subarctic fish, but in a few ex-
periments, also from injured and even dead speci-
mens (experiments 7, 10 and 11 in Table 1).
Two of the test objects, viz. whitefish (Coregonus
lavaretus (L.)) and brown trout (Salmo trutta L.)
are frequently found in competition with char.
Vendace or cisco (Coregonus albula (L.)) on the
other hand, are more seldom found in the same
water, and when this species occurs it tends to
form the prey of large-sized Arctic char.

For several years the research programme at
the Freshwater Institute, Drottningholm, has in-
cluded problems involving competition and other
interactions between fish species. Traditional tech-
niques for fishery biological investigations in the
field have mainly been used in order to study
competition for food, growth, fecundity, yield,
and more recently interactive segregation as well
(i.a. Nirsson 1965, 1967; Nilsson and Pejler
1973; Moyle, 1973). Nilsson and Pejler (0p.cit.)
recently presented evidence for an interactive
segregation between subarctic fish due to the ex-
ploitation of zooplankton.

It is obvious that behavioural phenomena have
been important and sometimes decisive in the
process of displacement or elimination of one
species of fish upon the introduction or invasion

of a new species. The possibilities of surveying
physiological interrelations in interactive segrega-
tion have hitherto been limited, and this subject
has been somewhat neglected. According to a
review by Nilsson (1967), Iviev (1961) and
Breder (1929) are among the few authors who
have presented evidence clearly indicating that
certain fish species avoid one another for reasons
other than aggressiveness. Among such possible
reasons Nilsson (0op. cit.) mentions unfamiliar
sizes, colours, movements, sounds and odours,
all of which impressions, perceived by the inter-
acting fish species, have a sound physiological
basis.

Wrede (1932) and White (1934 a, b) seem to
be two of the first investigators to have pointed
out chemical communication between fishes.
Wrede (op. cit.) demonstrated intraspecific at-
traction and even individual recognition in the
European minnow (Phoxinus laevis L.). Field ob-
servations in connection with the transplantation
and réintroduction of young Atlantic salmon
(Salmo salar L.) into certain streams in north-
eastern Canada led White (1934 a, b) to the
conclusion that chemoreception and recognition
of water conditioned by populations of parr
stages of this species constitute a guiding factor
for ascending adults in selecting their streams
for spawning.

In training experiments G6z (1941) showed that
Phoxinus laevis were able to discriminate be-
tween odours from 15 species of fish and two
species of frogs. The minnows also recognized
individuals of their own species. Young jewel-
fish (Hemichromis himaculatus) orientate to water
from young of their own species and avoid chemi-
cal stimuli from other species (Kuhme 1963,
1964). The role of vision and chemoreception in
parental preference in cichlids is also dealt with
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by Myrberg (1966). Recently, it has been shown
by Reed (1969) that fright reactions are elicited
among certain American prey fish in response
to water conditioned by the presence of local
(sympatric) predatory fish with undamaged skins.

Oshima et al. (1969) reported that chinook
salmon (Oncorhynchus tshawytscha) showed ol-
factory bulbar responses to water conditioned
by this species. Electroencephalographic evidence
for imprinting and retention of olfactory cues
in homing coho salmon (Oncorhynchus kisutch)
has recently been presented by Cooper and Has-
ter (1974). For literature on the rather exten-
sive sources of information regarding chemo-
reception and orientation of fish the reader is
further referred to the reviews by Herter (1953),
Umezu (1966), Harden-Jones (1968), Kieere-
koper (1969, 1971), and Hara (1970, 1971).
(See also the discussions below at p. 28—33.)

Thus there is increasing support for the view
that chemical identification, largely due to ol-
faction, plays an important role in the behaviour
and ecology of fishes. Local orientation of anad-
romous fishes is presumably influenced by phe-
romones (Solomon, 1973). Nordeng (1971) sug-
gested that a migratory population of Arctic char
{Salvelinus alpinus) may be attracted in their na-
tural habitats by water conditioned by relatives,
possibly even race-specifically. Later Hoglund
and Astrand (1973) presented strong experimen-
tal evidence of intraspecific attraction among ju-
venile individuals of Arctic char. These preferen-
tial reactions were shown to be due to olfactory
responses. To allow a better evaluation of the re-
sults arrived at in the present study regarding in-
terspecific preferential reactions (avoidance or at-
traction) among juvenile Arctic char, these reac-
tions have been compared with the intraspecific
attraction demonstrated a year earlier by Hog-
tund and Astrand (1973) on the same popula-
tion of char and with the same technique.

In Scandinavia the best-documented example
of displacement of species is the introduction of
whitefish (Coregonus sp.) into many trout-char
lakes of northern Sweden. Ekman (1910) listed
nine northern Swedish lakes where whitefish
had been introduced between the 1820s and the
1870s. In all these cases, as well as in those of
more recent introductions, char has either been

completely eliminated or has survived in small
populations.

Thus in the present study an experimental
approach has been used in an attempt to deter-
mine gquantitatively whether odour aversion (cf.
p. 33) exists. Two-summer-old individuals of
Arctic char were given an opportunity to choose
between a water current conditioned by the
presence of another species and a current with-
out odour, and their reactions were quantified.
In Tables 2—5 the bulk of the primary obser-
vations from this study and from the earlier
study by Hoglund and Astrand (op. cit) have
been treated statistically according to the non-
parametric method of Mann and Whitney (Siegel,
1956). The material has also been treated by the
method used by Hogiund (1961) and Hoglund
and Astrand (1973), resulting in the diagram
in Fig. 5. Finally, the significance of the results
is discussed in relation to problems concerning
interactive segregation among the fish species
dealt with in this investigation.

Il. MATERIAL AND METHODS

Fish material

All experiments were carried out at the Institute
of Zoophysiology in Uppsala. Sixty-one juvenile
char {Salvelinus alpinus (L.)), hatched in April
1972, were tested in 16 experiments as shown
in Table 1, and 5 more were studied in a test for
hand-dipping (p. 27). These fish originated from
a population in Lake Hornavan, Swedish Lap-
land. They were hatched and reared by the
breeding plant of the Fishery Board at Alvkarleby
and were moved to our institute in November
1972. The tested specimens thus belonged to the
same population as were used in the earlier study
by Hoglund and Astrand (1973). They were
kept indoors in the laboratory in a storage tank
supplied with aerated Uppsala tap water in a
continuous-round-flow. The fish were fed daily
with EWOS pellets (standard fodder, size 3).
Small specimens were selected for the tests, ex-
cept for the experiment of November 8 (Table 1).
The mean body weight and length (£ SD) were
185+75 (range 9.4—437) g and 13.0%15



Table 1. Survey of experiments performed. See also Figs. 1 and 5.
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Distribution plate producing
spatial water quality differentiation
across the breadth of the test yard

Water inlets

. Two funnel-shaped inlets
Jet damping

Strainers of
stainless steel (s.5.5)

Mixing device
(vertical mixing only)

"Even flow or'Two currents”

Covering hood
and illumination
for recording

Anterior and rear com-

Water level partments of test yard

(Arctic char) (S.c. s Strainer cage

of stainless steel

Vertical glass sheets filled with glass bead:

according to the distribution plate

Odour donor fish
(whitefish or cisco)

Shape of
distribution plate.
Hindrance topassage

Corresponding
differentiation

is black. in the test yard
“Even flow”
frmmees: >gm « »l "Two currents”
b Donor fish in one
femeeedd funnel-shaped
inlet C
c |——— moveable cage as
in inserted Figs.
Band C.
0 50cm

Test fish
(Arctic char]

Donor fish in a moveable cage (s.s.s.)

Odour donor fish
(whitefish)

Test fish
(Arctic char)

Donor Fishin
amoveable
cage of
stainless steel
(Brown trout)

Test fish
(Arctic char)

Fig. 1. Sketch of the test apparatus and the arrangements for the main types of experiments. Ai and Ag show
lateral and horizontal views of the fluviarium, indicating the positions of donor and test fishes. In “even
flow" experiments (see Table 1) the distribution plate (Bi according to Hoglund, 1961) was used. In “two cur-
rent” tests (see Table 1) the plates b or ¢ were used, depending on whether the donor fish were kept in
front of or behind the distribution plate. Unless otherwise stated, the apparatus is built of polyacrylic plastic
material. For further details see Hoglund (1961, Figs. 1 and 2) and Héglund and Astrand (1973, Figs. 1
and 2). The experiments were performed in a dark room; the only illumination source was two symmetrically
placed tubular electric lamps giving an indirect light from the sheltering hood above the test yard, which
is not fully drawn in the figure. The dots in the transverse sections indicate assumed odour from the donor fish.

In B and C the donor fish are kept in one current on the K-side corresponding to sections 8—10. During
the next test period the donor fish are kept on the other side corresponding to sections 1—3, here called the
A-side (below in the diagrams of Figs. 2—4), alternating this way from one 90 min period to the other.

(range 10.6—17.8) cm. As will be seen in Table 1,
the same specimens were used in the experiment
of December 4 and 5. At the time of writing
(March 1974) this population of char has been
kept isolated from other species in our storage
tanks in good health for more than 15 months.

The whitefish were caught during their spaw-
ning run from Lake Siljan to the River Oster-Dal-
alven in the province of Dalarna, central Sweden.
They belonged to the species Coregonus lavaretus
(Svardson, 1957, 1961, and Professor G. Svard-

son, personal communication). Their total length
ranged from 22.0 to 27.0 cm. The cisco belonged
to the population of Lake Malaren (c/., e.g.,
Northcote and Rundberg, 1970) and ranged
in length from 21.5 to 27.0 cm. The brown trout
were obtained from the same hatchery as the
arctic char; their total length ranged from 6.7
to 20.0 cm.

Before being used in an experiment, the fish
were kept in the test yard of the fluviarium at
a low flow rate for at least 12 hours.



Water quality

The water supplying the storage aquarium and
the test apparatus was aerated Uppsala tap water.
The chemical composition of this originally sub-
soil water from an esker nearby has been re-
ported by Hoglund and Astrand (1973, Table
1). It is rich in HCOg- (300—320 mg/1), Ca2+
and Mg2+ (95—119 mg/l in the proportion of
about 15 % Mg and 85 % Ca). The oxygen
content was kept at a level just below saturation,
and the pH varied between 7.4 and 7.8. (See
also Heglund (1961) and Hoeglund and Bérje-
son (1971).) Oher experimental conditions are
given in Table 1.

Experimental designs

Essentially, the experimental procedures developed
by Hoglund (1961) were followed supplemented
with some maodifications introduced by Hsglund
and Astrand (1973). In the tests performed with
cisco and whitefish, however, the earlier arrange-
ment for keeping the “donor fish” in the fluvi-
arium could not be used owing to the compara-
tively large size of the fish. Instead these fish were
kept in one of the inlet funnels (Fig. 1). Other
arrangements for keeping the donor and test fishes,
as well as for the distribution of current and
presumed fish odour from the donors, are also
shown in Fig. 1 and in Table 1.

The juvenile Arctic char were allowed to swim
about in the confined space of the test yard.
There they were given a choice between pure
water and water conditioned by the presence of
another species. The experimental events were
arranged symmetrically and all disturbances of
the test fish were avoided. The test yard was
evenly illuminated by two symmetrically placed
tubular bulblamps (40 W each) screened by milk-
glass sheaths. The light intensity adjacent to the
test fish was 610 lux (“bright” in Table 1), and
45 lux (“feeble” in Table 1). In the latter case
a Braun electronic flash aggregate was used for
the recordings.

As shown in the graphs of Figs. 2—4, the
experiments lasted for eight hours. The distri-
bution of the two water qualities was reversed
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at two-hour intervals. In this way the distribution
of pure and conditioned water was changed from
one side to the other. The momentary positions
of the test fish were recorded every 30 sec by
means of a 16 mm film camera. The recording
started 30 min after the reversal of the experi-
mental conditions. The side walls of the fluvi-
arium are called A and K, as shown in Fig. 1.
Accordingly consecutive test periods lasting for
90 min each are called Aa, Ka, Ab and Kb; the
capital letters designate conditioned water on
the A or K side, respectively, and the lower-case
letters the ordinal number. The first 30 minutes,
when no records were obtained, have been de-
signated Ca, Cb, etc., in the graphs. During that
period the new reversed distribution of pure and
conditioned water was established within 10
minutes. During about the next 20 minutes the
test fish became accustomed to the new spatial
arrangement of presumed fish odour in the test
yard.

Two spatial arrangements regarding the distri-
bution of current were used. In Table 1 these
are designated “Two currents” and “Even flow”.
(1) “Two currents” means that two equal currents
were established along each side with a still-
water belt between, the latter covering the imag-
inary sections 4—7 of the test yard. (2) “Even
flow” means that as far as possible an even flow
over the whole breadth of the open trough was
maintained. In (1) only one current contained
the presumed active stimulants deriving from the
donors placed in a cage upstream in front of the
test yard. By moving the cage from one current
to the other, alternative test conditions — A or
K — were established (cf Fig. 1). Using an even
flow (2), the corresponding alternation from A
to K was accomplished by turning the distribution
plate, called a in Fig. 1, upside down.

Definition of reaction values
and statistical treatment

The film recording was analysed in order to find
out wether the char preferred to stay more often
in pure water or in conditioned water. The
number of momentary visits in each section as
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Exp. no. Part of experiment

Aa Ca Ka Cb Ab Cc Kb

Fig. 2. Preferences among juvenile Arctic char (Salvelinus alpinus L.) for pure water and water conditioned
by the presence of whitefish (Coregonus lavaretus). Cross-hatched areas in the graph of experiment 2 sym-
bolize the distribution of flowing water in the test yard. In experiments 3—7 an even flow was used. Dots
indicate assumed whitefish odour. For further details regarding the designs of experiments, see Table 1, Fig.

1 and p. 25.

recorded on each frame of the film was multiplied
by the corresponding section number (1—10).
The total sum of these products from ten frames
was divided by the total number of observations.
This represented a mean position value for five
minutes (mpvbmin according to Hoeglund, 1961,
pp. 46—48). Thus in the present tests, owing to
the number of fish tested, each mpv5min repre-
sented 30—50 momentary positions. The mpv5 min
values are plotted in Figs. 2—4, which show the
mean preferences among the fish during the
course of different parts of the experiments. By
definition, a mean position value of 5.5 thus
indicates a reaction of indifference. The difference
between this value and the actual mean position

value for a certain period of time gives a reaction
value, rv, with an index indicating the length
of a period with identical experimental conditions.
Positive values indicate attraction and negative
values avoidance, in accordance with the defi-
nitions suggested by Hoglund (1961, pp. 48—49).

The change of reaction within an experiment
was evaluated by means of the two-tailed Mann-
Whitney U-test (Siegel, 1956). Thus, in this
context a reaction value was defined as the dif-
ference between the medians of the generally oc-
curring 18 mpvbmin values from consecutive test
periods. The medians (Mdn) and the semi-inter-
quartile range (Q) recorded are given in Tables
2—5 with the pertinent statistics from the U-test.
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Fig. 3. Preferences among juvenile Arctic char (Salvelinus alpinus (L.)) for pure water and water conditioned
by the presence of cisco (Coregonus albula L.). For details see Table 1 and p. 25.

Measures to eliminate possible
irrelevant factors

All five species of Pacific salmon belonging to the
genus Oncorhynchus exhibit alarm reactions and
detect repellent odours from human hand rinses
and mammalian skins (Brett and MacKinnon,
1954; Aiderdice et al, 1954; I1dier et al, 1961,
and others). Electroencephalic responses from
the olfactory bulb of the rainbow trout (Salmo
gairdneri) to handdipped water and KP§ M L-
serine have also been recorded by Hara (1971).
Thus a control test was performed to find out
whether the juvenile char in our experiments re-
sponded if the experimenter dipped his hands
in the fluviarium water for some time before a
test. In this control test the resulting preference
reaction was quite indifferent. In the tests pre-
sented in this paper, however, the fish were
transferred from the storage aquarium into the
experimental tank with the aid of a net, thus
avoiding all interference from this type of ir-
relevant factors.

I1l. RESULTS

Presentation

All results are presented in Figs. 2—5 and Tables
2—4. For comparison, in Table 5 the primary
observations presented earlier by Hsglund and
Astrand (1973) have been subjected to the same
statistical treatment as the observations in Tables
2—4.

In experiment 1 (see Table 1), the char ex-
hibited a fairly stable reaction throughout the
test period. The results from this test are presented
only in Fig. 5. For all other experiments (2—16),
the intensity of reaction during the course of the
test can be followed in full graphic represen-
tations (see Figs. 2—4). In these diagrams the
mPvsmin values are plotted against time, and
changes of the experimental conditions between
different test periods are indicated by symbols,
which are explained in the figure texts.

The medians of the 18 mpvbmill values from
each 90 min test period were calculated and are
given in Tables 2—5, which also present sta-
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tistics from the Mann-Whitney U-test. By com-
paring the reactions from consecutive test periods
with reversed areal distributions of conditioned
and pure water in the test yard, the significance
of avoidance or attraction was estimated, and
this is given in these Tables.

Finally, the total reaction of an experiment
was calculated according to the original method
introduced by Hogiund (1961). These reaction
values (rv6hours values) were based on the four
rveomm values included in each experiment. In
Fig. 5 the mean, range and standard deviations
are given. As a complement, the observation
material presented by Hoglund and Astrand
(1973) regarding intraspecific olfactorily-stimu-
lated reactions among juvenile arctic char was
treated in the same way and is also presented in
Fig. 5. In this figure a standard deviation exten-
ding on both sides of the zero line has been con-
sidered to be indifference reaction. Thus it is
concluded that avoidance was exhibited in ex-
periments 2, 3, 4, 5, 7, 11, 13 and 19. With this de-
finition, it also appears from Fig. 5 that clear
attraction was shown in experiments 17 and 18.

The avoidance or attraction found with the
non-parametric  statistical treatment employed
(see Tables 2—5) should be regarded as reaction
patterns within experiments. These estimates are
presented mainly as a complement to the overall
reactions in Fig. 5.

Comments on the experimental results

Reactions of juvenile Arctic
char to whitefish

The preferences among juvenile arctic char for
pure water or for water conditioned by the
presence of whitefish are presented in Figs. 2 and
5 and in Table 2. As shown in Fig. 5, experiment
1 gave an indifference reaction, which is probably
explained by the facts that (1) only a single white-
fish was used as donor and (2) the water velocity
of the two currents in this experiment was com-
paratively high, viz. 2.1 cm/sec. The amount of
presumed odour or other stimulant from this one
individual passing the test fishes per unit of time
would thus seem to have been too low to give
a significant reaction with the present technique.

However, indifference or no reaction at all was
also recorded in experiment 6, where the flow
rate was as low as 0.6 cm/sec over the whole
breadth of the flume and a group of four “odour
donor” whitefish were placed in one of the funnel-
shaped inlets of the fluviarium. One possible ex-
planation for this result is that the current was
too low to activate the char to display searching
and explorative behaviour. Consequently the
probability of detecting the presumed whitefish
odour in the spatially differentiated water mass
might be diminished in this test. Another possible
explanation for the absence of preference in this
test is that the presumably existing biologically
active agents may disintegrate fairly quickly,
so that the ethological impact of these substances
fades on the way from the donor fish to the
test fish. In this case the time for reaching the
test-yard area amounted to as much as about
four minutes over a distance of about 1.4 m.
It is obvious from Fig. 2 and the statistics in
Table 2, as well as from Fig. 5, that in the re-
maining five experiments there were clear avoid-
ance reactions. Thus, it appears from this study
that under certain circumstances juvenile char
actually detect and tend to avoid whitefish, prob-
ably through olfactory stimulation. The action
of the biologically active compounds presumably
responsible for these effects seems to be restricted
as to time and space. With the exception of ex-
periment 7, intact and actively swimming speci-
mens of Coregonus lavaretus were used as “odour
donors” in this group of tests. The avoidance
reaction demonstrated in experiment 7 emanated
from water conditioned by injured or dead white-
fish and may be similar in nature to the fright
or alarm reaction (Schreckreaktion) described
by several authors (c/., e.g., Pfeiffer 1967; Hara
1971, p. 107 f.), though according to Hara (1971,
p. 108) the fright reaction may occur only in
the Ostariophysi. In all other respects, the test
conditions in experiments 2, 3, 4, 5 and 7 (see
Table 1) were identical, except for the fact
that two light intensities were used.

Reactions of juvenile Arctic
char to cisco

When juvenile arctic char were tested against
water conditioned by the presence of four intact



Exp. no. Part of experiment

Fig. 4. Preferences among juvenile Arctic char (Salve-
linus alpinus (L.)) for pure water and water conditioned
by the presence of brown trout (Salmo trutta L.). Sym-
bols as in Fig. 2. For further details see Table 1 and
p. 25.

cisco, no reaction whatever — i.e. indifference —
was obtained (see experiments 8 and 9 in Figs. 3
and 5, and Table 3). In experiment 10, slightly
injured cisco were used instead to condition the
water and, in experiment 11, specimens that were
somewhat more injured but still alive were used.
It appears from Fig. 5 and Table 3 that an
avoidance reaction was particularly evident in
the latter case (cf. the comments on experiment 7).

Reactions of juvenile Arctic
char to brown trout

In the experiments with brown trout as donor
(nos. 12—16, Figs. 4, 5 and Table 4), on the
whole no reactions were found except in experi-
ment 13. According to Table 4, however, a slight
attraction was shown in certain parts of experi-
ments 14—16. The clear avoidance found in ex-
periment 13 is difficult to explain, but may have
been due to occasional aggression among the trout.
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It has been shown that in situations of distress
or unpleasant emotion increased amounts of
catecholamines are excreted in the urine in man
(Levi, 1965). The release of agents in response
to antagonistic or agonistic behaviour among the
donor fish may be detected by the char and
result in the avoidance reactions found in the
present tests. But even if this does occur, it
would not seem to be sufficient to explain the
more or less consistent avoidance to whitefish de-
monstrated in experiments 2—>5 and 7.

Intraspecific reactions of intact
and olfactorily-extirpated
juvenile Arctic char

Pfeiffer (1974) very recently has reviewed the
literature on pheromones and chemical communi-
cation especially concerning “alarm reactions”
among fish.
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Table 2. Changes of reactions (avoidance or attraction)
of Arctic char to whitefish in different experiments,
as estimated by the Mann-Whitney U-test. Mdn = the
median of 18 mpr5 min values from each test period
(see p. 27).

Ex- Significance
; levels
peri- - Pe- — \dn
ment riod Q value P avoid- attrac-
no. ance tion
Aa 490 055 4575 5010 ¢ -
Ka 515 1.20 . .
1 1125 >0.10
Ab 565 090 1,02 g7 . a
Kb 605 057 :
Aa 210 032 255 <0.002 +++ -
2 Ka = 302052 355 <0.002 +++ -
Ab 615 120 go2 010
Kb 490 066 :
Aa 6.35 8:22 0.0 <0.002 +++ _—
3 Ka 395 044 965 <0.002 ++  —
Ab 495 048 000 00
Kb 550 078 : '
Aa 230 938 505 <0.002 +++
4 Ka 472 075 450 <0002 +++ -
Ab 550 100 go'v —go5 o+
Kb 520 080 ° :
Aa 6.45 065 62.0 <0.002 +++ -
Ka 565 0.48
5 1475 >0.10
Ab 545 108 “g35 0002 ++r -
Kb 455 050 > :
Aa 575 048 1.0 s010 . _
Ka 5.80 1.00
6 710 <0.02 A
Ab 445 030 1,00 ~016
Kb 460 0.98 : '
Aa 645 050 oc _ 002 —
7 Ka 443 038 g2 _005 +  —
Ab 525 055 ,o0 oo
Kb 492 040 " :

According to Newcombe and Hartman (1973),
as judged from their experiments in a two-choice
maze, ripe rainbow trout (Salmo gairdneri) of
both sexes show intraspecific attraction, prob-
ably due to olfactory information. These authors
also attend to some earlier observations on intra-
specific chemical signals in the reproductive be-
haviour of fish, e.g. Poecilia reticulata (Gandolfi,
1969), Colisa labia, and C. labiosa (Rossi, 1969),
and in the blind goby, Typhogobius californiensis
(MacGinite, 1939).

Table 3. Changes of reaction (avoidance or attraction)
of Arctic char to cisco in different experiments, as es-
timated by the Mann-Whitney U-test. Mdn = the
median of 18 mpV5min from each test period (see
p. 27).

Ex- Significance
; levels
peri- Pe- uU-
ment riod Mdn Q value P avoid- attrac-
no. ance tion
Aa 475 058 4515 g9 —
Ka 492 0.33
8 795 <0.02 4+
Ab 5.24 0.25 085 =0.10
Kb 5.07 0.20 ’ ’
ﬁa o 032 4510 <0.10
9 a 80 088 “oo'n —0lgo2 44+
Ab 5.60 0.72 1225 =010
Kb 5.70 0.68 ’ ’
Ra 380 0o 1005 <010
10 & 309 B9 590 <0.002 +H+
Ab 505 060 go'e  00r 44—
Kb 4.02 0.68 ’ ’
Aa 570 062 5545 —g00n +4+
Ka 4.65 0.68
11 69.5 <0.02 ++ —
Ab 585 082 2 Z00cs L.
Kb 415 0.65 ’ ’

DoVING et al. (1974) have given electrophysio-
logical evidence for differential responses from
the olfactory bulb cells in Salvelinus alpinus to
odorants released with skin mucus from different
populations of this species. The possible role of
such agents acting as pheromones and assisting
in near-migrations to homestream spawning sites
was also discussed. It is interesting in the present
context, as pointed out earlier by DoVING et al.
(1973), that heating and storage of water con-
taining the odorants, only slightly enhanced their
stimulating potence.

Clear intraspecific attraction among juvenile
Arctic char (Salvelinus alpinus) due to olfaction
presumably caused by pheromones (Karison and
Luscher 1959) was also demonstrated in the
fluviarium experiments by Hoglund and Astrand
(1973). Further treatment of the data presented
in that paper (op. cit.) indicates that olfactorily-
extirpated char in experiment 19 (Fig. 5 and
Table 5) showed clear avoidance reactions. To
judge from Table 5 avoidance was also shown



Table 4. Changes of reaction (avoidance or attraction)
of Arctic char to brown trout in different experiments
as estimated by the Mann-Whitney U-test. Mdn =
the median of 18 mpvs min values from each test pe-
riod (see p. 27).

Ex- Significance
peri- Pe- u- levels
ment riod MM Q  yae P avoid- attrac-
no. ance tion
Ka 5.00 1.10
12 157.0 >0.10 —
Ab 495 075 1219 >0.10
Kb 4,94 0.24 ’ '
pa 58 1% 20 <0002 +++
Ka 265 0.31
13 45 <0.002 +++
Ab 535 020 o2 S0.002 *+
Kb 2.75 181 ’ ’
Aa 4.43 0.46 1465 >0.10
Ka 4.45 0.80
14 1490 >0.10
Ab 415 oeo 430 =010
Ko 525 0gp 090 <0.02  —
Aa 620 080 ¢ 019
Ka 6.62 0.78
15 94.0 <0.05 +
Ab 543 060 209 <095
Kb 5.15 0.88 ’ '
Aa 610 040 oo0 gos
Ka 6.85 0.95
16 109.5 >0.10
Ab 615 118 ‘23 >0-10
Kb 725 052 670 <O o

in the latter parts of experiment 20. The reason
for this is, of course, difficult to discuss, as the
causative stimulant(s) are not known at the pre-
sent stage of investigation. It is possible that
some stimulant(s) may be perceived by gustatory
receptors, or by free nerve endings in the skin,
the so-called common chemical sense.

According to Hara (1971, p. 89) reactions
following stimulation of the latter organ are
usually negative or defensive reactions. Mechano-
reception may also contribute to the negative
response, as according to Hemmings (1966 a, b)
the attractions for a schooling fish (Rutilus
rutilus L.) are vision and olfaction and the re-
pulsive modality is the lateral sense. Chemo-
receptive stimulation and physiological depres-
sants among aquatic animals possibly due to
unknown metabolites, have also been discussed
by Berrie and Visser (1963) and Yu (1968).
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Table 5. Changes of intraspecific reaction (avoidance or
attraction) between intact or olfactory-extirpated Arctic
char and intact char. Estimates are made by the Mann-
Whitney U-test on primary observations presented
by Hoglund and Astrand (1973). Mdn = the median
of 18 mpV5 min values from each test period (see p. 27).

Intact test fish

Ex- Significance

péri-  Pe- li- levels

ment riod Mdn  Q vable  ayoid- attrac-

ance tion

Aa 485 082

g Kaoo724 1 MO
Ab 425 13 NS —
Kb 815 112 ' o
Aa 468 075 L0
Ka 785 o082 L0 —
Ab 43 03 20—
Kb 655 072 : i

Extirpated test fish

Aa 585 0.5

Ka 460 030 gg o —

Ab 565  0.16 935 tH —

Kb 540 022 ' *

Aa 692 060

1280 _ _

0 Ka 663 038 2R -

Ab 725 015 g2

Kb 685 0.72 Ut -

Of special interest are the studies on chemical
communication of fishes by Todd et al. (1967)
(see also Todd, 1971). According to the latter
investigators the exquisitely sensitive organs of
smell in the bullhead catfish (Ictalurus natalis)
are mainly used for chemical communication in
their social contacts. The detection of distant
food, on the other hand, is exerted by the taste
buds on the body of this species.

However, the significance of different senses
in chemical communication and in the behaviour
of fish evidently varies widely from one species
to the other.

IV. FINAL DISCUSSION

In this study an experimental approach has been
tried in an attempt to provide quantitative evi-
dence of possible preferential reactions (attraction
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or avoidance) to presumed odour responses be-
tween subarctic fish species. Of especial interest are
avoidance reactions which may contribute to the
elimination of one species from its natural habitat
when faced with another species, or a segregation
between species into different ecological niches.

As pointed out above, the present results
suggest that such a process may play a role in
the case of juvenile Arctic char in relation to
whitefish (Coregonus lavaretus (L.)). In relation
to cisco [Coregonus albula L.) and brown trout
(Salmo trutta L.) the reaction of char was less
clear-cut, which supports the idea that complex
behaviour patterns are involved. A comparison
between the results from earlier investigations
on the reaction of char to specimens of the same
species (Hoglund and Astrand, 1973), which
are included in Fig. 5, experiments 17—18, has
strengthened the view that the avoidance reaction
displayed by char in experiments 1—7 are in
fact real. The experiments with olfactorily-ex-
tirpated fish (Fig. 5 Nos. 19—20) also suggest
that other agents than odours may be involved
[cf. the discussion above).

SALMO TRUTTA

SALVELINUS
ALPINUS

15 16 17 18,19 20

Fig. 5. Diagram showing
all preference reactions ar-
rived at in the experiments
of the present study (ex-
periments 1—16) as well as
of the study by Hsgruna
and Astrand (1973) (eX'
periments 17—20). Hori-
zontal streaks refer to re-
action values, rv6 hr values
(for definition see p. 28).
Vertical thin lines represent
the range of the reaction
values (rveo min values) ob-
tained from the four test
periods of each experiment,
and vertical bars the stan-
dard deviation (n=4). A
standard deviation covering
the median zero line has
been regarded as indicating
an indifferent reaction.

Char

with
olfactory
organs
removed

The existence of alarm substances has been
shown by several authors ever since the classic
experiments of von Frish (1938, 1941 a, b); see
also Pfeiffer (1960; 1962; 1963; 1964; 1967)
and Hara (1971). Fright reactions to individuals
of the same species only occur when the fish are
injured, as the cells producing alarm substances
of that kind are not open to the surface of the
skin (Pfeiffer, 1960). It has also been proved,
however, that non-injured predatory fish can
produce a “predator odour” that causes alarm
reactions in fish of other species (Reed, 1969).
The alarm reactions of salmonids to mammalian
skin, mentioned above (p. 28) are also of in-
terest in this context, but hand-dipping before
starting the recording was found to give no re-
action in the present tests (p. 27). In this in-
vestigation it has been shown that one species
(whitefish), which is not known to be predatory
on the other species (Arctic char), caused re-
actions similar to the above-mentioned alarm
response. We therefore suggest that avoidance
on account of interspecific odour responses simi-
lar to those demonstrated in the present study



should not be overlooked as a possible element
in the process of non-predatory competitive eli-
mination or interactive segregation. We propose
the term “odour aversion” for this phenomenon,
which to judge from the present results seems
to be a factor of ethological and ecological im-
portance in interaction between fish species.
As mentioned in the Introduction, the char used
in these experiments normally lives sympatrically
with whitefish and theoretically the avoidance
reaction should therefore serve to segregate the
species. It remains to find out wether similar
reactions also occur in char populations living
in allopatry with whitefish. For that account
it is planned to repeat the present tests with a
population of Arctic char from Lake Sadvajaure
situated at a higher level in the same mountain
region as Lake Hornavan. This future test object
has probably never been in contact with any
species of whitefish (Coregonus spp.).
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VI. SUMMARY

Reactions of juvenile Arctic char (Salvenius al-
pinus (L.)) to chemical stimulation, presumably
odour(s) released into the water by the presence
of any of three other subarctic fish species, were
studied quantitatively by means of the fluviarium
technique. In five out of seven tests second-sum-
mer char showed clear avoidance to intact as
well as to dead whitefish (Coregonus lavaretus
(L). In the other two tests the reactions were

3
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indifferent. Two tests using intact vendace or
cisco (Coregonus albula (L.)) as “odour donor”
also gave no significant reaction, but avoidance
was noted in two tests with injured cisco. Brown
trout (Salmo trutta L.) gave rise to significant
avoidance in one test, but to slight attraction in
the other four tests performed. The present results
have been compared with earlier findings regard-
ing intraspecific attraction among juvenile Arctic
char. The interspecific avoidance behaviour of
juvenile char versus whitefish observed in the
present tests has been discussed as a possible guid-
ing factor in interactive segregation. The term
“odour aversion” is suggested as a designation
for the phenomenon of restriction in behaviour
and occurrence of one species on account of such
olfactory responses in the field situation.
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Population Biology of the Cestode Caryophyllaeus laticeps
(Pallas) in Bream, Abramis brama (L.), and the Feeding

of Fish on Oligochaetes

GORAN MILBRINK

Institute of Freshwater Research, Drottningholm, Sweden

I. INTRODUCTION

The traditional way of obtaining detailed infor-
mation on the food preferences of various fish is
by careful analyses of the stomach contents.

Quite often, however, the representativity of
such analyses can be questioned, especially in the
case of over-night nettings of fish when the water
temperature, and hence the rate of digestion, is
reasonably high. In such nettings the fish may
fasten in the nets late in the afternoon, but the
stomach contents will not be preserved until the
following morning.

In view of the fact that some food items like
oligochaete worms lacking chitinous, hard head
capsules, thick shells etc. may be fully digested
within an hour after consumption (c/. Galinsky
and Nikitin, 1972) it is easily understood that
such soft-bodied food items are nearly always
underestimated in any stomach analyses, however

HASSELBY
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Fig. 1. Map of Lake Malaren showing the study area
at Drottningholm. Some depths (in m) are indicated
on the map.

detailed. Nets are rarely examined at hourly in-
tervals, which would be required, and the bristles
and crotchets of oligochaetes are only exception-
ally searched for in such analyses.

The order Oligochaeta is generally one of the
major entities — beside chironomid larvae — in
freshwater soft-bottom communities. Oligochaetes,
however, are seldom if at all mentioned in studies
on the food of fish.

Several recent works have focused attention
upon this obvious discrepancy (Poddubnaya 1962.
Nikolski 1963, Grigyalis 1966, Kajak and
Wisniewski 1966, Kennedy 1969 a, 1969 b, Au1-
doori 1971, Brinkhurst and Jamieson 1971,
Galinsky and Nikitin 1972, Yarochenko €t al.
1972, Aarefjord et al. 1973, and others). Pop-
CHENKO, 1971, emphasizes the importance of
oligochaetes in the diet of coarse fish but also
of salmonids. On the whole, East-European fishery
biologists seem to be traditionally more observant
than others upon the role of oligochaetes in the
diet of fish.

A careful examination of the intestinal parasite
fauna with regard to caryophyllid cestodes (Ken-
nedy 1969 a, working with dace) is among the
most sophisticated methods of getting information
about the intensity of feeding upon oligochaetes
by fish, especially coarse fish. The mere presence
of small specimens of Caryophyllaeus laticeps
(Paltas) in the anterior part of the guts of various
coarse fish is in itself an indication of a fairly
recent consumption of tubificid oligochaetes.

In the present work light is cast upon the life
cycle of C. laticeps in its final host — bream,
Ahramis brama (L.) — in eastern Lake Maélaren.
The parasite is usually associated with represen-
tatives of the family Cyprinidae, but also other
fish may become infested more or less regularly,
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10 larvae of
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Fig. 2. The pattern of changes in length and state of maturity of Caryopbyllaeus laticeps in bream at different
times of the year. The data are expressed as actual numbers of mature (unshaded) and gravid worms with

developed vitellaries (shaded) found each month.

even rainbow trout (Brandes 1958) and possibly
Gobius minutus (Markowski 1935) in brackish
water. Kulakowskaja (1973) presents a list of
12 fish species frequently infested by the parasite.

For further information on the general biology
of C. laticeps, as well as other caryophyllids, the
reader is referred to the comprehensive and im-
portant work by Mackiewics (1972).

Il. MATERIAL AND METHODS

Caryopbyllaeus laticeps is a fairly common intes-
tinal parasite in bream in Lake Malaren. Blue

bream, Abramis ballerus (L.), is also regularly
infested, while silver bream, Blicca bjoerkna (L.),
and tench, Tinea tinea (L.), are only infested at
times.

The present study started on the initiative of
Dr. C. R. Kennedy, University of Exeter, Eng-
land, in late July 1970 and has continued since
then. The intention was to capture about 20 bream
monthly by means of gill nets in an area not far
from the Institute of Freshwater Research in
eastern Lake Malaren (Fig. 1). Despite intensive
fishing (11 gill nets each time) it proved very
difficult to catch more than about 10 fish per
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Fig. 3. The mean number of C. laticeps shorter than 10 mm per bream at different times of the year (August
1970—November 1973). Surface water temperatures (in degrees C) covering the period of investigation are
also given in the figure. The actual number of examined fish at each sampling event is indicated on top of
each staple. (Note that one staple in November 1973 is very uncertain.)

month. Until the end of 1973 in all 346 bream
were caught in 46 trials over 33 ice-free months.
As a rule the period of permanent ice-cover
lasts from the middle of December to the middle
of April in this part of Lake Mélaren (see Fig. 6).

In comparison with captured bream from ad-
jacent waters the average bream inside the study
area was markedly smaller, i.e. about 25 cm long
and 7—38 years of age. For this reason and others
there is little doubt that most captured fish be-
long to a fairly homogeneous population.

All captured fish were weighed and measured
and detemined to sex.

The fullness degree of the intestines was esti-
mated. The intestines were examined under a
low-powered microscope for the presence of mac-
roscopic remnants of oligochaetes. It has not
been considered necessary to apply dyeing proce-
dures as suggested by Galinsky and Nikitin
(1972).

Samples of the stomach contents and smears
of the gut mucosa were routinely examined under
a high-powered microscope (400—600 X) for the
presence of bristles and crotchets of oligochaetes.

The entire stomach contents of some fish were
regularly analysed.
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Fig. 4. The mean worm burden (C. laticeps) per bream
in each size group.

All intestinal parasites obtained were allowed
to relax in cold tap water until they ceased to
respond to tactile stimuli (c/. Kennedy 1969 a),
which facilitates later measurements, and were
thereafter preserved in formalin. All caryophyllids
were measured to the nearest millimetres and
gravid worms with developed vitellaries were
specially recorded.

Measurements of surface water temperatures
in the study area, covering the whole period of
investigation, were made every day during the
ice-free season (Fig. 3).

Il. RESULTS

Population biology of Caryophyllaeus
laticeps in bream

The annual incidence cycle of C. laticeps in its
final host, bream, was on the whole identical
throughout the four years studied (Fig. 2). Two
quite distinct peaks of infection — one in the
spring and one in the autumn — were generally
distinguished (cf. 1972 in particular), while the
level of infection in late summer was invariably
very low.

Mass infection often took place from March
to the middle of May and from late October to
mid November (Fig. 3). In autumn the raised
incidence of infection could be associated with
a concurrently lowered surface water temperature
to about 8° C (Fig. 3). The spring maximum on
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Fig. 5. Length groups of C. laticeps found in each
size group of bream — from January 1971 till the
end of 1973.

the other hand started when the water temperature
was still below 5° C. On the whole, infections
were most numerous in the coldest half of the
year. The peak periods are generally difficult to
trace, the autumn peak in particular being very
narrow. In the autumns of 1970 and 1971 the
real peak values were probably not obtained.
The frequency of sampling was probably too low
in those periods.

Very few full-grown parasites were generally
recorded in August and September. The majority
of gravid worms had obviously left their hosts
by June and the months following immediately
thereafter which is in good agreement with si-
milar investigations in other countries (see dis-
cussion below).

In spite of the fact that the water temperature
in Lake Maélaren in the winter is normally very
low, and the lake is frozen over at least 3—4
months a year, newly infested bream are caught
all the year round. At the time of consumption
by the fish the larval parasites are obviously of
very different age. According to Kennedy (1969b)
they may vary in length at least between 2.5 and
10 mm — often even up to 15 mm (cf Fig. 3
and discussion below).

The mean worm burden per fish is strongly
correlated with the length of fish (Fig. 4). Large
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fish, in particular, may carry great numbers of
parasites in different stages of development (see
below and Andersson 1974).

Most fish caught within the area are between

1970

1971

1972

iy/o

Fig. 6. The yearly variation
in the degree of infection
(in °/o) of bream caught at
Drottningholm. Large dots
indicate a minimum of 10
bream examined at each
sampling event. Small dots
represent a minimum of 3
fish. The periods of per-
manent ice-cover are indi-
cated in the figure (shaded).

20 and 30 cm long (Fig. 4). The yearly worm
burden for these size groups is generally between
2 and 4, which means that during the peak periods
the mean worm burden is probably between 10



and 20 for the same size groups. Fish between
30 and 45 cm carry far more parasites at any
time of the year (Fig. 5) and in comparison with
smaller fish they also carry a greater proportion
of nearly full-grown cestodes. Bream between
15 and 20 cm have only been found carrying
small cestodes, about 75 °/o of the latter are
shorter than 5 mm (and nearly 25 % are between
11 and 15 mm). In comparison with the smaller
fish those between 36 and 45 cm carry, on average,
only about 15 % worms shorter than 5 mm, while
45 % are between 11 and 30 mm.

Due to the relative scarcity of fish longer than
30 cm in the catches the calculated worm burdens
per fish in these length groups are a bit uncertain.
The general trend, however, persists; the larger
the fish the heavier the worm burden. This is also
in full agreement with Backiel and Zawisza
(1968) basing their conclusions on masses of com-
piled data on bream.

The mean infection degree of bream caught
in the vicinity of the laboratory has rarely been
found to be below 50 °/o (about 40 °/o once in
December 1971). Over a period of about three
and a half years (Fig. 6) the average value is more
likely to be above than below 70 °/o. Values of
about 90 % or more are common during the
peaks of infection in the spring and in the autumn.
The cycles of 1971 and 1972 very much resembled
each other and the autumn peak of infection of
1973 was almost identical, too. Remarkably
enough, in the summer of 1973 the infection
built up a plateau between May and September
at no less than 80 °/o.

The author has repeatedly obtained evidence
that C. laticeps spontaneously moves backwards
in the intestines of captive bream even if, as in
the present case, the newly caught fish are im-
mediately put into a tank with circulating water
from their natural habitat.

Bream kept in a tank, however big, over a
night or two have repeatedly turned out to be
more or less devoid of C. laticeps when examined
later. In some cases the parasites could be found
in the rear part of the intestinal canal. Kennedy
(unpublished) has even observed worms actually
leaving the fish.

The parasite is otherwise rarely found in the
rear part of the guts under natural conditions
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but commoly in the first loop of the intestinal
canal. Mackiewics (1972) presented similar ob-
servations concerning the same fish and parasite,
“an important consideration when utilizing pre-
served fish for incidence or distributional studies”.

Distribution and hosts of larval
Caryophyllaeus laticeps

Normally, each tubificid host can only carry one
developing parasite (c/. Kennedy 1969 a). To
complete the cycle parasitized tubificids are bound
to be eaten by fish — in this case a bream. (The
abbreviated and very special cycle of the genus
Archigetes will not be discussed here; cf. Nybelin
1962 and Mackiewics 1972).

Oligochaete material obtained since 1965 from
all over Lake Malaren has been analysed and
all identifiable procercoids in tubificids have been
carefully recorded. The mean degree of infection
has only occasionally been found to exceed 0.15
°fo. As a rule it is far below that value (cf. Lake
Hjéalmaren below). Infected tubificids have been
identified from sampling sites throughout the
whole lake, but local aggregations of infected
specimens have never been noted. In most cases
no parasitized tubificids could be found at all
which may imply that the true values are more
probably below 0.1 %> than above. The value
given above — 0.15 % — has been repeatedly
obtained from Gorvaln, a bay of Lake Malaren
about 10 miles to the north of Drottningholm.
A value of even 1 °/o was once estimated from
a small series of samples in that basin (T. Wieder-
hotm, personal information; cf. below).

Since a large lake in this respect is an open
ecosystem, it is always difficult to check whether
the fish actually feed where the bottom samples
come from or whether infested tubificids are
locally more frequent elsewhere, in areas where
the fish may move. This problem was thoroughly
discussed in Andersson (1974).

The bream near the Institute at Drottning-
holm are known to migrate short distances from
shallow reaches to deep water (15—18 m) when
water temperature falls rapidly in late autumn.
Other migratory movements are very poorly
known, but naturally cannot be excluded. As
mentioned above, there are some indications that



42  Goran Milbrink

the exchange with neighbouring basins of the
lake is of rather limited importance.

The question of host specificity of Caryophyl-
laeus laticeps and other caryophyllids does not
seem to be exhaustively treated in literature.
In the compilation of data in Mackiewics (1972)
only four tubificid species from fresh water are
stated to serve as intermediate hosts. Most ref-
erences do not separate different tubificid species
at all, which is probably due to insufficient taxo-
nomical knowledge rather than a lack of interest
in which species are involved in the cycle.

Several tubificid species belonging to the genus
Potamothrix were the only hosts for C. laticeps
in different parts of Lake Malaren, i.e. the species
P. hammoniensis, P. heuscheri, P. vejdovskyi, and
P. bedoti (cf. Timm 1972). They seem to be in-
fected to roughly the same extent. Accordingly,
on average some 75—380 °/o of all tubificids in
the lake are presumptive hosts for C. laticeps.
There are no indications, however, that fish can
systematically pick one tubificid species out of
the whole population.

In view of the fact that no infested tubificids
have been found inside the area so far (not very
surprising with regard to the limited material
available), although present in most other parts
of Lake Malaren, it could be of interest to discuss
what species of tubificids commonly occurring

in the area — in addition to those belonging to
the genus Potamothrix — may be susceptible
to infection.

Psammoryctides barbatus, which is mostly con-
fined to the littoral and sub-littoral at Drottning-
holm, does not seem to be an intermediate host
at all in the lake. However, it was the only
host identified in the nearby Lake Hjalmaren,
the average degree of infection being estimated
at 0.1 °/o (Miltbrink 1973 a). The species made
up only some 5—6 °/o of all tubificids in that
lake, while P. hammoniensis made up 80—90 °/o.

Other species of interest in this context — all
very abundant — are Tubifex tubifex, which is
the only host, or the main host, in numbers of
Swedish lakes, Limnodrilus hoffmeisteri, of which
one infested specimen has possibly been found
in the lake, and Limnodrilus claparedeanus, which,

for instance, was the intermediate host for C.
laticeps in the Lake of Geneva (Juget 1958).

Food of bream as revealed by stomach analysis

The very high level of infection throughout the
year is naturally in itself an indication that the
fish are feeding extensively on oligochaetes. In
order to test the correlation between the frequency
of remnants of oligochaetes in the gut contents
and the burdens of parasites in the intestinal
canals, bream of different size from different
times of the year were carefully examined. (The
stomachs of 333 bream were examined under low
magnification only). In Table 1 the gut contents
are given of 13 bream, 2 silver bream, 1 rudd
(Scardinius erythrophtalmus), 1 blue bream, and
1 tench. The various fish were taken out at ran-
dom. Blue bream have been found to be as much
infested by C. laticeps as bream in Lake Malaren
(Mitbrink, unpublished). Silver bream are sea-
sonally and regionally infested (mostly in late
summer) and so are tench. In the lake rudd have
never been observed carrying caryophyllids.

Of these fish 8 bream contained C. laticeps,
but none of the other fish. The frequencies of
different entities are given in the table in a rela-
tive scale comprising only three degrees. The first
bream in the table caught in September 1970 was
accordingly about 30 cm long. No identifiable
remnants of oligochaetes could be observed in a
low-powered microscope (about 10—50 X), which
is generally the instrument used in standard
stomach analyses.

A magnification degree of about 400 X, how-
ever, revealed that the bream mentioned first
had lots of bristles and crotchets of tubificid and
naidid oligochaetes in its food bolus. Smears from
the gut mucosa analysed the same way gave a
similar result. Still, the bream carried only one
parasite.

In fact, all bream analysed for the purpose
had remnants of oligochaetes in the food bolus,
but here there was no correlation at all between
the momentary intake of oligochaetes and the
parasite burden. Accordingly, one bream caught in
late October 1970 had only traces of oligochaetes



Table 1. The stomach contents of 11 bream, 2 silver bream, 1 blue bream and 1 rudd selected at random.
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in the gut mucosa, but the worm burden (com-
prising all sizes) was still 185 (Table 1).

The stomach analyses revealed that the bream
had a most varied intake of different food objects.
Chironomid larvae formed a significant part of
the food intake, but cladocerans, copepods and
ostracods were always well represented. Food
items of plant origin were also common.

Fish scales and fins in the guts are naturally
difficult to explain. Bream are not known to prey
very much on other fish although single fish may
feed on poorer ones (Poddubnaya 1959, In
Backiel and Zawisza 1968).

In view of the fact that all bream examined
had remnants of oligochaetes in their guts, there
is little reason to believe that bream switch from
a tubificid diet in early spring to, for instance,
a crustacean diet in summer. On the contrary,
almost the same bottom animals dominated the
diet at different times of the year.

Attempts have been made to link the presence
of bristles and crotchets in the gut mucosa of
fish to a non-specific ingestion of bottom material
including remnants of dead tubificids (Kiust
1935).

Bristles and crotchets of tubificids built of
mucopolysaccarids are not very stable in the bot-
tom ooze and are quickly decomposed. Accord-
ingly in contrast to chitinous cuticular fragments
of arthropods these structures are known to be
of little or no value in palaeozoology. On the
above grounds the non-specific ingestion theory
is easily rejected.

Feeding habits of bream as indicated by
parasitic infestation

The presence of small specimens of C. laticeps
in bream indicates that the fish have recently
fed upon infected tubificids and so their presence
in bream in all months of the year (Fig. 2) indi-
cates clearly that bream feed on tubificids all
through the year.

The incidence cycle of C. laticeps is naturally
dependent amongst other factors upon the feeding
intensity of the fish at different seasons. A re-
duced incidence of infection in bream from De-
cember to February is probably a direct conse-
quence of the reduced feeding activity of the

fish in that part of the year. No stomachs of
bream, however, were then totally empty, due
to fact that bream do not stop feeding completely
and the rate of digestion is generally very much
retarded in winter. The spring peak of infection
coincides well with the resumption of feeding
in spring, while the water temperature is still
very low (cf. Fig. 3 and discussion below).

The scarcity of parasites in the warmest months
is probably due to the temperature control system
proposed by Kennedy for dace (Kennedy 1969 b;
cf. discussion below). The feeding activity of
bream, however, is certainly kept at a high level
also in summer and this high level generally
persists till the end of November. The autumn
peak may again be explained with a reduced
physiological resistance by the host to infections,
while at the same time feeding has not started
yet to decrease.

The present study indicated that older bream
were more heavily infested with C. laticeps than
younger bream (Fig. 4), which maybe merely re-
flects a slightly different way or intensity of
feeding on the benthos (cf. Walkey 1967). In
several other fish species the parasite burdens
generally decrease with age, which may be an
indication of an acquired immunity response (cf.
Mackiewics 1972). Borgstrom and Halvorsen
(1968) found slightly different burdens of Caryo-
phyllides fennica in males and females of roach,
which in accordance with Nikolski (1963), for
instance, may merely reflect a differential feeding
behaviour between the sexes during the spawning
season. Although not especially looked for here,
no such differences between the sexes have been
observed.

It has been clearly demonstrated that not every
parasite ingested adheres to the gut mucosa.
Physiological reactions from the fish, especially
during the warm season make the cestode larvae
pass through the entire digestive canal — possibly
due to immune reactions (cf. discussion below)
— without adhering to the walls of the intestines.
Furthermore, a high proportion of the cestodes
are probably too damaged by the pharyngeal
teeth of the fish to be able to make an infection
successful (Kennedy 1969 a). In addition to the
above there is a continuous gain and loss of
parasites (Kennedy 1969 a), and only a fraction



of the specimens are probably capable of staying
in the intestines of the fish for a longer period
at any time of the year.

With the above limitations in mind it seems
quite obvious that the fish must consume large
numbers of tubificids over a short period.

The average number of C. laticeps per bream
in a summer month (June) in Lake Hjalmaren
was 5 (Milbrink 1973 a) and the same number
was obtained for both bream and blue bream in
the basin of Ekoln in northern Lake Maélaren
(September—November; Milbrink, unpublished).
Calculations based on the whole Drottningholm
material (from July 1970 to January 1974) gave
6.6 to be the average worm burden per bream
throughout the year (c/. above).

As was said above about 75—80 °/o of all
tubificids in Lake Malaren, i.e. those belonging
to the genus Potamothrix, are presumptive hosts
of C. laticeps. Accordingly, the average fish
above with 6.6 parasites must have eaten at least
6.6 specimens of Potamothrix spp. However,
with a maintained infection degree of tubificids
(see above), let us assume 0.1 °/o, the acquisition
of this number could have involved the ingestion
of 6,600 specimens of Potamothrix spp. within
a fairly short period. Since there is no evidence
that any species of fish feeds selectively on species
of tubificids the fish could actually have con-
sumed about 8,500 tubificids.

Fish with worm burdens of between 150 and
200 have been caught within the area (see Table
1). Worm burdens of about 50 are rather com-
mon. With a maintained assumed level of in-
fection of 0.1 %> the fish must have recently
consumed between 190,000 and 250,000 tubificids
to secure the maximum worm burdens mentioned
first.

Even if the level of infection of tubificids was
ten times higher (1.0 '%), the fish would still
have to consume 19,000—25,000 worms, thereby
giving a possible minimum value of consumption.

If local accumulations of infested worms are
unlikely a level below 0.1 °/o seems quite reason-
able and a range up to 1.0 °/o should be safely
within the margins.

Naturally these figures are very approximate.
However, since the infection involved at least
about 50 % of the fish at any time of the year
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(cf. Fig. 6), it is obvious that tubificids must form
a significant part in the diet of most bream {cf.
Kennedy 1969 a).

Other intestinal parasites in
the bream population

Bream caught in the vicinity of Drottningholm
are quite often heavily infested with another
cestode, Ligula intestinalis (L.), the average in-
cidence being close to 15 °/o in the study area
(1970: no records available, 1971: 17.9 °lo, 1972:
13.3 °/o and 1973: 16.8 %; a preliminary value
for 1974 would be slightly above 12 °/o).

The presence of Ligula in bream rarely seems
to be associated with heavy infections of C.
laticeps. On the whole the incidence of infection
of C. laticeps seems to be a bit lower than the
average when both species are present in the fish,
maybe suggesting an interspecific antagonism be-
tween those cestodes {cf. Mackiewics 1972). This
could also be due to individual food preferences
amongst fish, such that individuals feeding on
plankton prefer not to feed on benthos and vise
versa. Naturally, the presence of Ligula could
also bring about a change in the physiological con-
dition of the host and thereby a change in feeding
habits or feeding intensity.

In Fig. 7 the mean number of C. laticeps per
bream is plotted versus the mean number per
Ligula-infested bream. Each point in the diagrams
stands for one sampling event with at least a
total of 6 bream each time. Open circles re-
present samplings with at least 3 Ligula-infested
fish each time and a total of 10—20 fish, while
half-filled circles represent the same except that
only 2 Ligula-infested fish were recorded each
time. Fig. 7 a covers from January 1971 till the
end of 1973 and Fig. 7b from January 1974 till
the end of November the same year. A brief
glance at the diagrams will give an impression
that most points (quotients) are lying above unity.
All of the open circles are above unity and none
of the quotients they represent are below 2. Fur-
thermore very high quotients have been regularly
obtained in late April, in May and the first half
of June (Fig. 7a). The above would imply that
fish with Ligula are at the same time less liable
to infection by C. laticeps than the average fish
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Fig. 7 a.

and heavy infection by the latter are not likely
to occur even during the peak periods.

During the peaks of infection in late October
and early November, in particular, C. laticeps
co-exists with Neoechinorhynchus rutili (Mutter)
in the study area.

IV. DISCUSSION

The sequence of events that constitute the de-
velopment of C. laticeps in Lake Malaren are
arranged in an annual cycle. Kenneay (1969 a,
1969 b) has convincingly demonstrated what fac-
tors are most important for the timing of that
cycle in the final host — dace — and in the
intermediate tubificid host, Psammoryctides bar-

batus, as well. Kenneay suggested that the time
of maturation of the parasite was of particular
importance. The production of eggs are closely
correlated with the time of fish spawning. The
hormone balance of the host is supposed to pro-
vide the stimulus to this production. The matura-
tion cycle of the parasite and that of the host
are obviously closely related.

The cycle of C. laticeps in Lake Malaren could
readily be explained by the Kennedy model —
a temperature control system (see below).

Most eggs of the parasite are probably shed
into the lake from May to the beginning of July.
Bream tend to spawn at the end of June and
most of the adult cestodes leave their hosts at
that time (cf. Fig. 2). Kurakovskaja (1962) has
demonstrated that the eggs may remain infective
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Fig. 7. The mean number of C. laticeps per bream
plotted versus the mean number per Ligula-infested
bream. Samplings resulting in mean numbers exceeding
5 C. laticeps per bream are here indicated with FEB,
which stands for February, MAR for March etc.
(see text).

Fig. 7a covers from January 1971 till the end of
1973 and Fig. 7b from January 1974 till the end
of November the same year. Each open circle re-
presents a minimum of 3 Eiga/a-infested bream and
a total number of at least 10 bream. (For further
explanations, see text.)

to tubificids for about three months, which would
suffice to explain the cycle, since the bulk of
young tubificids of Potamotbrix (see above),
which seems to be the only intermediate host
genus in the lake, generally emerge in August—
September. Potamotbrix hammoniensis, although
it may reproduce over the greater part of the
year (c/. Brinkhurst 1966), generally breeds
in June—July in Lakes Hjalmaren (Milbrink
1973 a) and Malaren (Milbrink, unpublished).
It is well-known that young tubificids are more
readily infected than older ones. Young worms
of P. hammoniensis may thus be susceptible to
infection all the year round.

Most of the cestode larvae in their intermediate
hosts are probably not infective to fish until the
middle of October and onwards. Those cestodes
not immediately eaten by the fish will remain
in the tubificids in a “cestode larvae pool” at
least till the start of the next summer, if not con-
sumed before then, at the time most tubificids
breed and die. It is not known what happens to
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the larvae of C. laticeps if their intermediate
hosts will survive for another year — or perhaps
for another couple of years or even more, Jona-
son’s (1972) slightly mystifying results taken
into account.

Kulakovskaya (1962) found that the majority
of these cestodes have a total life span of more
than one year (Sekutowics (1934) suggested,
a life span of about two years). Since P. ham-
moniensis, has a cycle of development longer than
one year in Lake Malaren (Milbrink, unpublished)
this same situation pertains here also.

The newly infested caryophyllid larvae con-
tinue their growth in the final host and rapidly
pass from one size group to another. A great pro-
portion of the larvae, however, are not capable
of staying in the fish long enough to complete
the cycle (cf. above). Although there are always
larvae capable of reaching sexual maturity at any
time of the year (cf. Fig. 2), most of them prob-
ably produce eggs in May and June.

C. laticeps generally spends 3 months in bream
in Lake Maélaren, or possibly even up to 6 months
in the winter, considering that living processes
are much retarded in the coldest months of the
year (cf. Fig. 2). Anderson (1974) similarly found
3 months for bream, while Polish data would
suggest periods about twice as long (Mackiewics
1972). In the USSR Caryophyllaeus lives for
1—15 (2) months in carp according to Bauer
(1959) and Kulakowskaya (1964).

The timing of the cycle in Lake Malaren is in
good agreement with those described by Kula-
kowskaya (1964), Kennedy (1969 b, from the
River Avon) and by Anderson (1974, see be-
low), although the whole cycle in Lake Malaren
is slightly retarded and in that respect may agree
better with Halvorsen (1972) from the River
Glomma in Norway. Local conditions, however,
may be responsible for the spectacular change
of the normal one-peak cycle into, as here, a
definite two-peak cycle.

The characteristic shape of the cycle of C.
laticeps in Lake Malaren may also be explained
in another way also involving a discontinuous
availability of masses of infective cestode larvae.
In support for this opinion is the fact that the
majority of the newly infested cestodes are shorter
than 5 mm both in the spring and in the autumn.
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Accordingly those larvae forming the spring peak
of infection are not necessarily recruited from the
“cestode larvae pool” (see above), in which they
may remain infective up to lengths of about 15 mm.

The incidence cycle of C. laticeps in the fish
is naturally dependent upon the availability of
infective larvae. Other factors are the specific
feeding habits of the fish and the physiological
resistance of the fish to infections (Kennedy
1969 b).

Even if there is a cyclic availability of infective
parasites with a pronounced minimum in late
summer, this would probably not bee enough
to explain the small numbers of parasites in the
host at the same time.

The stomach analyses of the food of bream
gave here little support for a radical dietary
change with season. (This is in accordance with
Cragg-Hine, 1964 In Kennedy 1969 a.) Small
seasonal variations in the feeding habits of bream,
are likely to occur, but such seasonal changes are
not of the magnitude required to explain vari-
ations in the recruitment of C. laticeps.

Bream obviously continue to feed even in the
coldest months in Lake Malaren, though on a
much reduced scale. Bauer (1959) cites one ex-
ample of mass infections of bream in the winter
from Lake Kals in Latvia. The fish continued
to feed in the winter due to a relatively high
water temperature (influence from hot springs).

If fingerlings of carp hibernate at relatively
high temperatures (3—4°C) infection by Caryo-
phyllaeus may occur throughout the winter
(Dogiel 1962). C. laticeps may, in the same
host species, be present all the year round in
one locality (Kennedy 1970, referring to un-
published PhD.-theses), but with a well-defined
seasonal cycle in another locality. Anderson
(1974) found infected bream all the year round
in a gravel pit lake in Essex, England.

The parasite was present in carp in Poland
only during April through August (Wunder
1939), in bream only in the spring (Dubinina
1949, In Mackiewics 1972) or in the spring and
early summer (Halvorsen 1972), from April
to October (A. N. Derzhavin, In Dogiel 1962),
and in dace (the River Avon) only from December
through July (Kennedy 1969 b).

Another important factor is the very way bream
feed on the bottom. There are plenty of examples
from literature describing how bream take mouth-
fuls of bottom material, spit everything out
again and eventually pick out digestible objects,
thereby ingesting whole worms (with possible
parasites). Karzinkin (1952, In Backiel and
Zawisza 1968) has put forward the opinion that
large bream can find their food even under a
15 cm mud layer.

According to Borutsky (1960), Poddubnaya
(1962), and Kajak and Wisniewski (1966) bream,
carp and other fish often succeed in seizing only
the posterior segments — i.e. the exposed parts
— of tubificids. A rapid regeneration of the
posterior segments of the worm, however, is
supposed to help the maintenance of the popu-
lation at the same level.

Grigyalis (1966) and Noskova (1967) have
demonstrated that most of the protein reserves
are concentrated in the middle and posterior seg-
ments of oligochaetes. In that case the fish could
actually consume great quantities of oligochaetes
(posterior segments) without getting parasitized
to any great extent, since the well-developed
procercoids of C. laticeps are nearly always found
in the anterior part of the worm.

The low frequency of infestation in the summer
as well as the apparently continuous loss of
cestodes when the water temperature rises could
all be explained with changes in the physiological
resistance of the fish to infection — a temperature
control system (Kennedy 1969 b). The ability
of dace to respond to infection was least in the
coldest months. However, with the spring rise
in temperature and with the increased worm
burden the “response increased in strength, thus
simultaneously preventing the establishment of
new infections and eliminating existing ones”.

Temperature alters the physiological condition
of the host, which makes it difficult for the
worms to overcome or neutralize the peristaltic
press tending to sweep them down the intenstine
(Kennedy 1969 b).

Kennedy and Walker (1969) found no evi-
dence for an immune response of dace to infection.
They did not, however, eliminate the possibility
that antibodies were involved in this self-cure
reaction.



Lakes in heavily industrialized and densely
settled areas are often under severe pressure of
eutrophication primarily due to accelerated in-
puts of inorganic salts. This is unfortunately the
classical scheme of evolution of lakes in the
civilized world and has been frequently docu-
mented by, for instance, Hasler (1947), Thomas
(1968, 1973) etc.

In Switzerland, in particular, where it was first
documented, as well as in the rest of Europe,
eutrophication was accompanied by the “cyprini'd
problem”, which has been reviewed by Kriegs-
mann (1955), Roth (1969), and others. Catches
of trout, char and coregonines gradually de-
crease, while first perch and later cyprinids in-
crease tremendously in abundance and gradually
invade even the pelagic parts of the lakes.

Amongst cyprinids, as a rule, roach, in first
hand, and bream are by far the most favoured
fish and normally respond quite vigorously to
a raised nutrient standard. Due to the gradual
extention of areas of rooted aquatic vegetation
in time with the nutrient enrichment of the lakes,
suitable spawning areas for various cyprinids
have largely expanded.

An increase of roach is often accompanied by
an increase of bream. In Swedish waters they do
not seem to compete very much. Bream and ruffe,
Gymnocephalus cernua (L.), however, are known
to compete sometimes very hard for the same food
items (Nikolski 1963, and Milbrink unpublished).
As a “sucker” bream is mostly bound to the bot-
tom fauna, even if euzooplankton at times may
be an important source of nourishment.

Amongst the benthos, chironomid larvae and
oligochaetes are generally the most important
food items for bream — even if consumption of
oligochaetes is not sufficiently verified in the
literature (c/. above).

Oligochaetes — mainly tubificids — as well
as several filtering chironomid larvae are in-
directly dependent upon the sedimentation of
masses of dead phytoplankton that flourish in
a eutrophied environment. The sedimenting algae
in turn favour the various bacterial strains that
tubificids in all probability feed on (Brinkhurst
and Jamieson 1971). As a rule oligochaetes and
filtering chironomid larvae increase tremendously
in such situations. Accordingly, both oligochaetes
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and bream are known to be much favoured bv
the enrichment of inland waters but this con-
nection is rarely mentioned in the literature.

Bream is naturally not the only fish extensively
feeding upon oligochaetes. Ruffe was mentioned
above, tench, silver bream, and blue bream are
others. Bottom-feeding coregonids and eel (Dr
N.Campell, personal information) may make
extensive use of this protein reserve, at least
temporarily. Soderstrom and Freidenfelt (un-
published material) were fully aware of the role
of oligochaetes in the diet of bottom-feeding
coregonids in Lake Véanern and Dr P. Aass found
that tubificids were the main food items for the
same fish in one locality in Lake Mjoésa, Norway
(Mitbrink 1973 b). By means of very careful
analyses of stomachs of roach from two bodies
of water in Scotland Aldoori (1971) found that
oligochaetes occurred in the food to a much
greater extent than previously recorded. There
are numerous Easteuropean examples on the
role of oligochaetes in the diet of various fish,
even salmonids (¢/. Popchenko 1971 and Backiel
and Zawisza 1968, 3:36). Popchenko has con-
vincingly demonstrated that not even fish but
also various invertebrates prey quite vigorously
upon oligochaetes.

In the present study the contents of the in-
testines of about 350 bream have been surveyed
under a low-powered microscope. These surveys
gave no indications at all that the fish had fed
upon oligochaetes. Yet the parasitological results
revealed that at least 50 °/o of the same fish had
consumed tubificids not long before. Similar re-
sults on dace were presented by Kennedy (1969 b).

Erroneous conclusions in earlier literature con-
cerning the presumed limited role of oligochaetes
in the diet of various fish could definitely be at-
tributed to results from insufficient stomach ana-
lyses. The parasitological approach presented here
is a very useful complement to ordinary stomach
analyses, although it is mainly qualitative and
indicative. Unfortunately it is only available
for a limited number of fish species.

V. SUMMARY

The population biology of Caryophyllaeus la-
ticeps in bream was studied at Drottningholm
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in Lake Malaren over a period of three and a
half years. The cycle of infection was found to
have two definite peaks, one in the spring and
one in the autumn. As far as the author knows,
two peaks have never before been described for
C. laticeps, only one single peak in the spring
being earlier observed. Furthermore, newly in-
fested specimens of C. laticeps could be found
in these bream at any time of the year. Under
normal conditions records of infection by the
parasite in the autumn and in the winter are
otherwise very few in the literature.

The literature gives ample evidence that the
possibility of detecting ingested oligochaete worms
in any fish is extremely limited.

A parasitological approach to the problem
(Kennedy, 1969 a, 1969 b) has given very prom-
ising indications on the real consumption of
oligochaetes by dace in England. Since July 1970
bream have been caught regularly at Drottning-
holm for the same purpose. At the end of 1973 in
all about 350 fish had been examined with regard
to the cestode fauna in the intestines. Possible
macroscopic details of oligochaetes visible under
low magpnification were recorded at the same time.
Some stomachs were also analysed in detail under
high magnification.

Not one single bream was ever caught con-
taining remnants of oligochaetes visible in low
magpnification only. However, the cestode fauna
and smears from the gut mucosa revealed that 70
°lo of the fish, on average, had consumed oligo-
chaetes not long before. During the peak periods
of occurrence of C. laticeps in the spring and in
the autumn even 90—100 °/o of the fish had re-
cently consumed oligochaetes.

By knowing the approximate degree of in-
fection of the intermediate hosts in the lake —
tubificids of the genus Potamothrix — it has
been possible to estimate, although still in rather
approximate figures, the “real” consumption of
oligochaetes by bream. Provided the infection
degree of tubificids is about 0.1 °/o, which is
the usual figure obtained in the lake, a fish with
50 specimens of C. laticeps must have consumed
a minimum of about 85,000 tubificids within a
couple of months. If the real infection degree was
even 1.0 °/c the fish must still have consumed
no less than about 8,500 tubificids. Even if this

is merely an arithmetical example there should
be little doubt that tubificid oligochaetes must
form a significant part in the diet of most bream.
Keeping in mind the enormous quantities of
oligochaetes present in any eutrophied waters
it is remarkable that the connection between a
protein-rich bottom fauna and a simultaneous
occurrence of masses of bream and other bottom-
feeding fish has been so little noticed.
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I. INTRODUCTION

The problem of the acidification of inland waters
has long been of deep concern to fishery biologists
in the Scandinavian countries. Among the first
striking indications of increasing acidification
are radical changes in the natural fish fauna, e.g.
a gradual reduction in the number of fish species,
a rapid decline of recruitment into the younger
stages of certain species, a simultaneous increase
in size of the surviving adults of those species
and sudden fish kills.

The fish that represent the last steps in the
food chain in the lakes are naturally much af-
fected by all the changes in the earlier steps of
this chain. Most adult fish, however, can obviously
stand moderate acidification even if this implies
a switch to food items otherwise not chosen (cf.
Grahn et al. 1974).

In this context there is little doubt that the
most critical periods in the development of the
fish are the stages that proceed from the spawning
event until the hatching of the eggs, or even
longer (Eifac, Report 1969; Johansson et al.
1971, Beamish et al. 1975).

In Scandinavia the first effects of acidification
were noticed in Southern Norway already in
1915—20. Whole populations of trout could be
totally wiped out from lakes and rivers more or
less suddenly. This area is now the most acidified
part of Scandinavia.

At the start of the 1960’s the acidification of
lakes and rivers near the Swedish West Coast
had reached an alarmingly high level, causing
profound changes in the natural fish populations
of these lakes, a dramatic shift in the compo-
sition of phyto- and zooplankton slightly below
pH 6.0 and a general and gradual increase in

transparency in the most exposed waters. The
majority of these waters like those in Southern
Norway had a very low ionic concentration and
low alkalinity (Hultberg and Stenson 1970,
Almer 1972, Almer et al. 1974 and Grahn et al.
1974) .

Several studies made by the different County
Administrations and Fisheries Authorities in the
western part of Sweden document the gradual
extension of lakes under obvious acidification
(Almer 1972, Grahn et al. 1974).

In 1972 Almer (unpublished) found that several
well-known “char lakes” in Southern Sweden
(with low buffering capacities) had become more
acid and the char had eventually been wiped out.
However, not only the “char lakes” on the western
coast, but also several in the inner, central parts if
South Sweden and even some in the middle part of
Sweden (Lakes Rdésjoarna), in the mountain areas
close to the Norwegian border, were affected by
acid fallout (Andersson et al. 1971; cf. Dickson,
1975).

The eastern parts of South Sweden, however,
have not been much involved in discussions con-
cerning acidification. The reason for this is prob-
ably that lakes on the eastern coast are generally
stronger buffered than those on the western
coast, alkalinity is higher due to calcareous soils
and nutrient enrichment from human settlements
and farmland areas, the ionic contents are higher
etc. (cf. Dickson, 1975).

Il. MATERIAL AND METHODS

The present work is focused on the Aval lake
system in South-Eastern Sweden, not far from
Stockholm (Fig. 1), famous for its impressive
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Fig. 1. Map of the Aval area in the vicinity of Stock-
holm (Fig. 1a). Extremely low pH-values obtained
in late March 1974 are given for the largest lakes of
the Aval Lake system (Fig. 1 b). Some minor tributaries
to the River Avain are also indicated in the figure.
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population of large sea-run trout. At present
this area appears to be under the influence of
acid fallout, whatever the sources may be.

The sea-running trout population can only
use the lower reaches of the River Avaan for
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spawning since there is an old dam about 500
metres to the south of Lake Stensjon, serving as
a migration obstacle (cf. Fig. 1).

In 1972 the County Administration and the
Fisheries Authorities of Stockholm drew atten-
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tion to the fact that the Ava& area was threatened
by acidification.

The lake system comprises about 10 lakes, the
largest of them — Lake Stensjén — occupies an
area of about 0.5 km? (c/. Fig. 1).

In two of these lakes, Arsjt')n and Trehorningen,
colourimetrical pH-measurements and “secchi-
transparancy” estimations were made already in the
1940’s (see below). Comparisons between colouri-
metrical methods and modern electrometric meth-
ods have given a good agreement, the colour-
indicator values seldom being more than two
tenths of a unit higher (Aimer et al. 1974).

Standardized test fishings (with survey nets
comprising vertical net sections of different mesh
size combined at random) performed by M. Lars-
son, the County Administration of Stockholm,
were repeated twice in most lakes in the Avad
area, the first in April 1974 and the last in
October 1974 (Table 1). The data obtained
have been generously put at the disposal of the
authors.

Roe of roach, in late May and perch in early
June, were placed in Lakes Stensjon and Trehor-
ningen in two submerged baskets, each containing
6 chambers, each chamber in its turn containing
at least 300 eggs. The baskets allowed free water
passage through the chambers for proper oxygena-
tion of the roe.

Roach roe from Lake Mélaren (though fer-
tilized in water from Lake Stensjon) was tested
in Lake Stensjon together with similar roe from
the last lake, each batch tested simultaneously
in 3 chambers.

In the tests of roach roe in Lake Trehdrningen
roe (fertilized in water from Lake Trehdrningen)
was taken from the nearby Lake Stensjon and
from Lake Malaren, since there are no roach in
Lake Trehorningen.

One batch of roe from Lake Malaren was al-
lowed to develop “in situ” in the above manner
at Drottningholm.

The same device was later used for perch roe,
with the only difference that no roe was obtained
from Lake Stensjon for this purpose (the time
of spawning turned out to be one to two weeks
earlier here than in Lake Malaren). Accordingly

perch roe from Lake Malaren was placed both
in Lake Stensjon and in Lake Trehorningen and
was tested simultaneously in 3 chambers in each
lake.

The field material, the actual pH-values and
water temperatures were checked at least twice
a week. Unfertilized or dead eggs were counted
and carefully removed. The different baskets were
placed in shallow water and were shadowed from
possibly deleterious effects of direct sunlight. Both
roach and perch generally spawn in shallow water.
Accordingly the estimations of pH and water
temperature were made on surface water.

Both for roe of roach and perch a fertilization
degree of about 80—95 °/o is generally expected.
(However, one batch of perch roe tested “in
vitro” was only fertilized to about 55 °/0.)

For further information on the methods used
in the laboratory tests of roe of roach and perch,
the reader is referred to Johansson and Milbrink
(1975) and to similar tests of pike roe to Johans-
son and Runn (in manuscript).

I11. RESULTS

The primary purpose of the present study was
to get more information on the lower limits of
tolerance to acidification of the most common
freshwater fish of Sweden, i.e. perch, roach and
pike, both in the field and in laboratory tests.
Secondly it was considered of great interest to
test whether roe from one particular acidified
lake displayed greater viability through accli-
matization than roe brought from more alkaline
waters and thirdly to correlate the lower limits
of tolerance obtained for roach and perch to the
natural occurrence of these fish specifically in
the Avaa lake system (c/. discussion below).

The present authors know of very few studies
on the effects of acidification on various fish
made simultaneously (or nearly so) both “in situ”
and “in vitro”.

The outcome of the “in situ”-experiments in
Lakes Stensjon, Trehorningen and Malaren re-
vealed very strikingly that the percentage of
hatching both for roe of roach and perch was
highly dependent on the pH-level (Fig. 2). As said
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PERCENTAGE FIELD RESULTS, LAKES MALAREN,
OF HATCHING STENSJON AND TREHORNINGEN
100 -1

mm ROE OF ROACH
1 ROE OF PERCH

LAKE LAKE  LAKE
MALAREN STENSJON TREHOR-

NINGEN
pH~7.5 pH~5.7 pH—-4,7

Fig. 2. The hatching percentage of roe of roach and
perch in waters of different pH-level.

above the roe of roach and perch caught at Drott-
ningholm, was divided in three batches and tested
in Lakes Maélaren, Stensjon and Trehdrningen. All
the eggs of roach hatched at Drottningholm (pH
~7.5), about 14 % hatched in Lake Stensjon
(pH~5.7), but no eggs at all hatched in Lake
Trehorningen (pH~4.7). For perch the corre-
sponding percentages were 89, 50 and 28, re-
spectively (Fig. 2). Accordingly, about half of
the perch survived till the early fry stage at a
pH of about 5.7, while roach only reached a
hatching success of about 14 °/o. Nearly Vs of the
perch could survive till the same stage at a pH be-
low 5, while roach did not survive at all. The re-
sults would indicate a difference in tolerance
against acid water, which fits rather well into
the present situation in these lakes (see below).

The perch fry that hatched in Lake Trehor-
ningen showed no symptoms of being malformed.
However, nothing could be said of the prognosis
for these fry. All the perch caught in the lake
were very large, which means that natural repro-
duction may have ceased completely (see below).
Preliminary data from “in vitro”-experiments

PERCENTAGE ROACH
SURVIVAL
100 -i AT EYED STAGE
AT HATCHING
ROE FROM LAKE
MALAREN
ROE FROM LAKE
STENSJON
50 -
0%0% 0%0%
LAKE STENSJON LAKE TREHORNINGEN
pH-S.7 pH—4.7

Fig. 3. Results of acclimatization-tests in Lakes Stensjon
and Trehérningen with roach roe from Lakes Malaren
and Stensjon.

with roe of sea-trout from the River Dalélven,
on the Swedish East Coast, would suggest that
low pH-values may seriously affect the swimming
capability of the fry below pH 5.0 (sohansson
and mirbrink, preliminary data).

For the purpose of studying the possible effects
of acclimatization roach roe from Lake Maélaren
and from Lake Stensjon were simultaneously test-
ed in Lakes Stensjon and Trehorningen (Fig. 3).
It was not possible to discern any differences at
all at the eyed stage of the roe in Lake Stensjon
(73 °lo and 71 °/o, respectively reached this stage).
However, with reservation for the limited number
of times each situation was repeated, the roach
roe from Lake Malaren hatched to only about
14 % in Lake Stensjon, while indigeneous roe
hatched to about 39 °/o. The roe did not hatch
at all in Lake Trehdrningen, nor did it reach the
eyed stage. With regard to the great differences
in specific conductivity between Lake Mélaren,
about 23—29 mS/cm (25°C), and Lakes Stensjon
and Trehoérningen, about 4.6—5.8 mS/cm (25°C),
the above differences in hatching success seem
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PERCENTAGE ROACH

OF HATCHING
100 -i

Fig. 4. The hatching percentage of roach roe from
Lake Malaren kept at different pH-levels — here
given as mean values — in the laboratory.

natural. However, further study of acclimatization
effects should be made in the Avaa lakes to verify
these findings.

Parallel acidification tests were also made “in
vitro” with roe of roach and perch caught at
Drottningholm. The outcome of these experiments
is discussed in some detail in Johansson and
Milbrink (1975) and will only be briefly com-
mented here for comparison. The same is re-
levant for the “in vitro”-tests of pike (Johansson
and Runn, in manuscript).

Batches of roach roe kept at five different pH-
intervals (Fig. 4) gave few deviations from the
results obtained “in situ” in the Avaa lake system.
One possible difference was the circa 5 °/o sur-
vival of the roe kept at pH 4.7—4.8, while no
eggs survived in Lake Trehorningen (c/. Fig. 2).

A sudden drop in the viability of the roe seemed
to take place slightly above pH 5.5, which is

PERCENTAGE PERCH

OF HATCHING
100 -i

50 -

Fig. 5. The hatching percentage of perch roe from
Lake Malaren kept at different pH-levels — here
given as mean values — in the laboratory.

well in accordance with the results obtained in
the field (c/. Fig. 2), and corresponds well to the
actual situation in the most acid lakes of the
Avad lake system (c/. Table 1).

The laboratory test with perch roe, however,
gave rather inconsistent results, probably much
depending upon a low degree of fertile eggs. On
the whole, a very small proportion of the eggs
hatched at any pH-interval (Fig. 5).

Similar tests of pike roe in a series of pH-in-
tervals between 7.5 and 4.0 (Johansson and
Runn, in manuscript) gave a very modest decline
in hatching success — only about 30 %> between
the extremes (Fig. 6). However, all the fry below
pH 45 were seriously malformed. They could
not possibly be given any changes of survival.
It is most interesting to note that about 10 °/o
of the fry were malformed already at pH 5.1.
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HATCHING
OF ROE %
100 -
50 -

Fig. 6. The hatching percentage of pike

roe from Lake Malaren kept at different

pH-levels — here given as mean values 50 -

— in the laboratory. The expected mor-
tality of the fry — due to severe mal-
formation — is indicated in per cent of
the incubated roe. The curve represents
the estimated ability of the fry to sur-

PIKE
ESTIMATED ABILITY
OF THE FRY TO
SURVIVE

> H T'~ PH

EXPECTED MORTALITY
OF THE FRY

IN % OF

INCUBATED ROE

IV. DISCUSSION

One of the main reasons for choosing the Avad
lake system for these field experiments was be-
cause the natural fish fauna in some of the lakes
had undergone a well-documented change during
recent decades as also had some chemical-physical

properties of the water such as the pH and the
transparency. These changes in the fish fauna
brought in mind similar changes in acidified
lakes on the Swedish West Coast (Almer et al.
1974).

Lakes Trehorningen and Arsjon (Fig. 1) are
particularly interesting in this context because
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pH- and transparency-measurements had been
made in the 1940’s. R. W. Kolbe studied the
composition of phytoplankton — alongside with
some elementary chemical-physical background
data — in Lake Trehorningen in 1948 (Kolbe
1950). Lake Arsjén was one of the lakes in C.
Puke’s limnological survey of lakes in the Stock-
holm area from 1945 and onwards (mimeographed
material), and there are also some 50-year old
data, mainly on the fish fauna, from Lake Stensjon
(A1m 1928).

Some of the previous data from these lakes
have been compiled in Table 1 together with
results obtained in the last couple of years. Most
of the data from 1974 were obtained by the
County Administration of Stockholm (see text
to Table 1).

According to available data from the 1940’
the pH-value of Lake Arsjon was steadily about
6.0 from the end of March until November (C.
Puke, unpubl.). From Lake Trehdrningen a sum-
mer series from 1948 estimated the pH-range
to be 5.36—5.38 (Kolbe 1950). The corresponding
“secchi-transparency” values were in the order
of 3 to 4 metres in Lake Arsjon and about 1
metre in Lake Trehorningen.

At present (1974), Lake Arsjon is considerably
more acid than about 30 years ago, the pH va-
rying between 5 and 5.5 units and the “secchi-
transparency” generally between 6 and 7 metres
(Table 1). Lake Trehdrningen is now one of the
most acid lakes in the system, the pH varying
between 4 and 5 units and the transparency has
increased to about 3 metres.

There is little doubt that the pH-level now
is considerably lower than in the 1940's. A ge-
neral increase in transparency is another well-
known effect of acidification when the compo-
sition of phytoplankton has drastically changed
and a great proportion of the humates has pre-
cipitated (cf Almer et al. 1974, and Dickson
1975).

The authors are not aware of early pH-data
from Lake Stensjon. However, in 1926, the “sec-
chi-transparency” was estimated at about 6 metres
(Anonymus 1926, In Amm 1928), or 4.9—5.1
metres in September (Hockenstrom 1927), which
are about the depths obtained today. Minimum
values of about 3.5 metres during periods of

intensive development of algae, obtained in Au-
gust 1926 (Anonymus, In Alm 1928), are com-
parable to minimum values varying between 3.2
and 3.6 metres obtained under similar conditions
in the summer of 1972 (the County Administra-
tion, unpubl. material). The lake is the strongest
buffered of the lakes in the system. The pH-level
varied between 5.5 and 6.0 in 1974. At present,
there are few indications of acidification in the
lake.

The pH-values obtained in the early spring
of 1974 were very low in the whole lake system
(c/. Fig. 1 b), none of the lakes having a pH above
5.0. In early June, however, at the time of spaw-
ning for roach and perch the pH had reached
5.6—6.0 units in Lake Stensjon, which would
suffice for normal reproduction (cf. above). On
the other hand the pH in Lake Trehdrningen at
the time of spawning for these fish never exceeded
5.0, which would at least be critical for roe of
roach. There is no roach left in the lake (cf. below).

The natural composition of fish species is under
change — i.e. a reduction in the number of species
— even in the moderately acid lakes of the system.
(M. Larsson, the County Administration of
Stockholm, unpubl. material. The full material
will be published in another context.) Brown
trout and cisco (both species introduced) are still
present in the lakes lying lowest in the system,
above the dam (Fig. 1). Test-fishing in Lake Sten-
sjon in the spring and autumn of 1974 revealed
a diversified fish fauna (Table 1), which had not
markedly changed since the 1920’s (Aim 1928).
The average weights of roach and perch appeared
quite normal. Similar fishing in Lake Trehor-
ningen in the spring gave only 5 perch, the mean
weight being close to 600 g, and one small pike.
Correspondingly high mean weights of perch
have been obtained from other lakes in the system.
In Lakes LAangsjon and Mortsjon (the “roach
lake”) roach were very few but with high mean
weights. Recruitment for the species seemed to
have ceased more or less. One particularly inte-
resting piece of information in this context is
that roach was apparently present in Lake Ar-
sjon in 1945 (C. Puke, personal information).
Now, there are no roach left in the lake.

The surveys of lake systems under acidification
in Western Sweden mentioned above have natu-
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rally provided guide-lines as to where on the
lower part of the pH-scale certain fish species
tend to disappear. Laboratory tests in Norway
have confirmed field observations and have given
detailed information on the pH-tolerance of
salmon, sea-trout and brown trout.

Such limits, however, are very dependent upon
the local conditions in the water, upon the
dynamic relationships between different fish spe-
cies etc. Fish may propagate even in the case of
a low hatching success in one particular water
but may be on the verge of extinction, despite
a nearly maximal hatching success, in another
water. For these reasons the lower limits of to-
lerance may mean different things in different
waters. On the other hand such limits may be
of considerable value for predictions on the fish
fauna.

A scheme of the lower pH-limits of tolerance
for the most common freshwater fish on the Swe-
dish West Coast was compiled on empirical
grounds by fishery consultant U. Lundin. Brown
trout generally tended to disappear at pH 5.0,
perch at pH 4.0 and pike at pH 4.3 (unpubl.
material). On the basis of data from the south
of Sweden and from Germany Dr B. Berzins
found the lower limits of tolerance for popu-
lations of brown trout, roach, perch and pike to
be pH 5.0, 5.2, 4.2 and 5.0, respectively (unpubl.
material).

The results presented in this paper mainly
refer to the hatching success of roe of roach and
perch, irrespective of the ability of the fry to
survive. For pike, however, this ability (i.e. lack
of ability) has been included. The following lower
limits of tolerance may be suggested: for roach
about pH 5.5, for perch slightly above pH 4.7
and for pike pH 5.0. These limits for roach and
perch, would be slightly higher if the survival
of the fry is included. Below these limits the
propagation of populations of fish will be very
uncertain; possible effects of local acclimatization,
however, are not taken into account, see below.

Naturally there are several other factors than
the mere concentrations of the H+-ions, which
affect the fish populations at low pH-values.
Some of these factors are obviously linked more
or less to the variations of pH, such as the con-
centrations of free CO, in the water, the degree

of mobilization of some toxic ions and substances
etc.

Adult fish may display avoidance reactions
against water of low pH (Hogilund 1961). One
obvious consequence of that would be that fish
populations may propagate in waters that are
otherwise too acid simply by reproducing in
more alkaline tributaries.

Populations of fish may also become accli-
matized to acid water (cf. above), a fact which
makes it particularly hazardous to establish the
lower pH-limits of tolerance for various species
of fish. Andersson (1972), for instance, found
self-reproducing populations of brown trout in
Central South Sweden at pH 4.7—4.9. All the
above factors discussed in a series of Eifac Reports
must be taken into account, but so far they have
not been studied to any great extent.

As mentioned earlier the fish of primary con-
cern in the Aval area is the sea-running trout.
The question is how resistant this stock of sea-
trout is to acidification. The River Avaan, in
which the trout spawn, drains Lake Stensjon.
This lake may be as acid as pH 5 in the winter
and early spring (cf. above), when the fry of
trout appear. This level could be critical for
salmonid fish (cf. above). However, the river
receives some additional enriched water via small
tributaries coming from farmland areas between
the dam and the river-mouth. The pH-level is
probably still high enough in the river, 5.5—6.0
(the Country Administration of Stockholm, un-
publ. material) not to threaten the propagation
of the population of sea-trout.

The erection of a station net covering the whole
of Europe for registration of the chemical compo-
sition of the air and precipitation (In Odén
1968) and another river-registering station net
covering Sweden, Norway and Finland (Odén
and An1 1970) now makes it possible to trace
the general pathways (trajectories) of air pol-
lutants in Northern Europe and to predict the
general development of different water systems
with regard to acidification.

Accordingly it would be possible to calculate
how many years it will take for water systems,
for instance the Avad Lake system, to reach
certain critical pH-levels.

The geographical position of the Avad area,
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close to a very densely populated and heavily
industrialized area (Fig. 1) to the north-east and
other possible sources of emission in other di-
rections, naturally makes it very exposed to acid
fallout. The lake system is, no doubt, in the
middle of dynamic process with a successive
decrease of the pH-level. The general trends of
development seem obvious, even if earlier pH-
and transparency-data from the area are not
so many. The pH-level in the source lakes has
decreased in the order of 0.5 pH-units and the
“secchi-transparency” has approximately doubled
since the 1940's.

On the basis of what we know of biological
limits of tolerance in general and of the present
lake system in particular we now have a key
for evaluating both the temporal and the areal
situation with regard to the proximity to the
sources of acidifying emissions.

V. SUMMARY

The lower limits of tolerance to acidification
were studied for two of the most frequent fresh-
water fish in any Scandinavian waters, roach
and perch. It has been convincingly demonstrated
in the literature that the early development of
most fish is particularly sensitive in this context.
Accordingly, the impact of acidification was
simultaneously tested on roe of roach and perch
in the laboratory and in the field.

The lower limit of tolerance for roach turned
out to be slightly above pH 55 both in situ
and in vitro. Similarly the lower limit for perch
was close to pH 4.7. For comparison, the same
lower limit for pike — pH 5.0 — obtained in
a similar way has also been included in the text
(Johansson and Runn, in manuscript). The
values obtained for these three fish are in good
agreement with empirical results obtained in
waters all over Scandinavia.

Fish may get acclimatized to acid conditions
when exposed for a long time. In order to test
the possible effects of acclimatization roach roe
was brought from Lake Malaren to lakes in the
Aval Lake system to the south-east of Stockholm
for comparison with indigeneous roe. With re-
servation for a rather limited material the indi-

geneous roe gave a better hatching success and
thus revealed a lower limit of tolerance to acidi-
fication.

Over the last decade special attention has been
paid to the acidification of waters in Western
Scandinavia. We now know that even weakly
buffered lakes in the eastern part of Sweden are
threatened. The Aval Lake system, chosen for
the purpose of this study, is under the obvious
impact of acidification. The fish fauna is under
species reduction. Roach gradually disappear from
the source lakes of the system and the remaining
perch, if any, increase in size due to little compe-
tition. in the search for food. According to avail-
able evidence the transparency has doubled since
the 1940’s and pH has decreased in the order
of half a unit in the source lakes of the system.
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Behaviour of Fish Influenced by Hotwater Effluents
as Observed by Ultrasonic Tracking

LENNART NYMAN

Institute of Freshwater Research, Drottningholm, Swedenl

I. INTRODUCTION

The effects of above-normal temperatures on fish
behaviour are extremely difficult to evaluate be-
cause they are interrelated with other environ-
mental factors. Thermal effects thus influence the
physiology and metabolism at all stages of the
life history of the fish including the environment
in which it lives. There are no simple rules for
assessing these effects and in situ studies are rela-
tively few (cf. Krenkel and Parker 1969) where
fish behaviour is concerned. Both from the sports
and commercial fisheries as well as the scientific
point of view it is essential to know how fish
react to induced flows of heated water, e.g. from
thermal power stations. The techniques available
to study orientation of unconfined fish in field
conditions include fisheries statistics, various
sampling techniques, biochemical parameters and
others (reviewed by Stasko 1971). These meth-
ods are however indirect and provide little in-
formation on the behaviour of the individual
fish. For a more detailed tracking of fish under-
water telemetry so far provides the most effi-
cient system. Ultrasonic telemetry is fairly recent.
It all started in late 1956 when a silver salmon
was equipped with a transmitter, released in a
Seattle lake and followed a little over an hour
by two biologists in an open boat (Johnson
1971).

The technical evolution in this field in the last
decade has immensely widened the range of poten-
tial study areas including the monitoring of many
internal functions like heart and tail beat. Other
sensors are capable of monitoring swimming
depth, ambient light conditions, temperature and

1 Present address: The National Swedish Environ-
ment Protection Board, Research Secretariat, Solna,
Sweden.

velocity (Standora 1972). Another aspect of these
technical innovations pertains to the size of the
transmitters, which was the limiting factor of early
investigations. Today, use of small internally car-
ried ultrasonic transmitters make possible tracking
of fish down to a size of approx. 25 cm total
length.

The applied studies have usually been on open-
water orientation (e.g. Hasler et al. 1969, Greer
Walker et al. 1971, Madison et al. 1972) but the
phenomenon of homing has also been investigated
(e.g. McCileave and Horrall 1970, Poddubnyi
1971, McCieave and LaBar 1972). Other appli-
cations have had a more practical goal, for in-
stance the study by Leggett and Jones (1971)
on net avoidance behaviour in American shad.
These authors reported how shad moved to within
1—2 m of the net before sensing its presence and
since net avoidances were observed also when
light conditions were inadequate for visual detec-
tion it was concluded that other senses may func-
tion when sight is impaired.

The objective of the present study was to test
the feasibility of using ultrasonic telemetry for
studying the behaviour of selected species of fish
confronted by the hotwater plumes of thermal
power stations. It was also hoped that these stu-
dies would add to the knowledge of recreational
and commercial fishermen how and when the
fishing should be operated, and possibly also help
evaluate effects on the fish fauna when chosing
future sites for thermal power stations. To the
knowledge of the present author this paper is the
first presentation of such an application of the
underwater telemetry technology.

Il. MATERIALS AND METHODS

Eight silver eels (Anguilla anguilla (L.)), 2 yellow
eels (A. anguilla), 5 brown trout (Salmo trutta L.)



64 Lennart Nyman

<2

100 200 KM

Fig. 1. Location of the three areas where the tele-
metry investigations were performed. Further details
of this and the following figures are given in the text.

and 3 ide (Leuciscus idus (L.)) were equipped with
ultrasonic transmitters in 1972 and 1973 and
tracked at three localities on the Swedish coast
(Fig. 1). Two of the sites were adjacent to hot-
water effluents, one (A) being in an area influenced
by the discharge from a nuclear power station,
the other (B) being in the vicinity of the biggest
fossil fuel operated thermal station in Sweden.
The third area (C) is situated in the southern part
of the archipelago of Stockholm, in the vicinity of
the Askd Laboratory (University of Stockholm).

The silver eels were obtained locally from eel
traps operated by commercial fishermen (at Askd
and north of Oskarshamn) and so were the yellow
eels (Stenungsund). Four of the trout were also
obtained from fish traps, the fifth being caught
by angling in the mouth of a little stream half a
mile north of the point of release. The three ide
were caught when migrating upstream in the fish
trap barring the outlet of the Bay of Hamne-

fjarden (recipient of the hotwater discharge from
the nuclear power station). Further details on the
fish are given in conjunction with the Results
section.

The smallest commercially available ultrasonic
transmitter for tracking fish was used. This make
is based on the description published by Hender-
son et al. (1966) and modified by Gardella et al.
(1972). The final product, which is manufactured
by Chipman Instruments (641 Charles Lane,
Madison, WI 53711, U.S.A.) is a modification of
the units referred to above. These tags which
may be obtained without or with a thermistor
incorporated (for temperature determination) mea-
sure 0.9 by 3.0 cm and have a useful life of approx.
5 days with a pulsed output signal. The range is
from 300—800 m using Smith-Root receiving
equipment in fresh water. The frequency has a
range from 75 to 3 KHZ (upon request). The re-
ceiving equipment consisted of a Smith-Root SR-
70-H hydrophone and the TA-25 sonic receiver
provided by the same company.

The hydrophone is unidirectional and handheld
and its sensitivity of directivity increases with
the distance from the transmitter. Its frequency
range is from 25—88 KHZ, with an optimum at
74. The beam pattern is conical — 8 degrees at
74 KHZ, and the weight is approx. 1.5 kilos. The
hydrophone was used in conjunction with the
TA-25 sonic receiver which is battery operated
and portable (weight approx. 1.25 kilos) for use
from a boat or in the field. The battery life (re-
chargeable) is good for some 10 hours of contin-
uous tracking. The receiver is tuneable in fre-
quency within the range 25—80 KHZ. The built
in speaker is adequate for most tracking applica-
tion but in a high background noise environment
earphones should be used (a plug is provided on
the front panel).

There are two ways of applying a sonic tag to
a fish, viz. internally or externally. The principal
criteria to determine the merits of the two meth-
ods were discussed by Koo and Wilson (1972).
Jones and Leggett (in Koo and Wilson 1972)
found that adult shad with sonic tags attached
under their dorsal fins made atypical downstream
movements, while shad with internally carried
tags continued their upstream migration shortly
after release. Preliminary studies with a perch off
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Fig. 2. Tracks of two ide released in the Hamnefjarden
hamn nuclear power station.

the Askd Laboratory (Nyman 1973) indicated
that the thickness of a fish’s body had no notice-
able effect on the reception distance. In holding
experiments at the Institute of Freshwater Re-
search, Drottningholm, the retention time of tags
in stomachs of brown trout, perch and eel was
estimated. Few tags were shed in the first week
indicating that sonic transmitters may be retained
for at least a period of time as long as the useful
life of a transmitter battery. However, tag shed-
ding occurred in two yellow eels after three days
only. No atypical behaviour or irritation from
the tags was recorded, and consequently, stomach
tags were used in all subsequent tracking opera-
tions.

All fish were anesthetized with MS 222 prior to
inserting the tag through the mouth and they
were allowed to recover for at least half an hour
before release.

The directional sensitivity of the hydrophone
made possible determination of the position of the

Bay, recipient of the hotwater discharge from Oskars-

fish by employing triangulation using prominent
shore features as reference points. Fish were
tracked either continuously or at 5 to 15 min
intervals, the method used depending on the num-
ber of active fish tracked simultaneously. After
fish were released the tracking equipment re-
mained at the release point until the signal became
weak indicating the fish was leaving. This proce-
dure decreased the possibility of disturbing the
fish.

The tags with thermistors were calibrated at a
minimum of three different temperatures in water
sampled where the fish were to be released. Since
the repetition rate of the output signal was
counted by ear only, there is a somewhat greater
accuracy of the temperature data obtained at low
temperatures (slow repetition rate). To compen-
sate for this discrepancy all temperature record-
ings in “hot water” (above 15 degrees centigrade)
were based on averages from three counts.



66 Lennart Nyman

Pulse repetition
rate per 10 sec

50 ¢

10 -

! [ ! ! ! fa—
5 15 25

Fig. 3. Calibration line of a “thermistor tag” for
plotting temperature selection of an ide.

I1l. RESULTS

The tracking experiments are described separately
in a chronological order, and the most significant
results are summarized at the end of this section.

Tracking experiment 1

On 16 August 1972 a small silver eel (0.6 kilos)
with a standard tag was released off the Askd
Laboratory. The eel (EIl) was tracked from a
large speedboat. No activity was recorded in the
first forty minutes, after which contact with the
fish was interrupted. After another hour and a
half contact was again established and the eel was
tracked for a half hour heading southeast. It had
covered some 2 kilometres from the point of re-
lease. Two months later the eel was recovered by
an eel fisherman in Denmark, a distance, follow-
ing the shortest way, of approx. 600 kilometres.
Obviously, the tag had not influenced the migra-
tory behaviour of the fish.

Tracking experiment 2

Three ide were obtained in the fish trap blocking
the outlet of the Hamnefjarden Bay on 13 sep-
tember 1972. The fish were 28.0, 29.0 and 29.5
cm in total length, respectively. Two were tagged
by finclipping and were fed with transmitters and
released at 4 p.m. the same day. Fish 11 had a
standard tag transmitting at an optimal frequency
of 54 KHZ, fish 12 was also equipped with a
standard tag transmitting at 72 KHZ. Fig. 2

shows how the two fish moved during the follow-
ing two days. Two observations are obvious. 11
either died (which is unlikely) or shed its tag al-
ready the same afternoon it was released. Fish I 2
swam rather rapidly downstream to the fish trap
exhibiting avoidance behaviour. This fish, pos-
sibly on detecting the net, swam parallel to the
net without approaching it for at least a day and
a half. Neither fish was recaptured in the fish
trap. The water temperature in the bay varied
little during the experiment (21—24°C).

At 7 p.m. on September 13 the third ide 13
was equipped with a tag with a thermistor in-
corporated into it. The tag was calibrated (Fig. 3)
and the fish was released just below the outlet of
the bay downstream from the fish trap. The tem-
perature at the point of release was 21.6°C.
Darkness and strong currents prevented the use of
a boat for tracking, which, on this exposed shore-
line with no islands available for determining
position, reduced the possibilities to plot the fish
accurately. However, the fish which had been
acklimatized in 23 degree water for several hours
remained near the shore for five minutes, after
which it rapidly moved out to the centre of the
current, which gave a count of 37/10 sec, con-
sequently 22°C. The ide swam upstream and
moved to within some ten metres of the trap. The
pulse frequency varied between 36 and 42 indi-
cating that the fish chose a narrow range of tem-
perature. At 750 p.m. tracking was discontinued.
The following day no contact with the fish could
be established, and because it was tagged it may
be confirmed that the ide never entered the trap.

Tracking experiment 3

On March 5 1973 two silver eels with standard
transmitters were released in the northwest part
of the Hamnefjarden Bay. No hotwater had been
discharged for some time and whereas the mar-
ginal areas of the bay still contained some heat
(5—6°C) the central part of the bay had water
temperatures in the 2 to 3 degrees range due to
the circulation of cold bottom water. At the re-
lease point the surface temperature was 6.5, the
bottom temperature 5.2°C. One eel (E2) burrowed
itself in the muddy sea-bed at a depth of 2 metres,
the other (E3) swam close to the bottom a short
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Fig. 4. Tracks of seven silver eels released in the Hamnefjarden Bay.

distance and hid beneath a rock (Fig. 4). No fur-
ther activity was evidenced during that day, and
the following day, with no noticeable change in
temperature, both remained in the same place as
before. On March 6 three more eels (two with
thermistors and one with a standard transmitter)
were released. The points of release are indicated
in Fig. 4: E4 in a narrow straight northwest of
the outlet of the water discharge, E5 roughly 200
metres downstream from the outlet and E6 200
metres upstream of the fish trap, in the middle of
the current. All three took cover beneath big
rocks near the shore, E4 after swimming around
for three hours.

On March 7 the power station started operating
and the temperature of the effluent water rose
gradually. When the temperature had risen to 8°C
eel No. E5 moved with the current and stopped
roughly 100 metres upstream of the fish trap
where it concealed itself beneath some rocks. At
3 p.m. that day E6 also swam downstream and
stopped at the same place as E5. Not until the

following day, March 8, when the temperature
had reached 9.9°C, E4 started to move and it
swam into the central part of the plume where
the temperature was 12.6°C. Neither E2 nor E3
had moved on March 7 and the temperature in
that part of the bay was still decreasing (5.1 at
the surface). At 9 p.m. the trend of falling tem-
peratures was reversed and the temperature
reached 7°C at the position where E3 was hiding.
E3 moved some 150 metres in the direction of the
hotwater effluent, i.e. towards a rising temperature
gradient, and it settled on the bottom at a tem-
perature of 9.5°C. Four hours later (1 a.m. March
8) it moved another 200 metres (10.5°C). In the
afternoon of March 8 when the trackings were
terminated four eels out of five thus had become
activated by a rising temperature gradient, where-
as the fifth still remained in the same place as
where it was released.

On March 7 two more eels (both with thermis-
tors) were released on the coast, 250 metres on
either side of the outlet of the Hamnefjarden Bay.
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Fig. 5. Tracks of two sea-run brown trout off the Stenungsund power station.
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Tracks of two sea-run and one freshwater-caught brown trout off the Stenungsund power station.
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The surface temperature 100 metres downstream
from the outlet of the bay was 8.4°C as compared
to 3.3 and 3.1, respectively, where E7 and E8 were
released. E7 swam rapidly away from the shore
and within a couple of minutes no signal was re-
ceived. E8 remained where it was released. Two
hours later E7 was found again and it had moved
to within 50 metres of the trap and hid close to
the shore at a temperature of 9.2UC. E8 had dis-
appeared in the meantime, and neither eel was
discovered the following day despite the fact that
the temperature had risen to 10.7 at the outlet of
the bay.

Tracking experiment 4

Two sea-run brown trout, 44 and 37 cm total
length, were released below the outlet of the hot-
water effluent from Stenungsund thermal power
station. The tracks of the fish are plotted in Fig. 5.
A few temperature recordings are plotted in the
map to indicate the approx, area influenced by
the hotwater. All temperature observations, ex-
cept for those from the transmitters, refer to sur-
face conditions. One trout (TI) with a thermistor
swam directly up to the hottest part of the dis-
charge, the other fish (T2) with a standard trans-
mitter rapidly left the heated area and contact
was lost after 10 minutes. An hour later both trout
were swimming in the most heated part of the
discharge canal, mostly in temperatures of 18—
19°C. The temperature of the hotwater plume
varied from 20.5 to 12.8 degrees, whereas ambient
temperatures in the surrounding bays averaged
roughly 8 degrees. The fish were released on
May 3 1973, and the following afternoon both
were still present. Several other trout were rising
to the surface in the heated area.

Tracking experiment 5

Three brown trout (40, 32 and 31 cm respectively)
were released in heated effluent water just below
the outlet of Stenungsund power station (cf. track-
ing experiment 4). Two of them (one with a
thermistor, one with a standard transmitter) were
released at 215 p.m. on June 5 1973. Ambient sea
surface temperature was in the 15—16 degree
range, and the water in the effluent had a maxi-
mum at 22.3°C. Both these trout were caught in

the same trap as those mentioned in the preceding
experiment, namely 10 kilometres south of the
power station. The trout remained within a small
section of the plume for an hour, after which one
of them (T3) swam downstream and left the
heated area. Three hours later it had moved
roughly 4 kilometres in a northerly direction
(Fig. 6). When the tracking was terminated the
trout swam in 16-degree water with a speed of
approx. 4 kilometres per hour. In the meantime the
other trout (T4) had also left the area and neither
fish returned to the area during the following two
days.

Early the same day another trout was caught
on hook and line in a small stream half a mile
north of the outlet. At 7 p.m. this fish was
equipped with a standard transmitter and released
in the same place as the others. It immediately
left the heated area (T5), swam past the shallow
bay where its native brook emptied and continued
due north the same way as that taken by T3.
After an hour and a half it had moved some 4
kilometres and the tracking was terminated. No
other trout were observed in the heated area.

Tracking experiment 6

On June 6 two yellow eels (E9 and E10) were
to be released at Stenungsund power station,
but cleaning of the cooling system had caused a
pronounced discolouration (orange red) of the
water, and under these atypical conditions the
experiment was postponed. The following day at
8 a.m. the water was clear again and the two eels
(66 and 67 cm), one with thermistor, one with a
standard tag, were released at 9 a.m. (Fig. 7). The
temperature at the point of releases was 19°C. At
1230 p.m. the entire heated area was clear and the
temperature had risen to 24 in the most heated
part of the plume. Both eels moved to within 10
metres of the iron screens blocking the entrance
to the outlet and remained there also during the
following day.

Summary of results

1) Eels, brown trout and ide tagged with stom-
ach transmitters do not display any atypical
behaviour and tag shedding appears a minor
problem.
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two yellow eel attracted by the hot water discharged from the Stenungsund power station.
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2) lde appear attracted by hot water (21—24°C)
but at least in the autumn the attraction is
limited in duration, causing an avoidance re-
action, possibly after less than a day.

3) Ide display net avoidance behaviour both at
day and night, and that reaction is obviously
stronger than the motivation to leave an un-
favourable environment (from a temperature
point of view).

4) Brown trout (sea-run) are attracted by heated
effluents in the winter, and select temperatures
in the 18—19 degree range.

5) Brown trout avoid elevated temperatures in
the summer when ambient sea temperatures
have risen to 15—16°C.

6) Yellow eels are attracted by heated effluents
in the summer (at least up to 24°C).

7) Silver eels become activated by a rising tem-
perature gradient in the 7—10 degree range in
the winter, and when confronted by a hot-
water plume with a temperature exceeding
10°C show a rather strong tendency to remain
in the heated area. At temperatures lower than
10°C attraction appears weak.

IV. DISCUSSION

Field observations tend to confirm that fish
escape lethal temperatures near heated effluent
outfalls, a conclusion which is supported by results
obtained in temperature gradients (e.g. Alabaster
1969).

The temperature increases over ambient that
prevail at Oskarshamn nuclear power station and
at the thermal power station at Stenungsund rare-
ly if ever reach the level at which they produce
conditions which are lethal to fish. This fact of
course depends on the ability of at least adult
fish to escape a sharp temperature gradient by
swimming away from the area. However, the
heated plume may cause marked differences in the
composition of the species present, not only by at-
tracting species with high temperature optima but
also by favouring species which are capable of
withstanding great temperature fluctuations, and
even by altering the genetic composition of cer-
tain species (Nyman 1975). Apart from these
distributional changes the spawning grounds of

coldwater adapted fish may be destroyed, and in
that respect a heated plume may have considerable
adverse effect.

If we look at the problem from a commercial
point of view the situation is more serious. Even
subtle changes in temperature are capable of
either attracting or repelling fish, and this problem
may be particularly difficult where migratory
species are concerned. Heated effluent outfalls in
rivers, sounds or on an exposed coast thus may
disturb a migratory pattern, and affect the local
fishery, both the commercial and recreational.

On the southeast and west coasts of Sweden
two migratory fishes account for a big part of the
near-shore fishery, the silver and yellow eels on
the commercial side, and the sea-run brown trout
for the sports fishery. From this investigation it is
clear that sea-run trout are attracted by the
heated water in winter, and this observation is
substantiated by information from local fishermen
and divers also. It is equally evident that no mass
attraction will occur because of the trout’s preda-
tory habits and strong territorial behaviour. Con-
sequently, sea-run brown trout are likely to be
repelled by heated effluents when ambient sea
temperatures exceed 15°C, but attracted in the
winter. It is unlikely that hotwater outfalls will
cause any serious damage to trout migrations when
the effluent water is discharged in an exposed
marine environment. Discharges into rivers or
restricted freshwater basins may, on the other
hand, have detrimental effect on a trout popula-
tion for obvious reasons.

Larsen (1970) showed that there exists a direct
positive relationship between the water tempera-
ture and the density of yellow eel populations.
This information was also confirmed by Nyman
(1972) who examined the influence of temperature
on feeding and behaviour in young yellow eels.
These studies showed how extremely sensitive the
yellow eel stage is to changes in temperature. Not
only could a general increase in activity be attri-
buted to a temperature increase, but feeding,
swimming behaviour and territoriality seemed
largely guided by the temperature and the time
alloted for acklimatization. Bearing these data in
mind it is hardly difficult to realize the fact that
the yellow eel is both activated and attracted by a
hotwater effluent. This observation is also con-
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firmed by divers at Stenungsund who noted nu-
merous eels in the heated area. Obviously, the
only thing limiting the density of the attracted
eel is the pronounced territoriality, and in the
long run, the availability of prey. The silver eel
phase is evidently less vulnerable to attraction,
and even though silver eels become activated and
attracted by a rising temperature gradient in the
7—10 degree range in the winter, there is no
evidence to support a long-term attraction. In
late summer dwindling silver eel catches off
Oskarshamn power plant actually indicate that
migrating eels are repelled by the heated plume
(K.-E. Berntsson, personal communication).

To summarize, eels are activated and attracted
by hotwater effluents in winter, yellow eel in
summer as well.

The ide, being a cyprinid fish, is considered to
belong to the warmwater fauna, relatively speak-
ing. Thus it is not surprising that it is attracted
by hotwater effluents. Actually, cyprinid species
account for the bulk of fish entering the heated
Hamnefjarden Bay on the east coast of Sweden,
namely roach, bleak, white bream and ide (E.
Neuman, personal communication). The attraction
of the ide appears of short duration, which may
be due in part to net avoidance. Shortage of food
organisms may however also influence this reac-
tion which may explain the slight decrease in the
number of fish entering the bay after the heated
effluents have been discharged into it.

Thus it may be concluded that the technique of
underwater telemetry employing stomach ultra-
sonic transmitters allows a direct approach of
working on-site and using local fish when study-
ing the effects of elevated temperatures on fish
behaviour.

V. SUMMARY

To observe the influence of heated discharges
from thermal power stations on fish behaviour
ultrasonic tracking was employed.

Ide (Leuciscus idus (L.)) and silver eel (Anguilla
anguilla (L.)) were studied off the nuclear power
station at Oskarshamn (OKG) on the Swedish
east coast, sea-run brown trout (Salmo trutta L.)
and yellow eel were studied off Stenungsund

thermal power station on the west coast of Swe-
den.

The tags were manufactured by Chipman In-
struments (Madison, Wisconsin U.S.A.) and were
both the standard type and those with thermistors
incorporated for temperature determinations. The
hydrophone/sonic receiver employed were of
Smith-Root make, namely SR-70-H/TA-25.

The three species do not display any atypical
behaviour as a result of carrying stomach tags and
tag shedding is not a great problem. Ide are at-
tracted by hot water, at least in the autumn, and
the duration of the attraction appears short. Net
avoidance was also observed. Yellow eels are at-
tracted by heated discharges in summer, and al-
though silver eel were activated and attracted in
winter at 7—10°C by a rising temperature gra-
dient, there are indications that they are repelled
in the late summer and autumn which is their
principal migration period.

Sea-run brown trout are attracted by hot water
when ambient sea temperatures do not exceed 15—
16°C. In summer they avoid the heated area.

The direct approach of underwater telemetry
to study the effects of elevated temperatures on
fish behaviour has many advantages, including the
fact that fish appear uninfluenced both by the in-
ternal tags and the tracking system.
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Allelic Selection in a Fish (Gymnocephalus cernua (L.)>

Subjected to Hotwater Effluents

LENNART NYMAN

Institute of Freshwater Research, Drottningholm, Sweden!

I. INTRODUCTION

Hotwater effluents of thermal power stations
often cause pronounced alterations of migratory
behaviour of fishes (e.g. reviewed in Krenkel
and Parker 1969, Nyman 1971). Most data be-
hind these statements emanate from catch sta-
tistics, visual observations from skin and scuba
diving and, finally, from studies on the behaviour
of individual fish by employing underwater tele-
metry techniques (cf. Underwater Telemetry News-
letter — Fisheries Research Board of Canada and
Huntsman Marine Laboratory, S:t Andrews, New
Brunswick, Canada). The very problem of ex-
plaining patterns and mechanisms in migration
at the population level has, however, not been
attempted.

Genetic variability of various proteins in
natural populations of fishes has proven a valu-
able tool for the estimation of population struc-
ture and interbreeding (e.g. reviewed by de Ligny
1969). In fact biochemical variants have been
used in the last decade primarily to identify popu-
lations and areas of origin of marine fish (Sick
1965, Mdilter 1966, Fujino and Kang 1968,
Hodgins et al. 1969, and many others). How-
ever, little attention has been paid to evaluating
the function of such polymorphisms, until Koehn
and Rasmussen (1967) described a one-locus,
two-allele serum esterase polymorphism in popu-
lations of Catostomus clarki. These authors re-
ported a clinal distribution of allelic frequency
which was linearly correlated with latitude, and
two years later (Koehn 1969) it was shown that
the differential selection of the two alleles at
this locus could be attributed to a difference in

1 Present address: The National Swedish Environ-
ment Protection Board, Research Secretariat, Solna,
Sweden.

enzymatic capacity at various temperatures of
the alleles. In 1971 (Nyman and Shaw) a similar
clinal distribution of serum esterase alleles in
Salvelinus alpinus was reported, and there was
strong evidence that the same functional mecha-
nism existed in this case also. The latter finding
proved useful in identifying sympatric popula-
tions and species within the Arctic char species
complex, and besides made possible detection of
introgression (Nyman 1972, Nyman and Filips-
son 1972). Further evidence of fish esterase func-
tion was provided by Koehn et al. (1971). Thus
there is a probability that at least certain esterases
display a variability in molecular function which
may be related to the need to cope with a wide
range of temperatures. For the reasons stated
above it seemed obvious that a combination of
several populations — identifiable on the basis
of significant gene frequency différencies — and
some sort of temperature-dependent enzyme locus
would provide a means of evaluating differences
in migratory patterns induced by a flow of hot-
water.

This report is meant to analyse what implica-
tions the hotwater effluents of a nuclear power
plant may have on the migratory patterns and
genetic transformation of local ruff (Gymno-
cephalus cernua (L.)) populations.

Il. DESCRIPTION OF THE STUDY AREA

Oskarshamn Nuclear Power Station (OKG) is
situated on Sweden’s Baltic coast, roughly on the
same latitude as the northernmost tip of the island
of Oland. Its power output in 1973 was approxi-
mately 400 MW. The cooling water discharge was
some 20 cu.m./sec with a temperature increase
over ambient of some 10 degrees centigrade. The
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Fig. 1. The location of the six sampling stations mentioned in the text. The stippled area delimits Hamnefjarden
Bay, the circle shows the site of Oskarshamn Nuclear Power Station (OKG) and the arrow indicates where
the hot-water discharge from the plant enters the bay.
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first unit started operating in February 1972, but
initial technical problems caused a delay and it
was not until September the same year that
regular operations commenced. The location of
the plant is shown in Fig. 1. The hotwater dis-
charge empties in a shallow bay, which is con-
nected to the Baltic by a narrow straight. This
passage was blocked during the period of the
investigation by a fence which permitted catching
and recording of practically all upstream and
downstream migrating fish. The counting fence
was operated by employees of the National Swe-
dish Environment Protection Board.

The fish fauna of the near-shore region in this
part of the Baltic is characterized by a mixture
of freshwater and marine forms, and the low
salinities of this brackish basin (0.70 per cent)
implies a pronounced “salt stress” to the orga-
nisms. Pike (Esox lucius L.), perch (Perea fluvia-
tilis L.), roach (Rutilus rutilus L.), white bream
(Blicca bjoerkna (L.)), ruff (Gymnocephalus cernua
(L)) and bleak (Alburnus alburnus (L.)), all of
them freshwater forms, dominate the near-shore
region, with flounders, sculpins, herring and cod
contributing on the saltwater side. Yellow eels
occur along the entire coast and migrating silver
eels account for the bulk of the local commercial
fishery. Atlantic salmon and sea-run brown trout
occasionally contribute also.

I1l. MATERIALS AND METHODS

Eight localities were sampled for ruff. Two of
them (W and E) were on Lake Mélaren, west of
Stockholm, the other six are shown in Fig. 1.
Table 1 displays the total number of ruff analysed.

Five population samples of white bream, re-
presenting a total of 512 individual fishes were
also included (Table 2).

Most fish were obtained either by nets, by traps
at the counting fence or by dynamite (in the
Hamnefjarden Bay only).

All fish were frozen as soon as possible after
being taken ashore and kept at roughly -15 degrees
centigrade until analysed. Later they were thawed,
and haemolyzed blood was obtained by severing
the heart. A detailed description of methods for

Table 1. Total number of ruff analysed.

Location and year sampled Number
of fish
JE  (eastern part of Lake Mélaren), 1967,
WO iSO

F  (counting fence at OKG), 1972, 1973 133

| (see Fig. 1), 1972, 1973 33
Il (see Fig. 1), 1972,1973 .. 82
Il (see Fig. 1), 1972,1973 .. 24
IV (see Fig. 1), 1972,1973 .. 44
V  (see Fig. 1), 1972,1973 . 327
Total o 877

Table 2. Total number of white bream analysed.

Location and year sampled Number
of fish

F  (see Fig. 1),1972 115

| (see Fig. 1),1972 100

Il (see Fig. 1),1972 65

IV (see Fig. 1),1972 195

V  (see Fig. 1),1972 37

TOtAl o 512

obtaining fresh and haemolyzed blood samples
has been previously given (Nyman 1967).

Horizontal electrophoresis in starch gel was
used to resolve the various allelic forms of
esterase. Gels consisted of 11 °/o hydrolyzed starch
in a total volume of 300 ml of the gel buffer
described by Ashton and Braden (1961).

During electrophoresis, gels were cooled by tap
water (6—10°C), and after electrophoresis the gel
was sliced horizontally, each slab being incubated
in 100 ml of a 0.02 M solution of sodium phos-
phate (pH 7.0) containing a-naphthyl acetate
and Fast Red TR salt for visualizing esterase
activity. At least 45 individual blood samples were
analysed simultaneously.

IV. RESULTS

The serum esterase polymorphism present in ruff
is previously reported (Nyman 1965). Too few
individuals of ruff then prevented tests of the
hypothesis of a genetic mechanism involving two
codominant autosomal alleles at a single locus, but
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Table 3. Distribution of esterase phenotypes in samples of ruff from eight localities.

Phenotyoe T, f(p) 95 °/o.
Fish origin = Fs S iotal gene freq. conf. int.
1) E — Lake Malaren 1967,
) B g tke Malaren 1967 38(35.8)  88(9L1)  59(580) 185 0.44 PSRt
W — Lake Malaren 1971 13(12.7) 24 (24.5) 12(11.8) 49 0.51 R
2) F — counting fence 1972,
immigrating fish —
ot e 12(11.3) 2(3.4) 1(0.3) 15 0.87 0.99—0.75
no hotwater .............. 0 1 0 L -
F — counting fence 1972,
emigrating fish —
ﬁotwa%er .............................. 7(6.7) 9(9.7) 4(3.5) 22 0.58 0.74—0.42
no hotwater ... 4 0 0 -
F — counting fence 1973,
immigrating fish 4 1 0 5 0.90 1.00—0.71
no hotwater ............. 0 0 -
F — counting fence 1973,
igrating fish -
e e 25 (24.5) 32 (32.6) 11(10.9) 68 0.60 8'82 8'25
no hotwater 13(12.8) 6(6.4) 1(0.8) 20 0.80 Rl
3) V — Hamnefjarden 1972 _
)V oaamoe Harden 1972 aE) e 802 5 0% 073057
no hotwater 3(3.5) 7(6.0) 2(2.9) 12 ‘ ' '
V — Hamnefjarden 1973
hotwater jarden =50s 59 (58.3) 36 (36.8) 6(5.8) 101 0.76 8'%:8';8
no hotwater 59 (58.7) 63 (63.2) 17(17.0) 139 0.65 : :
1972+ 1973 g
botwater 90(91.2)  72(71.0) 14(138) 176 0.72 o
no hotwater 62 (61.8) 70 (69.6) 19(19.6) 151 0.64 05—
01 0o sy ey n s sgem
Loy [ 8(6.2) 8(1L.5) 7(5.3) 23 0.52 0.62 0.38
1972+ 1973 1083 130165  1063) B 080 A
"o w@Ee 6080 66y 7L 013 0.52—052
1973 ........ 7(5.9) 2(4.3) 2(0.8) 11 0.73 0.80—0.66
197241973 46(43.7)  28(323) 8(6.0) 82 0.r3 Rl
"o o sy my  w gw  omm
3 U Ly e 102 4 s peen
1972+1973 14(12.8) 7(9.5) 3.7 2 : e
Vi o 13019 463 208 1 079 081055
1o 1(116)  12(10.9) 2(2.6) 2 oo 0.82—0.64
19724+ 1973 24 (23.4) 16(17.3) 4(32) 44 - : :

1 The numbers in parentheses i

this was later verified (Nyman 1969). In the
same paper a similar model of genetic background
was suggested for the white bream esterase poly-
morphism, which up to that date was unknown.

The distribution of esterase phenotypes within
each of the 8 population samples of ruff, the
estimated allelic frequencies and agreement with
Castle-Hardy-Weinberg equilibrium assuming a

icate zygotic frequency assuming one-

;, two-allele panmictic population.

one-locus, diallelic polymorphism in panmictic
populations are shown in Table 3.

The two samples from western and eastern Lake
Mélaren are not significantly different (1), but
there is an indication that the western sample is
derived from a population with a higher gene
frequency than the eastern one. In this context
it should be pointed out that the western sampling
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Table 4. Distribution of esterase phenotypes in samples of white bream from five localities in 1972.

Fish origin Phenotype Total (P 95 »lo"

F FS S gene freq. conf. int.
F— countlng_"fence s 6(7.8)1 48 (44.3) 61 (63.0) 115 0.26 0.32—0.20
V — Hamnefjarden . 1(1.2) 11 (10.9) 25 (24.9) 37 0.18 0.27—0.09
I — see Fig. 1 ... 9(6.8) 33 (38.5) 58 (54.8) 100 0.26 . .
Il — see Fig. 1 ... 3(3.1) 23 (22.3) 39 (39.5) 65 0.22
IV — see Fig 1 .... 58 (62.4) 127(124.8) 195 0.20 —

The numbers in parentheses indicate zygotic frequency assuming one-locus, two-allele panmictic population.

point is warmer than the eastern because of the
presence of heated effluents from two thermal
power stations. Part two (2) of Table 3 indicates
the gene frequency of the fish caught while
migrating either upstream toward the source of
hot water, or, when the station was closed down,
migrations upstream a coldwater current. Also,
fish leaving the Hamnefjarden Bay when influ-
enced by hot or cold water were sampled. Besides,
this part of the table displays the situation in
two consecutive years (1972 and 1973). An ob-
vious conclusion can be drawn from part two,
viz. there is a significantly higher gene frequency
(at the 95 %> level) of the fish attracted by hot-
water than of those favouring cold water. This
observation is realized by the fact that ruff which
are either attracted by hot water or try to avoid
cold water have higher gene frequencies than those
migrating upstream a cold current or leaving the
bay when hot water is being discharged.

Part three of the table depicts the situation in
the Hamnefjérden Bay. It appears that fish caught
in the bay during hotwater releases both in 1972
and 1973 have higher gene frequencies than those
obtained in coldwater intervals, and this difference
is almost significant at the 95 °/o level if the
results of the two years are combined.

The last part of the table (4) displays the gene
frequency structure at four sampling points on the
coast, to the north, south and immediately outside
the outlet of Hamnefjarden Bay. Two observa-
tions are obvious. Sampling stations I, Il and 1V
have not changed significantly from 1972 to 1973,
whereas a pronounced change has taken place at
station 111, resulting in a significantly higher gene
frequency in the latter year.

The white bream samples obtained in 1972

(Table 4) indicates small différencies in gene
frequencies, and even the two extremes (V and F)
are nonsignificant.

V. DISCUSSION

Effects of artificially heated water on fish in situ
in brackish and marine environments have been
little studied. Temperature, being a very complex
factor, acts on all stages of the physiology and
ecology of a fish, and at present we are having
great difficulty predicting with any confidence
what effect a hotwater discharge will have on the
migration pattern of a certain species of fish.
Normally multivariate techniques must be used
to ascertain a sound ecological approach to the
problem, but in this case another source of in-
formation is proposed, namely the population
analysis at the gene level, which permits detection
of induced migratory patterns as changes in gene
frequencies in population samples at various loca-
lities.

The migratory patterns of ruff influenced by
heated effluents from OKG nuclear power station
may be outlined accordingly: Individuals at-
tracted by hot water in 1972 and 1973 had high
frequencies of the “fast” allele of the plasma
esterase polymorphism (0.87 and 0.90, respec-
tively), whereas fish leaving the heated area dis-
played significantly lower values (0.58 and 0.60).
This observation was reflected in the samples
from the bay also, where in both years the gene
frequencies were higher when heated water filled
the bay, but the difference was nonsignificant. The
low gene frequency of the sampling station just
outside the outlet (I11) indicates that in 1972 ruff
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attracted by hot water, i.e. those with a high
frequency, probably were migrators from other
“high-frequency populations” in the vicinity,
e.g. Il and IV. If the hypothesis of migrators
from those “populations” is false the situation
at sampling point Il in 1973 should show a de-
clining frequency of allele F because of pre-
dominantly heated conditions during that year. As
can be seen in Table 3 the reversed situation has
occurred. The frequency of 0.89 indicates an
immigration of fish from adjacent populations in
1973, the presence of which had genetically altered
the stock available at position I1l. Consequently
fish from either or both Il and IV had changed
the gene frequency of the ruff at Il significantly
within a period of one year. Samples at Il and
IV in 1973 did not indicate any decrease in gene
frequency. This probably means either that a
relatively small proportion of the resident popu-
lations had responded by migrating, or, that the
fish attracted came from a very limited area.
There is, however, an alternative explanation to
this phenomenon. Fish capable of spawning at
position 111 in 1972 may have produced offspring
selected for hotwater conditions, i.e. with a high
gene frequency. It is, however, not very likely
that selection should take place when the fish
are half a year old or even older, but assuming
that this really happened already in the winter
1972/73, these fish would be no more than a
year old by the summer 1973 when the sampling
stopped. No such young fish were sampled. This
type of selection on adjacent spawning grounds
may, however, bias future sampling.

It is also noteworthy that the gene frequency
of ruff present in Hamnefjarden Bay (V) both
under heated and normal conditions is higher in
1973 than in 1972. It would be interesting to
sample this site in a few years time, when (pos-
sibly) a new ecological balance is established, in
order to see which frequency is optimal in this
artificial environment.

These results show how a species which is
generally considered a coldwater form has adapted
genetically in only one year to an induced en-
vironmental change by attracting individuals from
other populations in the vicinity with a genetic
configuration more relevant to the new conditions.
By analogy with the results obtained in the

warmer Lake Malaren (Table 3: 1) it is, however,
not likely that a high frequency of the “fast”
allele per se is a prerequisite for adaptation to
high temperatures, but obviously some other para-
meter as well influences the final frequency level.
Another problem, which probably reduces the
effect of this selective migration, is the rather
narrow temperature limits within which the
species is capable of spawning and producing
offspring. Thus it is unlikely that a hotwater
adapted population of ruff will ever become self-
sustaining, also, the rapid temperature fluctuations
in this artificial environment may affect adversely
the fish present. In this species it may be assumed,
finally, that hotwater effluents are likely to have
little total effect, and the possible eradication
of local spawning grounds will be counter-
balanced by the more rapid nutrient turn-over
favouring certain hotwater adapted individuals.

The presumed potential of the ruff to adapt
to a wide range of temperatures, at least when
adult, is well-known. In Lake Vattern, for in-
stance, ruff occur from the littoral zone down to
a depth of at least 95 m (Svardson 1974). The
general aspect of a polymorphic esterase versus a
monomorphic one was discussed by Nyman and
Shaw (1971). These authors found that at the
latitude where the “monomorphic” brook trout
reached the limits of its geographical distribution,
the Arctic char (with a homologous allele) ex-
tended much further to the north by switching
to an alternative “cold-water” allele. The case
reported in the present paper, where a species
responds to environmental changes by changing
the frequency of certain genes is verified in other
vertebrates also (e.g. Krebs et al. 1973). These
authors found genetic changes at two loci (trans-
ferrin and leucine aminopeptidase) in Microtus
populations in association with population density
changes. The frequency of the LAPS allele, for
instance, dropped some 25 per cent in males,
beginning at the time of high losses, and hetero-
zygous females (Tfc/TfE) were found to be much
more common in dispersing populations than in
resident ones. Another interesting contribution was
made by Redfield (1972). In the Blue Grouse
Redfield found genetic differences in stocks at
different densities and also evidence of selection
going on within one winter. Also, it should be
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noted that this selection might occur if initially
two different genomes were present in the ruffe
populations, concealed by extensive introgression
between two sibling species. The existence of
sibling species of ruffe was recently evidenced by
Aleksandrova (1974).

This type of study may be employed for any
organism which is large enough to enable protein
sampling and numerous enough to provide suffi-
cient samples for statistical treatment without
severely affecting the local populations. Another
prerequisite is the presence of several local popu-
lations and, finally, a suitable genetically con-
trolled protein polymorphism. In white bream it
is questionable whether there is iany division
into local populations or else the differences en-
countered would require very large samples to
ascertain statistical significance. If the latter situa-
tion prevails sampling would most certainly affect
the population structures and preclude a valid
evaluation.

In order to predict the effect of thermal loading
upon fish this type of analysis may prove effi-
cient to elucidate changes in migratory patterns,
particularly in combination with netting opera-
tions (“survey nets”) and underwater telemetry.

V1. SUMMARY

Analyses of samples of ruff (Gymnocephalus
cernua (L.)) subjected to the hotwater effluents
of a nuclear power station (OKG) on the Baltic
coast of Sweden have demonstrated changes in
migratory patterns depending upon the genetic
composition of certain individuals better adapted
to the new environment. Thus gene frequency data
indicated significant differences between fish
attracted by hot water and those trying to avoid
it. Also, the population immediately outside the
outlet of the thermally influenced Hamnefjarden
Bay was transformed genetically by immigrants
from adjacent populations, and in one year the
frequency of the most anodal allele had increased
from 0.50 to 0.89 at this sampling point. Some
biological implications of such artificial tempera-
ture changes causing allelic selection are discussed.
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The waters outside Stockholm have long since
been known to be polluted by effluents from the
city and its surroundings (Johansson 1945). More
recent investigations have shown increased con-
centrations of nutrients in the outer parts of the
studied area (Waern 1964/65, Waern and Pek-
kari 1973), in comparison with the Baltic.

Since 1964, many mercury, DDT and PCB
analyses have been carried out on fish from Swe-
dish waters. The first values for mercury in fish
from the Stockholm archipelago were published
in 1967 (Johnels et al. 1967 a, Westoo 1967)
and for DDT and PCB substances in 1969 (Jensen
et al. 1969).

I. INTRODCTION

In order to describe the pollution and the dis-
person of pollutants (phosphate, nitrate etc.) in a
recipient body of water, analysis of water samples
is normally used. Analysis of a large number of
samples taken on several occasions from many
places can give a detailed picture of the pollution.
However, if pollution from substances accumulat-
ing in living matter is to be studied it would be
preferable for the following reasons, to use a
standard organism as a test object to study the
pollution pattern. The concentrations of inorganic

and organic matter vary with time in natural
water. If the substance to be studied accumulate
in organisms, the amount of organic matter and
dead or living biological matter and the variation
in composition of zoo- and phytoplankton in the
water will influence the analytical results. The
ability of many pollutants to accumulate in plank-
ton is very clearly documented (Sodergren 1968
and 1971, Jensen et al. 1972 b). Differences in
the composition of the species in the water can
result in different accumulation capacities. For
example, the life span can vary for each species,
giving longer or shorter accumulation periods.
This makes it difficult to compare water samples.
Furthermore, external variations in currents and
winds can very rapidly influence the geogra-
phical representation of a water sample. If one
stationary species is used throughout the studied
area, physiological variations between species and
external variations such as winds and currents will
be minimized. These, in addition to the analytical
difficulties involved in analyzing water are the
reasons why organisms have been used as the test
samples.

It should be noted, however, that the levels of
the accumulated substances in organisms are in-
fluenced by the degree of biological activity and
the biomass in the water (Johnels et al. 1967 b).
Thus if two equal volumes of water, one with a
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high and the other with a low biomass, are ex-
posed to the same amount of the substance, the
highest level per unit weight organic matter will
be expected in the latter sample. If nutrients
(which act as fertilizers and increase the density
of the biomass) are released in the same area as
the accumulating substances, as happens in the
conditions existing in the Stockholm archipelago
the higher density of the biomass ought to mode-
rate the levels of the accumulating substances.

The pike (Esox lucius L.) chosen as the test
organism in the present study has some valuable
qualities previously pointed out (Johnels and
Westermark 1966, Johnels et al. 1967 a,
Johnels et al. 1968).

1. Pike have stationary habits (Ekman 1915,
Hessle 1934) and they are thus representative for
the sampling area. This is necessary in a com-
parative study of small areas within a larger one.

2. Pike grow throughout their lifetime. Males,
however, have a slower growth rate than females
after the age of two years (Gottberg 1915,
Segerstrale 1948, Frost and Kipling 1958/59,
Svardson 1964). This implies that the weight
approximately follows the age, for the individual
sexes. Furthermore, the local variation in the
growth is moderate (Svardson 1964). This is
important and should be considered when levels
of mercury for a standardized weight (see below)
of the fish are used when comparing different
localities.

3. Pike are distributed over the entire investi-
gated area and have also a vast geographical
distribution, thus making it possible to make
comparisons with other areas.

4. Pike can have a considerable lifespan and
have a long half-life for mercury — about 1—2
years (Tittander et al. 1969, Jarvenpaa et al.
1970). This is an advantage in an investigation
into the general distribution pattern in an area
where currents and winds can vary from day to
day. Thus one analytical value for mercury will
give an integrated evaluation of the pollution
over a considerable time.

Since the pike is a predatory fish the levels
of the substances studied here may depend on the
degree of accumulation in the food species, which
can vary in the studied area. Since no precise data

on the choice of prey in the different regions are
available, the variation due to diet has not been
considered.

Il. MATERIALS AND METHODS

The water outside Stockholm is brackish (salinity
1—5 %>0) and normally covered with ice for 2—4
months every year. The pike have been collected
over the period December 1968—April 1969 by
fishermen at 46 separate localities at different time
at different localities, see Fig. 1, and have as a
rule been deep-frozen before transport to the
laboratory. No fish reached the laboratory in
a state of decay. As a rule five fishes have been
caught at every locality. The fish have been sexed
and weighed. Samples for analysis have been taken
from the dorsolateral part of the lateral muscle,
ventraly to the dorsal fin and under the red
lateral muscle.

A correlation between the weight/age of pike
and the amount of mercury has been shown
(Westermark {et al.) 1965, Johnels et al. 1967 a).
It has been indicated that in relation to their
weight males accumulated mercury faster than
females (Berglund and Olsson 1970). In only a
few cases in this report is the material sufficient to
form a basis for a meaningful comparison between
Sexes.

The weights of the individual pike varied
within and between the localities, but the mer-
cury level in a pike depends on the weight/age.
Thus regression analysis has been used to deter-
mine the amount of mercury in a pike of a
standardized weight (here 1 kilogram), then used
for comparison between the different localities.
As mentioned, only five pike were collected from
each locality. If, for instance, the pike from one
locality all have approximately the same weight,
the possibility of determining the true regression
line is small. The greater the difference between
these weights in grams (the X-values) and the
standard weight (1000 g), the more uncertain
is the mercury content (Y-value) found at X=
1000.

In order to obtain a more substancial material
which will minimize this disadvantage, the various
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Fig. 1. Sampling localities in the Stockholm archi-
pelago.

localities have — as much as possible — been
grouped into regions (see Table ! and Fig. 2).
This division into regions has chiefly been carried
out on the basis of the distance from the assumed
main pollution source, the City of Stockholm and
the geographical position.

To make it possible to follow the variation in
contamination, the regions have been combined
into 3 main areas:

1. The northern fairway (regions 1—VII)

2. The main fairway (regions I—II, VIII—X,
XI111)

3. The southern fairway through Lé&nnersta (re-
gions I, XI—XVII).

In addition, material has been collected from
2 lakes on an island situated in the Stockholm
archipelago (loc. 45—46).

The mercury has been determined by means of
activation analysis (Ljunggren et al. 1971). All
analytical values represent the level of total mer-
cury. Investigation has, however, shown that on
average 99 °/o of the total mercury in pike muscle
consists of methyl mercury (Westoo and Rydalv
1969). For chlorinated hydrocarbons, gaschro-
matography with electron capture detection has
been used. Extraction of the archipelago samples
(loc. 1—44) was performed using hexane in a
soxhlet apparatus (Jensen and Widmark 1967)
while the samples from the two island lakes
(loc. 45—46) were extracted by a method re-
ported recently (Jensen et al. 1972 a). No com-
parisons of levels are made between the fresh
water pike and the pike from the brackish water.
The values for the levels of chlorinated hydro-
carbons are given both with respect to fresh tissue
and to extractable fat, while all statistical cal-
culations have been carried out on the levels in
extractable fat due to certain resultant advantages
(Holden 1962, Jensen et al. 1969).

Il. RESULTS

Mercury levels in pike

The present levels of mercury generally agree with
those previously published (Johnels et al. 1967 a,
Westoo 1967, Westoo and Rydalv 1969). Since

Table 1. Sampling localities within the regions.

Region Localities
| 1—6
1 7—10
11 11

v 12—15
\% 16—18
VI 19

Wl 20
VI 21—24
IX 25—30
X 31

Xl 32

X1l 33—35
X1 36—38
X1V 39

XV 40

XVI 41—42
XVII 43
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Fig. 2. Studied areas in the Stockholm archipelago.

Norr

the mercury exposure may vary from year to year,
previously published results have not been dealt
with in this paper with one exception. Because
of treacherous ice conditions in 1969, no material
was collected in the outer part of the southern
archipelago. This area (region XVI, see Table 1,
Fig. 2) plays an essential role in the estimation
of the spread of pollutants, and therefore 10
values for methyl mercury in pike from February
1968, published by Westss and Rydalv 1969,
have been used. This is also why no levels of
DDT and PCB substances were obtained from
region XVI. Extensive changes in the mercury
pollution situation during 1968 in the area SE
Utd have been regarded as improbable.

The mean values and 95 fllo confidence interval
for mercury in females and males, considered
separately, from the same region have been cal-
culated (see Table 2). For the statistical methods,
see the Appendix, part V. The differences between
the sexes have been tested when 5 or more speci-
mens of each sex have been available. For the
statistical method, see the Appendix, part Il and
IV. As no difference was established (p > 0.05)
females and males have been considered together.

In Table 2 the mean value and confidence inter-
val for both sexes together from the separate

Table 2. Mean levels of mercury and 95 °lo confidence interval in fresh tissue for a standard
pike (1 kilo) in different regions. The values for the sexes separately have been calculated
when 5 or more specimens are available. n=number of specimens used in the test. Regarding
three fishes in region I, the sex was not determined.

Region

11
1
AV

Vi
Vil
VIl
IX

Xl
X11
X111
XIv
XV
XVI
XV

27
17

20
14

20
30

15
15

10

(5 5+55

Mercury in ppm

1.16 £0.28
1.03 £0.19
0.67 +0.17
0.52 +0.07
0.57 +0.09
0.81+0.21
0.69 +0.30
0.81 +0.17
0.75 +0.09
0.68 +0.18
1.95+1.93
0.85 +0.11
0.57 +0.16
0.82+0.23
0.50+0.20
0.30 +0.05
0.44 +0.16

n

15
14

17
7

10
16

10
10

55 GG

Mercury in ppm n Mercury in ppm
0.80+0.68 9 1.34 £0.29

1.08 £0.25

0.52 + 0.07

0.53 £0.21 7 0.60+0.16

0.78 £0.37 10 0.85 +£0.13

0.74 £0.14 14 0.77 £0.12
0.84+0.18 5 0.86 £0.22

0.54 +0.32 5 0.60 £0.29
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Table 3. Tests of differences between mean levels of
mercury in pike, females and males separately and
together in different regions. Results given by — if
p >0.05, X if 0.01< p <0.05, XX if 0.001< p
<0.01, XXX if p <0.001.

Region 99+cS<5 99 606
1—I1

1I—I11 X X

1—IV XXX

1—V X X X

I—VI11 X — XX
1I—IX LA\SB.x

I—X X X

1—XI —

1—XI11 X

1—XI111 e X X — XX
1I—X1V _

I—XV X X

I—XVI11 XXX

H—I11 X

H—1V XXX XXX
H—v XXX

H—VIII — —
1H—IX X X
1—X X

H—XI11 X X

Hi—iv —

Hn—v _

Hi—Vvi _

vV—Vv _ —
IvV—VI X

IvV—VIli

V—VI X

V—VII

V—X _

V—XI11 _

VIi—VII _

VIHI—IX _ _ —
VII—X —

VIHI—XI11 X

IX—X

IX—XIII _

X—XI11 _

XI—XI1 _

XI—XI111 _

XI1—XI1Vv _

XI—XV _

XI—XVI _

XI—XVII _

XH—XII1 X X _ _
XH—XIV

XI—XV X

XI—XVI MK X

XI—XVII X X

XIN—X1Vv

XHI—XV _

XHI—XVI X X

XHI—XVII

XIV—XV X

XIV—XVI XX

XIV—XVII X

XV—XVI

XV—XVII

XVI—XVII —

regions are also given. The difference between the
regions has been tested (see Table 3).

To test whether there was any discrepancy in
the significant differences between the regions
when comparing females and males, together and
individually, the p-value was also calculated for
differences between the regions using the separate
sexes (see Table 3). In no case was a difference
established for one sex which was not found for
both sexes together. On the other hand differences
which were found for both sexes together were
not always found for one single sex. This may
depend on the limitation of the material.

Tables 2, 3 and Fig. 3 show that there is a
decrease in the mercury levels in pike when going
from the inner to the outer part of the archi-
pelago. All over the studied area (with one excep-
tion, region XVI), the levels of mercury were
above 0.4 ppm which seems to be the upper limit
of the natural levels in the Baltic. The mercury
level in region XV1 does not seem to be influenced
by industrial or municipal effluents. The levels
here agree with these recorded for pike from
uninfluenced localities along the Baltic coast
(Westoo and Rydalv 1969 and 1971).

IV. CHLORINATED HYDROCARBONS

Levels of chlorinated hydrocarbons in pike

It has been suggested that the DDT levels in
field collected, fully grown, mosquito fishes (Gam-
busia affinis), do not depend on the weight
(Murphy 1971). In the same paper, a negative
correlation to weight was found in a short time
(48 hours) experiment. A positive correlation be-
tween age and levels of PCB in fresh tissue of
lake trout has been found (Bache et al. 1972).
In 1970 a positive correlation between weight and
levels of DDT in fresh tissue of lake trout was
found but when it is the DDT levels in fat which
are considered, the differences between the size
groups become considerably less (Reinert 1970).
To examine the conditions for pike, the relation
between weight and levels of DDT and PCB sub-
stances within the regions have been statistically
tested for the sexes individually and together,
where at least 5 specimens of each sex are available
(see Table 4). For the statistical method used, see
the Appendix, part I11.



88 Mats Olsson and Soren Jensen

iV
S
g +

'V

o=

-Si ?
>

/\g*&

~ O

*5.%
*-n, -Si

[Ses="
e
oo

o
> e
Ozi: + +

T
00 ++ >

\%

s . A g

5y
5

088
020
I3z

+ 4

000 +

B W

oht}

R
x40

033
++

0g0
003
050

000 4

Qriin
rnri
dcorﬁ

<-Q S

K ri o\
Hf NO

O 6ci

O 01

o=
o

>
oQ

O3
SC
O

06+
.0

320

o

02
0es
Oz=

060
oo=
g2l

®57

uJ3 8

& 8 o
i\6

nO CI ON
CO ON ICI
ded

10 hl- c0
CD CI LT)
oocl

u<’8

oge
orx
3

QIz
Qo3
007

Cl CI ro
HH\O
d d ci
1

HOOO
C1 LO \O

O oco

LO nO Ci
o cl (0
d d co

h-Q 8

OClci
I | HH

=}

@)
o8
53

00 co cl
C!lo Lo

I nO

ClI sf) Ht-

co CI LO

dd 6
[} ]

Cl vO Tt-
TH Cco

-0
~-Q
T

*<ja 8

552600
o \o ci
CO TH

O Tj- Lo

O Tj-1
Cl 101

I8
A2
28

-0ar
o
—=55

Erters

-0.06
-1.55
15.72

0.94 0.62
2.92 5.64
0.35 3.07

0.68 0.40
13.22 3.47
13.44 9.18

5



89

Pike as the test organism for mercury, DDT and PCB pollution

€9v E&vT  OrT 699  vS0T 809 027 62T v.'9  6T-H
€50 820 L00 ¥¥0 80 820 €10 600 vS0  8L0
O 090 SZ0 810 820 9 [TO 870 €€0 020 /20
%83 888 003
88 8 055 £l
aro =570 18 0—
2 08 2 o) z
250 25 ¢ ¥g >
28 52 (- 2:0 o-
285 o o0 teo o £9 280 83 28p
- (O O 35 80 50 150 20 8D
o 3¢ R ge g0 93 830 20 250
QT =S ET =B WO o8 F ®Y &5 DO e==JN e = =0 19
(7] A (] S " =T O
&% &5 8B G % 25 BT ¥7 @5 s =T ZFTO- o z 653
T O 2RT XT U o &0 Eo 20 =20 =0 o => DO =T 0 530
&=l T B2 £ s
20 £3T 850 0 Q0%
FT I=T Bo 0 27D
a2 w2 &0 . 057
= Ze e s
&0 120 &o 0 820
+ +
S8 BY XT X =£0T GY RE T R =0 & Bz =c
528~ 857 T 020 =8O =0 ¥5v v Bo = =9 =0 %M 0
=20 510 BT OIT =TT 2= DT IS0 BT ®T SO 2 DO T =0 0
+ + + + ++ + +
S2g 2T =87 =BT X0 &g 557 =87 €28 &8 =5 &0 20 ¢ £8
87 =Y 0T BE =] &0 830 =0 & 830 <og-  Leg =07 T e
80 ®0 D0 = &0 oz 550 580 80 220 220 o O &0 =0 50

]
ps

ITOT OOUT 200 I=ST g5+ IOU IO &EOU IO © 88 Xou 00 T

ss_a a

| bhgs shga *~cia ~o0a

>0 a

--a a

- Q8



90 Mats Olsson and S6ren Jensen

Table 5. Mean levels, in ppm, and 95 °/o confidence intervals of DDT and PCB substances in
extractable fat of pike of different sexes from regions where five or more specimens of each
sex are available, n = number of specimens. Significant differences between the levels of each

sex are given by — if p el 0.05, -+ if 0.01 ™~ p <1 0.05, H—b if 0.001 ™ p <0. 0.01, b if

p < 0.001.

Region Sex n sDDT DDE DDD DDT PCB

| 55 16 2249 11 +6 2.8+0.9 6.6+2.8 19+38
(e]e) 9 11 +2 6.1+1.4 1.4+0.4 2.6+0.8 16 +5

+ - ++ + -

\Y 95 7 9.2+4.8 3.2+ 15 1.1+0.7 44424 4.7+2.
60O 8 13+7 54425 1.3+0.7 59+3.5 6.1+2.

Vil 99 10 17+6 78427 2611 58+2.6 7.742.
¢5(5 10 1446 73%3.1 1.9+0.7 42+1.9 11 +3

1X 99 16 14+3 6.1+1.5 1.9+0.6 49+1.3 9.8 +2.
5(5 14 13+3 5.4+ 13 12+0.4 52+11 9.1 +2.

X1l 99 10 12+4 5.8+2.1 1.5+0.7 39+15 6.5 +1.
5(5 5 1711 8759 1.7+0.9 51+4.6 17+ 11

X111 99 10 13+6 44+1.6 1.3+0.6 6.4+3.4 5.8 £3.
606 5 14+ 8 48+3.6 1.4+0.8 6.7%3.1 6.7+2.

Table 6. Mean values of weight and mean levels of DDT and PCB substances in ppm of extractable fat and
fresh tissue in pike from different regions. For levels in extractable fat the 95 °lo confidence interval are given,
n = number of specimens analyzed.

Mean ppm in extractable fat ppm in fresh tissue
Region n  weight---------

ing sDDT DDE DDD DDT PCB sbDT DDE DDD DDT PCB
i 30 1908 18+6 9.1+3.3 23#0.7 51+1.8 20%5 011 0.059 0.014 0031 011
h 17 1437 15+3 75%1.3 20zx04 45+1.3 14+3 0.071 0.036 0.0094 0.021 0.069
in 5 1569 25+14 13+9 3.6+2.9 69+3.1 14+11 019 010 0.023 0.048 0.12
v 20 1891 19+5 9.7x2.6 24+0.9 54+18 7.9+1.7 0091 0.047 0.012 0.026 0.038
\Y 15 1293 11+4 4315 12+04 52+19 °4+15 0050 0019 00055 0.023 0.025
VI 5 607 12+4 38409 079025 7.0+3.2 89+7.8 0061 0.019 00040 0.035 0.045
VIl 5 981 26+7 13+3 32+11 8.6 +3.2 14+9 0.15 0.071 0.018 0.047 0.078
Vi 20 1557 16+4 75%x1.9 22+0.6 5.0+15 9.2+19 0.072 0.034 0011 0.022 0.044
X 30 1390 13+2 58+10 16x04 51+0.8 95+1.7 0.068 0.030 0.0079 0.027 0.049
X 5 905 11+4 46+19 11+038 44416 434"10 0.062 0.027 0.0060 0.026 0.026
XI 5 3219 17+8 8.6+57 19=x11 4928 147 0.080 0.042 0.0094 0.024 0.070
Xl 15 1224 14+4 6.842.1 16%0.5 43+15 99+4.0 0.068 0.034 0.0079 0.021 0.052
X1 15 1693 13+4 45%x1.3 1.3+05 65+2.2 6.1+2.0 0.072 0.026 0.0074 0.036 0.034
X1V 5 950 16+10 55+25 16+12 82+6.5 921i#62 012 0.037 0.012 0.062 0.064
XV 5 1178 18+14 5.8+3.2 2214 89+8.1 11+16 0096 0.032 0.012 0.048 0.053
XVII 9 2510 13+5 8.0#4.8 1505 25+1.2 6.7429 0.069 0.040 0.0080 0.015 0.037

As can be seen in Table 4 there is a significant
positive correlation between the amount of chlo-
rinated hydrocarbons and the weight of the pike
in only a few regions. No striking discrepancy
seems to exist between the number of significant
correlations for males and females. The few signi-

ficant correlations do not however warrant a
comparison between regions, based upon a calcu-
lated level of chlorinated hydrocarbons to a stan-
dard weight, especially when no general positive
or negative dependence between weight and level
has been found. The comparisons will therefore
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Fig. 3. Levels of mercury (mg/kg) in lateral muscle of
pike from the Stockholm archipelago.

be based upon the mean levels of chlorinated
hydrocarbons but consideration has been taken to
the mean weight of the fishes in the discussion,
when comparing the levels for the regions (mean
weight, see Table 6).

The mean levels of the chlorinated hydro-
carbons have been calculated for females and
males separately and the difference in levels has
been tested in regions with at least 5 specimens
of each sex (see Table 5). For the statistical
method, see the Appendix, part V. For PCB,
no significant difference was established. For DDT
compounds, a significant difference was found in
two of the six regions. An explanation for this
difference in region | might be that localities 1
and 2, situated nearest the sewage treatment plants
of Stockholm, are represented by 8 females and
only 2 males. In the other localities (loc. 3, 4, 5
and 6) the two sexes are evenly represented
8 and 7 <$). The mean level of the total
amount of DDT compounds is, for females and

Fig. 4. Levels of sDDT (mg/kg) in extractable fat of
lateral muscle in pike from the Stockholm archipelago.

males together, 25 ppm in extractable fat in loca-
lities 1 and 2, while in localities 3, 4, 5 and 6,
only 13 ppm. For females alone the corresponding
levels are 28 and 9.7 ppm respectively. If there is
local pollution close to the sewage treatment
plants, the uneven sex distribution may influence
the levels for the different sexes in the whole
region. As the material is rather limited, the few
differences found in levels between the sexes do
not warrant a separation of sexes when comparing
the levels of chlorinated hydrocarbons between
the regions. The results are therefore given as
mean levels of both sexes together.

In Table 6 and Figs. 2—8 mean values of DDT
and PCB compounds from different regions are
given. The results of the statistical tests for the
differences of these levels between the regions
are given in Table 7. For the statistical method,
see the Appendix, part V. As can be seen, a
consequent, significant decrease of the PCB levels
occurs when going from the inner part of the
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Table 7. Results of comparison of DDT and PCB
levels in extractable fat of pike from different regions.
The following symbols are used — if p > 0.05, + if
0.01 < p <0.05, ++ if 0.001 <p <0.01, ++ + if
p < 0.001.

Region sDDT DDE DDD DDT PCB
I—I1 — — _ _
I—I11 — — — —
I—IVv — — — ++ +
—V — + + — + + +
I—VIi1 — — — + + +
I—IX — — — ++ +
I—X + + — ++ +
1—XI — — — —
I—XI11 — — _ + +
I—XI111 — + _ + + +
I—XIV — — _ +
I—XV — — _ _
I—XVI1 — — + + + +
H—I1 — — — —
H—IVv — — + +
1n—v — + + + — + + +
H—VI1l — — — + +
H—IX — + — +
1—X — + — + + +
H—XII1 — + + — + + +
Hi—Iv — — _ _
H—v — — _ _
Hi—Vvi — + — _ _
vV—Vv + + + + — +
IV—VI + +++ ++ — —
IV—VII — — — _ _
V—VI — — — _ _
V—VII + + + + ++ — —
V—X — — — — _
V—XIII — — _
VI—VII + + + + + + — —
VIHI—IX — — — — —
VIH—X — + + — + + +
VIHI—XII — + + — +
IX—X — — — — + + +
IX—XI1I — — — — +
X—XI11 — — — —
XI1—XI11 — — _ _
XI—XI111 — — — — +
XI—XIV — — _ _
XI—XV — — _ _
XI—XVII — — — —
XH—XII1 — — —

XI—XIV — — _ _
XI—XV — — _ _
XH—XVII — — —
XHI—X1V — — _ _
XIHI—XV — — — —
XIHI—XVII — — + + —
XIV—XV — — —
XIV—XVII1 — — — —
XV—XVII _ — _ _

archipelago to the outer. This is also true for DDE
and DDD but not for sDDT (DDT+DDDX 1.11
+DDEX1.11) and DDT. In the northern fair-

Stock-
holm

Fig. 5. Levels of DDT (mg/kg) in extractable fat of
lateral muscle in pike from the Stockholm archipelago.

way the amounts of DDD and DDE are higher
in region V11 than in regions VI and V.

Proportion of DDT, DDD and DDE

To roughly estimate if there was any striking
dependence between the weight and the propor-
tion of the separate DDT substances (DDT, DDD
and DDE), the regression line and the correlation
coefficient have been calculated for a few regions
(regions I, VIII, IX and XIII), for males and
females, separately and together (see Table 8).
Since the individual specimens cannot be assumed
to be normally distributed, the test of b=0 pre-
viously used for levels as a function of weight
is not applicable. The DDD and DDE values have
been multiplied by 1.11 to correct for the loss in
the molecular weight when DDT is metabolized.

The regression coefficients varied for the dif-
ferent ratios, from negative to positive values and
the correlation coefficient was in most cases rather
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Fig. 6. Levels of DDE (mg/kg) in extractable fat of
lateral muscle in pike from the Stockholm archipelago.
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Stock-

holm
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Fig. 7. Levels of DDD (mg/kg) in extractable fat of
lateral muscle in pike from the Stockholm archipelago.

Table 8. Calculated dependence between weight and the ratio
together, n = number of specimens, r = correlation coefficient, b = regression coefficient, a =Y at X = 0.

Kegion
| r 28
b
a
VIl r 20
b
a
X r 30
b
a
X1 r 15
b
a

low (—0.5<r<+0.5). The results obtained do
not warrant a comparison of the mean ratios

(where DDx stands for DDT, DDD X 1.11
or DDE X 1.11 and sDDT stands for DDT+DDD

$9O+ (56
DDE DDD
sDDT sDDT
-0.59 0.23
-0.006  0.001
70.58 12.52
-0.29 0.32
-0.002 0.001
58.39 13.35

0.16 0.29
0.001 0.001
46.60 11.19
0.08 0.16
0.001 0.000
38.05 10.57

DDT
sDDT

0.67
0.005
16.91
0.17
0.001
28.26
-0.26
-0.002
42.22
-0.11
-0.001
51.36

16

10

16

10

DDE
sDDT

0.08

0.001
52.53
-0.23
-0.001
54.13

0.26

0.002
46.03
-0.03
-0.000
40.91

99

DDD
sDDT

-0.21
-0.001
17.51
0.31
0.001
14.22

0.20
0.000
14.01

0.17

0.000
10.31

in a few regions, sexes separately and

DDT
sDDT

0.56

0.005
17.68
-0.08
~0.000
32.82

-0.27
-0.002
39.96
-0.01
-0.000
48.77

vals of these ratios --
sDDT

DDE
sDDT

9 -0.54
-0.003
66.19

10 -0.31
-0.007
64.52

14 -0.15
-0.004
51.92

5 -0.07
-0.002
38.90

aeée
DDD
sDDT

0.08
0.000
13.74
0.04
0.000
13.82

0.29
0.003
7.32
0.26
0.002
9.26

DDT
sDDT

0.58
0.003
20.07
0.32
0.007
21.67
0.05
0.001
40.76
-0.00
-0.000
51.78

X 111 +DDEX 1.11) using a standard weight.
Thus, the mean figures and 95 <Vo confidence inter-

* are calculated without

consideration to the individual weights of the
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N 14.9 - 12.0

Stock- j
holm

P

Fig. 8. Levels of PCB (mg/kg) in extractable fat of
lateral muscle in pike from the Stockholm archipelago.

fishes. For the statistical method, see the Appen-
dix, part VI.

To test whether there are any differences in the
mean ratios between the sexes, the mean ratios
for each sex have been calculated and the dif-
ferences have been tested in regions where 5 or
more specimens of each sex are available, (see
Table 9). For the statistical method, see the Ap-
pendix, part VII. Only p<C0.001 is considered as
a significant difference. This is a result of the
reservations in the Appendix, Statistical methods,
part VII.

In only 1 out of 18 tests are the differences
significant. Thus it seems adequate to use the mean
ratio for both sexes together. In Table 10 the cal-
culated mean ratios are given. The ratios in the
regions have been tested against each other (see
Table 11). The two tables show that there is a
statistically, significant increase of the ratios

Table 9. The mean ratio and approximative

95 °lo confidence interval in female and male pike
from regions where 5 or more specimens of each sex
are available, n — number of specimens analyzed.
Significant differences between the levels of each sex
are given by — if p St 0.05, + if 0.01 < p <l 0.05,
++ if 0.001 <p<< 0.01, ++ + if p<< 0.001.

Region Sex n DPE DDD DDT

9 sDDT sDDT sDDT
[ 27 16 055+010 0.1410.04 0.3010.07
aq 9 062004 0.1410.02 0.2410.03
v T2 7 0.3810.04 0.1310.02 0.4810.05
3(5 8 045004 0.1110.03 0.4410.07
VIll 77 10 0.5010.04 0.1710.02 0.3310.03
3<3 10 0.5610.03 0.1410.02 0.2910.03
IX 5. 16 0.4910.05 0.1510.02 0.3610.05
3<3 14 0.4810.05 0.1010.02 0.4210.05

- +++ -

X1l 5. 10 0.5310.04 0.1410.02 0.3310.06
3(3 5 0581007 0111002 0.3110.08
X1l 99 10 0.3810.07 0.1210.01 0.5010.07
3<3 5 0.3910.07 0.1110.02 0.5010.08

i/\i /\LI\

DT
L}UL 1and a decrease of in the outer part
sDDT

sDDT
of the archipelago. In the northern fairway the

same relation is found when comparing the inner
region VII, with the outer regions V and VI. In
the southern fairway, region XVII outside the
DE

P

town of Nynishamn shows an increase in

DDT
and a decrease of sBDI when compared to re-

gions XIV and XV, (see Tables 10 and 11).

V. MERCURY, DDT AND PCB COM-
POUNDS IN PIKE FROM ISLAND
LAKES IN THE ARCHIPELAGO

Analysis have also been carried out on 5 pike
from each of two lakes Skaren (loc. 45) and Kyrk-
sjon (loc. 46) situated only 400 m apart on the
island Ljusterd, downwind from Stockholm in the
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Table 10. The mean ratio and approximative 95 °lo
confidence interval of in pike from different

regions, both sexes together, n = number of speci-
mens analyzed.

Region n DDE DDD DDT
sDDT sDDT sDDT

| 30 0.57+0.07 0.14+0.03 0.29+0.05
1 17 056+0.04 0.14+0.02 0.30+ 0.04
11 5 057+011 0.16+0.07 0.27+0.07
v 20  057+0.05 0.14+0.02 0.29 + 0.04
\% 15 042+0.03 0.12+0.02 0.46 +0.05
Vi 5 035+0.06 0.07+001 0.58+0.08
VI 5 053+0.04 0.14+0.03 0.33+0.03
Vil 20 053+0.03 0.16+0.02 0.32+0.03
IX 30 049+0.03 0.13+0.02 0.38+0.04
X 5 047+0.02 0.11+0.04 0.42+0.04
XI 5 058+0.14 0.13+0.03 0.29+0.12
Xl 15  055+0.04 0.13+0.02 0.32+0.05
X1 15 0.39+0.05 0.11+0.01 0.50+0.05
XIvV 5 0.38+0.07 0.11+0.03 0.51+0.07
XV 5 036+0.06 0.13+0.01 0.50+0.07
XVII 9 068+014 0.13+0.02 0.19+0.12

prevailing wind. The mean levels for mercury,
DDT and PCB compounds are given in Table 12.
The differences between the levels of these com-
pounds have been statistically tested (see Table 12).
The levels of DDT-compounds are significantly
higher in Skaren. For mercury and PCB, no signi-
ficant differences were found but the mean values
were, however, higher in Skéren. One pike with
a very high level of mercury increased the vari-
ance in Skaren. If this single pike was omitted
when testing the difference between the two lakes,
a significant, higher mercury level was established
in Skéren (see Table 12). Two homogenates of
the isopode Asellus aquaticus, from Skéaren and
Kyrksjon contained 0.15 and 0.09 ppm respec-
tively of mercury on dry weight basis.

The mean ratio DDx/sDDT in the two lakes
have been calculated (see Table 13). Test of ratio
differences (see Table 13) showed a significant,
higher proportion of P~jLand a lower of —DD

) sDDT sDDT
in Skaren.

Table 11. Results from tests of differences of —~——-between different regions. Results given as — if p > 0.03,
+ if 001 <p <0.03, ++ if 0001 <p <001, +++ if p< 0001

Significant differences

ReSion DDE DDD DDT
sDDT sDDT 50DT

1—I1 _ —
I—In — —
I—IVv — —
—V ++ + ++ +
1—VIII — —
1—IX + + +
1I—X + + + + +
1—XI — —
1—XI1 — —
|—X|V —+ 4+ + + + +
I—XV + 4+ ++ +
1—XVII — —
H—I1l — —
H—IV — —
Hn—-v ++ + + + +
H—VIi — —
H—IX + + +
I—X + 4+ +++
“—XI“ -+ +eo 4 + + +
Hn—Iv — —
Hn—v + N
H1—VI + + + ¥+ +
IV—V Tt e+
IV—VI ++ + 4+ +

Significant differences
Region

DDE DDD DDT
sDDT sDDT M3DT
IV—VIi
V—Vi M + ++ ++
V—VII ++ + — ++ +
V—X
V—XIII
VI—=VII ++ + + ++ ++ +
VI—IX - +
VII—X ++ +
VIHI—XIII ++4+ +++ +
IX—X
IX—XII1 ++ _ 4+
X—XIII + + _ +
X1—XII
X1—XI11 + _ + o+
XI—XIV + _ + o+
X=XV + + - ++
XH—XIII ++ + — + + +
XIH—XIV +++ — +++
X=XV +++ — +++
XIHI—XIV
XI—XV - -
XIHI—XVII 4+ _ 4+
XIV—XV
XIV—XVII + + +, . +++
XV—XVII +++ _ +++
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Table 13. The mean ratio ~yjyf and approximative

93 °lo confidence interval in pike from two island
lakes in the archipelago, n = number of specimens.
The differences between the localities has been tested.
Result given as — if p > 0.03, + if 0.01 < p <0. 0.03,
+ +if 0.001 <p<< 0.01, +++ if p < 0.001.

Localit n DDE DDD DDT

Y sDDT sDDT sDDT
45 5 0.66 +0.04 0.16 £0.01 0.18 +0.04
46 5 0.57+0.03 0.23+0.01 0.20+0.02
Differences 5+5 +++ +++

VI. DISCUSSION

Mercury

In the northern fairway a decrease in the levels
towards the peripheral parts has been statistically
demonstrated (Tables 2, 3 and Fig. 3). In area
VI outside Norrtélje a significant increase, in
comparison to surrounding areas IV and V, is
observed. This may be an effect of local pollution.
The decrease in peripheral direction from Stock-
holm is also statistically proved along the main
fairway and the southern fairway.

The highest mean level was found in the
southern fairway outside an old paper mill (region
X1). The plant was closed down in 1964 but old
sediments containing fibres are still in place. The
use of mercury in the industrial process, which
has been confirmed (Pettersson personal com-
munication 1972), may be one probable expla-
nation for the high mean level here. This region
is also close to the two main sewage treatment
plants of Stockholm (Henriksdal and Kappala),
a fact which may also influence the values.

In the outer parts (regions XI11—XVII) of the
southern fairway rather low mean values of
mercury are observed. In region XVII, near the
town Nyndshamn, no obvious increase is noted.
However, one single pike caught in the harbour
of Nynashamn (loc. 44), weighing only 0.6 kg,
contained 1.6 mg/kg of mercury, indicating local
pollution here.

Looking at the mean values only (see Table 2)
there seems to be a rapid decrease from regions
Xl to XIl. The sound Boo channel between
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regions XI and XII is very narrow and the flow
of polluted water, to the larger region XII, is
small, which may explain the rapid decrease.

The outer parts of the fairways can be charac-
terized as regions having good water exchange
with the Baltic. Region X, in the outer part of the
main fairway, showed a higher, but not a signifi-
cantly higher mean level than those regions of
V and XIII (the outer parts of the northern and
southern fairways). This may indicate that the
main flow of pollutants from Stockholm passes
through the main fairway. This is in agreement
with data on nutrients (phosphates, nitrates etc)
in the water (Waern and Pekkari 1973). The
levels of mercury observed give a clear indication
of extensive mercury pollution of the Stockholm
archipelago. Only region XVI showed low “na-
tural” levels.

Since mercury is bioaccumulating the levels in
the different regions must — among other factors
— also depend on the density of the biomass into
which the mercury has to be accumulated. As
the density is higher in the inner part of the
archipelago, the levels in this part will not be
so high as those expected if the lower biomass
characterizing the outer part existed throughout
the studied area. At the same time, the higher
density of the biomass in the inner part increases
the sedimentation, and binding of mercury, or-
ganic or inorganic, to the sediments for a longer
or shorter time is possible (Hakansson 1972).
Thus the inner part may act as a “mercury trap”.

DDT substances

The DDT pollution seems to be more complicated
than that of mercury. There are several reports
of biological and microbiological conversion of
DDT to DDD (Bridges et al. 1963, Kallman and
Andrews 1963, Finley and Pillmore 1963,
Miskus et al. 1965, Mendel and Walton 1966,
Wedemeyer 1966, Johnson et al. 1967, Ko and
Lockwood 1968). Aguatic microorganisms will
to a smaller extent also metabolize DDT to DDE
(Cope and Sanders 1963, Matsumura et al.
1971). As in the case of mercury, the levels of
the bioaccumulating DDT substances in pike ought
to be influenced by the density of the biomass.
Furthermore, the degree of degradation to DDD

7

and DDE may be dependent on the degree of bio-
logical activity. Lastly, the Baltic is known to be
heavily polluted with DDT substances (Jensen
et al. 1969 and 1972 a) — compared with the
local pollution with mercury — resulting in the
possibility of pollution of the archipelago from
two directions, the Baltic and the City of Stock-
holm.

Regarding the proportion between the different
DDT substances, it can be stated that DDT/sDDT
>DDE/sDDT in the outer parts and DDT/sDDT
<DDE/sDDT in the inner parts (see Tables 10
and 11). This is also true when comparing region
VII to region VI, and region XVII to the sur-
rounding regions, where regions VIl and XVII
can be regarded as inner parts of the archipelago,
since they are close to the shore and local sources
of pollution.

A slight increase has been shown in the DDE
proportion when the salinity of the water rises
(Murphy 1970). In the Stockholm archipelago
the salinity increases towards the peripheral parts
and the DDE proportion decreases. This may be
explained by the higher microbiological activity
converting DDT into DDE and DDD more
rapidly in areas with a high density of biomass
— the inner part of the archipelago — compared
to areas with a lower biomass — the outer part
of the archipelago.

No consequent, significant, change of the sDDT
levels are recorded when comparing the outer and
inner parts. However, looking at the mean values
only, the levels seem to be lower in the outer
parts than in the inner part (see Tables 6, 7 and
Fig. 4). The significant, higher levels of sDDT in
region VII compared to regions V and VI cannot
be explained.

The few significant differences in the levels of
DDT itself may be random, but looking at the
mean values only, the highest contents are often
found in the peripheral parts (see Table 6 and
Fig. 5).

For levels of DDE and DDD there is a conse-
quent, significant decrease, comparing the inner-
most parts to the outmost (see Tables 6, 7 and
Figs. 6, 7).

Since DDE is more persistent than DDD, higher
levels of DDE are to be expected.
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If there exists a correlation between fish weight
and the level of DDT compounds, the differences
in mean weight between the regions would influ-
ence the levels. Since the mean weights are mostly
lowest in the outer parts of the archipelago (see
Table 6), the decreases in levels in the peripheral
parts could depend on a decreasing mean weight.
However, some values argue against this. In region
X1 close to region | a very high mean weight is
recorded but the mean levels for DDT substances
were nevertheless lower than in region 1. In
regions YIlI and XIV on the other hand, a low
mean weight is found, but the levels here were
nevertheless rather high. Thus even if the mean
fish weight of the regions has an influence upon
the levels, this is obviously not the main expla-
nation for the observed differences.

With respect to the degree of microbiological
activity as a factor for DDT metabolism, some
hypothetical explanations for the presence of DDT
substances in the studied area can be given.

1) The nonsignificant differences in the mean
levels of sDDT and DDT depend on chance. Thus
the amounts of sDDT and DDT are the same all
over the studied area but DDE and DDD decrease
significantly from the inner parts to the outer.

The most probable explanation for this would
be that the sources of the DDT pollution in 1968
were or had been in the inner part of the archi-
pelago, but the higher microbiological activity
here metabolizes DDT. DDD which is known
to be the main constituent in a DDT degradation
by aquatic microorganisms is then further con-
verted while the rather small amount of DDE
also formed is more stable and the DDE levels
may thus be a result of several years of DDT
pollution. An earlier DDT contamination of the
inner parts of the archipelago gives rise to a
decreasing level of DDE when leaving these parts.

2) The nonsignificant differences in mean levels
of sDDT and DDT are true. The highest levels
for sDDT are mainly found in the inner part of
the archipelago while for DDT they are mainly
found in the peripheral parts.

An explanation for this may be that in 1968
there was or had been a release of DDT from the
inner parts, giving higher levels of DDE and
sDDT here. That DDT itself does not increase
can be explained by the higher degree of micro-

biological degradation towards the inner part.
The higher mean levels of DDT itself in some

peripheral parts and the generally higher pbT

ratio here (see regions VI, XIII, XIV, XV, Tables
6 and 10) can be explained by an influence of
DDT from the Baltic.

Regarding the higher DDE levels in the inner
parts, it seems probable in both of the expla-
nations that sources here have contaminated the

archipelago. The higher DDT ratio in the peri-

pheral parts and the fact that the Baltic is heavily
contaminated by DDT, suggest an outmost pol-
lution from the Baltic to be a contributory factor.

In 1970, the use of DDT was banned in Sweden
and investigations in the future may give a basis
for evaluating results of the ban.

PCB

The pattern for the PCB pollution is in good
agreement with that for mercury. The mean
levels in pike are significantly decreasing through-
out the three fairways (see Tables 6, 7 and Fig. 8).
In one of the sewage treatment plants of Stock-
holm it has been confirmed that the sludge con-
tains high levels of PCB (Anting and Jensen
1970). The results obtained in the present paper
are in good agreement with earlier investigations
on plankton samples from the northern fairway
(Jensen et al. 1972 b). In the latter publication,
it was pointed out that antifouling paint contami-
nates the samples with PCB. In all the studied
areas there is an intensive boat traffic — com-
mercial shipping and pleasure boats — and the
contamination of the water from antifouling paint
may also influence the levels found in pike.

VIl. MERCURY, DDT AND PCB SUB-
STANCES IN TWO ISLAND LAKES

The levels of contaminating compounds in pike
from Skéren and Kyrksjon are quite different.
In neither of them, are pike able to migrate from
the archipelago up to the lakes. Nor can the dif-
ferences be explained by local pollutions, such as
industrial or community waterborne wastes. The
two lakes are situated 400 m from each other on
the island Ljusterd. Skéren (loc. 45) a spring lake
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is surrounded by only a few holiday cottages and
is oligotrophic (x20 + 10s was 130 in January 1971
and in October 1971, 140). The shore vegetation
consists of sedges and sparse clumps of reed. The
mean depth is about 4 m and the water surface is
twice as large as that of Kyrksjon. Kyrksjon (loc.
46) is, on the other hand, surrounded by a few
farms and eutrophic (x20+ 106 was 650 in January
1971 and 750 in October 1971). The shore vege-
tation consisting of clumps of reed is thick and the
presence of Buteomus umbellatus also characterizes
the eutrophic conditions. The mean depth is about
2 m. Estimations in spring 1972 of the water flow
in the outlet give approximately the same water
flow in both the two lakes. The mean levels of
compounds tested here are or seem to be higher
in Skaren, than in Kyrksjon. The higher mercury
levels could possibly be explained by differences
in the mineral background, despite the fact that
the lakes are situated only 400 m from each other.
In Sweden DDT has mainly been used by farmers
and thus the highest levels were to be expected
in Kyrksjon. But the highest levels were recorded
in Skéren. The presence of PCB, which is mostly
used industrially, in the two lakes indicates air-
borne fallout. The levels also seem to be higher
for PCB in Skaren. In the spring of 1972, at
the time of ice melting, a sample of soot taken
on the ice of Lake Skaren, where the soot was
concentrated to pores in the ice, contained 3.4
ppm of mercury, 0.24 ppm of DDT substances
and 2.9 ppm of PCB on a dry weight basis. Thus
it must be reasonable to assume that the major
part of mercury and DDT substances also reach
the lakes from the air.

The differences in the levels of DDT substances
and the possible difference in the mean levels of
mercury and PCB between the lakes may be ex-
plained by the higher biomass in Lake Kyrksjon,
giving lower levels of bioaccumulating substances/
unit weight organic matter in Kyrksjon. There
may also be a slower water exchange in the deeper
lake, Skaren, resulting in a longer exposition time
of the water for airborne fallout. If the previously
mentioned hypothesis, that the levels of the more
persistent DDE gives an indication of a long term
pollution and DDD which is further converted
gives an indication of recent microbiological de-

<DDT in Skéaren

can be explained by a slower water exchange,

gradation of DDT, the higher

while the higher in Kyrksjon may be ex-

sDD |
plained by the higher microbiological activity.

VIIl. SOURCES OF THE POLLUTION

The following are probable sources for the pol-
lution of the archipelago by mercury, DDT and
PCB substances.

Mercury

High values of mercury have been found in the
water from the sewage treatment plant at Hen-
riksdal in Stockholm (Westermark et al. 1968).
It has also been indicated in the present paper that
a local source of pollution in the inner part of the
archipelago is the paper mill in region XI. Thus
it is obvious that the waters of the archipelago
are polluted via waters from the inner part. It
seems also probable that the pollution is airborne
to some extent (Johnels et al. 1967 a) and the
levels in soot particles mentioned earlier stress
the importance of this source. A loss of mercury
when burning coal and mineral oils has earlier
been postulated (Westermark and Ljunggren
1968, Ljunggren €t al. 1971).

For the island lakes, where the sewage is re-
stricted, or non-existent, airborne fallout seems
to be the most probable source.

DDT substances

Because of the more complicated pattern for the
occurrence of the various DDT substances, the
sources are not so easy to account for. However,
it seems most reasonable, from the studies on the
occurence of DDE and DDD, that there are or
have been sources of DDT substances in the inner
part of the archipelago. On the other hand, the
DDT contaminated Baltic waters may also have
an effect on the levels found in the archipelago,
especially in the peripheral, outmost parts. The
levels in pike and those in the soot particles on
the ice from the island lakes also lead to the
assumption that airborne fallout takes place. Air-
borne fallout of DDT and PCB substances has
earlier been shown (Abbot et al. 1965, Wheatley
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and Hardman 1965, Risebrough et al.
Sodergren 1972).

1968,

PCB substances

The PCB found in sludge from the sewage treat-
ment plant at Henriksdal indicates a loss of PCB
to the effluent water. The loss of PCB from anti-
fouling paint will also influence the pollution
situation and as the boat traffic is most intensive
in the inner part, the effect will be most pro-
nounced here. Furthermore, the PCB levels in the
island lakes and the levels in airborne soot par-
ticles indicates an influence from airborne fallout.

IX. CONCLUSIONS

Pike has been shown to be a suitable organism
for a study of the pollution pattern in an area
contaminated by bioaccumulating substances. For
the mercury levels, the weight of the individual
fishes must be considered and the mercury level
at a calculated standard weight has to be used
when comparing different regions. For the DDT
and PCB substances in the present material, the
mean levels of the samples can be used.

In the studied area, the levels of mercury and
PCB decrease from Stockholm outwards in the
archipelago. Local sources in the inner part of the
archipelago, and for PCB, loss from antifouling
paint also, seem to be mainly responsible for the
pollution. Only in the outer parts of the southern
area are natural low mercury levels found. DDE
and DDD also decrease and sDDT seems to de-
crease in the same manner as for mercury and
PCB. The DDT levels do not decrease outwards.

. DDE
Thus the ratio <DDT

of the archipelago and this is also true for

is highest in the inner part

DDD
sDDT

, on the other hand, is highest in the outer

part. The most probable explanation for this con-
dition is that the archipelago is or has been con-
taminated from local sources in the inner parts.
In addition, in view of the fact that DDT levels
did not decrease in the outer parts and that the

. DDT . - L
ratio increased significantly, contamination
sDDT g y

of the outermost parts of the archipelago from
the Baltic seems certain.

High levels of mercury, DDT and PCB sub-
stances in pike from one of two island lakes in
the prevailing wind direction from Stockholm
indicate airborne fallout. Lower levels are re-
corded in a neighbouring lake. The differences
in the levels between the lakes may be explained
by a higher biomass and a more rapid water ex-
change in the lake with lower values.
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APPENDIX:

Statistical Methods
JAN GRANDELL

I. INTRODUCTION

This is an account of the statistical methods which
have been used in the analysis of the levels of
mercury, DDT and PCB substances. For mercury
levels in pike a dependence between weight and
level has ben found previously. For levels of DDT
and PCB substances in pike this dependence has
not been studied. As a measure of the mercury
level pike with the weight of 1 kilogram have
been used as standard.

II. REGRESSION ANALYSIS

Let X; be the weight of an arbitrary pike and Y;
the mercury level. In a linear regression model
Yj are assumed to be independent for different
values of i and normally distributed with the
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mean values a+RX; and the common variance
02-Thus Yi=a+RXi-+ej where £;are independent
for different values of i and normally distributed
with common mean value 0 and variance a2

Assume that n specimens of pike have been
collected having weights X ... ,Xn and mercury
levels Y], ...,Yn

Define: X=1—5 Xj
nl

v=3 v
nl

and put a=a+RX, and b=R8 giving
a+ BXj=a+ BX+ B(Xj—X) =a+b(X; X).

This reformulation is suitable for the calculations.
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Introduce the notations

Axx= 2 (Xj—X)2
|
Axy—2 (X; X) (Yj---Y)

Ayy=2 (Yi-Y)*.
|

Estimate a and b with the method of least
squares i.e. a* and b* are chosen such that

2 (Yj a b(Xj X))
1
is minimized.

It is easy to show that

a*=Y
A
b*=—A
AXX
Consider Q=V (Yj—Y—b*(X;—X))2:
1
Al
=Ayy + (b*)2 Axx  2b*Axy = Ayy- A
We have

E(Yj-Y)2=E(a+bXj+ Ej-a-bX-1)2=
=12 (Xj—X)2+E(&j—s)2=b2 (Xj—X)2 +

+E@__E. 1 2 £2—b2(Xj Xz

il 11 kVi

+ (1——)2 02+ i?-i.02 = b2(Xj—X)2 + — 02,

n n2 n

From this it follows that EAyy=b2Axx+(n—I)02.

In a similar way it can be shown that
E(Y]-Y) (Yj—Y) =b2(Xj—X) (Xj-X)-"a

if i V]j.
From this it follows that

EAXy=E v 2n (Xj-X) (Yj-Y) (Xj-X)
i=1j=I

[b2(X]
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(Yj—Y)= 2 (X—X)2[b2(X;—X)2+

+( )1+ 2 (X—X)(Xj—X)

n iVj

X) (Xj-XI-107*] =b2A2xx + a2Axx.

Thus
EQ = b2Axx+ (n—1)ur2—b2Axx—a2 = (n—2)<j2.

Thus s2yil—"™ is a good estimate of the re-

sidual variance a2.

From the properties of the normal distribution

s2
it follows that —X2-2 is X2(n—2)-distributed.
a

We will now investigate the properties of the esti-
mates a* and b*.

EY;=a+b(Xj—X) giving Ea*=a and
EAxy= v (Xj—X) (a+b(Xj—X)) =

i=I
=bAxx giving Eb*=h.
With calculations similar to those above it can
be shown that
Var a* =£

n

Var b*=———

AXX
Cov(a*, b*)=0.

I1l. TESTS OF THE REGRESSION
COEFFICIENT

To test if there is a dependence between the weight
and the amount of DDT and PCB substances the
hypothesis b =0 is tested against b VVO.

We have

2 (Xj-X) (a+ b(Xj-X) +ej—a—I)

u*—

A A,



104 Mats Olsson and Sdren Jensen

S (Xj-X) @-i)

1
=b+ A

XX

and thus b* is normally distributed. Under the

32
hypothesis b=0 thus Eb* =0 and Var b*:_’r‘xx

Since a2 has to be estimated with s2y.x we perform

b*

which is t(n—2)-distributed and thus the hypo-
thesis is rejected on the 5 °/o level when

Ic 1*>10.975(n

where t0975(n—2) is 97.5:th percentile for the t-
distribution with (n—2) degrees of freedom.

This and all other tests are described on the 5 °/o
level. In the tables, however, it is indicated
whether the hypothesis is accepted or rejected on
the 5 */o, 1 %> or 0.1 °/o levels. There the letter
p denotes the calculated level on which the hypo-
thesis is rejected.

IV. CONFIDENCE INTERVAL FOR
MEAN VALUES

Consider levels of DDT and PCB substances
where the dependence between the weight and
the levels is neglected. Let Y,, . . ., Yn be the ob-
served values for a compound in n different pikes,
which are assumed to be independent and nor-
mally distributed with the common mean value n
and variance a2. A 95 °/o confidence interval for
n is then given by

Y =+ t0 975(n—I)s where

[
o 12(\(.-\()2

For the mercury level of a standard pike
(weight 1 kilogram), i.e. X;=1000, EYj=a+b
(1000—X) is valid.

An estimate M of a+b(1000—X) is thus given by
M=a* + b*(1000—X).

For M we have
EM=a+b(1000—X) and

~ 0l 1000—X)2,
Var M=a2(— l——-——-—i—-—- —)§
Since a2 is unknown we perform
M—a—b(1000—X)
syx]/'l  (100—X)2

A,

which is t(h—2)-distributed.

Define
1 (1000—X)2)

S2=sVx(- A

A 95 °/o confidence interval for a+b(1000—X)
is thus given by M =+ 10 975(n—2)s.

V. COMPARISONS BETWEEN MEAN
VALUES

Firstly the comparisons of the levels of DDT and
PCB substances are studied and here the depend-
ence between the weight and the levels is ne-
glected.

Let Y«I,...,YWni and Y<-%..,Y(>n2 be
the two different observations which we assume
to be independent and normally distributed with
mean values p: and p2 and variances ct27 and a2
respectively. The hypothesis p?7=p2 will be tested
against p~p”™ If o and 0% were known we
should perform

~ vy @

nl ' n2

and reject the hypothesis when

1Zz1>Z0975 where 20975 is 97.5:th percentile for
the normal distribution.

Since a27 and 022 are known we have to estimate

—- and — respectively.
ni n2

These quantities are estimated with
i

E ni
= (YIDj—yd))2
«l ni—1 i

and
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! Vi
= 12 (Y®;—Y<2>)2 respectively.

Thus we perform

y()—¥(2)
1 Vs\+s*2

The following approximation, proposed by
Cochran (1964) requires only minor calculations
and gives sufficient accuracy for our purposes.
According to Cochran the hypothesis pl=P2 45
rejected when

s21 —1) +s22 t0.975(N2 1)

S21 + S22

Secondly, for the mercury levels where the
hypothesis

aj + bi(1000—XW) = a2 +b2(1000-X(2>)
is to be tested against the hypothesis
ai+bjClIO00—X«) ¥=a2+ b2(1000—XW).

Thus with the notations used in section 1V, we
perform

_ Mj—M2

TVEVHA

and reject the hypothesis when

$2i t0.0TECHI—2) + 522 to-mC*¢ 2)
t=>e $2i + 52

VI. CONFIDENCE INTERVALS FOR
THE PROPORTIONS OF VARIOUS
DDT SUBSTANCES

We are to calculate an approximate confidence
interval for the proportion of DDT, 1.11 XDDE
and 1.11 XDDD respectively with respect to
sDDT=DDT+.1l XDDE + . HXDDD.

DDx

Consider the ratio P= sDDT

where DDx stands for DDT, 1.11 XDDE or
1.11 XDDD.

8
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Assume that n pike have been collected. Let X;
and T; be the amount of DDx and sDDT respec-
tively in the i:th pike. Strictly P is defined by

EX;

P ET:

X
Put P*: .

in 1 n
where X:F % Xj and T:W ? Tj.

From the assumptions in section V it follows
that X and T are normal distributed with mean
values EX and ET and variances Var X and Var
T respectively. By a Taylor expansion of P* we
get

,EX  X—EX
"ET + ET

EX(T—ET

(ET)2
and thus P* is approximately normally distributed
with mean value

p*?

I’:‘?;‘zP and variance
ET

Var X (EX)2VarT _ 2EX Cov(X, T) =
(ETR + (ETH (ET)»
n(ET)! [(ET)2 Var X;+(EX)2 Var Tr

—2EX ET Cov(Xi, TO]

An estimate of this variance is given by

So= (Tt [(T)2 s2(X) + (X)2 s2(T)—XT r(X, T)]

where

s2(X)=1[= [2l Xi—X)2
2T)= —T 2 (Ti-T)?

r(X, T)== n_—)f% (Xi-X) (T;-T)

An approximative 95 Vo confidence interval
for P is thus given by P*+Z097%. It should,
however, be observed that this approximative
confidence interval probably is somewhat too
short.
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VIl. COMPARISONS OF THE PROPOR-
TIONS OF VARIOUS DDT SUBSTANCES

Let P] and P2 be two ratios from different lo-
cations for the same DDT substance. Let P*, and
P*2 be defined as in section VI and let s21 and s22
be the estimates of the respective approximative
variances.

Perform

which is approximatively normally distributed
with mean value P,—P? and variance 1.

The hypothesis Pj=P2 against Pt="P2 is thus
rejected when |Z[>Z0975. For this test it is very

important to observe that the level of the test
is approximative. Firstly, P*t and P*2 are only
approximatively normally distributed and sec-
ondly, we cannot use the t-distribution instead of
the normal distribution in order to compensate
for the use of estimated variances instead of true
variances. Probably this implies that the true level
of this test is lower than the approximative and
thus the results should be interpreted with great
care.
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On Long-Term Stability of Zooplankton Composition
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I. INTRODUCTION

While zooplankton studies comprising a period
of several years are relatively often reported in
the literature, comparisons of samples from dif-
ferent decades and centuries are rarely found.
One reason is that most of the investigations of
the zooplankton biocenose as such are quite recent,
the first planktologists having been mainly inter-
ested in taxonomic and morphological problems
and, occasionally, in the autecology and geogra-
phical distribution of separate species.

Only in a few cases were such comparisons
between samples from different decades under-
taken, and in most of these cases only one lake
was dealt with, e.g. Lake Zirichsee by Minder
(1938), Lake Constance by Kiefer (1972, 1973),
Lake Erie by Gannon and Beeton (1971), Lake
Michigan by Gannon (1972), Lake Washington
by Edmondson (e.g. 1969 and 1972), seven Nor-
wegian lakes by Langeland (1972), some North
Swedish lakes by Hjeim (1972), Lake Hjalmaren
and Ekoln (a bay of Lake Malaren) by Gronberg
(1971 a and 1973 a, respectively). In the present
paper the author has tried to compile data from
as many as possible of the Central Swedish lakes,
where good investigations were made during dif-
ferent decades.

Comparisons of this kind, of course, involve a
certain inaccuracy (see further the Chapter 3).
However, this should not be too discouraging,
considering the great need for continuous regi-
stration of environmental data and, at the same
time, the rare opportunities of following real
long-term variation. Here it is, of course, pre-
supposed that the conclusions are drawn in a cor-
rect way with regard to all sources of error men-
tioned below.

II. MATERIAL

Archived material (previously unpublished), the
author’s own records, as well as the literature,
form the basis of the comparisons. There are three
authors of the archived material: W. Lilljeborg,
S. Ekman and B. Berzins. Ekman’s and Berzins'
material consists of lists referring to separate
samples. Frequencies are often given in Ekman’s
lists (cf. Tables 1, 3 and 4). They are archived
at the Institute of Limnology in Uppsala. Lillje-
borg’s material constitutes a special case, as it
is compiled from a great number of labels refer-
ring to single, isolated specimens picked out for
taxonomic purposes. This means that, where a
gap for a species occurs in his records, this does
not necessarily imply that Lilljeborg had not
encountered that species, but only that no speci-
men was picked out. This could be considered
a reason for excluding Lilljeborg’s records from,
the comparisons, but as these records constitute
the only material preserved from the previous
century it can nevertheless be considered to be
of great documentary interest and has therefore
been included. Besides, considering the special
character of this material it seems surprisingly
complete, in most cases containing about as many
species as in later records. Lilljeborg’s collections
(and labels) are archived at the Institute of Zo-
ology in Uppsala.

Most samples determined by the author (partly
aided by Kerstin Wallstrom) derive from lakes
in the province of Uppland. Those from 1941—45
were collected by W. Rodhe, the others by
the author. The samples from 1955 were, like
Rodhe’s, caught with a fine plankton net (mesh
size ¢. 60 p) and previously investigated for
rotifers (see Pejler 1957), while those from 1973
were collected with a coarse net (mesh size c¢. 250
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p), in order to facilitate comparisons with older
records, also based on coarse-net samples (see
further next chapter). The samples from Lake
Vénern in 1973 were collected in connection with
an investigation performed by NLU (National
Swedish Environment Protection Board, Limno-
logical Survey). The author’s samples were always
collected in the central parts of the respective
lakes above the greatest depth encountered, a
vertical hauling being made through the whole
water column.

As very few investigations of rotifer plankton
were made in the earlier decades, and as, further-
more, the taxonomy used then is now obsolete,
no really meaningful long-term variation could
be studied concerning these animals. The cyclopoid
copepods, too, had to be excluded, as their tax-
onomy is partly confused and often only cope-
podids (and/or nauplii) were found, permitting
no determination of species. Only in a few cases
were reliable determinations found. The protozoan
zooplankton of Swedish lakes is still mainly un-
known. Thus, the groups remaining for long-term
comparisons are Cladocera and Copepoda Cal-
anoida.

Only true eulimnoplanktic species are dealt
with, littoral species, such as Polyphemus pe-
diculus, being excluded. Also excluded are records
containing very few species, since this indicates
that the sample was very meagre and not re-
presentative, perhaps having been collected from
the shore. Lists with only generic names had, of
course, to be excluded, as well as those with an
obsolete or otherwise doubtful taxonomy.

The author applies the same taxonomy as in
a previous paper (Pejler 1965), and the species
are arranged in the same sequence. For this reason
it was considered unnecessary to mention in this
paper the authors of the species, except as regards
the following two species not previously discussed
by the present author:

1. Bythotrephes cederstroemi Schoedler has
often been regarded as merely a form (or “va-
riety”) of B. longimanus. Flowever, it was treated
as a separate species by Herbst (1962), and N.-A.
Nitsson (1974) has recently, in connection with
studies of food choice of coregones in Lake
Vénern, found strong biometric evidence for
distinguishing the two species; this is further sup-

ported by the present author’s much more limited
material from this lake.

2. Eurytemora velox (Lin1j.), called “Temorella
Clausii” in Litljeborg’s annotations.

For a description of the lakes (including the
geographical situation) the reader is referred to
the papers mentioned in the text of the tables
and in Chapter 4, concerning the lakes of Uppland
also to Witten 1954 and Pejirer 1957.

111. METHODS AND SOURCES OF
ERROR

Samples gathered by different authors and during
different periods show, of course, a great vari-
ation concerning methods of collection. One im-
portant consideration is the mesh size of the net,
since the smaller species will be underrepresented
(or non-existent) in samples taken with a coarse
net, while the larger species will be overrepre-
sented. When fine nets are used the case is re-
versed.

According to Ekman’s annotations he used
Mutter gauze no. 4 (mesh size c. 300 p). Littje-
borg gives no information, but it is probable
that coarser nets were employed. The same is
true concerning the author’s material from 1973,
but the samples from 1941—45 (taken by W.
Rodhe) and 1955 were collected with fine nets
(60—65 p). Fine nets were also used by, e.g.,
Gronberg (1971 b). Both fine and coarse nets
were employed by Pejier in 1959—61 (1965).
In several cases the records are based upon quanti-
tative samples, e.g. by Rodhe (1941), Carlin
(1943), Berzins (1958), Stjerna-Pooth (1962),
Gronberg (1971 a and 1973 a), and Dottne-
Lindgren and Persson (1973). These circum-
stances, of course, were taken into account when
conclusions were drawn.

In practically all cases here reported, the
samples were evidently taken in central parts
of the respective lakes (e.g. in the author’s pre-
viously unpublished material, including Ekman’s
records). Lilljeborg, however, gives no infor-
mation on this.

Frequency symbols were used by Grenberg

(1971 b), Pejier (1965) and in the author’s
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present material (including Ekman’s lists). In
some cases the material consists of quantitative
samples (c/. above), in still other cases (especially
concerning Lilljeborg’s collections) it is not
possible to obtain any idea at all of the frequency.
Some of the investigations referred to are very
thorough, encompassing many samples, while
others consist of single samples. In intensive studies
the probability of encountering rare species is,
of course, much higher. An extreme example re-
presents the only specimen of Holopedium gib-
berum found in Ekoln by Ekman (1907), his
counted planktic crustaceans totalling many thou-
sands.

Another important consideration is the season.
In all material here reported, samples were col-
lected from late summer, in many cases from other
seasons as well. In late summer and early autumn
the zooplankton is ordinarily most characteristic
and representative of the lake (cf. Pejler 1965,
p. 410). Determinable stages of most cladocerans
and calanoid copepods occur at this time in high
numbers. This is not true to the same extent for
rotifers and cyclopoid copepods, which are here
excluded.

When so many sources of error exist, the
question arise as to how this material can be
utilized. If, for example, a certain species was
not found by Lilljeborg or Ekman but in a
recent investigation, no conclusion can be drawn
at all. If, on the other hand, a species was reported

Table 1. Zooplankton records from Lake Erken not previously

termined by Ekman, the rest by the present author.

~ g N

> > g

83 43 48
Diaphanosoma brachyurum ++ ++
Daphnia galeata ++H+ HHE
Daphnia cristata - - -
Daphnia cucullata - - +
Ceriodaphnia quadrangula ++ + +
Bosmina coregoni S.l. I
Bosmina longirostris
Chydorus sphaericus - - -
Bythotrephes longimanus + + -
Leptodora kindti ++ + +
Eudiaptomus graciloides +++
Eurytemora velox ++ + +
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as being fairly common at the beginning of the
century, but was not found at all in a very
intensive study later on, this circumstance may
be interpreted as an indication that the species
has permanently decreased in importance. The
evidence is still stronger if the same tendency is
observed in several lakes which have all undergone
the same environmental changes. Above all, if a
species is found in a certain lake on several dif-
ferent occasions, this may be considered a sign of
continuous occurrence.

IV. SUPPLEMENTARY NOTES AND
COMMENTS ON THE TABLES

The tables contain the main material for com-
parisons, but it seems justifiable to offer the fol-
lowing additional notes referring to separate lakes.

Lake Erken (Table 1).

A very intensive investigation of the zooplankton
and its relation to phytoplankton was made in
1957 by Nauwerck (1963). He found the same
species as those found by the present author,
with one exception: Eurytemora lacustris was
noted instead of E. velox, determined by Ekman
in 1898, by the present author in samples from
1941, 1954, 1955 and 1973 (see Table 1) and
furthermore, according to diaries at the field

reported. The material from 1898 was de-

~ © 8 Y 3 4 S 19 ~
22 B> > Bg B Bz B¢ Be R>
g3 83 %= 2R 80 Zz 340 IS8 33
+ 4+ - - - - ++
+ ++ + o+ b
- - - + - - = +
- - - + ++ o+ - - +
+ + ++ - +H+ 4+ - - ++
R & TR oo & v SR = = S = ++
+
- - - 0+t + +
- - - - - - - - +
+ + + + - - .- - +
o+ +H ottt ++ o+ +H+
- “ “ ~ - - - — +
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Table 2. Zooplankton records from Lake Trehdrningen,
Uppland. The material from 1969 is determined by
Groénberg (1971b), the other by the present author.
Lilljeborg’s collections contain specimens of Dia-
phanosoma brachyurum and Bosmina
coregoni from 1879.

~ 8 9 8 5
B>89 8389 L2
S O o)) )] )]
a9 A< a2 A< 9<
Diaphanosoma brachyurum ++  ++ + +++
Daphnia cristata ++ + - -
Daphnia cucullata ++ o+t + ++
Ceriodaphnia quadrangula - + - - -
Bosmina coregoni s.l. o+ + +H+
Bosmina longirostris - - - + -
Chydoms sphaericus + - + +
Leptodora Kkindti - - - - ++
Eudiaptomus graciloides +H+ +HH + ++

laboratory at Norr Malma, in 1949 by B. Sve-
nonius, in 1951 by H. Loffier, in 1955 and
1956 by L. Karigren. H. Loffier lists the fol-
lowing planktic cladocerans and calanoid co-
pepods from July 19, 1951: Diaphanosoma bra-
chyurum, Daphnia galeata, Ceriodaphnia qua-
drangula, Bosmina coregoni, Chydorus sphaericus,
Bythotrephes longimanus, Leptodora kindti,
Eudiaptomus graciloides and Eurytemora velox.
The composition is in close agreement with that
reported in Table 1.

Table 3. Zooplankton records from Lake Vendelsjo
frequencies noted); 1898: Ekman’s
sent author’s determinations.

' Ll

Rk 3>

28 &3
Diaphanosoma brachyurum + +
Daphnia longispina s.str. + -
Daphnia cucullata + +++
Daphnia cristata + -
Ceriodaphnia quadrangula + +
Bosmina coregoni s.l. + +++
Bosmina longirostris - +
Chydoms sphaericus - +
Leptodora kindti - +4-
Eudiaptomus graciloides - +++
Eudiaptomus sp. - -
Eurytemora velox + ++

Eurytemora sp.

n,

manuscript; 1969:

Dottne-Lindgren (1973) focused her interest
upon the horizontal variation and not on tax-
onomic problems. Owing to this, she adopted
Nauwerck’s determination of Eurytemora and
did not distinguish between different species of
Daphnia and Bosmina. However, she found one
species observed neither earlier nor later (e.g.
not in the thorough investigation by Nauwerck),
viz. Limnosida frontosa.

During the investigation on July 7, 1973, one
sample was collected from the surface down to
the greatest depth, and one sample close to the
shore. Bosmina longirostris was found only in
the littoral plankton, where the semiplanktic
cladoceran Polyphemus pediculus (not previously
reported from the lake) was also rather common.
In the sample from the deepest part of the lake,
the parasitic copepod Ergasilus sp. occurred in
fairly large numbers.

Lake Vendelsjon (Table 3).

Two winter samples are included, though the
number of species is very small. However, they
should have some documentary interest as showing
the specific zooplankton during conditions poor
in oxygen (cf. the meagre rotifer plankton in the
same samples, reported in Pejier 1957, Table 3).
In addition to the species included in Table 3,
Polyphemus pediculus and cyclopids were found
on April 26, 1954,

Uppland. 1876—1887: Lilljeborg’s collections (no
Groénberg (1971 b); 1953—1955 and 1973: the pre-

© ©
® 9 S N d I 4 ~ =
o R4 By 35 B2 B> 8F 8g R
[ee] 0 O o @ o)} o =S NS O DD O
AL H a0 a9 dA8 d/ d= d0 «<
++ + + ++ +++
++ +++ - - - + - - +++
E e - + + - ++ ++t
- + - - - - ++
- - + - +++ 4+ + - -
- + + + - + + -
+ - - - - - - - ++
+ + - - - - - +H+
- - - - - + +
s - - - + -



On long-term stability of zooplankton composition

Table 4. Zooplankton records from Lake Bj'orklinge-
Langsjon, Uppland. 1898: Ekman (manuscript); 1969:
Gronberg (1971b); 1915 and 1973: the present au-
thor’s determinations.

g 8 ¥ 9 8
> B23338as R
£3 23 23 25 28 22
Diaphanosoma
brachyurum ++ o+ +4- ++
Daphnia galeata ++ o+ o+ - + +
Daphnia cucullata - + +e ++
Bosmina coregoni sl + - ++ - + ++
Leptodora kindti + + - + +
Eudiaptomus
graciloides 4+t T A
Eurytemora velox o+ - V-

Lake Valloxen (Table 6).

From a vertical sample collected on April 12,
1897, Ekman reports only Eudiaptomus graciloides
and “Cyclops miniatus f. vicinus”. A vertical
sample from August 12, 1955 (fine net) was also
remarkably poor in crustaceans, containing only
Daphnia cucullata, Bosmina longirostris and
cyclopids.

Ekoln, a bay of Lake Malaren (Table 7).

Apart from Lilljeborg’s material Table 7 con-
stitutes a compilation from Gronberg 1973 a,
where a fuller account is to be found.

Table 5. Zooplankton records from Lake Siggeforasjon,

Limnosida frontosa -
Diaphanosoma brachyurum -
Holopedium gibberum -
Daphnia galeata -
Daphnia cristata ++
Ceriodaphnia quadrangula -
Bosmina coregoni s.l. -
Bosmina longirostris ++
Chydorus sphaericus -
Leptodora kindti -
Eudiaptomus gracilis +++
Heterocope appendiculata -

+ L+ o+
I
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Lake Valloxen,
collections (no
(1971b); 1942,
determinations.

Table 6. Zooplankton records from
Uppland. 1864—1887: Lilljeborg’s
frequencies noted); 1969: Grénberg
1941 and 1973: the present author’s

1 T 9 F 94 8 g
IB 592 92 83 89Re
RE 78 35 32 3= 22 22
Diaphanosoma
brachyurum  + + + +-B-
Daphnia galeata + - - - |-
Daphnia
cucullata + ++ 4+ ++ + +++
Ceriodaphnia
quadrangula  +
Bosmina
coregoni sl + + +++ o+ _ + oH-+
Bosmina
longirostris - — ++ + _ _
Chydorus
sphaericus + + + + + ++4+
Leptodora kindti + - - - _ _ +
Eudiaptomus
graciloides + +H+ 4 + +++

Lake Hjalmaren (Table 8)

For a more detailed comparison
referred to Gronberg 1971 a.

the reader is

Lake Vénern (Table 12).

Lilljeborg gives no information as to how his
samples were taken, but in the case of all other
authors it is clear that the samples were col-
lected in central parts over great depths, in some

Uppland (the present author’s determinations).

n o >
0 pow NS o t3ow
20 H co h
- - - - - - - ++
- + ++ ++ + - ++ ++
- - - - - - - ++
= S o v s
- - - + - - + +
T + + 4+ F —
++ ++ - - - + + -
- - + + - - - +
= T = = S = S aI SarS
- - - - - +
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Table 7. Zooplankton records from. Ekoln, a bay of
Lake Malaren. 1860—1888: Lilljeborg’s material;
1906—1907: Ekman (1907); 1947—1956: Thomasson’s

manuscript; 1965—1966 and 1967—1969: Gronberg
(1973 a).

S O~ Mo o ~o

OO OO IO OO OO

22 22 22 22 22
Limnosida frontosa + + “ +
Diaphanosoma

brachyurum + + + + +
Holopedium gibberum - + - -
Daphnia galeata + + + + +
Daphnia cristata + + + + +
Daphnia cucullata + + + + +
Ceriodaphnia
quadrangula + - — - +

Bosmina coregoni s.l. + + + + +
Bosmina longirostris + — + +
Chydorus sphaericus + + + + +
Bythotrephes longimanus + + - +
Leptodora kindti + + + + +
Limnocalanus macrurus + + + + +
Eudiaptomus gracilis + + + + +
Eudiaptomus graciloides + - + - -
Eurytemora velox + + - -
Heterocope appendiculata + + +

cases in the littoral region as -well. Ekman used
an ordinary plankton net (about 300 p mesh
size), Vartin a closing net according to Nansen
(collected by O. Nordqgvist; mesh size not men-

Table 8. Zooplankton records from Lake Hjalmaren.
1914—1915: Aim (1916 and 1917); 1960: Pejler
(1965); 1965—1967 and 1969: Gronberg (1971a).

1914-
1915
1960
1965-
1967
1969

Limnosida frontosa
Diaphanosoma brachyurum
Holopedium gibberum
Daphnia galeata

Daphnia cristata

Daphnia cucullata
Ceriodaphnia quadrangula
Bosmina coregoni s.l.
Chydorus sphaericus
Bythotrephes longimanus
Leptodora kindti
Eudiaptomus gracilis
Heterocope appendiculata

o+
+
+ +

+ 4+
N

R

B L I T S

tioned), Stjerna-Pooth a water-sampler (quanti-
tative samples), Gronberg an ordinary plankton
net (mesh size 60 p), Pejier (in 1965) plankton
nets, with mesh sizes of 60 p and 250 p respec-
tively, and Pejter (in 1973) a Crarke-Bumpus
sampler, with a mesh size of 160 p. The samples
from 1973 were collected at the NLU (The
Swedish Environment Protection Board Lim-
nological Survey) stations 6 (depth 70 m), 9 (45
m) and 19 (70 m), the situation of which appears

Table 9. Zooplankton records from some smaller lakes in the province of Narke. 1890: Lilljeborg’s material;
1907: Ekman’s manuscript; 1932: Berzins' manuscript; 1959—1960: Pejler (1965); 1969: Groénberg (1971b).

Storbjorken  Multen

Lake

1907
1932
1969
1969

+
+

Limnosida frontosa
Diaphanosoma brachyurum
Holopedium gibberum
Daphnia galeata

Daphnia cristata
Daphnia cucullata
Daphnia sp.
Ceriodaphnia quadrangula
Bosmina coregoni s.l.
Bosmina longirostris
Bosmina sp.

Chydorus sphaericus
Bythotrephes longimanus
Leptodora kindti
E.udiaptomus gracilis
Heterocope appendiculata

1+
1+
1

o+ +
| +
1

I+ + 1

1
F+ o+
I+ +

o+ o+ o+
+ |

Toften Teen Logsjon Vibysjon Ostra
P o Lax-
= = sjon
~ ~
52252852282 2HR
— — = — — — — — — —
+ + +
+ - - - - + - + -
- - + + - - - - - +
- + + - + - - - - - + -
- + + - + - - - - - - +
- - - - + - + + - + - - -
+ - - — - - - - - -
- - - - + + - + - - -
- + - - - - - - - +
- - + - - - - + - + + - -
- - - - + - - 4 - -
+ -
+ - - - + - + + + + - +
+ + - + + + + + + + - + +
+ + - + + +
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Table 10. Zooplankton records from some lakes in
eastern Central Sweden. 1890—1893: Lilljeborg’s ma-
terial; 1912—1913: Ekman’s manuscript; 1933—1940:

Carltin (1943); 1939—1960 Pejler (1963); 1969:
Gronberg (1971 b).
Lejon- Oljaren Glan Sdmmen
dals-
sjon
O m o
~ T-H SD
Os ON ON
2 2282 9 8 3 g
32 3 3T 2 3 2 2
Limnosida frontosa - + o+ o+ + o+
Diaphanosoma
brachyurum -+ o+ - -+ o+ -
Holopedium
gibberum - - - - - ¥ -
Daphnia
longispina sl. - - - - - -
Daphnia galeata + + - + - - + +
Daphnia cristata + - - = %
Daphnia cucullata + + e
Ceriodaphnia
quadrangula -+ - - + -+
Bosmina coregoni S.l. + + + - + +
Bosmina longirostris - - - - + - -
Chydorus sphaericus - - + - - + - +
Bythotrephes
longimanus + - - - - + o+ -
Leptodora kindti - + + + + + o+
Limnocalanus
macrurus - - - -+ o+ ¢
Eudiaptomus
gracilis - - + + + + + 4
Eudiaptomus
graciloides + + - - - 4+ - -
Eurytemora lacustris- - - - + + + -
Heterocope
appendiculata - - - % - -+t

from Fig. 1 in Gronberg 1973 b. The compo-
sition of the zooplankton was altogether the
same at the three stations, though these were
situated in quite different parts of the large lake.
No littoral station was investigated, which is
the probable reason why Daphnia cucullata,
Ceriodaphnia quadrangula and Chydorus sphaer-
icus were missing. These species were found by
Gronberg (in 1969), who investigated 28 stations
of varying character, some of them close to the
shore. The latter is true for Stjerna-Pooth, t00,
who found two of the above-mentioned species
in 1959. Bythotrephes cederstroemi was found
by the present author as well in Vanern on July
21, 1960 (Pejrer 1965), though he then regarded
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Table 11. Zooplankton records from Lake Vattern.
1910—1914: Ekman (manuscript); 1922—1939: Stal-
berg (1939); 1939—1960: Pejler (1963); 1962: Berzins

(manuscript); 1969: Dottne-Lindgren and Persson
(1973).

3 8 8

S 3 3

SO A& o A o

> &5 & 3 &

A i i — -
Limnosida frontosa + o+ +
Diaphanosoma brachyurum -+ o+ o+ 4+
Holopedium gibberum + + o+ o+ 4+
Daphnia galeata + -+ o+ 4+
Daphnia cristata -+ o+ o+ 4+
Ceriodaphnia quadrangula - - - - %
Bosmina coregoni s.l. + 0+ o+ o+ 4+
Bosmina longirostris - - -+ -
Chydorus sphaericus -+ o+ o+ 4+
Bythotrephes longimanus + 0+ - -+
Leptodora kindti -+ o+ o+ 4+
Limnocalanus macrurus + 0+ + o+ 4
Eudiaptomus gracilis + 0+ o+ o+ 4+
Eurytemora lacustris -+ o+ o+ 4+
Heterocope appendiculata + 0+ + o+ 4+

Table 12. Zooplankton records from Lake Vénern.
1882—1892: Lilljeborg’s material; 1906: Ekman
(manuscript); 1921: Vairtin (1971); 1939: Stjerna-
Pooth (1962); 1960: Pejter (1963); 1969: Gronberg
(1973 b); 1973: the present author’s determinations.

8
1906
1921
1959
1960
1969
1973

+
+
+
+
+

Limnosida frontosa
Diaphanosoma
brachyurum
Holopedium gibberum
Daphnia galeata
Daphnia cristata
Daphnia cucullata -
Ceriodaphnia
quadrangula
Bosmina coregoni s.. -+
Chydorus sphaericus B
Bythotrephes longimanus
Bythotrephes
cederstroemi - - - -
Leptodora kindti
Limnocalanus macrurus
Eudiaptomus gracilis
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|

+ +

o+
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+

+
+
+
+
+ 1
+ o+
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+

+
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+
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Eudiaptomus graciloides - - - -
Eurytemora lacustris + -+

Eurytemora velox + - - - - - -
Heterocope

appendiculata S T R
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Table 13. Zooplankton records from Lake Skarshult-
sjon. 1938: Rodhe (1941); 1950: Berzins (1958); 1945
and 1960: Berzins (manuscript).

8 2 3 8

g 2 3 32
Limnosida frontosa + +
Diaphanosoma brachyurum + + + +
Holopedium gibberum + + + +
Daphnia cristata + - + +
Ceriodaphnia quadrangula + + + +
Bosmina coregoni s.l. + + + +
Bosmina longirostris - + + +
Chydorus sphaericus - - - +
Leptodora kindti + - + +
Eudiaptomus gracilis + + +
Heterocope appendiculata + + +

it as merely a form of B. longimanus, in view
of the transitions to the latter species reported
in the literature. For the same reason it is pos-
sible that some of the earlier authors, too, had
obtained B. cederstroemi in their material but
reported it as B. longimanus.

V. DISCUSSION

Some of the species discussed are “ubiquitous”,
occurring in all types of lakes that exist in Central
Sweden and seemingly being independent of dis-
persal barriers. These species, of which Bosmina
coregoni and Leptodora kindti may be mentioned
as examples, cannot be expected to furnish much
material for the discussion presented here. Instead,
the interest should be focused partly on zoo-
plankters known to indicate oligotrophy, eutrophy
or some other special environmental conditions
and partly on those which have a more or less
restricted distribution.

If we concentrate on the real long-run changes,
the exposition made in Table 14 may be eluci-
dative. The year 1921 was chosen as a border-
line because of the material available from the
large lakes, Vanern and Vattern. In the former
lake there is a wide gap between the investigations
from 1921 and those from 1959, whereas in the
latter Stalberg’s samples were taken over a
long period, extending from 1922 to 1939. In
some of Ekman’s lists the forms of Daphnia and

Table 14. Number of lakes where a species was found
only up to 1921 or only after 1921, respectively.

Only up  Only after
to 1921 1921
Limnosida frontosa 2 3
Diaphanosoma brachyurum 2 3
Holopedium gibberum 6 -
Daphnia longispina s.str. 1 -
Daphnia galeata 1 2
Daphnia cristata 2 4
Daphnia cucullata - 3
Ceriodaphnia quadrangula 1 8
Bosmina coregoni s.l. - -
Bosmina longirostris 1 6
Chydorus sphaericus - h
Bythotrephes longimanus 3 i
Bythotrephes cederstroemi - i
Leptodora kindti 2 4
Limnocalanus macrurus - 1
Eudiaptomus gracilis 1 -
Eudiaptomus graciloides - 2
Eurytemora lacustris 1 1
Eurytemora velox 2 -
Heterocope appendicidata 3 _

Bosmina were not determined as species, and for
this reason the lakes in question were not included
in the comparison as far as these genera are con-
cerned.

The investigations carried out after 1921 are,
as a rule, both more frequent and more intensive
than those undertaken before, and it is therefore
quite natural to find, on average, higher numbers
in the right-hand column of Table 14 than in
the left-hand one. In spite of this, however, for
some species the number is higher in the left-hand
column. This is especially obvious in the case of
Holopedium gibberum, as some of the lakes in
question have been investigated very thoroughly
during the last few decades without this species
being found (e.g. Ekoln, Lake Hjalmaren and
Lake Vénern). This really indicates that nowa-
days Holopedium plays a very inconspicuous
role. It is true that the species was of subordinate
importance in Ekoln in Ekman’s time as well, as
that author reports only one specimen (which
was actually alive at the sampling according to
Ekman, verbal information to the present author).
In Lakes Hjalmaren and Vénern, however,
Holopedium was fairly common when the earlier
investigations were made.
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Holopedium gibberum is regarded as an indi-
cator of oligotrophic conditions (see, e.g., Pejler
1965, p. 472—473). On the other hand, the only
crustacean described as an indicator of eutrophy
by Pejler (1965, e.g. at p. 503), viz. Daphnia
cucullata, was found in some lakes only after
1921, but in none only before that year. The
results are in close agreement with the predomi-
nating tendency towards eutrophication found
in many lowland lakes of Central Sweden (c/.,
e.g., Willen 1972).

In discussing the changes in the composition
of zooplankton caused by eutrophication of
North American lakes, Brooks (1969) calls at-
tention to Bosmina longirostris and Chydoms
sphaericus, both of which species greatly increase
in number in connection with this process. Ac-
cording to Brook’s own material (see op.cit.,
Fig. 1), Ceriodaphnia could have been mentioned
as well. The mere occurrence of these forms does
not indicate eutrophy, since they live in the lit-
toral zone of many types of lakes. A great
abundance in the pelagic zone, however, will be
observed only in connection with a high trophic
degree. From this point of view the figures re-
ported in Table 14 are quite natural. It might
appear contradictory that Ceriodaphnia qua-
drangula as well as Bosmina longirostris were
found in one lake only before 1922 (Lake Vall-
oxen and Lake Teen, respectively), but in both
these cases the earlier samples were collected by
Littjeborg, who does not mention anything about
his localities. Probably, in this case it is a question
of littoral samples.

According to Brooks (op.cit., p. 251—252),
several studies indicate that Bosmina coregoni
disappears as a lake is enriched and is replaced
by B. longirostris. This does not conform with
the label “euryoecious” given to the former species
at the beginning of this chapter. However, this
term is relative, like all other similar concepts,
and actually B. coregoni was missing in the
samples from the six most eutrophic lakes ac-
cording to the scale used in Pejler 1965, Table 4.
One of these lakes is Vibysjon, which is included
also in Table 9 of the present paper. Here it
seems as if B. longirostris has replaced B. coregoni
in the pelagic zone.
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It could be argued that the forms found only
before 1922 are relatively large, and thus more
easily caught with the coarse nets used at that
time, while the later collections were often made
with fine nets and should, for this reason, contain,
on average, more smaller species (cf. p. 108). In
fact, species indicating oligotrophy are usually
larger than those indicating eutrophy (cf. Nilsson
and Pejler 1973, p. 69, where the reasons for
this condition are discussed). However, this source
of error does not seem to be too great, considering
that the largest species of them all, viz. Leptodora
kindti, was found only after 1921 in four of the
lakes, only before 1921 in two of them. Further-
more, Bosmina coregoni s.I. was encountered in
earlier and later samples to about the same extent,
though it is among the smallest species. Finally,
it should be kept in mind that many of the later
investigations include coarse-net samples, e.g. all
collections made by the present author from 1959
onwards.

Concerning the species of Eudiaptomus and
Eurytemora, dispersal barriers seem to play an
important role. For the former genus this was
pointed out by Gronberg (1971 b, p. 6 and Fig.
18) and Pejler (1965, p. 490—491). As to the
latter genus, Ekman (1907) considers E. lacustris
to be a relict of the Ancylus Lake, E. velox a
relict of the Littorina Sea, thereby explaining
the differences in their present distribution. Ac-
cording to Table 14 the species discussed were
encountered, in some lakes, either only before
or only after 1921. However, these cases are
rather few in number, and a closer look at them
shows that they are in most cases probably ex-
plainable by the circumstance that investigations
were less intensive during the period when the
species in question is missing. However, a ques-
tion mark should be put against the two cases
when Eurytemora velox was found only in early
samples, as the lakes in question, Ekoln and
Vénern, have since then been the object of very
intensive studies.

In some cases human interference can cause
very profound changes in the whole ecosystem
of a lake. An example of this is the restoration
of Lake Trummen in South Sweden, where the
effects on plankton were followed up (see Anders-
son et al. 1973). In lakes where the water level
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has been drastically lowered, the true limno-
plankters have more or less disappeared. Thus,
in Lake Takern no diaptomid has been found
during the last few decades (see Pejler 1965,
p. 443 and Table 4), though Ekman reports D.
gracilis from the beginning of this century. Simi-
larly, Littjeborg reports Daphnia cucullata from
1882 in Lake Hornborgasjon, though Berzins, in
samples from 1967 and 1971, found only species
typical of the littoral zone, such as Daphnia
longispina s. str., Ceriodaphnia quadrangula and
Chydorus sphaericus.

The main impression from the material here
presented is, however, a high degree of similarity
between older and newer samples. This demon-
strates a remarkable stability of the zooplankton
composition, in contradiction to the hypotheses
sometimes put forward of plankton as an extra-
ordinarily labile biocenose. The title of the
present paper has been chosen precisely in order
to stress this point. The changes actually found
seem to be of a short-term rather than a long-
term nature.

The only tendency that has been traced in
connection with these comparisons is one towards
increasing eutrophy. Though this tendency is
not very strong, it should not be overlooked,
since the first effect of an enrichment ought not
to be a change in zooplankton composition but
an increase in the individual number of all or
most species (c/. Brooks 1969, p. 246 ff., and
Dottne-Lindgren and Persson 1973, p. 10).
However, the abundance cannot be discussed in
this context, as quantitative data are often lacking,
especially in the older investigations.
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A Note on the Aggressive Behaviour of Adult Male Sea Trout
Towards ““Precocious” Males During Spawning

TORGNY BOHLIN

Department of Zoology,
University of Gothenburg, Sweden

In the River Jorlandaédn, a small sea-trout stream
in the south-western part of Sweden, “precocious”
males are frequently observed together with
spawning adult sea trout (Salmo trutta L.). In
November 1974, out of 220 electro-fished juvenile
sea trout, 100—200 mm in length, 39 were pre-
cocious males. Of these precocious males, 15 had
a characteristic wound in the form of two parallel
cuts in the muscle, 5—6 mm apart (Fig. 1). The
injuries were unlike those caused by the hunting
heron, and were not found in any of 25 adult sea
trout examined for the purpose.

During observations of the spawning in the
field, one adult male sea trout, c. 400 mm in
length, was seen to catch a precocious male, c.
150 mm long, and hold it between its jaws for
about half a minute.

On examining the teeth of a number of sea
trout, the sharp, hook-like papillae on the tongue
were found to be arranged in two parallel rows,
which in adult trout were 5—6 mm apart. (Fig.
2). Since the aggressive behaviour of male trout
is known to be directed mainly towards other
males, this behaviour was accepted as the cause
of the observed injuries. The tongue of the adult
male trout must have worked like a file upon
the precocious male secured between its jaws.

Fig. 1. Injuries of a spawning precocious male, 151 mm
in length.

50 mm

Fig. 2. Head of a sea trout, 400 mm in length, showing
the sharp papillae on the tongue, the probable cause of
the injuries shown in Fig. 1.

The spawning behaviour of brown trout has
been thoroughly studied by Jones and Bali
(1954). The above-observed effect of the aggres-
sive behaviour of the adult male trout, however,
has not been reported earlier. The injuries are
likely to affect the mortality of the precocious
males. This invites speculation as to whether
this behaviour may have a selective purpose.
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