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Winter oxygen content in relation to water temperature and
duration of ice cover in southern Finland
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Amno, J. 1978: Winter oxygen content in relation to water temperature and
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The rate of oxygen depletion during the winter and its dependence on water
temperature and length of ice cover were studied in two different lake eco-
systems in the Lake District of southern Finland during the winters of 1962—
1977. In the non-polluted lake the oxygen concentration in late winter depends
primarily on water temperature, although also on how long the lake has been
ice-bound, whereas in the system heavily loaded with waste waters the winter
loss of dissolved oxygen is dependent primarily on the duration of the ice cover.
The reason for the difference is discussed. The results have a practical application
to the date of hydrographic measurements. In a non-polluted lake measurements
can be made at a fixed date each year. In a polluted lake, however, the yearly
hydrographic analyses should preferably be made at a fixed interval after the
lake ices over, in attempts to estimate the changes due to the waste water load.

Jorma Aho, Department of Biology, University of Foensuu, PL 111, SF-80101 Foensuu

10, Finland.

1. Introduction

Winter is a critical period for a lake eco-
system in a climate as severe as Finland’s. In
the study area, the southern drainage basin of
the river Kokeméenjoki, for instance, ice covers
the lakes during an average winter from 8
December to 7 May (e.g. Vesihallitus 1972b).
Thus, the lakes are cut off from the atmosphere
for 5 months of the year.

In the winter ecology of lakes in general, one
of the most important regulatory or limiting fac-
tors is oxygen concentration (e.g. SAWYER 1966,
Obpum 1971). The oxygen saturation of lake
water is of enormous ecological importance,
especially for the bottom fauna (Jénasson 1972).

In late winter the oxygen content is largely
regulated by two factors, the water temperature
and the length of the ice cover. In the study
area, these factors vary appreciably from year
to year. Because the study period of my macro-
zoobenthos collections (SARKKA & AHO, in
preparation) included one winter (1965—1966)
with distinctly the warmest water mass during
the last 16 years, and one winter (1966—1967)
with nearly the coldest water mass, and con-

sequently there were also variations in the
length of the ice cover (see Table 3), it was
decided to analyse the effects of water tempera-
ture and duration of the ice cover on the oxygen
content. Since the range of variation seemed
to be wider for water temperature than for the
duration of the ice cover, it appeared likely
that, though both factors exert effects, the
water temperature is the more important cause
of the oxygen deficiency during the late winter
before the ice on the lake has broken up.

This hypothesis is supported by the studies
of RYHANEN (1962a—d) on the same water-
course. According to him, the physical conditions
in winter are determined chiefly by the weather
before the lake freezes. In autumn, when the
water has cooled down to about the temperature
at which density is greatest, the next spell of
cold calm weather will cause the lake to freeze
suddenly. In a windy autumn, in contrast, the
water mass may become noticeably colder
before the lake freezes, and therefore the aerobic
processes will take place more slowly during
the winter (RyHANEN 1962a).

RyHANEN (1962c) showed that the fall in
oxygen content during the winter depends
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greatly on the water temperature, temperature
differences of some tenths of a degree being
enough to cause perceptible differences in
oxygen consumption. The duration of the ice
cover, however, was a factor that RYHANEN
could not take into account.

2. Study area and material

The hypothesis mentioned above was tested in relation
to two lakes. The first of these, Mallasvesi, is an oligo-
trophic lake (JARNEFELT 1956), and in almost natural

condition. The other, Vanajaselkd, is heavily loaded
with waste waters mainly originating from the towns
of Hameenlinna and Valkeakoski. Vanajanselkd is a
eutrophic lake (JARNEFELT 1956).

The area of Mallasvesi is 56.3 km?, and of Vanajan-
selkd 119.2 km?. Mallasvesi has a maximum depth of
32 m and a mean depth of 7.3 m. In Vanajanselki the
corresponding values are 24 and 7.9 m (KAJosAaArr
1964). Some physical properties of the lakes are given
in Tables 1 and 2.

Mallasvesi is not a typical Finnish oligotrophic lake
because, especially during late winter, the deeper
water layers are rich in iron and other inorganic com-
pounds (Tables 1 and 2). Ground water is believed to
well up in the deeps of Mallasvesi. This belief is supported

Table 1. Hydrographic data for the lakes Vanajanselka (Station 98 according to the Water Authority of Finland) and Mallasvesi (Station
105) derived from measurements made during March and April in 1962 —1967. The sample from the greatest depth (GD) means 19.2 m in

Vanajanselkd and 29.9 m in Mallasvesi.

Depth Temperature Oxygen Oxygen Specific KMnO, pH Colour of
(m) (°C) (mg 171 saturation conductivity consumption water
(%) (%1g) (mg 171) (mg Pt 171)
98 105 98 105 98 105 98 105 98 105 98 105 98 105
1 0.4 0.7 11.8 12.0 84 86 101 55 65 21 6.8 7.0 55 15
5 1.1 1.4 12.1 11.8 89 87 100 54 63 20 6.9 7.0 55 15
10 2.2 2.1 10.4 10.7 78 80 103 53 66 19 6.8 6.9 60 15
15 3.2 2.7 6.4 7.7 49 59 110 57 94 19 6.6 6.7 60 15
20 3.2 5.0 39 98 19 6.6 20
25 3.4 2.7 20 155 23 6.6 50
GD 4.2 4.1 1.4 1.3 11 9 128 205 113 90 6.4 6.4 70 450
Depth Phosphorus Nitrogen Iron Transparency
(m) (mg 171) (mg 171) (mg 171) (m)
98 105 98 105 98 105 98 105
1 0.13  0.02 1.2 0.5 0.30 0.06
GD 0.10 0.68 1.4 2.7 0.61 12.30
2.24 620

Table 2. Hydrographic data from Vanajanselka (Station 98) and Mallasvesi (Station 105) based on measurements made during July and

August in 1962 —1967.

Depth Temperature Oxygen Oxygen Specific KMnO, pH Colour of
(m) (°C) (mg 171 saturation conductivity consumption water
(%) (%15) (mg 177) (mg Pt 171)
98 105 98 105 98 105 98 105 98 105 98 105 98 105
1 17.3 15.8 8.4 9.1 90 94 103 52 60 18 7.0 7.0 55 20
5 16.8 15.7 7.9 9.0 84 93 106 53 60 20 7.0 7.0 55 20
10 16.8 15.6 8.1 9.0 86 93 106 53 60 18 7.0 7.1 55 20
15 14.6 14.6 5.5 7.8 58 79 107 54 60 18 6.8 7.0 60 20
20 13.3 6.7 67 55 18 7.0 20
25 13.1 6.4 64 55 20 6.9 20
GD 13.4 13.0 4.0 6.2 40 63 107 55 65 22 6.7 6.9 70 25
Depth Phosphorus Nitrogen Iron Transparency
(m) (mg 171 (mg 171 (mg 171) (m)
98 105 98 105 98 105 98 105
1 0.04 0.03 1.1 0.3 0.32 0.10
GD 0.07 0.08 1.2 0.9 0.33 0.32

3.63
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by the high winter temperatures measured at the greatest
depth (< 6.3 °C) (Hameen vesiensuojeluyhdistys 1966).

Mallasvesi and Vanajanselkd nevertheless make a
good contrast. The greatest differences are in transpar-
ency, specific conductivity, amount of organic matter,
colour of water, and amount of the main nutrients in
the surface water layer.

In testing the hypothesis, I used values for water
temperature, oxygen content (mg 17!) and oxygen
saturation at depths of 1, 5, 10, 15, 20, and 25 m, and
at a depth of 1 m above the bottom (termed the sample
from the greatest depth, GD, in Tables 1, 2 and 5—38).
These data had been obtained by the Water Authority
of Finland, and by a local association for water protection
(Hameen vesiensuojeluyhdistys 1964, 1965, 1966, 1968,
Maataloushallitus 1967, 1968a, 1968b, 1969, 1970,
Kokemienjoen vesistdn vesiensuojeluyhdistys 1969, 1970,
1971, 1972a, 1972b, 1974, Vesihallitus 1972a, and the
files of the Water Authority of Finland).

Temperature was measured to the nearest 0.1 °C
with a mercury thermometer connected with a Ruttner
sampler. Dissolved oxygen was determined to the nearest
0.1 mg 17! by Alsterberg’s brom-salicylate method
(LAaaksoNEN 1972).

The physico-ecological measurements in Mallasvesi
cover the 16 years 1962—1977, and in Vanajanselkd
the 14 years 1964—1977. 1 consider these periods of
observation long enough for valid testing of the hypothe-
sis. Measurements were made between 16 March and
16 April.

There is no accurate or direct information about
the freezing of the lakes in question. Therefore, the
date of freezing for each year was estimated as a mean
value of observations made at eight stations in different
parts of the southern drainage basin of the river Koke-
maenjoki (Tie- ja vesirakennushallitus 1963, 1965, 1968,
1970, Vesihallitus 1972b, 1975, 1976, and the files of
the Water Authority of Finland).

Table 3. Mean temperature of the water mass (t°) and the interval
(days) between the dates of freezing and measurements (Tj) in the
lakes studied.

Winter Mallasvesi Vanajanselka

t° T; 0 T;
1961 —1962 1.98 117 — —
1962 —1963 1.94 127 = —
1963 — 1964 3.03 144 1.98 116
1964 — 1965 2.44 115 1.84 113
1965 — 1966 3.96 138 3.64 142
1966 — 1967 1.70 113 1.42 101
1967 — 1968 2.31 103 2.48 115
1968 — 1969 2.47 139 1.94 144
1969 —1970 2.04 117 1.68 122
1970 —1971 2.14 117 2.08 127
1971 —1972 2.39 130 1.74 129
1972 —1973 2.10 85 2.22 85
1973 —1974 2.56 117 2.16 122
1974 —1975 1.51 79 1.42 79
1975—1976 2.03 123 1.24 110
1976 —1977 1.70 112 1.44 107
X 2.27 118.3 1.95 115.2
s 0.59 18.1 0.60 18.6
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Table 4. Numbers of winters with different temperature regimes.

Vanajanselki

Temperature Mallasvesi

regimes (°C)
1.01 —1.50 0 4
1.51—2.00 5 5
2.01—-2.50 8 4
2.51—3.00 1 0
3.01 —3.50 1 0
3.51 —4.00 1 1

3. Results

As a first step, the mean temperature of the
whole water mass was calculated from measure-
ments at different depths. The results are
reported in Table 3, together with the interval
(called ice period) between the dates of freezing
and measurements.

During the winters of the study period the
mean temperature of the water mass varied
greatly. In Mallasvesi the means ranged from
1.51 °C to 3.96 °C, the average mean tempera-
ture being 2.27 °C. Correspondingly, in Vana-
janselkéd the means ranged from 1.24 °C to 3.64
°C, the average mean being 1.95 °C. In mean
depth the two lakes are almost the same, but
in area Vanajanselkd is more than twice the
size of Mallasvesi. Therefore the water mass
of Vanajanselkd cools more effectively before
freezing. This is also seen from Table 4.

The freezing dates ranged from 1 November
to 28 December, but the dates on which temper-
atures and oxygen contents were measured
also varied. Thus, the ice period varied from
year to year. In both lakes the ice period
ranged from 79 to 144 days, and the difference
in the average ice period between the two
lakes was negligible.

Correlation between freezing dates and water
temperature was studied. It would be expected
that when the lake froze late in autumn, the
water mass would have cooled more thoroughly
than when the ice cover formed early. The
negative correlation between water temperature
and freezing dates is statistically significant for
Mallasvesi (r = —0.550, r.,;, .« = 0.497),
but not for Vanajanselkid. The reason for the
difference is obscure.

As a second step, the winters were divided
into two groups of equal size by mean tempera-
ture, and correspondingly by ice period (i.e.
duration of ice cover). Mean values for oxygen
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content and saturation at different depths were
then calculated for each group of winters.

In Mallasvesi there were clear differences in
the amount of dissolved oxygen between the
colder and the warmer winters (Tables 5 and 7).
In Vanajanselki the difference was statistically
significant only at 1 m (see also Fig. 1A and
B).

In Mallasvesi there was only a slightly
significant statistical difference at 10—15 m
between the winters with a shorter and a
longer ice period (Tables 6 and 8). In Vanajan-
selkd, in contrast, the differences in this respect
were more distinct and statistically significant
through almost the whole water mass (see also
Fig. 2A and B).

As a third step the oxygen concentration
and its dependence on water temperature and
duration of the ice cover was studied by partial
correlation analysis. The analysis was made
between the mean temperature of the whole
water mass, the mean oxygen values for the
whole water mass (calculated in the same way
as the mean temperature; see p. 3), and the
ice period. The mean oxygen saturation of the
whole water mass was the same in the two lakes
(Mallasvesi: X = 55.6 %, s = 7.5, n = 16;
Vanajanselkd: x = 55.6 %, s = 8.8, n = 14).
This increases the reliability of the analysis.

For the correlation between the ice period
and the oxygen content in Vanajanselkd the
values (in ppm) gave -0.637, and the saturation
values -0.668 (r.s, 12 = 0.627), after any

effect of water temperature interaction was

Table 5. Mean values of dissolved oxygen (mg 171) in the lakes

studied. A = winters with a colder water mass, B = winters with
a warmer water mass, ! = results of the ¢ test.
Depth Mallasvesi Vanajanselka
A B t A B t
1 12.8 12.1 1.59 12.4 10.9 2.78%
5 12.4 11.9 1.67 11.7 10.8 1.63
10 11.8 10.4 3.48%* 10.0 9.0 1.14
15 9.1 7.3 3.20%* 4.8 4.4 0.28
20 6.3 3.6 4.75%%*
25 4.6 0.9 5.16%**
GD 1.4 0.5 2.17* 0.9 1.2 0.85
n 8 8 7 7

t.os» 12 = 218
t.o1, 12 = 3.06

toss 14 = 2.14
Lo, 14 = 2.98

toow 14 = 414

Table 6. Mean values of dissolved oxygen (mg 171) in the lakes
studied. A = winters with a shorter ice period, B = winters with a
longer ice period, ¢ = results of the ¢ test.

Depth Mallasvesi Vanajanselka
A B t A B t

1 12.7 12.1 1.52 12.1 11.3 1.15

5 12.3 12.1 0.54 11.8 10.7 2.05
10 11.6 10.5 2.29* 10.7 8.3 3.98%*
15 8.9 7.4 2.42% 6.7 2.5 3.97**
20 5.5 4.5 1,12
25 3.4 2.1 1.11
GD 1.1 0.9 0.27 1.2 0.9 1.14

n 8 8 7 7

Table 7. Mean values of oxygen saturation (%) in the lakes $tudied.
A = winters with a colder water mass, B = winters with a warmer

water mass, ¢ = results of the ¢ test.
Depth Mallasvesi Vanajanselkd
A B t A B t
1 91.8 87.3 1.59 88.7 79.0 2.63*
5 90.1 87.6 1.21 83.9 77.3 2.08
10 87.0 78.0 3.47%* 73.6 67.9 0.86
15 67.9 55.6 2.98%* 35.9 33.4 0.20
20 48.0 28.0 4.71%%*
25 35.1 7.4 5.10%**
GD 10.6 3.9 1.92 7.0 9.4 0.94
n 8 8 7 7

Table 8. Mean values of oxygen saturation (%) in the lakes studied.
A = winters with a shorter ice period, B = winters with a longer
ice period, ¢ = results of the ¢ test.

Depth Mallasvesi Vanajanselki
A B t A B t
1 91.6 87.4 1.48 86.7 81.0 1.32
5 88.9 889 0.00 85.0 76.1 3.34**
10 85.8 79.3 2.11 79.1 62.3 3.53%*
15 66.9 56.6 2.26* 50.3 19.0 3.81**
20 41.4 34.6 1.03
25 26.1 16.4 1.11
GD 8.1 6.4 0.45 9.6 6.9 1.09
n 8 8 7 7

eliminated. In Mallasvesi there was no signi-
ficant correlation between these variables.

No statistically significant correlation existed
between water temperature and oxygen content
in either lake when the effect of ice period was
eliminated.
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Fig. 1. Oxygen saturation in the lakes studied during the warmer (dashed line) and colder (solid line) winters of 1962 —1977.
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Fig. 2. Oxygen saturation of winters with the longest (dashed line) and shortest (solid line) ice period in the lakes studjed,
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4. Discussion

Jonasson (1972) considers it best to interpret
the biology of a lake in relation to oxygen
saturation. I would emphasize the biological
significance of data about dissolved oxygen as
well as about oxygen saturation, especially in
Finland, where winter imposes a heavy strain on
the entire ecosystem of a lake. For aquatic organ-
isms, dissolved oxygen can be regarded as one
of the basic components in their z-dimensional
fundamental niche. As it is impossible to
determine fully all the dimensions of the
(Hutchinsonian) niche of any one organism,
it is best to concentrate on the apparent mini-
mum factors (bottlenecks). Thus, analysis of
dissolved oxygen and the factors influencing
it form an indispensable part of research on the
functioning of lake ecosystems.

This study indicates that in the non-polluted
oligotrophic lake the oxygen content in late
winter depends on both the water temperature
and the duration of the ice cover, the more
important factor being water temperature
(Tables 5 and 6). In the lake loaded with
waste waters, in contrast, the oxygen content
is dependent primarily on the duration of the
ice cover. Thus, the hypothesis is valid only
in a non-polluted lake ecosystem.

The reason for the difference is evident. In
a natural ecosystem, whether oligotrophic or
not, the flow of allochthonous materials is
reduced to a minimum when freezing isolates
the lake ecosystem from the soil, the running
waters and the other lakes of the drainage basin.
Furthermore, when the ice cover forms on the
lake, the trophogenic processes cease, and the
suspended material, both organic and inorganic,
sinks towards the bottom (cf. Tables 1 and 2;
transparency). During the winter there is no
increase in the amount of decomposable material.
The rate of decomposition and the loss of oxygen
depend primarily on the water temperature,
but also on the duration of the ice cover.

A lake loaded with waste waters is an entirely
different system. Despite the freezing of the
drainage basin, and thus despite the decreased
flow of natural, allochthonous materials, the
waste waters continue to run into the system
at an even speed all the year round. In such
a lake, it is more important how long the
ecosystem is separated from the atmosphere.
The load, which may change in amount from
year to year, masks the effect of temperature

differences on values for oxygen content and
saturation.

For a long time Vanajanselkd has been heavily
polluted by waste waters that originate on the
one hand from the sewage and diverse industry
of the town of Himeenlinna, and on the other
from the wastes of the wood-processing industry
of the town of Valkeakoski (RYHANEN 1962b,
1962c). Under the circumstances, Vanajan-
selki has so far tolerated the waste waters
quite well, perhaps because the lake cools so
effectively in autumn (cf. Table 4). Thus, even
in the polluted lake the water temperature plays
an important role in the winter ecology.

5. Conclusions

The rate of oxygen depletion in natural waters
has not been treated independently in the
Finnish biological literature. In this paper
attention has been focused on the relation
between oxygen, temperature, and duration
of the ice cover. For practical reasons the study
was limited to two contrasted lake ecosystems.
Nevertheless, the result was conclusive. In a
polluted lake, loss of oxygen during the winter
is primarily determined by the duration of
the ice cover, but in a non-polluted lake system
it is determined primarily by water temperature,
the duration of the ice cover being a secondary
factor. The main difference lies in the rate of
oxygen consumption. In the polluted lake this
is high the whole year round, but in the non-
polluted lake it is substantially lower when
the lake is ice-bound. The study afforded new
information about the lake ecosystems of the
Lake District of southern Finland. It also
raised several theoretical questions for future
investigation.

This work also has a practical application.
This concerns the choise of dates for making
hydrographic measurements on a lake eco-
system in winter. Such data are nowadays
collected by the Water Authority of Finland
at a fixed date each year. This procedure is
suitable in a non-polluted lake, such as Mallas-
vesi. But in a polluted lake, such as Vanajan-
selkd, it would be preferable to make these
yearly observations at the same period after
the lake freezes, especially when estimating
changes in the waste water load. Such a pro-
cedure would lead to an increase in comparabil-
ity between the hydrographic values for differ-
ent years.
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