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Note

This report has been prepared as part of the long-term
programme in envirommental pollutiom control of the Regional
Offige for Europe of the Werld Health Organization. After
review by various experts (see Annex I), the report was sub-
mitted for discussion and further review to the Working Group
on Biological Examination of Water and Eutrophicatien (see
Annex II), revised by its author, and given its present form.
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L. INTRODUCTION

There is a wealth of literatures on the problem of eutrophication, es-
pecially on the causes and consequences ©f the process. It is scarcely
possible, and it is outside the scope of this report to make a representa-
tive selection or synopsis of all existing documentatrion. Two major reports
on the subject have been published previoualy:

- Stewart, K.M. & Rohlich, G.A. (1967) "Eutrophication - A review", and

- Vollenweider, R.A. (1968) "Sciemtific fundamentals of the eutrophica-
tion of lakes and flowing waters, with particular reference to nitrogen
and phosphorus as factors in eutrophicatiomn”.

The reader is referred to these two references, and for this reason the
report is confining itself to a summary of the literature published after
1568, Only exceptionally, and for special reasons, will papers on these
subjects published before 1968 he cited. The present review will treat
only those factors which may influence the choice of corrective measures in
some detail; other factors causing eutrophication will be treated more
superficially.

The material has been updated to January 1976. However, no systematic
review of literature preceded the updating, so only certain major new com-
tributions have been included in the final versdion. Since the first draft
was finished in May 1973, some very important work in the field of eutro-
phication has been published, of which, at least the following must be men-
tioned:

- several papers by Vollenweidexr (1974, 1975);

- a symposium report from the GDR, called "Eutrephiexung und Gewdsser-
schutz" /Eutrophication and the protection of wate:§7 (1973);

- a comprehensive survey of lake rehabilitation techniques and exper-
iences (Dunst er al. 1974)

~ a Nordforsk symposium report entitled "Eutrofiering" iﬁﬁtrophicatiog?
{(1975);

- a special conference report by the International Association on Water
Pollution Research (IAWPR) on nitrogen as a water pollutant (1975).

It has not been possible to make a comprehensive synopsis of thiz new
documentation, but an effort has been made to extract some of the main re-
sults and views from the most recent literature as well.

The subject is at present going through an extremely dynamic research
phase, which means that some of the results obtained swiftly become




obsolescent. Any literature review of this type will therefore sexve as
a vseful source of information only for a rather limited time. Those who
are directly interested in eutrophication wust in the final analysis con-
tinuously follow the original literature on the subject.

2. DEFINITIONS

Since the first description of "eutrophication" in a limnoleogleal sense
was made, by Naumann (1919), basing the concept on an increase in the content
of nutrients in waters, many attempts have been made to obtain 2 more de-
tailed definition of the term. Later, Naumann defined "eutrophication”
more precisely (1931) as "an increase of the nutritional standards, espec-
jally with respect to nitrogen and phosphorus”. One of the most quoted
definitions was given by HEsler (1947), who defined the term as "enrichment
of water, be it intentional or unintentional.

For most practical uses, the term "eutrophication" refers to natural
or artificial addition of inorganic nutrients to bodies of water and to the
effects of added nutrients {Eutrophication, causes, consequences, COrrec-
tives, 1969).

In nature, eutrophication of lakes is a very slow process which can he
summed up as the natural aging and eventual disappearance of lakes. This
process can be greatly accelerated by man's activiries.

When the process is thus speeded up by human interference, it 1s an
extremely complex problem requiring information from many fields of interest
so that a general understanding of the complex system can be evolved (c.f.
Fitzgerald, 1964).

Tn his comprehensive review, Vollenweider (1968) states that "autro-
phication of waters" means "their enrichment in nutrients and the ensuing
progressive deterioration of their quality, especially lakes, due to the
luxuriant growth of plants with its repercussions on the ovaerall metabolism
of the waters affected"”.

According to this definition, "eutrophication” embraces a complete
cause~effect relationship, i.e., eutrophication would not come about after
an increased influx of nutrients unless this inerease resulted in greater
biological productivity. A more basic definition restricts eutrophication
to mean "enrichment of a water body by inorganic plant nutrients, especially
phosphorus and nitrogen'. Other workers prefer to restrict the term to
"the biological reaction indicating the increase in primary production,
which increases the energy-absorbing ability of the ecosystem'.
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For the present survey, we are going to adopt the definition formulated
at the OECD Symposium on Eutrophication in Large Lakes and Impoundments,
teld at Uppsala in 1968 (Milway, 1970).

"The process or phenomenon of eutrophication has an extremely complex
mechanism, the initiation, intricate workings and effects of which are
far from fully understood. The definition of the phenomenon is based
onn the chemical nutrients present in water. There is a basic relation-
ship between the trophic or nutrient state of a lake and its biological
productivity, the Increase of which is a function of the nutrients
available, and is evidenced by a change in composition and an increase
in amoumt of plankton, benthic fauna and fish production.  Eutrophi-
cation therefore involves correlated changes in the chemical composi-
tion of water and in the organisms it contains. It is difficult to
separate cause and effect."

However, to facilitate the discussion of the problem of eutrophication,
a clear distinction should be made between:

(1) eutrophication in the narrowest sense of the term: an Increase
in nutrient supply;

(2) the biological response;

(3) the causes of eutrophication:
(4) dits symptoms; and

(5) 4its effects.

The effects of eutrophication may sometimes be desirable, but mainly they
are not.

3. AGING OF LAKES

The process of aging of a lake or a reservoir is greatly influenced by
the flushing rate and the morphology of the lake and consequently by the
stratification and mixing pattern through the year. Therefore, deep and
shallow lakes and reservoirs are hereunder discussed separately.

3.1 Deep lakes

The model most used today for the aging of deep lakes, is based mainly
on the work of Mortimer (1941, 1942).




According to this model, a "young' lake is oligotrophic. The small
amoynts of nutrients transported to the lake via inflows, run off, etc.,
are incorporated intoe the moderate amount of organie matrter produced in the
lake. As both animals and plants sink after death, most of the decompo-
sition goes on in the deeper water. In a "young" lake the oxygen content
of the hypolimmion is sufficiently high during periods of stagnation to en-—
sure a complete mineralization of organic substances, whether alloehthonous
or autochthonous. At the end of this mineralization process incorganic jons,
notably phosphate, might be liberated. But under aerobic conditions and
at the pH values of wost lakes, iron and manganese are present in forms
which enter into precipitated, insoluble complexes with the phosphate ion,
thereby immobilizing it.  Thus there is a comtinucous withdrawal of phos-
phorus from the lake water to the sediment. During the aging of the lake
the sediment growth at the littoral will permit macrophyte growth in even
larger areas and thus the production of crganic matter in the lake will in-
crease.

The constant sediment growth in the deeper parts of the lake will reduce
the volume of hypolimmetic water and thereby also the reserves of oxygen.
The consumption of oxygen by decomposing organic matter can be 30 great
compared to the oxygen reserves, that the hypolimhetic oxygen supply becomes
exhausted during the stagnation period. The lake then enters upon a new
phase of transformation. As the oxygen concentration decreases, the redox
potential of the sediment surface and the bottom water assumes suech values
that trivalent iron present in it is reduced to the divalent state. While
this 1s proceeding, the precipitated complexes break up, and iron, manganese,
phosphate and other materials are liberated and go into solution.

Consequently there will be a release of previously accumulated phos-
phate from the sediment to the water. The increased phosphare concentration
of the water permits still higher production of organic substances. On
decomposition, these themselves consume still more oxygen, and so the pro-
cesses are repeated.

This model of aging is based on two assumptions;

(1) phosphoruys is the key nutrient (present in the least amount relative
to need, Shapiro, 1970) for the productivity of the lake; and

(2) oxygen concentration in the hypolimnion has a decisive influence
on the phosphorus turnover in the laka.

Even if the two assumptions are not necessarily always true (see below),
they may be considersd adequate approximations in most cases. Consequently,
the model may be the best generalization of lake aging available today.
However, it must be kept in mind that every lake is an individual systen

which cannot be entirely explained by a peneral model.

As seen from the foregoing, the critical stage of the aging process
occurs when the amount of oxygen in the hypolimnion is no longer sufficient




for the degradation of organic matter, either allochthonous or autochthonous.
The situation at this eritical point can be described in very simple terms
as follows (Landner, 1970; Jerneldv, 1971):

s

R - t(Nl + N, +A+B) <0

2
where

R == the oxygen reserves in hypelimnion at the beginning of the stag-
nation period,

t = length of the stagnation period,

N, = rate of oxygen consumption from organic matter produced by nutrients
circulating in the lake,

N, = rate of oxygen consumption from organic matter produced in the lake
by influx nutrients,

A = rate of oxygen consumption from allochthonous organic matter,

B = rate of oxygen consumption from existing bottom deposits.

When a lake reaches this stage and anaercbic conditions appear im the
hypolimnion, it will not mormally recover of its own accord. The eutro-
phication process will accelerate.

3.2 Shallow lakes

Shallow lakes have a great percentage of the bottom surface covered
with macrophytes, and no stable thermal stratification of the water mass will
occur during any period of the year. This means that the trophogenic layer
of the lake is in almost constant contact with the most nutrient-rich warter
masses, due to the good mixing of the water.  Another typical feature of
shallow lakes and ponds is that there is an extremely high temporal variation
in most parameters, Such as nutrient concentration, ¢xygen content, trams-
parency, productivity and s¢ on. Therefore, a general model for the aging
of shallow lakes is difficult to establish.

In shallow lakes without stable stratification of the water, the oxygen
content near the bottom in many places rarely reaches zero and hence there
iz no critical peint in phosphorus turnover. An exception must of course
be made for lakes situared at high latitudes, because the ice-cover during
the winter is efficient in preventing oxygenation of the water.

For shallow lakes which are never covered with ice there is neverthe-
less a critical stage in the eutrophication process, which is reached when
turbidity by planktom or fine silt is so high that no light penetrates to
the bottom and consequently no vegetation or vooted aquatic plants can de-
velop on the bottom (van Urk, personal communication}. The plankton




turbidity may alse reach this critical threshold following discharges of
toxic substances which kill the grazing zooplankton, generally very sensitive
to pollutants. On¢e the rooted plants have been prevented from developing,
many invertebrates are deprived of shelter and food and further increases of
phytoplankton will oecur, whieh also make the lake less suitable for fish.

In lakes where the turbidity of the water is not too high, macrophytes
invade larger and larger areas of the lake, thereby transferring an ever-
increasing part of the productivity of the system from the plankton community
to the fixed plant community. Finally, the lake is transformed into 2 awamp

and disappears.

3.3 Reservoirs

The process of aging and eutrophication of artificially constructed
lakes, i.e., reservoirs or impoundwents, is somewhat different from that of
natural lakes. This is due to their relatively short history, discharge

pattern, management, etc, The particular mamner in which reservolirs age
is especially apparent in cases where the reservoir bed has a high content
in extractable nutrisnts. According to Chalupa (personal communication},

two periods can be distinguished in the development of the water quality and
productivity of such artificial lakes:

(1) The period directly after the reservoir is allowed to fill, char-
acterized by rapid deterioration of the water quality. During this
period the quality of the impouded water is mainly influenced by the
bottom extraction of nutrients, whereas the influence of tributaries

ig zecondary.

(2) The period after stabilization, where some degree of eutrophica-
tion is present. During this period, the prevailing influence on
water qualiry comes from the morphometric characteristics of the reser-
voir. The nutrient supply from the watershed increases in relative

impottance.

Stabilization of water quality in a new reservoir covers several annual
cyeles, usually three to five. Its duration depends on individual factors
such as inflow water qualiry, water level manipulation, climatic and weather
conditions etc. In favourable conditions, the anaercbic zone near the
bottom, developed immediately after filling, can as a result of stabiliza-
tion, disappear for a short or long interval, depending on the rate of the
eputrophication processes.

If the supply of nutrients is so high that the anaerobic conditions in
the hypolimnion are more permanent, release of nutrients {rom the bottom
will continue and the process of eutrophication will run its course very

rapidly.

Problems connected with the aging and eutrophication of reservoirs
are discussed by, among others, Bernhardt et al. (1973); Imhoff (1974);
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Nusch (1975); Nusch & Koppe (1975); Steel et al. (1972); Sreel (1975);
Duncan (1975).

4, SYMPTOMS OF EUTROPHICATION AND EUTROPHICATION INDICES

To determine the actual stage of aging of a particular lake, useful in-
dices of eutrophication must be defined. Appropriate eutrophication indices
could enable us to calibrate the rate of change and to anticipate events
detrimental to man's interest before they occur (Hooper, 1969). Therefore,
eutrophication indices should characterize the natuyral process and assist inp
measuring relatively slow and creeping changes in an ecosysten.

Several symptoms can be used to diagnose the onset of eytrophication.
The development of these symptoms in a particular lake depends much on local
conditions and therefore the type of symptom may be subject to individual
variations.

Vollenweider (1968) proposed the following symptoms as typical of in-
cipient eutrophication:

"(1) A quantitative increase in the biomass, as observed either in the
macrophytes and periphytic algae near the shore, or in the planktonic
algae of the pelagic regions. Such an increase is usually accompanied
at the outset by a decrease in the number of species typical of oligo-
tropic waters and, sinultaneously or subsequently, by the appearance of
indicator organisms in the plant community.

(2) Qualitative and quantitative changes in the litroral, benthie and
planktonic fauna, and in the fish population, While the members of the
latter may be bigger at the outset, rhe changes are more pronounced at

a4 more advanced stage of eutrophication, with a thinning out of the
higher species and a corresponding increase in the lower ones. In
European waters these changes are reflected in the average ratio of the
number of Salmonidae and Coregonidae to rhe number of Cyprinidae,

(3) From the physical and chemical standpoints, the decreasing trans-
parency and changing colour of the waters, the development of oxygen
maxima or minima within the metalimmic layers, and the overall deecline
in the oxygen content of the hypolimnic layers during the summer months,
i.e., during the period of thermal stratification, and lastly, a buildup
of the average nutrient level (e.g., phosphorus and nitrogen), which can
easily be detected by chemical methods.

As the process of eutrophication advances, at first these symptons
merely become more pronounced; subsequently, however, literally cata-
strophic changes and processes set in, bringing with them a luxuriance
of planktoric vegetation (algal and aquatic blooms), a massive invasion




of Cyanophyceae (QOscillatoria, Anabaena, Aphanizomenon, etc.), the

total elimination of oxygen from the hypolimnic layers during the sum-
mer months and the accumulation of considerable dquantities of nutrients,
the appearance of hydrogen sulfide and ammonium ions, iron and manganese,
the concentration and sedimentation of nonmineralized organie substances,
formatien of marsh gas, etc.; and as a result of these changes in thelr
environment, the disappearance of the fauna inhabiring the deeper regions
and of the higher species of fish.

Macrophytes and periphytic and floating algae may proliferate enormously
along lakeshores, as in watercourses in an advanced stage of eutrophica-
tion, causing considerable variation in the oxygen content of the waters
during the day. In watercourses, dense plant thickets may even slow
down the flow of water.”

The criteria proposed or used to demonstrate eutrophication in a lake
which is deep enough to have thermal stratification may be grouped according
to the following scheme (after Uhlmann & Hrbdcek, 1973):

(1) In the epilimmion;

(a) concentrations and comparable determinants:

- concentration of orthophosphate at the bepinning of the
spring circulation,

- particulate organic carbom and nitrogen,
- chlorophyll content,
- phytoplankton ecell number or volume,
-~ phytoplankton biomass,
~ light transmission,
- Secchi disc transparency;

(b) turnover rates, fluxes, activities:
- primary production,
- phosphatase and nitrogenase activity,
- algal growth potential;

{¢) Dbiocoenotical structure:

- gpecies diversity.




(2) In the hypolimmion:

- residual oxygen concentration at the end of the stagnation
period,

- accumilation of orthophosphate and dissolved nitrogen com-
pounds,

- BOD,

COz—production,

formation of methane in the sediment,

decomposition of cellulose ar the sediment surface,

commmity structure of bottom fauna.

It is generally impossible to describe the degree'of eutrophication
by use of just one or a few criteria. A mulridimensional system of descrip-
tion is therefore required.

For example, as the chlorophyll content is directly related to photo-
. synthetic activiry it may be a better parameter for trophic status than
measures of standing crop. However, there is still no common standard for
the evaluation of chlorophyll measurements.

It is possible to use:

(1) the maximum chlorophyll content at a certain depth measured in
the course of a year (Bermhardt et al., 1973);

(2) the chlorophyll content in the whole water column (mg/mz) on the
day of maxdimum yield;

(3) the mean chlorophyll content in the whole water column (mg/mB)
on the day of maximum yield;

(4) the mean chlorophyll content in the euphotic zone on the day
of maximum yield;

(5) the average summer chlorophyll content in the subsurface layer
measured during May - September (Sakamoto, 1966).

Method (4) appears to give the best information during periods of
thermal stratification, whereas methods (2) and (3) are more appropriate
during circulation periods (Nusch, personal commundcation).

Both methods (1) and (3) have been found to give good correlation with
maximum phosphorus content, i.e., r = 0.92 and r = 0.97, respectively




(Nuseh, 1975). A good correlation was also found between average summer
chlorophyll and total phosphorus comcentration at spring overturn, r = 0.95
(Dillon & Rigler, 1974).

A very relevant index of trophic status is based on changes in the rate
of primary production {(Hooper, 1969; Vollenweider, 1969). However, the
level proposed to indicate eutrophy varies widely from author to author.

Yor example, Hibel (1966) considered that a primary production exceeding
200 g Cyoo/m2 per year is characteristic of a highly eutrophic lake and
70-200 g Cass/m? per year is true for a moderately eutrophic one.

Findenegg (1964) sets the limit between eutrophic and mesotrophic lakes
at the level of about 60 g Cags/mZ per year and Elster & Motsch (1966) at
about 80 g CaSS/m2 per year. All these authors comsider lakes with a pri-
mary production inferior to 25-45 g Cass/m? per year as being oligotrophic.
In Denmark, however, lakes having an ammual production of 60-100 g Cope/me
are considered as "pure and clean" (Mathiesen, 1971; Hansen, 1975). Im
dystrophic lakes, like most of the Finnish and Swedish lakes, the boundary
between oligotrophy and eutrophy has been set at as low a level as
14 ¢ Cagglm2 per year (J¥mefelt, 1956).  Granberg (1973) concludes that in
such lakes, primary production is not a sufficient criterion for eutrophy.
Bacterial production in dystrophic lakes is not only related to the primary
production, but to a great extent to allochthonous organic matter, i.e.,
humie substances (Winberg, 1972). In this type of lake, not only the tro-
phic status but also the saprobic status should therefore be determined.

The measurement of heterotrophic bacteria production is generally car-
ried out by the lécetechnique, using dark bottles (Kuznetsov & Romanenko,
1967; Overbeck, 1972).

The depree of imbalance between production and consumption has been
proposed by Odum (1961) as a good index of enrichment. He has alsoc used
the ratio of photosynthesis to respiration to describe the relative domin-
ance of autotrophic and heterotrophic processes, a ratio which would be ex-
pected to change as eutrophication proceeds. Measurement of the increasing
growth potential of a water as a result of nutrient input is a method for
determination of trophic status which has been given increasing attention
during the last few years. Yet the method was first used in 1932 by
Francev in his attempts to forecast the future development of water quality
in rhe Moscow River (Seppinen, 1973). Later the algal assay method was
further developed by Skulberg (1967) and others and exists today in several
different formsz. Among these, the mini-test procedure {(Forsberg, 1972)
and the dialysis culture technique (Jensen et al., 1972) are particunlarly
interesting for determination of trophic status. An evaluation of the
experience of different uses of algal assays in water pollution research
is given in the proceedings of a Nordforsk symposium {1973).

The appearance of new species of organism (indicators of eutrophy) and

the disappearance of existing species (indicators of oligotrophy) have long
since beep very useful indices of eutrophication in relation to phytoplankton
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(Lund, 1969), to zooplankton (Brooks, 1969), to bottom fauna (JSnasszon, 1969)
and to fish fauna (Larking & Northcote, 1969).

Dominance and quantity of species are often reduced to different kinds
of diversity indices. Communities with a great number of species generally
have high diversity, whereas those with a few species often have low diver-
sity. A community with the same number of individuals per species has
higher diversity than a community with different numbers of individuals per
species, with a given number of species.

Three common types of indices can be recommended:

(a) Simpson's index (SI)

In, (n.-1)
si=1-_ *1*

N (N-1)

This index expresses the probability that two randomly chosen individ-
nals are not of the same species.

{b) Shannon's formula (H)

Hm™= - L Pi logz Pi

' where H 15 a measure of the information content per individual. The
uncertainty of attribution of a randomly chosen individual to a given species
iz expressed on a logarithmic scale.

{c) The standard deviation of the number of individuals per species
(sD)

5 - En.2"N2
i
50 =
5 (5~1)

5D is a direct measurement of the evenness of distribution of the great
majority of individuals in each species. The index makes good allowance

for data that deviate far from the mean.

All indices should also be reported in a "scaled version" to enable
a comparison to be made betrween different communities. The calibrated data
take into consideration the maximum and the minimum data respectively of the
given total number of individuals and number of species, so that 1 corres-
ponds to the highest possible diversity and 0 corresponds to the lowest pos-
gible diversity. Formulae to calculate maxima and minima are described by
Fager (1972).

Changes in the diversity of phytoplankton have also been studied, e.g.,
by Archibald (1972) and Granberg (1973). According to them, in the beginning
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of the eutrophication proeess, the diversity of phytoplankton increases,
but at total P-concentrations exceeding 30 ug/l, diversity decreases rapildly.

Recently, Dobson et al. (1974) made an attempt to attach definite mean-
ings to the terms "oligo-, meso— and eutrophy” on the basis of average
chlorophyll 2 and Secchi disc readings. The chlorophyll values usged were
mean readings for the surface water of the whole lake for complete lce-free
pexriods. In this way, the mesotrophie range was defiped as 4.4-8.8 ug
chlorophyll a per litre and 3.0-6.0 m for the Secchi disc readings.

Vollenweider et al. (1975) transformed the above ramges, based on aver-
age chlorophyll, into ranges of annual primary production. Accordingly,
oligotrophic lakes would have total annual,production rates up to 100 gC/m
pet year. mesotrophic from 100 to 200 gC/m”~ per year and eutrophic
» 204 gC/m‘a per vear.

In an attempt to summarize some of the simplest and most useful bilo-
logical indicators in the plankton community of the trophic status of lakes
and to give approximate ranges for the different parameters, the following
table has heen prepared by C.I. Weber (personal comunication}:

Table 1
USEFUL PLANKTON INDICATORS FOR TROFHIC STATUS OF LAKES
Trophic status
Parameter Oligotrophic Mesotrophic Eutrophic

Algae/ml 0-2000 2000-15 000  * 15 000
Chlorophyll (mg/mB) {peak

values in photiec zone) | 0-3 3-20 » 20
Primary production

gC/n? per day 0-0.2 ¢.2-0.75 * 0.75
Biomass {(mg/lL) 0-1 1-10 > 10
Cell volume (mm/1) 0-5 5-30 > 30
Rotifers/1 0=-10 10250 = 250
Microcrustacea/l 0-1 1-25 > 25
Species diversity low high low

dem

It must be stressed that the table dees not give definite boundaries,
but just guidelines of ranges. As pointed out earlier in the text, dif-
ferent ranges must be applied to different types of c¢lear water or humic
lakes.
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3. CAUSES OF EUTROPHICATION

5,1 ©Nutrients

It is well known that algae require the following macronutrient ele-
ments: carbon, hydrogen, oxygen, nitrogen, phosphorus, sulfur, potassium,
magnesium and calcium, The essential micronutrients are: iren, boronm,
zinc, copper, molybdenum, manganese, cobalt, sodium and chlorine (Holm—
Hansen, 1969). In addition, silicon is essential for the growth of diatoms.

A few organic factors have also been shown to be important for a variety
of fresh water and warine algae, viz., the vitamins thiamine, biotin and
cobalamin (Byp) (Provasoli, 1969). The need for organic chelators thar solu-
bilize trace metals has also been well established (Phinney & Peek, 1961;
Sakamoto, 1971).

From a general knowledpge of the nutrients essential for algal growth,
however, it iIs an enormous step to making a proper evaluation of the availa-
bility of putrient elements in natural waters for plant growth and a deter-
mination of which element(s) might become limiting for growth. Due to the
great number of investigations in this field in the last 20-30 years, in-
creasing progress has been made in developing simple relisble rechniques for
evaluating nutrient supplies to aquatic plants growing in natural environ-
ments. Up to the beginning of the seventies, most of the data on nutri-
tional requirements of algae were obtained frow laboratory tests, in enrich-
ment experiments or other types of biocassays using bateh ¢ultures or con-
tinuous flow apparatus {chemostats) with natural populations or pure cul-
tures of algae (Skulberg, 1967; Goldman, 1964; Thomas, 1970; Oswald &
Gronkar, 1969; Porcella et al., 1970).

However, from about 1970 even more reliable data began to appear in the
literature, mainly originating from the whole-lake-experiments carried out in
north western Ontario, Canada. In these experiments, budgets of all major
nutrients can be accurately manipulated and the response of a whele natuyral
system may be studied. The results consequently give a clear answer on
the environmental importance of the nutrients (Schindler et al., 1973;
Schindler & Fee, 1974).

In laboratory experiments, phosphorus and nitrogen are frequently found
to occur in concentrations at which they may be Limiting for growth (for
reviews see Stewart & Rehlich, 1967; Vollenweider, 1968; Massey & Robinson,
1971). However, many workers have claimed to demonstrate a nutritional
deficiency of other essential elements. To take a few examples, Goldman
(1961, 1964, 1967) measured the uptake of 14C in natural algal populations
after adding various nutrients and found at different periods of the year
deficiencies in N, P, K, 5, Mo, Fe, Zn, Mn, Co and vitamin BlE'

The role of iron in the stimulation of algal growth has been stressed
by Rohde (1948), by Menzel & Ryther (1961) and by Berge (1970). The

13




latrer found that the addition of iron salts to a Norwepian lake caused
increased plant growths.

Indications that molybdenum might be limiting were found by Head &
Burton (1970) in some waters around Southampton, England, and by Goldman
(1960) in some Californian waters.

Vega (1971) showed that molybdenum iz essential for the enzymatic re-
duction of the nitrate ion by Chlorella, and Dumont (1971) discussed the
possibility that molybdenum is essential for the creation of blue-green
water blooms. Neil et al. (1970) found that in Devils lake the potassium
conecentration was critical for algal growth. In another system, studied
by Telitcchenko et al. (1971), periodic blooms of Cyanophyta occurred only
when the water became enriched with copper, which however, may be an effect
of altered competition with other algal groups.

By using filrered Lake Erie waters, inoculated individually with each
of three blue—green algae and one green algal species, Lange (1971) found
that nitrate-N was a limiting element in 39 out of 60 cultures. Chelated
iron, cobalt or phosphorus was limiting in 21-23 culturecs. Only in one
case was the addition of phosphorus alone able to achieve maximum growth
enhancement . In general, one or more of the other nutrient elements were
also necessary to achieve the maximum. $imilar results, indieating that
phosphorus addition alone geldom gives maximal stimulation of growth in
waters already rich in nutrients, were obtained by Lindahl & Melin (1973},
who worked with waters from the strongly polluted archipelago of Stockholm.

The results of Lange and of Lindahl & Melin, as well as results obtained
with laboratory batch cultures by Landner (1970) indicate that the commonly
used Liebig's law on limiting nutrient may be an oversimplification in the
proper evaluation of the causes of eutrophication (e¢.f. Hultman et al., 1972).
Verduin (1964) pointed out that the rule in photogynthesis in aguatic habi-
tats dis that several factors can be limiting simultaneously, and he criti-
cizes the common postulate on one single limiting factor. Similarly,
Uhlmann and Hrbdcek (1973) pointed out that it is only in waters wvery poor
in nutrients that the concept of single-growth limiting factors is justified.
The more the elementary composition of the water comeg close to the composi-
tion of the "average" biomass, the more the concept of Baule & Mitscherlich
(Baule, 1918) on multifactor-limitation must be adopted. Verduin (1964) also
derives a limiting factor equation from the Baule-Mitscherlich equation sug-
gesting that light, CO2, N, P, Fe, algal population, ete., may be simultan-
eously limiting. This idea was even further extended by O'Flaherty (1967)
and Landner (1973), ineluding in their consideration the existence of inter-
actions berween different factors. In spite of the above-mentioned argu-
ment, there seems to be widespread agreement that for most practical pur-—
poses, when digcussing the causes of euwtrophication, it is justifiable to
focus on the two key nutrients, phosphorus and nitrogen. However, it must
be borne in mind that exceptions to the general rule that phoesphorus and
nitrogen arc key nutrients may eccur in some waters, especially in waters
heavily polluted by domestic wastes.
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In connexion with rhe nutrients phosphorus and nitrogen, it should he
remembered that:

(L) There are great variations in the rates of phosphorus uptake by
algae, from "starvation uptake" to "luxury uptake" (Azad & Borchaxdt,
1970) . For example, luxury uptake of P has been demonstrated to
occur at high temperatures (Wong, 1969). Phosphorus actually stored
in cells can be used when the water becomes low in this nutrient.

(2) Nitrogen fixation from the atmosphere by planktonic blue-green
algae may be a major source of combined nitrogen for the algae at
particular times, especially in the early stage of eutrophication
(Horne & Fogg, 1970).

A promising appreach to indicate the nutritional status of the algal
cell with regard to P or N is to determine respectively the alkaline phos-—
phatase activity (Fitzgerald, 1969) or the cellular contents of nitrate
reductase (Fppley et al., 1969). Such methods might be used to check the
general applicability of an argument reviewed by Hultman et al. (1972),
that the N/P molar ratio in marine algae as well as in sea-water is APpTrOX=-
imately Lé6:l. In coastal areas, however, the N/P ratio in the water often
is 5-10:1, byt algae still take up N and P at a ratio of 16:1. In biologi-
cally treated sewage the N/P is approximately 4:1, Therefore, close to the
discharge peints for such sewage and also in coastal waters, nitrogen may
be the limiring nutrient if algae always tend to establish a close to con-
stant N/P ratio = 16:1. (See also Shelaf et al., 1971; Chiaudani & Vighi,
1974; Goldman, 1976).

The difficulties in drawing general conclusions concerning the causes;
of eutrophication from particular experiments using water with a certain
composition, whether natural or artificial, were well illustrated in the
"earbon-phosphorus controversy" during the early seventies. This contro-:
versy arose when several investigators suggested that carbon rather than
phosphorus is the most important growth limiting nutrient in natural waters.
These conclusions were based on laboratory work by Lange (1967) and Kerr
et al. (1970) and on literature reviews and theoretical comsiderations by .
Kuentzel (1969, 1971) and by King (1970).

In several responses to the procarbon suggestions (notably by Shapire,
1970); Massey & Robinson, 1971; and Goldman et al., 1972), the general
conclusion is that it is possible that carbon could be growth-rate limiting
and might possibly control the algal mass in systems where other nutrients)
are present in considerable excess, Such conditions occur relatively in—!
frequently in nature (Goldman et al., 1972). However, in most oligetrophic
and mesotrophic waters and in many eutyophic lakes, the carbon supply from%
inorganic sources in the water, from the daily 1ncrement from the atmos-
phere and from bacterial degradation of organic material would be more thap
enough to force some other factor to be limiting (light, nitrogen, phosphorus,
etc.). To gain practical perspective on the carbon question, one might '
ask which factor ome would try to control (hence, force it to be llmltlﬂg);
in order to prevent, reverse or check the effects of eutrophication. The
answer would not be light, temperature or carbon, In fact, for practlcalg
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purposes one would in most cases have to answer that it would be necessary
to control phosphorus (Massey & Robinson, 1971) or in some instances nitro-
gen.

In his comprehensive review on nitrogen as a growth factor in fresh
water, Forsberg (1975) points out that among macronutrients, the general
order of deficiency for aquatic growth is P » N » (. The number of cases
where phosphorus has been shown to be the elepent most limiting the growth
and abundance of phytoplankton is today overwhelmiangly great. Similar
conclusions have also been obtained from whole-lake experiments in Canada
(Schindler & Fee, 1974). Recently, however, szeveral reports have suggested
that nitrogen is more often the primary limiting nutrient than previously
believed. Forsberg (1975) finds that in at least 40 different natural
fresh-water areas, nitrogen has been reported or assumed to be an algal
growth-limiting nutrient. In one particular study in Sweden, the produc-
tivity of 20 lakes receiving urban sewage, has been investigated by means
of algal assays (Forsberg et al., 1975; Claesson & Ryding, 19735). The
main conclusion, as to whieh of the nutrients, phosphorus or nitrogen, is
most growth-limiting, was the following. in waters having total P values
less than 0.05 mg/l, phosphorus was the most growth-limiting nutrient.
Above 0.1 mg P/1, nitrogen played the principal rele. Eetween these values
the growth of the test alga (Selenastrum capricornutum) was primarily lim-
ited by phosphorus or nitrogen or chelating agents. Unentriched algal
assays with filtered water from many waste-affected lakes gave chlorophyll
values exceeding the natural levels by 50-73% (Forxsberg, 19753). this
indicates that in these lakes, other factors than N or P limited the algal
growth. Among the other factors may be mentioned carbon, Light, inter-
action with other algal species, grazing by zooplankton, etc. (see 5.2),

Forsberg (1975) concludes that nitrogen may start playing the prin-
cipal role as the most limiting nutrient in eutrophic lakes at annual load-
ing rates in excess of about 2-3 g N/m2 per year and 0.2-0.5 g P/m? per
YEeAT. At Joading ratesz well below this level, phosphorus becomes more
and more important as the limiting nutrient.

Tt should, however, be remembered that very strong correlations
(r = 0.97) have been obtained between total phoaphorus concentration at
spring overturn and average chlorophyll a concentration in summer (Sakamoto,
1966), and that this is obtained over a very wide range of phosphorus con-
centrations. On the other hand, good correlations (r * 0.87) have also
been found between winter maxima of ammonium-nitrogen (over wide concen-
tration ranges) and summer maxima of chlovophyll a (Barica, 1975).

Close correlations between the leading of both phosphorus and nitrogen
respectively, and the chlerophyll content or algal mass bave also been
demonstrated in many different big lakes (Edmondson, 1970; Patalas, 1972;

Shannon & Brezomik, 1972; Ahl, 1973). For the time heing, therefore,
neither phosphorus nor nitrogen can be picked out 25 the only macronutrient
of key importance for eutrophicatiocn. We must conclude that both are of

great impertance and, 25 no rule of general validity can be formulated in
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this field, each individual water area has to be investigated by appropriate
methods to estimate whether phosphorus or nitrogen is the first nutrient to
control.

5.2 Physical and biclegical factors

In addition to the chemical causes of eutrophication, it is important
to evaluate the influence on the eutrophication process of physical factors,
such as geclogical history, morphometry, rate of turbulent wizing, thermal
properties, incoming radiation, general hydromechanics. hydrology and silca-
tion (Stewart & Rohlich, 1967). That light energy may be limiting for
phytoplankton growth, especially early in the year, has also been ghown,
for example by Pechlaner (1970), Jones & Spencer (1970) and Talling (1971}).
Experience from several water bodies indicates that light becomes limiting
if mixing depth is considerably greater than light penetration depth
(Uhimann, personal communication).

The residence time of the water in a lake seems to be of major impor-
tance for the rate of nutrient enrichment of the lake, Mortimer (1969)
suymmarized the most important physical factors that control eytrophication
and its effects as follews: (1) radiant energy input; (2) nutrient input
and loas; (3) oxygen supply, and (4) interactions of morphometry and
motion,

The morphometry of a lake is of great importance for rhe degree of
eutrophication that results from a certain nutrient loading. This was
clearly pointed out by Edmondson (1961). Later, Vollenweider (1968) put
further emphasis on the role that the mean depth of a lake plays for the
putcome of a certain phosphorus loading of the lake. He found that when
the area's total phosphorus loading was pletted against mean depth on a
log-log scale, straight lines could be arbitrarily drawn separating the
lakes into the three standard lake types in texms of degree of eutrophy.

In a study of the total phosphorus budgets of 19 lakes in Ontario, Dillon
(1874) found that a number of lakes had very high phosphorus loadings, with-
out being eutrophic, i.e., that these lakes did not fit into Vollenweider's
original scheme. The model was therefore corrected for flushing time,
i.e., loading was plotted against mean depth/water residence time, (z/Ty) -
This model gives a much better estimate of the degree of eutrophy of a given
lake (Vollenweilder, 1973). The residence time (T,) can be calculated as
the lake volume divided by the yearly outflow wvolume.

Detailed analysis of the model has shown that lakes having long water
renewal times are much more sensitive to phosphorus loading than would
appear from the mean depth alone. Further, from comparison of the trelative
residence time of nitrogen and phosphorusz, it is deduced that - with in-
creasing eutrophication - the nitrogen metabolism is speeded up beyond the
point of simple proportionality. This could explain the transition from
phosphorus to nitrogen limitation in highly eutrophied lakes (Vollenweider,
19753).
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Unlmann (1971) discusses several factors other than nutrients that
strongly ianfluence phytoplankton growth, He states that cropping factors
can play a much more decisive reole than nutrient limitation. Parasitism
by fungi, bacteria and phages may also result in very high lesses of phyto-
plankton due to the high growth rate of the organisms (Shilo, 1971). The
following equation describes the overall change in algal cell concentra-
tion (= x) (Uhlmann, 1971).

dx
_ - -p . - . — - . .
at © K} X, 1 ® D ® G x B =

Import Growth Export Grazing Sedimentation

In hyperfertilized ponds, grazing may suppress phytoplankton growth to
such an extent that a great deal of the supplied nutrients remains unused.
it is also seen from the equation that the flushing time and the morphometry
(sedimentation) of the lake directly influence the standing crop (or chlero-
phyll content).

A high grazing pressure, resulting in low chlorophyll values in the lake,
but high readings in the algal growth potential test, was zalso observed in
some of the lakes investigated by Claesson & Ryding (1975).

Also Steel (1972a, b) and Steel et a2l. (1972) point out the important
controlling function of zooplankton grazing on phytoplankton biomass. The
importance of this grazing is such that it seems that the maintenance of
gquite modest herbivore biomasses can preclude enormous crops of any edible
algac. In natural situations, however, overgrazing by zooplankton so re-
duces the available food that a great consequential decline in that zoo-
plankton occurs. This decline may be further aided by predation (Steel,
1972b). It is obvious that in situations of intemse grazing, any decrease
of the zooplankton biomass by addition of toxic substances or by increased
predation (e.g., fish stocking) will cause large plankton bleoms and the
whole eutrophication process may speed up.

6. SOURCES OF NUTRIENTS

Excretion of plant nutrients from algae, zooplankton and fish directly
into the trophogenic layer of waters may, at least for relatively short
periods, constitute an important nutrient supply for phytoplankton (Pomeroy
at al., 1963). Bacrerial decomposition of organic matter in the water col-
umn may also give the necessary nutrient supply for the initiation of an
alpal bloom (c.f. Silvey & Roach, 1964).
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The close symbiotic relatiomship between planktonic blue-green algae
and bacteria was one of the main arguments by Lange (1967) and Kuentzel
(1969) for considering carbon as the growth-limiting nutrient for algae.
They argued that the large amounts of €02 required for fast—growing massive
algal blooms of blue-green algae could not come from the atmosphere or from
dissolved carbonate salts, but only from the action of bacteria decomposing
ample amounts of organie matter.

A plant-stimylated release of phosphate from the sediment has been
demonstrated by several authors. Porcella (1970) showed that mats of
Oscillatoria extracted inorganic P from sediments and transferred a certain
amount of it to the water above. Higher plants, like Zostera marina, have
also been found to transfer phosphorus from the sediment, out into the sur-
rounding water {McRoy & Barsdate, 1970).

Regeneration of inorganic N and P from decaying aquatic weed may proceed
rapidly. Weeds sometimes decay more than twice as fast as phytoplankton,
giving as maximum rate of regeneration of N and P about 5% per day of the
nutrient initially present (Jewell, 1971). Only 30% — 70% of decaying
algae, the fraction completely degraded in the course of one year, exerted
a measurable influence on nutrient regeneration; the rest took years to
decompose (Jewell & McCarthy, 1971).

6.2 BSediment exchange

& profound knowledge of the factors affecting nutrient transfer between
water and sediments is of paramount importance in determining what correc-
tive measures should be taken against eutrophicatien.

6.2.1 Phosphogus

In an excellent review of the current state of knowledge of the differ-
ent factors that may affect sediment-water exchange of phosphorus, Lee (1970)
broke down exchange reactions into physical, biological and chemical. Such
an understanding of reactions should be useful in developing methods of con-
trol.

Hydrodynamics as compared to chemical kineties plays a most important
role in determining the rate of exchange. This is deduced from the fact
that interstitial waters contain about 50 rimes more soluble orthophosphate
than the overlying waters (Rittemberg et al., 1953). Mixing within sediments
also determines the depth of sediment that may become involved in exchange
reactions. Early investigators reached the conclusion that only a very thin
layer of surfazce sediment may be involved in exchange reactions (Hayes
et al., 1952; Zicker et al., 1956; Mortimer, 1941, 1942). Later work
indicates that the mixing zone extends down some 5 cm to 13 cm below the
sediment-water interface (Lee, 1970). HBowever, Kamp-Nielsen (1974) concludes
rhat exchange can occur only in the upper 3 cm of the sediment. In experi—
ments with 32P, Hynes & Greib (1970) showed that phosphate moves readily
through undisturbed mud and is released to the water from muds at least
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4 cm deep. This applied both te rich calcarecus and te peor acid peaty
mud, Mixing in the sediments is accomplished primarily by benthie animals
and algae and by anaercobic fermentation reactions. However, wind-induced
motions and other currents also contribute to mixing.

Besides causing mixing, organisms can greatly alter the thermodynamics
and kinetics of exchange reactions by both direct and indirect mechanisms.
The direct effects are associated with metabolic activity of microorganisms,
which results in the uptake of a given element and possibly its transforma-
tion from one form to another. Indirect effects involve those biochemical
reactions which result in a change in chemical characteristics, e.g., the
pH, or the redox potential of the water (Lee & Hoadley, 1967). The role
of biological processes of the sediment-water interface has alsc been em-
phasized by Gahler (1969).

Each major type of chemical reaction, such as acid-base, precipiratrion,
complexation, redox, biochemical and sorption reactions, may play an impor-
tant role in the exchange between water and sediments (Lee, 1970).  Acid-
base reactions could, for example, affect the amount of material released
or precipitated by complexing agents (Werner, 1970) and may also affect the
rate of oxidation of such agents (Morgan & Stumm, 1965).

Schofield (1968), studying precipitation of phosphorus in natural waters,
concluded that phosphate was held in oxidizing sediments as an iron phosphate,
while under reducing conditions aluminium phosphates were prevalent. Bow~-
ever, Lee (1970) states that the actual species present in the sediments
is not ferric phosphate but a complex or hydrous ferric oxide which tends
to sorb the phosphorus from the water. Anyhow, it seems to be generally
accepted that iron plays a very important role for the binding and release
of phosphorus in the sediment (Shukla et al., 1971; Li et al., 1972).

According to Stumm & Leckie (1971) the calcium-phosphate system is the
principal control mechanism for the solubility of phosphates in interstitial
and hypolimnetic waters, a fact which might be true for areas rich in calcium~
containing minerals. Tn later work, Stumm (1973) concludes that the pre-
cipitation of phosphate, linked to apatite formation, involves three steps:
(1) chemisorption of phosphate accompanied by heterogeneous formation of
nuclei of a presumably amorphous calcium phosphate; {(2) a slow transforma-
tion of these nuclei into crystalline apatite; and {3) crystal growth of
apatite. Lee (1970) comments that from both laboratory and field observa-
tions, it is doubtful whether hydroxyapatite plays an important role in the
chemistry of phosphate in natural waters.

Many workers have found that phosphate is released wmder reducing con-
ditions and it is generally concluded rhat this is because the ferric dirom
is reduced to ferrous iron (c.f. Mortimer, 1941). However, later work has
shown that appreciable release of orthophosphate occurs also under aerobic
conditions, when the sediments are completely mixed, but that the rate of

phosphate release is much slower than the rate of release under anercblce
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conditions {(Lee, 1970). Grangli (1975) cites a number of laboratory ex-
periments in which the release of phosphorus from iake sediments taken from
oligetrophic and eutrophic lakes, raspectively, were followed under boeth
aercbic and anaeroblc conditions. Tt was shown that the redox potential
had no influence on the phosphorus release from the sediments from oligo-
trophic lakes. The release was small (n0.15 mgP/mz,d), whether oxygen was
present or not. From the sediments taken from eutrophic lakes, however,
there was a six to fifteen fold increase in phosphorus release (at 80 C)
under anaercobic comditions, as compared to aerobic conditions (from

a1 mgP/md per day to ~15 nmgP/m per day).

Kamp-Nielsen (1975) showed that temperature and sedimentation rate
greatly influence the sediment-water exchange of phosphorus, even more so
than the variation in redox conditions and pH. He demonsgtrated thar in the
littoral zone of the eutrophic Lake Esrom, phosphate is fixed in the sedi-
ment except in May-June, when the decompositiom of sedimented crganic mat-
ter counterbalances the adsorption of phosphate. At 20 m depth, liberation
of phosphate tock place throughout the stagnation period and maximum re-
lease was reached in September-October, when anaercbic conditions prevalled.
The exchange rates varied from a fixation of 8 mgP/m2 per day to a release
of 16 mgP/m? per day at 3 m depths and from a figation of 4.5 mgP/wl per day
to a release of 16 meP/ml per day at 20 m depth. For the lake as a whole,
there wag a net annual phosphorus fixatien, the maximum releagse of phos-
phorus coinciding with maximum sedimentation. The stimulating effect of
sedimented organic matter in the exchange processes has also been shown by
Tessenow (1972) and by Hallberg et al. (1973). These results further
support the classical wview that iron or manganese controls the phosphate
concentrarion inm natural waters to a congiderable extent, but they also
call attention to the possibility that the iron and/or manganese redoX
equilibria do not constitute the only mechanism for phosphorus control.

This leads us to consider another very important type of reaction with
respect to controlling the exchange of materials between sediments and
waters, viz., sorption reactions. The importance of sorption and desorption
reactions for the exchange of phosphorus between sediment and water has been
emphasized by many workers, such as Golterman (1967), Harter (1968),

Williams et al. (1970}, Fitzgerald (1970), Mortimer (1971) and Serruya (197L).
Sorption, in general, is a fairly fast process under aerobic¢ eonditions
(Fitzgerald, 1970), is somewhat reversible and is dependent on pH, with
maximum sorption occurring in the slightly acid 4-7 pH range (Murrmamm &
Peech, 1969}. Williams et al. {1970) found that noncalcareous lake sedi-
ments penerally adsorbed and retained more added inorganic P than calcareous
lake sediments.

Clay minerals rank high on the list in terms of sorption capacity,
especially cation exchange capacity. These minerals also show significant
sorption for some anions such as phosphate; on the other hand nitrate
shows no sorption tendencies on clay minerals (Lee, 1970).
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Diffusion coefficients for the movement of phosphate across the mud-
water interface have been reported by Stumm & Leckie (1971) as being:
< 1070, by Tessenow (1972), as: 0.44 x 102 and by Kamp-Nielsen (1974) as:
0.6 x 107,  All these values are of the same order of magnitude as rhose
for molecular diffusion, and a molecular diffysion "disturbed" by sorption
and exchange processes can explain the sediment-water exchange as controlled
pasgive transport (Kamp—Nielsen & Andersen, 1975).

This section is aptly summarized by a statement from Olsen (1966):

"Phosphorus may become fixed in sediments by three types of reactions:
{1) biologically, by metabolic processes in bacteria, phytoplankton

and higher plants; (2} chemically, by reactions with caleium, irom

and aluminum; and (3) by sorption, whereby the phosphorus is fixed to
the surface of solids. In natural waters, probably all three of these
reactions occur simultaneously. Studies are necessary to determine
which one(s) predominate in a given lake."

The literature on sediment~water exchange of nitrogen compounds has been
recently reviewed in a number of excellent papers by Kamp-Nielsen & Andersen
(1975), Reeney (1973) and Painter (1970, 1975). Therefore, only a few re-
marks will be added here. Similar environmental factors that influence the
exchange of phosphorus also influence that of nitrogen. The annual gross
nitrogen sedimentatien rates that are found in the literature range from
3.5 g N/mé to 30 iy N/m? (Kamp-Nielsen & Andersen, 1975). The Fate of nitro-
gen in the sediments is very difficult te predict, because of the very com-
plex set of reactions (physical, chemical and biochemical) that sedimented
organic nitrogen is subject to. Among thaese reactions ammonification,
nitrification, nitrate reduection, assimilatrion, denitrificatiom and nitrogen
fixation may all take place in the sediment, depending on the redox condi-
tions, temperature, microbial activity, etc. Rates of anaerobic ammonia
liberation from lake sediments are reported to vary from
3.4 - 13.7 mp NH3-N/m2 per day in Dandish lakes of different trophic status
(Kamp-Nielsen, 1974). In Lake Trummen (before restoration), the anaerobic
release was estimated at 73 mp N—NH3/m2 per day (Bengtsson & Fleischer, 1971).
Denitrification rates have been estimated at 3.4 - 100 mg N/m? per day in
Lake Mendota, 0 = 130 mg N/m? per day in shalleow Danish lakes and
3~ 50 mg N/m2 per day in some Swiss lakes (Kamp-Nielsen & Andersen, 1975).

It is obvious that sediments sometimes act as a drain and szowmetimes
as a source for nitrogen. The fairly constant C/N-zatio in the upper por-
tion of the szediments leads to the assumption that the release is dependent
on the overall biolopical degradation of organic matter and hence on the
supply of ni+*vogen to the sediment. However, the enviromnmental variables
influencing the process make it difficult to predict the seasonal variatlon
in the sediment-water exchanpe of nitrogen.
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6.3 External sources

A comprehensive review of the external sources for nutrients causing
Therefore, only a few
additional comments from the recent literature will be given here. The
specific loadings of nitrogen and phosphorus from external sources on some
large lakes have been given by Vollenweider (1968) and by Ahl (1973):

eutrophication is given by Vollenweider (1968).

Table 2

NITROGEN AND PHOSPHORUS LOADINGS IN SIX LAKES
e R T
31952—53 Lake Zurich, Switzerland i 26.2 1.32
%1960 Upper Lake Constance, g
; Switzerland 20.8 4.07
;1965 Lough Neagh, Ireland 23.9 0.54
51957 Lake Washingtom, Florida 31.4 1.34
i1961~62 Lake Tahoe, Nevada 0.23 0.04
F967—71 Lake Milaren, Sweden 11.3 0.74

Some addirional phosphorus loading data (from a total of 50 lakes)
have been compiled by Dillon (1974) and Vollenweider et al. (1974). These
values range from 0.03 g P/m? per year (Lake Superior) to 9.93 g P fmZ per
yvear (Lake Waubesa).

In Vollenweider's later papers, such loading data are always given to-
gether with the flushing rate and mean depth of the lake, so that the resi-
dence time of the nutrients in relation to the residence time of warer can
be computed (Vollenweider, 1975).

Abhl (1973) has also estimated the relative importance of different sources
on the total loading on Lake Mdlaren as follows:
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Table 3

NITROGEN AND PHOSPHORUS INPUTS TO LAKE MALAREN,
SWEDEN, BY SOURCE

Source Nitrogen Z Phosphorus %
Natural 26 15
| Domestie waste-water 16 58
|
| Industrial waste-water 20 6
Agricultural runcff 38 21

The relative contributions of different sources may, of course, vary
greatly between different lakes,

6.3.1 Surface runoff

In order to make a proper evaluation of the relative importance of the
different sources of nutrients that may contribute to water fertilization,
we may first of all consider the dissolved materials derived from natural
erosion processes.

Precipitation from the atmosphere reaching the soil surface is disposed
of by (1) surface runoff; (2) groundwater runoff (interflow); (3) deep
percolation; (4) storage: and (5) evaporation and transpiration. The
first three of trhese contribute to eutrophication by providing pathways of
nutrient movement to the lakes and streams.  Biggar & Corey (1969) have
discussed the chemical reactions that nutrient elements underge in soil-
water systems and which may influence the amounts of nutrients transported
to streams and lakes, They state that ammonium ions are held at the cation-
exchange sites in soils, so the concentration of ammonium in the soil solu-
tion is not very high. The nitrate aniom, on the other hand, is completely
soluble in a soil solution and is therefore the form of nitrogen most sub-
jeet to leaching. Phosphorus occurs in seoil in both organic and inorganic
forms, but neither form is very soluble. Any phosphorus added as fertilizer
or released by decomposition of organic matter is quickly converted to in-
soluble forms, such as iron and aluminium phosphates in acid soils, and
caleium phosphates in alkaline soils. The overall concentration of soluble
phosphorus in the soil solution seldom exceeds 0.2 mg/l and concentrations
in the range of 0.01-0.1 mg/l are common. The importance of natural phos-
phate sources in relation to phosphate budgets in lakes is further discussed
by Golterman (1973). Mean values for the nutrient concentrations in drain-
age waters have been given by Wiklander (1970) for Sweden as a whole.
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These were as follows:

Ca: 453 mg/l, Mg: 12 mg/1, K: 4.8 mg/1, NO,-N: 4.1 mg/l and P: 0.024 mg/1.

3

Wang & Evans (1970) found that nitrate and organic nitropgen entered the
lake they studied mainly by surface runoff, but very lirtle orthophosphate
entered by this route.,  Johnson & Owen (1971) and Pleiach (1970) reported
similar findings.

Ahl & Odé&n (1975) demonstrate that losses of phosphorus from unfertilized
forest—-land in Sweden are approximately 0.06 kg P/ha per year and the nitro-
gen losses about 1.3 kg N/ha per year (1.0 kg organic nitrogen and 0.3 kg
inorganic nitrogen). These figures apree well with similar data from
Finland and Switzerland.

Many authors conclude thar, as nitrogen is mainly transported to lakes
from diffyse sources, waste-water treatment aiming at the reduction of nitro-
gen in the effiyents will have rather limited effects in counteracting eutro-
phication,

6.3.2 Agricultural and forest drainage

In an extensive investigation of the leaching of plant nutrients from
soils, Wiklander (1970), concluded that normal rates for application of
fertilizers would not cause eutrophication of lakes and rivers. Leaching
of K in soils with not too low an adsorptive capacity is usually less than
or about the samoe as the atmospheric deposition. The loss of H5PO,™ and
HP042" is so asmall that it can be wholly neglected. In cases of heavy
nitrate fertilization leaching of NO43  may become so high as to contribute
to dangerous pollution.

In Denmark, for instance, it has been estimated that the agricultural
contribution to surface-waters of nitrogen is between 13 and 21 kg N/ha per
year, whereas the contribution of phosphorus is nil (Lénholdc, 19753). On
the other hand, Edemns & Solberg (1975), also from Denmark, conclude that the
farm land phosphorus contribution can hardly be neglected in areas with low
population density, no industry or areas where the land is largely used for
farming. They found a nutrient discharge from farmland of 12.4 kg N/ha per
year and 0.18 kg P/ha per vear.

In several other papers it has been demonstrated that the presence of
nitrate nitrogen in surface-waters surrounded by agricultural land can to a
great extent be attributed to fertilizer nitrogen (c.f. Kohl, 1971, and
Harmeson et al., 1971). A summary of nutrient discharge from farmland has
been compiled, using data from Lénholdr (1973), Edens & Solberg (1975), Ahl
& Odén (L1975} and Jones et al. (1976).
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Table 4

AGRICULTURAL NITROGEN AND PHOSPHORUS: CONTRIBUTION
TO LOADING OF RUNOFF

—
Source Nitrogenwtotaig/ha£§23phoruswtotal
Tryggevaelde~Freerslev, Denmark 21 0
State Marsh Experiment, Denmark 16 0.036
; England and Wales 23 0.06
; Southern Sweden 2.76 0.14
The M3lar Valley, Sweden 20 0,.5-0.6
| Pollutionm Council, Denmark 12-15 <1
Usa 22.4 0.18
OECD 12 0.4
Brégns, Denmark 12-13 Q.2
Bzan, Sweden 16.6 0.15
6 Swedish drainage areas with
high percentage of farmland 3.3-10.1 0.16-0.44
Norway - 0.2
34 watersheds in Iowa 7.7 0.35

The table indicates that the contribution from agricultural runeff to
the phosphorus loading of surface-waters is such that it has to be considexed
when measures to control eutrophication are discussed.

Fertilization of extensive forest stands, if the fertilizers are pro-
perly applied, seems to be a less serious threat to water quality (Cooper,
19693, A major danger is erroncous application directly into streams from
the air, Most forest ecosystems show a remarkable capacity for accumula-
ting and retaining mineral iona, especially phosphorus (Pennypacker et al.
1967). When the forest cover is removed, however, the runoff may be sig-
nificantly affected. Bormann et al. (1968) have reported that after cutting
a hardwood forest there was an increase in nitrogen outflow from less than:
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2z kg/ha to more than 60 kg/ha. Nitrate concentrations in stream water ex-
ceeded 10 mg/l for more than a year, and algal blooms appeared for the first
time.

The leaching of nutrients from cattle feedlots has been studied by wany
workers (see review by Loehr, 1970). Minshall et al. {(1970) found that
about 20% of the total nitrogen and 13% of the total phosphorus was lost from
a feedlet during the spring runoff. Poor operation and runoff econtrol is the
general cause for the relatively great role of feedlots as sources for eutro-
phication. Further data on nutrient contributions from cattle feedlots are
given by Filip et al. (1973).

6.3.3 Atmoapheric contributions

Appreciable quantities of nitrogen, sulfur and other elements are pre-
sent in precipitation and in dust and dry fallout between rains. Gambell
& Fisher (1966) have given data on important ions in rainwater and dry fall-
out over a one=-year period in North Carelina and Virginia.

Table 5
CONTENT OF CERTAIN ELEMENTS IN WATER
Yearly average Average total
Ion concentration annual input
mg/1 kg/ha
o 0.37 6.3
Ca 0.65 7.0
Na 0.56 5.9
Mg 0.14 2.1
K 0.11 1.4
SOA 2.18 23,5
0.62 .
NO3 6.7

Areas having so0ils of low pH capable of absorbing NH, correlate with
areas having low concentratiomns of NIi_ and NO, in rainwatér. Conversely,
regions of alkaline soil tend to be associatea with conaistently hipgh levels
of nitrogen in rainwater (Cooper, 1969). It was shown that precipitation
would account for 73% of the nitrogen found in the major streams discharging
into Canal Lake, Ontario (Campbell & Webber, 1971).
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The small amount of published data on the phosphorus content of pre-
cipitation shows a mean value of about 10 ppb. Atmospheric phosphorus is,
however, more likely than nitrogen to be associated with industrial air pollu-—
tion. In densely populated and highly industrialized areas, therefore, much
higher concentrations of phosphorus have been found in rainwater (1L00-150 pph).

The contribution of nitrogen and phosphorus from rainwater has been
estimated at 12 kg N/ha per year and 0.4 kg P/ha per vear for Denmark
(Lénholde, 1975) and at 6-8 kg N/ha per year and 0.2 kg P/ha per year for
southern Sweden, respectively (Ahl & Odén, 1975). In Iowa, USA, the pre-
cipitation has been found to contribute to the phosphorus loading by
0.32 kg/ha per year (Jones & Bachmanm, 1975).

Another impertant route of atmospheric nitrogen into lake water is by
means of nitrogen fixation. A detailed review of this phenomenon has re-
cently been presented by Horne (1975), c.f. Neilson et al. (1971), Rippka
et al, (1971} and Vanderhoef et al. (1974).

Atmospheric phesphorus loadings may be important to primary producticon
during summer, when the vertical stratification would allow only a small ex—
change with the bottom water.

An illustrative example of the growth-stimularing potential of nutrients
in vainwater may be taken from studies of the relative importance for algal
prowth of various infiuents to Lake Tahoe. The Lake Tahoe water itself
yiclded a mean maximum growth rate of the test algae of about 0.29/day.

In order to determine the contribution made by different contributory
sources of water flowing into the lake, dilutions of one volume of each
source of water and nine volumes of Lake Tahoe water were made and the di-
luted samples were tested for algal growth potential.  The mean maximum
growth rates were expressed in arbitrary units and are given in the follow-
ing table for each source of water (REutrophication of Surface Waterg -~ Lake
Tahoe, 1968):

INPUTS TO LAKE TAHOE, NEVADA

Source sample Growth rate

l__._.._._._ pip i e i+
i Oxidation pond effluents v .68
! Inflowing creek (.61
. Rain v (.56
,  Septic tank seepage v 0.55
. Swamp seepage ~ 0.43
; Sewage effluent spray seepage v 0,41

Surface stream at refuse dump a 0,35

Snow melt v (.28

Marinas ~ (Q,25
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Thus, rainwater in 10% dilution with lake water stimulated as much
growth as septic tank seepage at the same dilution.

6.3.4 Urban drainage

Plant nutrients transported to rivers and lakes by storm—water rumoff
and by combined sewer overflows have attracted Increasing attrention during
recent years. Reviews of the different aspects of rhis problem have been
presented by Weibel (196%9) and by S8derlund et al. (1971). The fact that
urban runcff may form a significant part in the total input of phosphorus
to lakes has been shown many times. One example, showing the different
sources of phosphate inputs to Lake Erie is given by the International Joint
Commission (1970):

Table 7
PHOSPHATE INPUT INTC LAKE ERIE
Sources o PO4 (as P} kg/day

Lake Huron 9 0G0
Rural ruynoff 9 000
Municipal

Detergents 32 000

Human excreta 14 000

Urban land 3 000
Industrial (direct) 3 000
Total 70 000

Another example, from an area with an annual precipitation of 550 mm
and a drainage coefficient of 0.5, comes from Liedberg (1973):

Table 8§
SOURCES OF NITROGEN AND PHOSPHORUS
Sougce Nitrogen Phosphorus
. kefyr
Biologically and chemically 30 p 70 1.6
treated sewage 100 p 250 5.5
kg/ha/yr
Urban runoff 30 p/ha 3.9 0.1
100 p/ha 4.1 0.2
Highway 5.8 0.2
Forest runoff 1.3 0.04
Farmland runoff 415 0.08-0.15
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Shannon & Brezonik (1972) give even higher figures for nitrogen and
phosphorus loss rates from urban area: 8.8 and 1.1 kg/ha per year respec-—
tively.

6.3.5 Domestic and industrial waste-water effluents

The effluents from conventional waste—water treatment plants contain
large amcunts of phosphorus and nitrogen compounds.

Many reports and reviews on this subject have been produced. The
reader is referred to papers such as those by Vollenweider (1968), Owens
{1970) or Jaworski et al. (1971), and to more recent works by Devey &
Harkness (1973), Solt (1973) and Dunst et al. (1974). When discussing the
total annuwal phosphorus contribution to the aqueous environment, Devey &
Harkness (1973) found that "tremendous amounts' of phosphorus are diacharged
to the river system from sewage, even when detergent phosphate is not traken
into congideration. The data obtained on the phosphorus content of indus-
trial effluents, showed that these do not generally appear te be a major
gource, although particular processes may waste appreciable concentrations
of phosphates, ¢.f. Table 3 section 6.3. Some figures from the USA, how-
ever, show that the industrial contribution may be important (see Table 10).

The amounts of nutrients present in sewage from Scandinavia have re-
cently been estimated as follows (Ahl & Odén, 1975):

Table 9
NUTRIENTS IN SEWAGE, SCANDINAVIA
Counery Nitrogen Phosphorus
g/person per day
Denmark 16 3
Finland (big ecities excluded) 10 2
Norway (Lake Mj8sa drainage basin) 12 2.9
Sweden 12 3.5

This means that the total gross phosphorus pollution from Swedish
municipalities amounts to 8500 tons per year and the gross nitrogen pollu-
tion to about 30 000 tons per year. Mechanical treatment of sewage would
reduce the total phosphorus discharges to 7600 tons per year, biological
treatment would further reduce the discharge to 5500 tons per year and
biological and chemical treatment down to 850 tons per year. In January
1973, the actual Swedish discharpes of phosphorus by urban sewage amounted

1
i
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to 4800 tons per year (557 of the gross amount) and the nitrogen discharges
to about 20 000 tons per year (Ahl & Odén, 1975).

To summarize the relative importance of different external contributions
af nutrients to surface-waters, two examples may be given. Firat, a study
of the situation in the State of Califormia (Jenkins et al. 1973) reveals
the amount contribuyted frow sources estimated as follows:

Table 10
CONTENT OF NUTRIENTS TN CALIFORNIAN WATERS

Source Nitrogen Phosphorus
tons/year tons/year

Sewered municipals wastes 51 500 23 700
Urban runoff 9 000 1130
Industrial wastes 50 300 10 600
Fertilized land runoff 38 200 620
RBunoff from foreast and other land 66 700 2 620
Animal waste contribution 40 500 510
Total 256 200 39 190

Point scurce contribution 427 88%

In the second example, estimates are given of the total nitrogen and
phosphorus transport to surface waters in Sweden and Finland (see Table 11).

7. EFFECTS OF EUTROPHICATION

The most obvious effects of eutrophication are briefly summarized in
chapter 4, and such obvious effects are generally used as diagnostic symp-
toms for euytrophication, Some lessg obvious effects of eutrophication, some
of them secondary ones like dense water blooms, are considered on page 33.
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7-1 Beneficial effects

Eutrophication increases the biomass in a body of water and therefore

concentrates nutrients in aguatic plants. This makes it possible to in-
crease the production of aquatic foods, an aspect of eutrophicarion that
should be exploited. Fish stocking in eutrophic ponds and lakesz ig one of

the most common ways of taking advantage of eutrophication (section 8.3.3
e.f. Schroeder, 1973). The possibilities for increasing oyster and lobster
production in coastal areas of the sea have also been discussed (Larkin &
Northeote, 1969).

Some fresh-water algae, occurring in eutrophic lakes, have been found
to produce active substances that can be used in therapeutics (Lefévre, 1964).
For example, patients with uleers and with atonie wounds have been success—
fully treated with cultures of blue-green algae.

7.2 Adverse effects

Even if some beneficial effects of eutrophication may be discermed during
early phases of the process, these are soon changed into clearly adverse
effects. The effects of eutrophication will be discussed here in relation
to their direct or indirect influence on man's health and wellbeing.

7.2.1 Direct effects on man

According to Wheeler et al. (1942), outbreaks of human gastroenteritis
have never been positively traced to algae. Tt is probable that the tastes
and odours almost invariably associated with severe algal pollution would
cause human beings to seek other sources for drinking-water before a harm—
ful amowmt of the polluted water would be consumed.

Even if the effects of direct ingestion, inhalation or contact of
noxicus algae have seldem or never been fatal to man, a large number of
cases of human algal intoxications have been described. The effects on man
are likely to be chroniec and generally rather unapparent simply because of
physicians' lack of experience in recognizing the toxic potential of algae
(Schwimmer & Schwimmer, 1964). :

Human algal Intoxications may be c¢lassified in the following way: :
(1) gastrointestinal disorders; (2) respiratory disorders: and (3) derma-
tolegical disorders. :

Dillenberg & Dehnel (1960) and Senior (1960) have reported several
cases of severe diarrhoea and vomiting, sometimes together with cramping
stomach pains, headache and pains in muscles and joints, occurring after
swimming and/or swallowing water heavily infested with Microeysris and
Anabaena.

The respiratory diseases associated with alpas seem to be induced by
the Oscillatoriacesae, with contact achieved by swimming in infested waterﬁ.

33




The manifestations, desecribed by Heise (1951), include itching of the eyes,
blockage of the nose and sore throat. Asthma and generalized urtiearia
were also present in some cases. Similar symptoms have been produced by

Cohen and Reif (1953) repoxted episodes of a definitely allergic case
of papulo-vesicular dermatitis occurring in a child who had bathed ipn a
Pennsylvania lake with Anabaena blooms. Special sensitivity was demon-
strated to phycocyanin derived from the Anabaena.

In Czechoslovakia too, several workers have reported the toxic effects
of waters with water blooms (mainly of Aphanizomenon) on fish, poultry and
horses. The same workers have, in addition, observed effects on man by
the following genera of algae (Daubner, personal commmication): Anabaena,
Aphanizomenon, Coelosphaerium, Gloeotrichia, Haematococcus, Microcystis,
Nodularia, Nostoc and QOscillatoria. By experimental bathing in water with
a water bloom of one of these species, erythema, acute inflammation of the
mucous membrane with bulbar infection, and dermatitis artificialis wirth
pathogenic changes, etc., were registered.

In Bangladesh, a diarrhoea toxin has been successfully separated from
the common blue~green alga Microcystis aeruginosa. Relatively small amounts
of the toxin (0.5 ml) caused diarrhoea in guinea pigs and rats (Aziz, 1974).
Thus, the use of surface-water for drinking purposes where water blcom is
of common occurrence may be a possible health hazard.

Most of the indirect toxic effects op man of plankton algae, however,
are those of the so-called red tides. For many years it has been known that
when the dinoflagellate Goniaulax catenata blooms in Pacific coastal waters,
the edible mussel Mytilus becomes toxic. The poison is known to be accumu-
lated from the dinoflagellate, to which it is apparently harmless, but is
lethal to man (Lackey, 1964). This poisoning is not confined to the
Pacific coast but is the most common there.

The earliest reported episode of fish poisoning is mentioned by
Meyer et al. (1928) as having occurred in the Virgin Islands in 1530.
Since then many incidents have been reported all over the world, with many
thousands of victims and with over 500 documented deaths.

The symptoms of periodic acute paralytic shellfish poisoning are mainly
neurological, with prickling and numbness of the mouth and fingers, ataxia
and lack of coordination, ascending paralysis and respiratory failure.

Death may result in one to twelve hours (Schwimmer & Schwimmer, 1964).
Sommer & Meyer (1937) have shown that toxicity was present only when the
shellfish ingested large quantities of the dinoflagellate Goniaulax.

Some trematode worms take advantage of the tremendous quantities of
aquatic plants, snails and birds cccurring in a highly eutrophic Lake.,
These worms can induce temporary dermatitis as In Lake Geneva and Lake
Ziirich, seven to eight years ago (Laurent, personal communication).
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7.2.2 Effects on the economic exploitation of water resources

In addition to the obvious effects on recreational water use, excessive
algal growth may interfere with industrial and municipal water treatment in
clogging filters or otherwise lowering the quality of the water to be used.
The manufacture of a product in industry such as paper may be affected and
use of the water for plant, such as cooling systems, may be impaired. In
some lakes, used for the supply of drinking-water, development of populatioms
of the alga Synedra has caused a very unsatisfactory taste of the water
(Jackson & Meier, 1966). OQdours created by blooms of the dinoflagellate
Peridinium and the blue-green QOscillatorda in a water supply caused problems
for the production of an acceptable drinking-water (Rebhum et al. 1971).

The algal genera otherwise most often involved in water supply problems,
such as filter clogging, odours and the like in the USA are Asterionells,
Melogira, Synedra and Anabaena (Palmer, 1964). Other effects of algal
blooms have been observed in coastal wateys, where blooms of dinoflagellates
have caused extemsive fish kills and have rendered shellfish unsaleable
because of roxins given off by the algae (Berg, 1971; Cummins et al., 1971).

The bactericlogical condition of the water is often impaired after an
algal bloom. Very often bacteria occur in drinking-water networks fed with
lake water rich in organic material produced during algal blooms (Laurent,
personal commmication).

7.2,3 Effects on higher animals

Recently increasing interest has been devoted to the toxic effects of
fresh-water algae forming algal blooms. The number of reported cases of
animal poisoning related to algal blooms has increased lately. Algae
associated with animal deaths are all found in the blue-green algal group
and belong to the genera: Microecystis, Aphanizomenon, Arabaena, Nodularia,
Coelosphaerium and Gloeotrichia (Ingram & Prescott, 1954).

In an extensive review of animal intoxications by phytoplankton,
Schwimmer & Schwimmer (1953) concluded that in most cases the attacks
occurred after the animals had Jdrunk from lakes or ponds containing heavy
algal growth, usually during hot weather. The phenomenon is reported to
be worldwide and quite serious in certain areas of Australia and Africa
(Lackey, 1964),

The so=-called waterfowl sickness seems to be at least partly caused
by an Anabazena toxin. Microcystis toxin is apparently detoxified
in the digestive tracts of ducks, whereas the Anabaena toxin is not (Gorham,
1964) .

7.2.4 Effects on the recreational value of the water body

Eutrophication often results in dominance over the algal mass by a
relatively small group of blue—green algae that become well established,
Many of these species arve capable of producing physiologically active




metabolites that may function as toxins, growth inhibitors (autointoxication)
or growth stimulators to themselves or to associated algae (Hartman, 1960;
Leféyre, 1964). Most of the adverse effects like production of unaesthetic
algal scums and odour nuisance, occur when one species of algae dominates

the population.

One of the most serious effects resulting from eutrophication is the
extreme fluctuations in dissolved oxygen concentration of the waters between
day and night. Fish kills have been reported to oceur in dense algal
blooms with supersaturation of oxygen (30-32 mg/l) in the surface-water
(Woodbury, 1941). Gas emboli were present in the gill capillaries and gas
bubbles occurred in the subcutanecus tissues, with subsequent respiratory
failure. Rapid decompesition of dense algal seums with agsoclated organisms
glves tise to depletion of oxygen, disappearance of valusble fish (Morgan,
1970), and eventually large-scale fish kills (Mackenthun et al. 1948).
Seccondary effects such as fish diseases, fish kills and proliferation of
parasites may greatly interfere with the equilibrium of the lake ecosystem.

When the dissolved oxygen iz depleted, hydrogen sulfide gas may be
formed, giving rise to unpleasant odours and other nuisances; for example,
the gas may stain the white lead paint on ships or buildings (Mackenthun
et al. 1964).

Provast (1958) and Edmondson (1969) point out that another feature of
highly productive lakes is the abundance of insects. Midges have become
a nuisance in several areas where conditions are suitable for the concentra-
tion of a swarming mass of adults following an emergency. However, algae
are not the only organisms that use inorganic nutrients and massive growths
of rooted or floating vascular plants offer serious problems in many places,
Fishing may be impaired, and bathing, boating and water-skiing is often made
impossible in waters that could otherwise offer maximum multiple recreational
use.

8. LAKE REHABTLITATYON TECHNIQUES

The prevention of further damage to water resources by eutrophication
ig a matter of great urgency. Reversal of deterioration, where it is
already occurring, should be attempted wherever peossible. The most eco-
logically sound approach to the problem is to prevent the introduction of
nutrients resulting from man's activities. In situations where it is im-
practical or impossible to contrel nutrient influx, it may be possible to
make nutrients unavailable within lakes, remove them or reduce the efficiency
with which the primary producers convert dissolved nutrients dnte organic

material,
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In some cases, diversion of sewage and other external sources of nut-
rients will not suffice to reverse the process of eutrophication, Such
lakes could be considered as being irreversibly damaged. If lakes are judged
to be of high environmental value, resolute intervention to correct the bal-
ance of the lake ecosystem must be undertaken. As each body of water is
unique, such restoration programmes cannot be worked out according to a stan-
dardized scheme. Each lake must be investigated and given its own specific
limelogical treatment (Bj8rk, 1972). Some general principles, based on
the previous chapters of this report, may, however, serve us as guidelines
when digcussing possible corrective measures.

To facilitate the classification of the different measures possible,
we may return to the model for aging of lakes, discussed in Chapter 3,
Aecording to this model, the critical point of the aging process occurs when
anaerobic conditions appear in hypolimnion or:

+A*TB) YO

R~-t (Nl + N

2

Wnen a lake reaches this stage it will not recover unless corrective
measures are taken. However, all the different factors im the above ex—
pression can be affected, thereby reversing the otherwise ever—accelerating
process of self-fertilization. In the following, a brief discussion will
be undertaken in relation to these factors. For a more detailed treatment
of the subject, the reader iz referred to the recent comprehensive survey
by Dunst and his co-workers (1974). See also Seppinen (1973).

8.1 Measures affecting the oxygen reserves in hypolimnion

Such measures should affect the factor R in the above expression, in-
creasing the total amount of oxygen available for decomposition of organic
matter in the hypolimnion. In shallew lakes in temperate regions, where the
lake iz jce-coated, the total amount of oxygen in the whole water mass is of
interest.

Restorative measures could then consist of raising the water level,
thereby increasing the water column and consequently the total amount of

DXYgern.

Induced changes to the water levels of lakes as a means for proper
management of water resources have been discussed by Nilsson (1972). For
Hornborga Lake, Sweden, which is ar present being restored, restoration plans
include raising the water level to a maximum depth of 1.9-2.4 m (Bj8rk, 1972,
1974},

Another way of increasing the oxygen reserves in the hypolimnion is to
aerate rhe hypolimmion water without disturbing the thermal stratification.
Such measures were tried already in 1947 by Mercier in Lake Bret (Mercier,
1955; Mercier & Gay, 1954). The water was pumped from the hypolimnion to
an aeration chamber and was then pumped back to the level of intake without
any appreciable temperature increase. Several years later the method was
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tried in lakes in Sweden and in the Federal Republic of Germany. Both

lakes in question, Lake JHrla in S5weden and Lake Grebin in the Federal
Republic of Germany, have a maximum depth of about 23 m and, in both cases,
artificial total circulation has to be avoided in order to prevent the trans-
port of nutrients from the bottomwater stratum to the surface-water stratum.
New equipment was therefore developed to make it possible to keep the earlier
anaeroblc bottomwater layers at an oxygen level of about 7 mg/l. After
three months' aeration (June-August), the sediment curface was oxidized, the
concentration of phosphate phosphorus and ammonium decreased, and the nitrare
concentration increased. Phytoplankton biomass and primary production was
reduced by 50% in Lake Grebin (Bj¥rk, 1972; Ohle, 1972, 1973).

Similar experiments have been carried out in drinking-water reservoirs
in the Federal Republic of Germany, the Wahnback Reservoir (Bernhardt &
Hbtrer, 1967:; Bernhardt, 1975) and Rappbode Reservoirs (Klapper, 1973a).
The results of hypolimmion aeration in the Rappbode Reservoir were evaluated
by Klapper (1973a) as follows:

(1) the habitable area for benthic invertebrates {which serve as
prey for fish) increased by 10 hectares and the volume habitable for
fish increased by 33%:

(2) no problems remained due to the occurrence of hydrogen sulfide
in rhe raw water;

(3) the concentration of manganese dropped significantly.

The use of pure oxygen for in sity hypolimnien aeration is at present
competitive with conventional aeration systems. Tts use allows a reduc-
tion in capital costs, and complete oxygen saturation can easily be achieved.
Conventional aeration, however, becomes inecreasingly uneconomical above about
40% saturation {(Speece, 1971).

8.2 Measuyres affecting the length of the stagnation period

By the so-called "bubble—method”, compressed air is bubbled cut from
perforated plastic hoses attached to the bottom of the lake. Two objec-—
tives are attained: some oxygen may be supplied to the lake warer and, more
important, complete artificial circulation of the water will be obtained.
The method may have some drawbacks. First, nutrients from the hypolimnion
could be brought to the surface when artifiecial circulation 1s induced,
bringing about increased primary production and a demand for oxygen when
this organic matter decomposes. Secondly, in lakes with oxygen deficit in
the bottom stratum, hydrogen sulfide may be produced. When artificial
currents are induced by air bubbling, hydrogen sulfide is spread to other
parts of the lake, consuming oxygen for its oxidation and causing fish kills
in the lake.

In lakes where generally only a thin layer of bottom-water is depleted
of oxygen during stagnation periods, the bubble-method may, however, prove.
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successful, In Sweden, the method was used in a seven—-metre deep lake in
order ro prevent the appearance of anaerobic conditions. As soon as the
oxygen content of the lake began to decrease, a compressor was started and
used until acceptable oxygen conditions had been obtained (BjSrk, 1972).
The bubble-method has been used in many other lakes, but often with rather
poor results. Only a few cases are well documented in the literature,
such as the experiments in the Swiss Lake PEfEffiker reported by Thomas in
1970. (See also section 8,3.2).

The length of the stagnation period can be influenced in ather ways
as well, Pumping surface-water to the bottom of the lake, changing the
variations in the water-level and/or increasing flowthrough during crirical
periods are all aimed at manipulating the duration of the stagnation period.

For lakes which are ice-covered in winter, winter stagnation may be
shortened by air-bubbling or by discharge of warmed-up cooling-water. Tn
this latter case, however, the amount of oxygen in the water may initially
be reduced.

8.3 Measures affecting the amount of organic matter produced by nutrients
circuvlaring in the lake

The ultimate purpose of these measures, according to the model, is
to diminish the vate of oxygen consumption through decomposition and res—
piration of the organic matter and organisms produced in the lake. Of
course, it is difficult or impossible to distinguish the organic matter pro-
duced from nutrients normally circulating in the lake from that produced
from influx nutrients. It 1s therefore important to discuss measures
affecting all the autochthonous organic matter, except that which is in—
cluded in bottom deposits, which will be discussed later.

These measures are of three principally different kinds:

(1) making the nutrients in the lake less available for pPrimary
producers, by changing their chemical form or by removing them from
the lake;

(2) Preventing the primary producers from synthesizing more organic
matter by adding toxic agents or parasites; and

(3) removing organic matter from the lake before decomposition by
mechanical harvesting or biological control, such as by increased
grazing pressure,

The three different types of measures mentioned relate to three dif-
ferent levels of organic production: the nutritional prerequisite for
photosynthesis, the photosynthesis itself and the results of the photosyn-—
thesis, respectively. The measure or combinatien of measures which is
most convenient for a particular lake can be determined only after careful
limnological investigation of the lake concerned.
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8.3.1 Inactivation or removal of nutrients

Inactivation of nutrients, primarily phosphorus, in the lake may some-
times include their removal from the trophogenic zone by using complexing
agents and flocculents. In other cases, the nutrients are locked into the
sediments or the bottom—water stratum by direct application of nutrilent-—
inactivating materials.

The precipitation of phosphates by aluminium, ferriec iron or calecium
is a well-known process in sewage treatment plants using chemical purifica-
tiom. It was therefore investigated whether any of these pmethods were
applic§ble for reducing the amount of phosphorus in the highly eutrophic
Lake Langsj¥n, Stockholm, Sweden {(Jernellv, 1971). A large number of lab-
oratory tests were carried out under conditions of a balanced ecological
model system, to study the effects of such precipitation on the composition
of the organisms, the rate of primary production and the total phosphorus
content of the water. Granulated aluminium sulfate was finally chosen a2
the precipitant on account of its high floceulating efficiency.

At the end of April 1968, 33.5 tons of aluminium sulfate were scat-
tered over the surface of the lake, giving an average dose of 50 mg/litre
in the 35-hectare stretch of water. As an immediate result, the concentra-
tion of PQO4~P decreased from about 60 to less than 5 ug/l, the total -P from
150 to about 50 ug/l and the Secchi disc transparency increased from 50-60 cm
to 2.5 m. The following winter there was no appreciable increase in the
concentration of total -P in the water and the oxygen situation at the bot-
tom showed a tendency to improve during the two winters after treatment.
These positive effects of the addition of aluminium sulfate might not be
very long-lasting. The method has been used in two other lakes in Sweden,
but no definite comclusion about the duration of the effects has yet been
drawn from the experiments.

In the United States, the method has been tested in a large-scale ex-
periment on Horseshoe Lake, a 22-acre, 55-foot deep, eutrophic lake in
Wisconsin (Wall et al., 1971). The lake was treated in May 1970, by dis-
tributing approximately 11 tons of slurried alum in the surface of the lake
down to a depth of two feet. Alum concentrations in the treated volume
were about 200 mg/l, which, as laboratory testing had shown, resulted in
maximum phosphorus removal with minimal ecologic risk.

The results of the treatment included:
L a deecrease in total -P in the lake;

(2) no large increase in total -P in the hypolimnion during summer
stratificaction following treatment;

(3) some ipncrease in the transparency of the water;

(4) a general decrease in colour in the epilimmetic waters;
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(5} an absence of the nuisance planktonic algal blooms that had
been common in previous vears;

(&) an improvement in dissolved oxygen conditioms; and
(7)Y no observation of adverse ecological comsequence.

Some variations on the idea of increasing the potential of sediments
to adsorb and retain phosphorus have been tested by other workers. Ohle
(1972) used a suspension of a clay mineral (bemtonite), which was pumped,
together with an alum slurry, into the hypolimnion of Lake Grebin in order
to lock into the sediments, phosphorus, organic matter and other nutrients
(especially trace metals). The experiments, which have included aeration
of the hypolimnetic water (see above), started in May 1972 and have so far
been successful.

The use of different types of lake mud to remeove phosphorus from lake
water has been discussed by Fitzgerald (1970), Kimmel & Lind (1970}, and
Latterell et al. (1971). bunst et al. (1974) cite a number of additional
field experiments aimed at nutrient inactivation by treatment of a whole
lake or pond with aluminium salts. In a single case (Peelen, 1969) iron
chloride was used for this purpose.

Sediment exposure and desiccation by a temperary lowering of the water
level has been used as a means of retarding nutrients release from the sedi-
ments (Smith et al., 1972; Born et al., 1973a). However, the effects of
drying on sediment chemistry and subsequent nutrient release is not well
understood today, so further investigation is still needed on this method.

Hynes & Greib (1970) have shown in laboratory experiments that sheets
of polyethylene or a layer of sand placed on the surface of undisturbed
lake mud reduce the loss of ozygen in the overlying water and greatly de-
erease the rate of release of phosphate, iron, and ammonium from the sedi-
ment. The authors suggested that polyethylene sheets laid on the sediment
of valued lakes may serve to rehabilitate them more rapidly. See also
Born et al. (1973b) and Kumar & Jedlicka (1973).

Removal of nutrients from the lake water can be achieved mest simply
by conducting hypolimnetic water, enrviched in nutrients via a piping, to
the outlet of the lake. Normally the outflow from a lake cemsists of
epilimnetic water, relarively poor in nutrients. Experiments of this kind
have been carried out in Lake Kortowo, Poland, by Olszewski (1961). During
the first few vears of artificial diversienm of nutrient-rich bottom-water,
no significant improvement of the lake water could be detected. Long-term
investigarions, however, showed that the trophic state of the lake decreased
and rhe composition of the populations of phyto- and zooplankron changed
towards a more oligotrophic type (Olszewski, 1967, 1973; Olszewski &
Sikerowa, 1973).
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This type of removal of nutrients has alsc been practised in Wiler

Lake in Switzerland (Thomas, 1970). Bottom-water from a depth of 17.5 m

was conducted in a piping of 110 mm diameter to a place sowewhat below this
level in an adjacent cataract. The treatment yielded z sigpificant ameliora-
tion of the lake water quality by redueing the concentration of phosphorus

and nitrogen. The method is also used in Austria, where Pechlaner (1975)
introduced it imto Lakes Piburger, Reither and Wecht, near 'nnsbruck. In
Lake Arend in the German Democratic Republic (Klapper, 1973} and water in

Finland (Hi&mZ1Hinen, 1975) have been similarly treated.

Another kind of treatment of eutrophic lakes, partly to remove or dilute
nutrients, is to flush the lake with clean water from a nearby source of
dilution water.

Green Lake, Washingtonm State, USA, was a naturally eutrophie lake with
the principal nutrient source being water entering via subsurface seepage.
This lake was dilured for the first time in 1962 with water from the supply
of the city of Seartle (Oglesby, 1969). The concentrations of phosphorus
and nitrogen fell off markedly aftrer the beginning of the dilution programme
and there was a decrease in the relative importance of planktonie blue-greens
during the spring and early summer and, possibly, a relatiwe increase in late
summer and autumn.

Similar projects have been proposed for Moses Lake, Washington State
(Sylvester & Oglesby, 1964) and for Lake Bled, Yugoslavia (Sketelj & Rejié,
1966). It might seem, however, that very few instances would exist where
water adequate in quality and quantity would be available for dilution pro-
grammes.  Furthermore, some additional data from other lakes, where flushing
programmes have been carried out, indicate that it led to only a short—term
improvement in water quality.

Another type of dilutional pumping was tried in Snake Lake, Wisconsin,
USA, where water was pumped out of the lake thus permitting an increased
inflow of nutrient-poor groundwater (Born et al., 1973a). However, leaching
caused this project to have only partial success.

The general outcome of dilutional pumping canneot be predicted with
assurance, but it might be effective in lakes at early atages of eutrophica-

tien.

8.3.2 Control of excessive production

For many years, methods have been used to control developing nuisances
by upsetting the basic life conditions for algae and aguaric weeds. Of the
various algal control methods, chemical trearment with an algicide has been
considered rapid, economical and effective.

However, it must be stressed that mostly chemical treatments also inter-
fere with the zooplankton population. The positive effect of the treatment
may be severely curtailed if a large reduction of the grazing erganiams is
caused at the same time.
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From 1904 and up to the present, copper sulfate has been the most
commonly used aquatic algicide, Detailed instructions for the applicatien
of copper asulfate to water hodies are given by such workers as Mackenthun
et al, (1964). In several waters, however, indications have been obtained
that certain algae, particularly Aphanizomenon, seem to have acquired an
increased tolerance to copper 2% a result of many vears treatment (Moyle,
1949}. It iz well known that copper salts accumulate on lake bottoms
following repeated treatments. However, the concentration of copper salts
in bottom muds as a resylt of the yse of nearly two willion pounds of copper
sulfate to control algae in a hard-water lake over a 26-year period, was
considerably lower than the concentration established as having a deleterious
effect on deep water bottom dwelling organisms (Mackenthun & Cooley, 1952).
For the control of submerged aquatic weeds, sodium arsenite has fredquently
been used (Mackenthun, 1950).

Because of its toxic nature, arsenite is no longer available in Great
Brirain for use as a herbicide (Woodford & Evans, 1965),. Arsenicals also
accumulate in lake bottom muds, plankten, unkilled submerged vegetation,
and to some extent fish. Therefore, the number of herbicides available
for aquaric weed contrel has increased lately. Examples are acreolein,

2, 4-D, diguat, fenoprop, simazine and endothal (e.g., Mulligan, 1969, or
Otto and Bartley, 1966). A comprehensive list of herbicides registered
by the US Environmental Protection Agency for treatment of algae and macxo-
phytes respectively, is given in Dunst et al. (1974).

However, the information is inadequate concerning herbicide residues,
rates of breakdown and long-term effects on aquatic organisms of herbicides
in sublethal concentrations. Furthermore, chemical treatments offer, at
most, temporary relief from the problem of overabundance of aquatic vege-
tation. Even when the best possible results are obtained, treatment must:
be repeated annually (Mulligan, 1969).

Parasitism naturally occurs in the algal population, e.g., bacteria
have been isolated that kill or lyse a number of green or blue-green algae
(5tewart & Brown, 1969; Shilo, 1971). Application of viruses lysing .
blue—green algae was first proposed by Safferman & Morris (1964) and several
algal viruses have since been isolated (see Table 13 in Dunst et al., 1974).
The use of algal viruses to control water blooms consisting of blue-greens
is already practised in the USSR (Slidecek, personal communication). '

A variety of pathogens including viruses, rusts and smuts are known
to attack macrophytes (Zettler & Freeman, 1972), but the use of these path-
ogens for manapement purposes has not yet heen reporred in rhe literature.

One type of physical control of aquatic weed has been discussed by
Bernatowicz (1966), who demonstrated that different plants possessed differ-
ent degrees of shade-tolerance. Palmer (1964), and later Nichols (1974)
also discyssed the possibilities of covering smaller reservoirs and canals.
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Tt has also been suggested that control of planktonic primary producers
could be achieved by altering the physical structure of the algal population.
This suggestion stems from the fact that in many instances, the underwater
light climate is a strong controlling factor inm the production of phyto-
plankton (Talling, 1971; Ganf, 1974). Artificial vertical mixing of the
water during spring and early summer which will prevent the development of
a stable thermal stratification, might displace the onset of spring algal
growths towards the summer, thereby diminishing gross primary production
(Steel, 1975). By this induced circulation of the water, algae may be
cycled out of the photic zone for periods thus reducing the algal growth.

8.3.3 Removal of organic matter before decomposition

The organic production can be removed from shallow water bodies by
mechanical harvesting and collection or by biological control.

In addition to the removal of organie matter, with subsequent improve~
ment of the oxygen situation, mechanical harvesting and collection of the
biomass will bring about two other impertant beneficial effects. First,
nutrients stored in the plant material will be removed. Particularly
high removal of phosphorus can be obtained 1f the harvesting is carried out
during the summer (up to 9 g P/m2). Secondly, the transport of organic
substances from the leaves to roots and rhizomes will be interrupted, re-
ducing the source of energy needed for the next year's growth.

The important background for a proper management of aquatic weeds, 4
detailed knowledge of the biology of water plants is discussed by Westlake
(1969) and Haslam (1969).

Comprehensive reviews of machinery and methods for mechanical control,
as well as examples of control programmes using the mechanical method are
given by Livermore & Wunderlich (1969) and Nichols (1974). Concentrated
algae colonies might be removed during a bloom by filtration or screening,
but geneval harvesting of plankton appears difficult. Another method for
removing algae from the water column is to use synthetic polyelectrolytes
that are effective in flocculating and settling algae in water (Tilton
et al., 1972). Cationic polvethyleneimine was shown to be most effective
as a flocculant in experiments with Chlorella.

Fish harvests may also contribute to the purpose of slowing down
gutrophication and improve water quality. A fish harvest has been reported
to represent removal of about 8 kg N2 and 0.673 kg P per hectare (Livermore
& Wunderlich, 1969).

Kholy et al. (1970) suggested the use of the fish Tilapia Zillid for
control of phosphorus in a lake, since the concentration factor for POy
after 25 days was found to be as high as 166.

Fish harvesting may also be influential in reducing the vertebrate
predation on zoopplankton which thereby reduce the biomasses of edible
phytoplankton.
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Higher aquatic plants (submersed, emergent or floating) are generally
large enough te be handled by machinery, and many mechanical methods for
cutting, harvesting or destroying them have been used or propesed. However,
Livermore & Wunderlich (1969) conclude that while modern machinery is guire
effective for removing rocted, submersed vegetation, truly large-scale
economical systems do not exist. Further productivity studies might also
ba carried out to determine maximum harvests for different species and the
amounts of nutrients that can be obtained from them. In this context, it
should be stressed that several studies have given encouraging results re-
garding the possibility of using dehydrated aquaric plants as animal feeds
(Bailey, 1965, Yount & Crossman, 1970), e.g., Myriophyllum spicatum has
been shown to have porential as an additive in poultry feed because of its
high xanthophyll, high protein, and low fibre content (Lange, 1965).

In Lake Hormborga, Sweden, an extensive programme is being carried out
to discourage emergent and encourage underwater vegetation, so as to make
it suitable for colonization by waterfowl once again. This change is being
carried through as follows:

In the winter, the dry stems are cut by amphibious harvesters and
burned on the ice. In the spring, the remainder of the stems are
further shortened to about 40 ecm using pontoon-equipped mowers.
During the low water period in the summer and autumn, amphibious
machines are again utilized, first for cutting the green shoots and
then for rotor cultivating the remaining growth and matted reots.
Enormous masses of accumulated coarse detritus are loosened from the
bottom and transported by the spring high waters to the shores where
they are burned in the summer (Bj8rk, 1972).

Biological conmtrol of organic production in shallow lakes has attracted
growing interest, partly because such methods generally have a low cost/
benefit ratio and partly because the methods often invelve the utilization
of the organic matter for human food or animal feed (King, 1966). The
principal idea behind biclogical control using herbivorous fish or other
animals iz to change the energy flow in a shallow eutrophic lake mainly
from organic plant matter towards decomposSer organisms to a flow from plants
towards herbivorous consumers. As the decomposer organisms (largely bac-
teria) in high Jatitude shallow lakes have to decompose the biomass mainly
during the winter when the lake is icc-covered, the store of oxygen in the
water will rapidly be depleted. Primary consumers are active during a
much greater part of the year, especially when no ice cover prevents the
lake water from being reoxygenated. Therefore, introduction of herbivorous
organisms should be beneficial for the oxygen situation in the lake,

Among organisms utilized in the control of aquatie plants are fish,
snails, mammals and beetles, The results of several experiments indicate
that in certain lakes biological control is the only method that could pro-
vide a permanent solution to the problem of excessive aquatic vegetation,
€.g., it seems that the introduction of flea heetles (Agasicles sp.) into
the Savannah River system might provide permanent control of alligator
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weed (Alternanthera) (Hawkes, 1965). Marisa snails have shown some measure
of control of nuisance aquatic vegetation in Florida and Puerto Rico (Sca-
man & Porterfield, 1964). Grazing by cattle or eating of buds by coypu
{(Myocastor ceypu) may in special cases be used for control of reeds
(Phragmites) (Haslam, 1969). However, c¢oypu may alsc cause considerable
damage to ditch banks etec.

The most widely used organisms for biolegical centrol of aquatic weeds
and algae are herbivorous fish. The literatuyre in this field is
abundant and only a few review articles will be cited below.

In the United States the most commonly used fish species are grass
carp or white amur (Ctenopharyngodon idella), a strain of common carp
(Cyprinus carpio) and different species of Tilapia (Avault ct al., 1966).
The ideal herbivorous fish for aquatic weed control should meetr the follow-
ing requirements:

(1) control a wide variety of weeds;

(2) not interfere with other fish species;
(3) be hardy and easy to handle;

(&) be economical to use; and

(5) add to the fishery.

The grass carp (C. idella) seews to meet most of these requirements
and is therefore widéiy used (Avault et al., 1966). It must of course bhe
borne in mind that herbivorous fish do not remove organic matter from the
lake, but rather prevent large biomasses being produced, by consuming young
shoots of the weeds.

The Tilapia species, which are much used in the United States (Lakser,
1967) are rather cold-sensitive,. T. melanopleura begins to die when water
temperatures reach 129 ¢, and therefore is not of great interest for use in
Europe.

For European warers, attention has been focused on C. idella for comtrol
of water weeds (Johannes, 1972; Opuszyrdski, 1972). Present evidence and
experience suggests that there are no major drawbacks to the use of this
species, but their potential and costs can not yet be fully assessed (Stott
ar al., 1971).

Cross {1969) gives a list of plants eaten by grass carp in approximate
order of preference. This list is as follows:

Elodea canadensis
Ceratophyllum demersum

Chara sp.




Lemma minor
Potamogeton natans
Lemna trisulca
Myriophyllum sp.
Potamogeton pectinatus
&ypha latrifolia
Phragmites commmis
Juncus effusus

Carex nigra
Hydrocharis morsus-ranae
Nastyrium officinale
Potamogeton lucens
Carex pseudocyperus

A most successful experiment with grass carp in a Swedish lake may be
cited. The lake, situated in a rather cold climate, near Stockholm, was
crowded with milfoil (Myriophyllum verticillatum). The total amount of
Myriophyllum in the lake (surface 4.6 ha) was, at the beginning of the
experiment, estimated at some 290 tons of wet vegetationm, corresponding
toe 16 tous of dry matter. In winter the decomposition of this enormous
quantity of organic matter normally led to total oxygen deficiency in the
lake. In May, 250 grass carp (C. idellus) with an average weight of 380 g
were introduced into the lake, At the end of the summer, the amount of
Myriophylilum in the lake was 7.3 tons (dry matter) and the following vear,
after introduction of another 1900 grass carp, the milfoil had completely
disappeared. The average daily weipht increase of the fish was 6.5 ]
(Ahling & Jernel8v, 1971).

8.4 Measures affecting the influx of nutrients to a lake

It is quite obvious that one of the chief prerequisites for the success
of any such restorative measures carried out in a water body itself is that
the influx of nutrients from external sources should be reduced to a mini-
MM, This generally means that point sources of nutrients should be elim—
inated or kept under strict control. The most radical measure 1is a com=
plete diversion of the sewage from a lake. This has been done with clearly
positive results in Lake Washington (Edmondson, 1970). Circumferential
pipelines have been used in several cases to collect waste-water from the
catchment area of a lake and to carry it to a central purification plant,
from which the purified water is diverted straight to the outflow of the
lake. Such pipelines have been installed, e.g., around the Tegernsee
(Federal Republic of Germany) and Zellersee (Austria), around Lake Annecy
in Frapce (Laurent et al., 1971), and around the lower part of Lake Ziirich.

The other commonly practised way of affecting the influx of nutrients
to the lake is removal of nutrients (especially phosphorus) from sewage

and other point sources.

This could partly be achieved by modification of products capable of
inflyencing the rate of eutrophication, like detergents. In several
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countries, detergents have appeared on the market, some of their phosphate
builders being replaced by nitrilotriacetic acid (NTA) or citrate. The
use of such deterpents can somewhat reduce the phosphorus influx to lakes
used as recipients for urban sewage.

A thorough review of systems used for nutrient removal from waste-
water is beyond the scope of this report, but among the extremely rich litera-
ture in this field, some papers on certain innovations for removal of phos-
phorus and nitrogen may be mentioned.

Jones (1973) discusses removal of phosphorus from waste-water by using
a suybstream within the treatment plant which naturally has phosphorus con-
centrated considerably above the influent concentration. Fricason (1973)
describes the different alternatives for addition of chemicals for precipita-
tion of phosphorus in sewage plants with biological treatment as well, pre-—
precipitation, simultanecus precipitation, or postprecipitation, and dis-
cusses Swedish experiences with preprecipitation.

In addition to the most frequently practised method of reducing phos-
phorus in sewage by chemical treatment with aluminium, iron or calcium zalts,
several methods using algae or combinations of algae and bacteria for phos-
phorus and/or nitrogen removal have been described recently. Humenik &
Hanna (1971) used a bacteria—algae floe to treat domestic waste-water.

COD and nitrogen removals averaged about 85% but phosphorus removal was poor.
Moreover, biological treatment plants, specifically designed for luxury up-
take of phosphorus by the organisms, gave rather poor and viriable resulcs
(Mulbarger et al., 1971). The parameters influencing phosphorus elimination
by algae were studied in more detail by Hunken & Sekoulov (1972) who copn-
cluded that the most suitable algae for this process are those of the fila-
mentous blue-green type. The process then seems to be technically feasible.

With regard to the removal of nitrogen from sewage, use of activated
algae has attracted some interest; 927% nitrogen removal has been reported
(McGriff & McKinney, 1971). Mulbarger (1971) describes a modification ef
the activated sludge process for nitrogen removal, consisting of high~rate
activated sludge treatment in one tank followed by aeratiom tank used for
nitrification and 2 third tank used for denitrification. No oxygen supply
is required in this last tank, but methanol is added to provide the hydrogen
required for the reduction of the nitrate. For a comprehensive review of
different techniques of biological nitrogen removal from waste-waters, the
reader is referred to Christensen & Harremoes (1975).

In order to prevent or diminish the influx of nutrients from arable
land, shoreland protection programmes must be established, at least in
regions with particularly valuable water bodies. Such programmes may in-—
clude zoming controls affecting size and use of lots, tree—cutting restric-
tions for trees along lake shores and controls on filling, prading and crea-
tion of artificial waterways (Beuscher, 1969).
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If runoff from arable land still contributes considerably to nutrient
influx, an example of control cited by Bernhardt et al. (1971) may serve
as a guideline. About 70% of the phosphate entering a reserveoir via a
river originated from runoff from farmlands. The river was therefore
dosed with ferric iron at 5-10 mg/l during the summer and 2-3 mg/l during
the winter and thereafter filtered. After treatment the phosphate concen-
tration decreased to 0.010 mg/l.

Benndorf & Halleback (1973) have investigated the possibilities of
using preimpoundment basins as phosphorus traps in order to prevent danger-
ous phospheorus loadings of drinking-water reservoirs, This is a means to
control nutrient influx by diffuse sources, which generally is a much more
difficult task than diverting or treating nutrient rich water flows from
point sources, In oxder to obtain efficient control of nutrient influx
from diffuse sources, comprehensive protection programmes should include the
whole dralnage basin, including restrictions in the type of land use, de-
pending on the slope angle, etec., of the areas considered.

8.5 Measures affecting the influx of organic matter

In order to control the influx of organic matter to the lake from point
sources, some kind of waste-water treatment must be applied. The most com-
monn method today is bielogical treatment of the water, by means of activated
sludge, trickling filters, oxidation ponds, anaerobic ponds or combinations
of these.

An interesting aspect of biological waste-water treatment is discussed
by McGarry (1970}, who states that in a warm climate the high-rate oxidarion
pond process can be used not only for treating municipal or industrial wasre-
water, but also for producing a high-quality protein, which could be used
for food production.

Naturally occurring organic material may also be of some importance for
the oxygen situvation in a lake. Vepetation from surrounding land, leaf
litter, ete., may form not only oxygen-consuming material once accumulated
at the bottom of a lake, but may also serve as sources for nutrients (Kemp
et al., 1970; Likens et al., 1970). Removal of such material from the
watershed before flooding should therefore be recommended, e.g., in com-
struction of reservoirs.

8.6 Measures affecring the oxypgen consumption of bottom deposits

Botrom sediments rich in organic matter may constitute an important
factor in the oxygen demand of the hypolimnion. Removal of such oxygen—
consuming sediments therefore helps to improve the oxygen concentration in
the hypolimnion and to decrease the nutrient release from the bottom. A
complete evaluation of current experiences from inland lake dredging has
been given by Pierce (1970). Dredging can increase the amount of "usable"
lake area, can be used in some situarions to control rooted aquatiec plants,
and may in some cases resgylt in improved water quality. A major problem
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in lake dredging iz to find adequate disposal areas for the dredged material
and avoild leakage of nutrients back to the lake.

One large dredging programme has been carried out in Sweden, where om
Lake Trummen (1 km*, maximum depth 2 m before dredging) bottoem deposits
were removed by means of suction-dredge.  About 600 000 m3 of mud and
300 000 m3 of lake water were pumped to large settling ponds. The dried
sediment is used as a fertilizer for lawns and parks and the runoff water
from the settling ponds was treated with aluminium sulfate for precipitation
of suspended matter and phosphorus before it returned to the lake. Lake
Trummen is now usable for fishing and bathing and can be considered to be
a valuable recreational asset (BjSrk, 1972).

Frequently, however, lake dredging projects must be considered too
expensive, except when the lake has a very high recreational or other value.

CONCLUDING REMARKS

Eutrophication and lake rehabilitation basically constitute, in spite
of the many technical connexions, an ecological problem.

By the considerable development of ecological research and ecological
thinking during the last few decades, important prerequisites for under-
standing the processes involved have been created. From the many valuable
contributions cired in this report, it may also be concluded that a great
deal of theoretical and practical experience has been so far gained. In
many cases we are able to point out the main causes of gutreophication and
to apply appropriate control measures.

However, a lake is an extremely complex écosystem, closely dependent
on its drainage area and on all human activities going on there, and also
on exchange processes with the atmosphere and the bottom sediments. In
order to conceptualize these complex systems, some kind of simplification
is needed. Vollenweider (1975) points out that lakes appear to be amenable
to a simplified description, using a black-box model for which, in essence,
only input/output parameters are required. He has developed this idea
into a sophisticated set of models, by which it is possible to predict dan-
getous phosphorus and nitrogen loadings of lakes in relation to the ratio of
"mean depth: water fill-in time".

Mathematical modelling of different processes In lakes is a most pro-
mising tool for predicting the consequences of different measures aimed to
change nutrient loadings, length of stratificatien periods, leakage of
nutrlents from sediments etc. Such methods have been developed and used
by a great number of workers (e.g., Uhlmann, 1971; Steel, 1973; Dahl-
Madsen & Nielsen, 1975; Ahlgren, 1975.
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However, success in using mathematical models for predictive purposes
rests largely on the degree of understanding of the detailed processes in-
volved, It is quite obvious that much fundamental reseaxch 1is still needed
to get a satisfactory biological understanding of eutrophication. In par-~
ricular, the complex interactions between the different factors causing
eutrophication are very poorly known today and need therefore special atten-
tion in the future. One prospect of gaining deeper insight inte these pro-
cesses is to use large-scale physical models for experimentation, where
natural conditions can be well simulated. Promising efforts in this direc-
tion have been made in the Experimental Lake Arca in Ontario (Schindler &
Fee, 1974), and future results from this group will be regarded with great
interest, Other studies which partly can be regarded as large-scale ex-
periments are those carried out in artificial reservoirs, where the early
phases of lake aging can be followed and eutrophication is controlled by a
number of different techniques (Nusch, 1975; Steel, 1975; Benndorf &
Hallebach, 1973).

Very important for the accumulation of basic knowledge of the processes
involved in eutrophication is of course also the great OECD preject, as part
of which a preat number of lakes in all rhe member countries are being
subjected to long-term investigations.
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