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PREPARATION OF THIS PAPLER

The backpground for the preparation of this paper is described in the
"Foreword" of the report itself,

The paper was first submitted to the Third Session of the Luropean
Inland Fisheries Advisory Commission (EIFAC), held at Scharfling-am-Mondsee,
Austria, 20-25 April 1964, as a workinp paper:

European Inland Fishcries Advisory Commission.

Working Party on Water Quality Criteria for European Freshwater
Fishes (1964), Water quality criteria for European freshwater
fishes, Interim report on finely divided solids and inland
fisheries. EIFAC 64/D:24 p.

Following unanimous approval of the report, the Commission recommended
that it be transmitted to the Director-Ceneral of FAO in order to receive the
widest possible distribution, including reproduction in scientific and trade
journals connected with water pollution control and water quality.

In order to achieve this purpose, the report is issued here (in slightly
edited form) and is beinp issued in French under reference: EIFAC tech.Pap.
(1), 1964, Copies are also being sent to several journals pranting them per-
mission te reprint the paper.
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First of a secries of reports on water quality criteria for
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lishing water quality criteria for {ish explained, This is
frllowed by a literature survey of: the direct effects of
solids in suspension on death or survival of fish, their
growth, and resistance to disease; suspended solids and re-
production; effects cn behaviour; effect on food supply;
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There arc at least five ways in which an excessive concentration of finely divided
s0lid matter might be harmful to a fishery in a river or a lake. Thesc are:-

(1) By acting directly on the fish éwimming in water in which solids are
gusronded, and either killing them or reducing their growth rate,
resistance to disease, eto. ’

(2) By preventing the successful devclopment of fish eggs and larvae.
(3) By modifying natural movements and migrations of fish.

{4) By reducing the abundance of food available to the fish.

(5) By affecting the efficiency of methods for catching fish.

Some or all of these factors could operate together to harm a fishery.

There is evidence that not all species of fish are equally susceptible to suspended
golide, and that not all kinds of solids are equally harmful. Unfortunately there is
very tittle information on these and many other aspects of the problem, and much of the
evidence which does exist is less firmly established than is desirable. It has therefore
been concluded that definite water quality criteria which distinguish between the many
different kinds of finely divided solids to which different sorts of inland fisheries may
“e subjected cannot yet be proposed. Nevertheless, when the evidence is considered as a
wihole certain general conclusions can be drawm.

There is probably no sharply defined concentration of a solid above which fisheries
are damaged and below which they are quite unharmed. It appears that any increase in the
normally prevailing concentration of suspended matter above quite a low level may cause
some decline in the status and value of a freshwater fishery, and that the risk of damage
inoreases with the concentration. Although there is not enough evidence to allow the
relation between solids concentration and risk of damage to be defined at all precisely,
the Working Party considers that the degrve of risk to fisheries may be divided intp four
arbitrarily defined categories and that rough estimates may be made of the ranges of con-
centration to which they would generally correspond. From this approach to the problem
the following tentative criteria are presented.. With respect to chemically inert solids
and. to waters which are otherwise satisfactory for the maintenance of freshwater fisheries,

(a) There is no evidence that concentration of suspended solids less,than 25 p.p.m.
(parts per million) have any harmful effects on fisheries.

(b) It should usually be possible to maintain good or moderate fisheries in waters
which normally contain 25 to 80 pe.pem. suspended solids. Other factorse being
equal, however, the yield of fish from such waters might be somewhat lower
than from those in category (a).

(o) Vaters normally containing from 80 to 400 p.p.m. suspended solids are unlikely
to support good freshwater fisheries, although fisheries may sometimes be
found at the lower concentrations within this range.

(4) At the best, only poor fisheries are likely to be found in waters which
normally contain more than 400 p.p.m. suspended solids.

In aoddition, although several thousand parts per million solids may not kill fish
luring several hours or days exposure such temporary high concentrations should be pre-
"vanted in rivers where good fisheries are to be maintained.

The spawning grounds of salmon and trout require-special consideration and should
he «ert as free as nossible from finely divided solids.
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FOREWORD

This is the first of a series of reports on water quality criteria for CLuropean
freshwater fish prepared for the European Inland Fisheries Advisory Commission (EIFAC)
an intergovernmental organigation with a membership of 18 countries. At itz Second
Session, Paris, 1962, the Commission took note of a recommendation of the Conference
on Water Pollution Problems in Burope, 1961, that EIFAC take the initiative in drawing
up water quality requirements with respect to fisheries. 1/

The Commission agreed that the proper management of a river system demands that
water of suitable quality be provided for each uss that is made or intended to he made
of it and that the attainment and maintenance of suoh quality is normally to be sought
through the control of pollution. It was necessary therefore to know the standards of
quality required for each particular use in order to determine the degree of pollution
ocontrol neceasary and to forecast the probable effeot of augmented or new discharges of
effluents. It was pointed out that water quality standards for drinking water had been
well defined by the World Health Organization (WHO) and that standards for certain agri-
cultural and industrial uses are alsc well defined. However, water quality criteria for

. fish have not received the attention that they deserve, All too often, water hae been
oonsidered quite adequate for fish as long as there has been no obvious mortality which
can be ascribed to kmown pollutantas. Degradation of the aquatic habitat through pollu-
tion and decrease in the amnual produotion and subsequent harvest of fish have often
passed unnoted.

With such reasoning in mind, it was then agreed that the establishment of water
quality for European freshwater fish be undertaken by the Commission. This was to bs
acoomplished by a critical examination of the literature, and very possibly expsrimenta-
tion to clear up oontradictions and £ill in gaps of knowledge, followed by recommenda-
tions as to desirable requirements for various aquatio organisms or groups of aquatic
organisms with respect to the various qualities of water. The final criteria were to
be pudlished and given wide dissemination., -

A Working Party, of members seleoted on the basis of their knowledge of physical,
chemical and biologioal requirements of Buropean freshwater fish, was appointed as
followa:

Mr. J.S. Alabaster (U.K.,), Convenor - Miniitry of Agrioulture, Fisheries and

Food, Salmon and Freshwater Fisheries
Laboratory

Dr. Torsten B, Hasselrot (Sweden) - Statens Vatteninspektion

Mr. D.W.M, Herbert (U.K.) - Department of Scientific and Industrial
Research, Water Pollution Laboratory

Prof. Dr; H, Mann (Federal German - Bundesforschungsanstalt fiir Fischerei,
Republioc) Institut fir Kilaten- und Binnenfischerei

1/ See, respectively:
EIFAC Report, Second Session, 1962, p. 21-22.
UR (1961 Conferenoe on Water Pollution Problema in Europe, held in
Ceneva from 22 February to 3 March 1961. Documents submitted
‘to the Conference. Vols. I-III, United Nations, Geneva, 600 p.
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Mr. Paul Vivier (France)‘l/ - Dirscteur de la Station d'Hydrobicloc e
continentale de Paris

FAQ Secretariat: Mr., J.L.L. Chaux - Regional Fisheries Officer for Ewopse,
Secretary of EIFAC

Mr. Wm. A. Dill - Chief, Inland Resources Dectinn,
Biology Branch, Fisherigs Divieion

As a general basis for their work,'the Viorlting Party first agreed that:

Water quality criteria for freshwater fich should ideally permit all stages

in the 1life cycles to Le succeesfully completed and, in addition should not
produce conditions in a river water which would either taini the flesh of the
fish or cause them to avoid a stretch of river where they would otherwiseo be
present, or give rise to accumulation of deleterious substences in fish to

such a degree that they are potentially harmful when consumed. Indirect factors
like those affecting fish-food organisms must also be considered should these
prove to be important. .

They then proceeded to their first study, an attempt to define water quality
criteria for finely divided solids and inland fisheries.

The preparation of their report on this study was accomplished largely by
Mr, Herbert, who prepared the basic manuscript to be reviewed and supplemented by the

other members.

The final report was presented at the Third Session of EIFAC, held at Scharfling-
am-Mondses, Austria, April 1964, where it received the full approval of the Commission. g/

It follows,

1/ Miss M, Nisbet (France), Chef du Laboratcire de Contrdle de la Pollution, acted
as alternate for Mr. Vivier

2/ EIFAC Report, Third Session, 1964, p. 10
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INTRODUCTION

(1) A review of literature on, and an attempt to define water qua1ity criteria for
finely divided solides and inland fisheries was chosen as the first task of owr Working
Party on Water Quality Criteria for European TFreshwater Fish, Although we have not

been able to study the whole of the world's literature on solide and fisheries, we
believe that we muet have considered a large proportion of the more important research
reports, and have also been furnished with unpublished information by fishery biologists
in many Buropean countries. It is considered, therefore, that this summary of the
literature and our conclusions can be useful not only to the European Inland Fisheries
Advisory Commission and its member countries but to all those concerned with the manage-
ment of inland waters and their fisheries resources.

(2) Nearly all river and lake waters have some solid matter in suspension and some at
times contain very high concentrations resulting from soil erosion, from engineering
works during which large volumes of earth are disturbed, from forestry operations, and
from the discharge of sewage, sewage effluents, mining wastes, pulp and paper mill
wastes, and other industrial effluents. Solids of many different kinds are therefore
to be found in surface waters, Some of them - basio salte of zinc for example - have
toxic properties (Lloyd, 19603 Herbert and Wakeford, 1964), while organio solids are.
oxidized by mioro-organisme which can reduce the concentration of dissolved oxygen to
levels at which fish are asphyxiated. ‘Effects of these kinds are not oonsidered in
this report, nor has particular attention been given to the effects which solids may
have by altering physical characteristics of tho water such as temperature. Further-
more, some waste waters contain both eolids in suspension and potentially harmful sub-
stances in solution. We have not examined the possidility that suspended solids will
modify the resistance of fish to poisons, or to other lethal agencies such as low dis-
solved oxygen, high temperature and extremes of pH value, nor have we included in our
literature survey the results of laboratory studies or of observation in the field
unless it was reasonably certain that any adverse effects were due only to the solids.
‘For example, Edwarde and Rolley (in preparation) have shown that diasolved oxygen may
be reduced as a result of deposits of organic matter being drought. into suspension,
consequently we have not used some reports of fish kills during floods when the suspen-
ded-solide concentration was high and the dissolved-oxygen concentration was not measured.

(3) Some other research reports have been excluded because we considered that the con-
clusions reached by their authors were not fully supported by the evidence. In many
researoch papers - especially some of those reporting studies of lakes and rivers « much
of the evidence which we have used is less securely established than is desirable beouuao
the suspended-solide concentration= were not measured very oftan. ' .

(4) Although most authors have reported their observations as weight of solids per unit
volume of water, others have expressed them as light transmittanoies of Seechi diso
readings. One of these eystems of measwrement cannot be converted into another unless’
the relation between them hae been determined for the particular solid under oonsidera-
tion. Beoause the appropriate relation has seldom been reported, we have not attempted
to use one system of measurement throughout the literature survey, but have quoted
results in the units employed by the authors,

(5) From our study of the literature it is apparent that there are at least five ways
in which an excessive concentration . of finely divided solid matter might be harmful to
a fishery in a river or a lake. These arei~



6 #IFAG/T

(a) By acting directly on the fish swimming in water in which solids
are suspendsd, and sither killin: them or reducing their growth
rate and resiatance to diseasoc.

(b) By preventing the successful devolopment of fish eggs and larvae.

(¢) By modifying natural movements and migrations of fish.

{(d) By reducing the abundance of food available to the fish.

(e) By affecting the efficiency of methods for catching fish.

In addition, some or all of these factors could operate together to harm a fishery.

_ These subjects (except (e)) are considered in the above order in the next section
of this report.

LITERATURE SURVEY

Direct Effects of Solids in Suspension

Death or survival of fish

(6) Wallen (1951) kept several species of fish in water containing montmorillonite

clay and increased the turbidity to high levels for a short time each day by stirring
the sediment. Most individuals of all species — including goldfish (Carassius auratus)
and carp (Cyprinus carpio) - endured maximum turbidities of 100,000 p.p.m. occurring
during experiments lasting a week or more, and some individuals of these two species
survived occasional exposure to 225,000 p.p.m. for one to three weeks. Herbert (per-
sonal communiocation) found that rainbow trout (Salmo gairdnerii) survived one day in
80,000 pep.m. silt from gravel washing, and the concentration had to be rsised to about
160,000 p.p.m. to kill them within this period. Alabaster (personal communication)
found that harlequin (Rasbora heteromorpha), a tropical fish, was killed in a day by
about 40,000 p.p.m. bentonite clay, but survived for a week in 6,000 p.p.m. Cole (1935)
reported that some fish survived 20,000 p.p.m. wood fibre, although he said that it
undoubtedly hastened the death of unhealthy or moribund individuals, and Griffin (1938)
stated that Pacific salmon (Oncorhxgchus) and trout fingerlings lived for 3—-4 weeks in
concentrations of 300-750 p.p.m. silt which were increased to 2,300-~6,500 p.p.m. for
short periods by stirring the sediment each day. Thus it appears that many kinds of
fish are unlikely to be killed within a day or so by exposure to suspended matter unleas
the concentrations are extremely high. To kill within such short times the concentra-
tions of some solids would probably have to exceed 100,000 p.p.ms However,.Slanina

(in press) found that although rainbow trout survived a week in 5,000 to 2=-300,000
P.p.m, suspended mineral solids, the epithelium of their gills had thickened and proli-
ferated. Similarly affected gills were observed in rajnbow trout which eventiually died
after exposure to several hunired p.p.m. solids for longer periods (Herbert and Merkens,
1961). Exposure for relatively short periods to very high concentrations might thus

be harmful eventually even though fish are not killed within the period of exposure.

(7) Concentrations of several hundred thousand p.p.m. are never likely io be present

in surface waters for more than a short time, but quite high concentrations can be
present for relatively long perioda. From 2,000 to 6,000 p.p.m. silt, persisting for
15-20 days, have been reported for rivers in flood (Campbell, 1954; Simaika, 19403

and Kemp, 1949); 6,000 p.p.m. and 1,000 p.p.m. appear to have been average levels in
two streams continuously polluted with wastes from china-clay mining (Herbert, Alabaster,

Dart and Lloyd, 1961).
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(8) 1In the laboratory, 4,250 p.p.m. pswn in suspension produced a 0 per cent mor-
tality among rainbow trout in about 3 weeks (Horbert and #akeford, 1962). Caged
rainbow trout were killed in 20 days in the Powder River, Oregon, when thc concentra-
tion was 1,000 to 2,5000 p.p.m. but other conditions were apparently satisfactory
(Campbell, 1954). In laboratory studies there were 40 to 50 per cent kills of trout
in 310 and 270 p.p.m. kaolin and diatomaceous carth after exposure period: .of 10 days
in some exreriments, but only aftev 85 days in others (Herbert and Morkens, 1961).
Spruce fibre at 200 p.p.m. produced 50 per cent mortality among rainbow trout after
15 weeks exposure, and 70 per cent after 30 weeks (Herbert and Richards, 1963).

(9) On the other hand, Grande ( personal communication) found that only one rainbow
trout out of five was killed during 37 days in 1,000 p.p.m. cellulose fibre, and Vallin
(1935) reported that one individual o€ each of the species Carassius carassiua,
Leuciscus rutilis, and Thymallus thymallus was tested and survived 3 weeks in 200 p.p.m.
Herbert and Wakeford (1962) found that there were no deaths among rainbow trout kept
for 4 weeks in a suspension of 553 p.p.m. gypsum. There was 100 per cent survival of
the same species for 9-10 months in 200 p.p.m. of solids from a coal washery (Herbert
and Richards, 1963).

(10) Thus there is evidence from properly conducted experiments and reliable observa-
tions of rivers that suspended-solids concentrations from 200 to several thousand p.p.m.
have caused deaths among fish exposed for several weeks or months, and other equally
reliable evidence that fish have been kept with few or no deaths at concentrations in
the range 200 to 1,000 p.p.m. for similar periods. These differences are probably due
in part to the kind of solid: in simultaneous experiments with identical techniques,
all the rainbow trout tested in 200 p.p.m. coal washery solids for 40 weeks survived,
whereas nearly 80 per cent died in the same concentration of spruce fibre (Herbert and
Richards, 1963). Ellis (1944) states that the larger the particles, and the greater
their hardness and angularity, the greater the possibility of injury to gill structures.
Another factor is that species of fish are not all equally resistant. Smith, Kramer
"and McLeod (personal communication) found that walleye fingerlings (Stizostedion V.
vitreum) were killed within 72 hours by 100 p.p.m. of various wood pulps, although
20,000 p.p.m. did not kill fathead minnows (Pimephales gromelas) exposed for 96 hours.
Whether or not fish in 8 river or lake will eventually be killed by the continual
presence of 200 p.pem. suspended solids or more is likely to depend upon the nature of
the solids and the speoies present. Nevertheless, the available evidence suggests that
the death rate among fish 1living in waters which over long periods contain suspended
solids in excess of 200 p.p.m. will often be substantially greater than it would have
been in clean water.

(11) There are also a few studies of death rates in concentrations lower than -200 P.D.m,
Smith, Kramer and Moleod (personal ocommunication) found that the walleye (which seoms

to be an extremely sensitive fish) was killed within 72 hours by 100 p.p.m. wood pulp, and
a rather special case is provided by ferrio hydroxide which is precipitated from acid
solutions oontaining 3 p.p.m. Fe on to the gills of trout, carp, and tench (Tinca tinca)
and kills them when the pH value rises above 5.5 (Mann, personal communication, and
Krdmer, 1924). In the majority of reported cases, however, death rates in 100 p.p.m.

and less have been little or no higher than among control fish in clean water. Herbert
and Merkens (1961) found that raimbow trout kept for long periods in 90 p.p.m. kaolin
and diatomaceous earth suffered a slightly higher death rate than did the control fish,
but the mortality was lows in 5 out of 6 tests lasting from 2 to 6 months no more than
20 nor cent died. There were no deaths of rainbow trout during 8 months exposure to

100 and 50 p.p.m. spruce fibre or coal washery waste solids»(Herbert and Richards,

1963), and no significant increase over control mortality among the same speccies in

30 p.p.m. kaolin or diatomaceous earth (Herbert and Merkens, 1961).
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Growth

(12) laboratory experiments, in which trout were given equal quant®¥ies of food in
amounts which were nearly enough to satisfy thoir appstites, showed that 50 p.p.m.

wood fibre or coal washery waste solids reduced their growth rate, and that they grew
more slowly as the suspended-solids concentration was increased (qubert and HRichards,
1963). Nevertheless the fish grew reasonably well in the presence wof  the abundant food
supply; even in 200 p.p.m. coal washery waste solids, yearling fish more than trebled
their weight in 8 months.

Resistancs to disease

(13) Herbert and Merkens (1961) found that trout in 270 p.p.m. diatomaceous oarth
suffered more from the disease 'fin-rot' than controls in clean water. Herbert and
Richards (1963) report that many of the trout dying in 200 p.p.m. wood fibre suffered
from fin-rot, and that fish in 100 p.p.m. showed some symptoms after 8 months, although
those in 50 p.p.m. and the control fish showed nec sign of the disease.

Suspended Solids and Reproduction

(14) If solids settle from suspension and block gravel which contains eggs, high mor-
talities will result. Shapovalov (1937) showed that silting reduced the survival of
rainbow trout egegs (Salmo Be gairdnerii) in gravel, and found the same with silver
salmon (Oncorhynchue kisutch) eggs in later experiments (Shapovalov and Berrian, 1940).
Hobbs (1937) states that the mortality of trout eggs in New Zealand streams was greatest
in those redds which contained the greatest proportion of material smaller than 0,03
inch in diameter. According to Ward (1938) who studied the Rogue River, Oregon, where
placer mining was extensively practised, "... erosion silt in some streams has been
found to cover nests and spawning grounds with a blanket such that the bottom fauna

was killed and eggs also suffocated in nasts.' Campbell (1954) planted eggs in gravel
in the Powder River, Oregon, where the turbidity was bhetween 1,000 and 2,500 p.p.m.

as a result of mining operations. All the eggs died in six days, although there was
only 6 per cent mortality in 20 days at a control site where the water was.clean.

Other instances of eggs being killed by siltation are given by Heg (1952), Herteog (1953),
Gangmark and Broad (1955 and 1956), and by Neave (1947).

(15) Stuart (1953) has shown that Atlantic salmon (Salmo salar) and brown trout (Salmg
trutta) eggs - which are buried in gravel on the stream beds - can develop successfully
only if a current of water passes through the gravel, while Gangmark and Bakkala (1960)
found that the survival of king salmon (Oncorhynchus tshawytscha) egge increased with
the velocity of water through the gravel in which they were laid. Flish eggs require
oxygen during development. Aldedice, Wickett and Brestt (1958) showed that chum salmon
(Oncorhynchue keta) eggs needed at least one part oxygen per million in the surrounding
water at the early stages and 7 p.p.m. at later stages if they were to hatch successfully,
and Alderdice and Wickett (1958) demonstrated that the utilization of oxygen by the
oggs was impaired by increasing the carbon dioxide concentration. Wickett (1954) con-
cluded that the amount of oxygen available to esggs depends not only on its concentra-
tion in the water, but also upon the rate at which the water flows over the eggs.

(16) The foregoing observations are relevant to the silting up of spawning beds after
the eggs have been laid, but there is also evidenhce that some salmonids will not spawn
in gravel which is already blocked. Stuart (1953) found that brown trout do not dig
redde in gravel if it is choked with sediment, nor will thsy do so even if the surface
has been cleared of sediment so that it appears indistinguishable from knowm spawning
areasy presumably this is because the fish detects that water is not flowing through
the gravel. Rather similar beshaviour was observed with cutthroat trout %Salmo clarkii)s
these fish abandon a redd if they encounter silt while they sre digging (Snyder, 1559) .
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(17) Where the harm is done by blocking gravel spawning beds, the concentration of
eolide suspended in the water is apparently lesn important than the amount which will -
‘gottle out of sunpension., This will depend. upon tiuch factors as the size of the colid
particles, the streafivelocity and degree of turbulence. Some rivers in DBritish Colum-
bie support large papulations of Pacific salmon (Qncorhynchus) in apite.of carvying
heavy leads of glacial¥fgilt. Spawning tekes place, however, when the rainfal) ie heavy
and eilt i#s Tlushed outi'of the epawning bheds kFoskett, 19583.

(18) Finely divided solids can be harmful to eggs which are not buried in npawning
beds. Stuart {1953) ohsérved that silt in suspension will adhere to the ourface of
eggs and kill them - probably by preventing sufficient exchange of oxygen and carbon
dioxide between the respiring egg and the wator. Suspended solids can damage the eggs
of species which do not lay them on or in stream beds. The eggs of the yellow perch
(Perca flavercens), which are laid in gelatinous strings entwined round aquatic plants,
otoc., were mostly destroyed over an aréa where silt from the construction of a road
incereased the turbidity to give an average Secvohi disc reading of 18 insbos, but
hatching wao reasonably successful above the silted area where the average Secchi disc
reading was 33 inches (Munoy, 1962). Pikeperoh (lucioperca lucioperca) .eggs sre also
entwined around plants and have been killed in lake Balaton when the suspondod solids
content of the water rises during storms (Wynarovich, 1959).

Effects on Behaviour

(19) Quite high concentrations of suspended solide in part of a river do not stop
salmohoid fish from passing through on migration between fresh and sea water. There
are Atlantio salmon in the River Severn in the British Isles and they arc notted in
. the ectuary although parts of the estuary naturally cont.ain high concenirations of sug-
pended s0lids - up to eeveral thousand p.p.m. at times (Gibson, 1933)., Smith and
Saunders (1958) when studying the movements of brook trout (Salvelinug fontinalis)
between fresh and salt water, found that turbidity mseemed to have no effoct on the fish's
movements. Ward (1938) said that the normal concentrations of suspended solids in
several Oregon streams were 137 to 395 p.p.m. and that salmon run through them. On the
other hand, when given e choice, some fish will select clear water. Thus, Sumer and
Smith (1939) found that king salmon avoided the muddy water of the Yuba River, Cali-
fornia, and entered a clean tfibutaryf Theso fish also chose & clear streak in a muddy
river for spawning rather than more turbid areas nearby. Schools of minnows advancing
dewn a clean tributary to a muddy river have beon seen to turn back immediately their
heads enter the water of the muddy stream (Moore, 1932),

(20) Dachmann (1958) found that when cutthroat trout in a river in Idaho were subjected
for two hours to & turbidity of 35 p.p.m. they were unharmed, but sought cover and
Btopped feeding.

(21) Hofbauer (1962) when studying the factors influencing the numbers of migrating
fish passing through a fish ladder, considered that ths tendency for the barbel (Barbus
fluviatilis) to migrate decreased with increosing turbidity of the water, oven though
other conditions such as temperature and water level would favour migration. The oppo-
site tendency appeared to be the case with theo Suropean eel (Anggilla anﬂgilla): migra-
tion: ocourred when there was notable turbidity, and migration intensity decrcased imme-
diately the water became clearer, '

AEffect‘égzgood Supply

(22) The amount of food for fish in fresh waters depends ultimately upon the growth of
green plants (algae and higher aquatic plants). Such plants may be restricted by sue-
pended solids, but we have not considered the literature on this subjeot in detail in
this report. '
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(23) Woe have found few lab ratory studies mado to discover the concentrations of sus-
pended solids which can be tolerated by invertobrate animals on which fish feed.

Stephan (1953) worked with several Cladocera ond Copepoda. The harmful affect of sua-
pended solids on these animals was thought to be partly due to dlogging of their filter-
feeding apparatus and digestive organs, and the critical concentrations wero from 300

to 500 p.g.m.. Clay was most harmful, while earth and sand caused less damage. Robert-

son (1957) studied the survival and reproduction rate of Daphnia magna in suspensions
of several kinds of solide. Apparsntly harmful levels werei-—

Kaolinite - 392 p«p.m.

Montmorillonite - 102 p.p.m.

Charcoal - 82 pepem.

Pond sediment was not lethal up to 1,458 p.p.m. After being washed with hydrochlorio
acid, montmorillonite, pond sediment and charcoal wers more toxie. Different kinds

of solids thus appear to have different toxioiiies, and Robertson considers that this
may be attributed, at least in part, to differences in absorptive capacity. Much lower
concentrations (e.g., 39 p.p.m. kaolinite, 73 p.p.m. pond sediment) appeared to increaase
the reproduction rate of Daphnia. '

(24). Although they are often important in lakes, smzll planktonic invertebrates like
Daphnia are a less important component of the fish-food fauna in rivers than organisms
which live on the stream bed or on plants. Benthic animals are at risk not only from
the solids in suspension, but from the acoumulation of particles which settle on the
bottom. Many authore have reported more or less severe reductions in bottom fauna

from this cause. Thus, Taft and Shapovalov (1935) studied the abundance of the fauna
on the beds of Californian si{reams into which large quantities of natural silt were
washed by mining operations. In samples taken during the summer there were always fewer
food organisms per unit area in the places whore mining was praotised than in clear
streams. In the Scott River, silted areas averaged 36 organilm-/ftz, while in clean
areas the average was 249/fté. Smith (1939) quotes earlisr work by Surber and Smith
which showed that silted areas in the Ameriocan and Yuba Rivers of California contained
only 41 to 63 per cent as many food organisms on the stream beds as did clear streams.
Tabo (1955) found that in North Carolina streams heavy siltation caused by dragsing
loge over the ground near a small tributary resulted in turbidities from 261 to 390
PePem. in a trout stream, and during summer and autumn, when the flow of water was low,
the stream bed was covered with & layer of sterile sand and micaceous material up to

10 inches doeg. In these areas the bottom fauna was only ons~quarter as abundant (as
volume per ft ) a8 at olean places above the point where the silt entered. Rainbow
trout fed mainly on boittom fauna from January to June, but from June to December this
made up only 42 per cent of their food, much of the remainder consisting of terrestrial
insecte. The bottom fauna (expressed ss wet weight per unit area) in clean Cornish
streams was found by Herbert, Alabaster, Dart and Lloyd (1961) to be present at nine
times the density occurring in streams containing 1,000 and 6,000 p.p.m. suspended
solide, although in a strsam with an average of 60 p.p.m. the bottom fauna was about
equal in abundance to that in the clean rivers. Thesse authors found during their sur-
vey that although a substantial proportion of the food eaten by trout (in liay) consisted
of bottom fauna, much of the food consisted of terrestial forms. Even a complete des-
truction of aquatic invertebrates in these streams 4id not mean that no food was avai-
lable for those fish, but only that the total quantity was reduced.  The effects on the
food supplies of other species might be more merious,

(25) Several more examples are given in unpublished reports of investigntions made

in France for administrative purposes and summarized for us by Mr. P. Vivier. Waste

water from a sand-washing plant contained 29,900 p.p.m. suspended solids, of which

19,750 p.p.m. was settleable. When discharged to a trout stream in the Cétes du Nord

it caused the disappearance of the bottom fauna of Trichoptera (H;Qrogsxoge, Rhyacophiles),
Ephemeroptera (Ecdyonurus), Crustacea (Cammarus) and Mollusoa (Ancylus, Limmea) which

was present upstream. Four kilometers downstiream, where the suapended-solids concen-
trations had fallen to 29 p.p.m., the fauna reaprpeared except for the Ephemeroptera.
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Plante and fish food fauna disappeared from another trout stream after introduction

of 250 p.p.m. suspended solids from a quarry. Apnother smal) stream in tho Vosges
contuined 11,300 p,p.m. solids just below a granite crushing mill and washing plant,

and 185 p.p.m. 7 km downstream at its oconfluence with the River '‘Saéne. - Tho normal

fauna and flora were completely absent from the tributary below the discharge. Coal
mines brought the suspended solids in a river in the Gard Depariment to 570 pe.p.m.

1 km below the pits, and the river was virtually abiotic for 10 km. After this distanoe
the Buspended-solid concentration had fallen to about 100 p,p.m. and a sparse fauna
reappeared.

(26) Although the bottom fauha of streams may be drastically reduced by finely divided
Bolide which are chemically inert, deposits of vome kinds of organic solids — humus
from a sewage-disposal worka for example - can oupport dense populations of somé
bottom—dwelling invertebrates, such as Chironomus riparius and Asellus aquaticus,

which provide an abundant food supply for fish lAllan, Herbert and Alabaster, 1958).

The Total Effect of Suspended Solids on Freshwater Fisheries

(27) The earlier msctions of this review have shown that sufficiently high concentra-
tions of suspended splids can kill fish directly, increase their susceptibility t9
disease, reduce their rate of growth, modify their normal movements within fresh water,
roduce the area suitable for spawning, and kill developing eggs. In addition, the
quantity of natural food available to fish oan be reduced. When a freshwater fishery

is harmed by excessive quantities of finely divided sclid matter, it is likely that many
of thesae factors wlll be operating, although the relative importanoce of each ons will
probably not be the same in every case. Correlation of the status of fisheries in lakes
and rivers with the concentrations of solids found in them should therefore provide
data very relevant for the establishment of water quality oriteria. ‘

(28) Ellis (1937) made 514 determinations of turbidity at 202 places on rivers in the
U.S.A., and classified each site as either having or not having a good mixed fish fauna,
His results are sumarized in Fig, 1. Preoise conclusions cannot be drawn from these
data, because few measurements of turbidity were made at most sites and these might

not adequately represent the levels ocourring in rivers where turbidity can fluctuate
considerably. Furthermore, & poor fish population may not have been due to high tur-
bidity in every ocase but to some other faotor such as low dissolved oxygen (see Para- -
graph 2). Nevertheless, the data of Ellis suggest that an inorease in turbidity above
quite low levels will reduce the ohancs#s of naintaining a good fishery, although it
should be noticed that good fish populations were found at a few places vhore the water
was very muddy.

(29) It seoms that some speciem of fish are much more tolerant of muddy water than
others, and that an increase in suspended solids can lead to an increase in the nunbers
of' the resistant fish as they are freed from competition with less tolerant speocies,
Aitken (1936) said that Iowa streams which once supported trout, smallmouth black bass
(Mioropterus dolomeiui)and other olean-water species were transformed by excessive soil
erosion so that they contained rough fish or mud~loving forms. Similar changes in

parts of the Ohio river basin are yeported by Trautman (1933). Rather more detailed
evidenoce of changes which could eventually alter the speocies composition of & fishery

is provided by an investigation made by the Institute of Freshwater Research, Drottning-
holm, which indicated that erosion turbidity in Lake Hot8geln, Sweden, was probably
responsible for greatly reduoed catches of char (Salvelinus alpinus), although the
catohes of trout (Salmo) and European grayling (ngggllus thymallus} were not appre-
ciably affected. The table below shows that ithe cateh of whitefish (Coreﬁonus lavaretus)
in Lake Aisjaur, Sweden, was reduced by turbidity due to mining wastes consisting prin-—
¢ipally of quartz sand,
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The satchsz of psreh {Perca fluviatilis) =nd pike (Esox lucius! were, however, not
affeated (Vallin, personal communication). Doan (1942) investigated the fishery statis-
Ylze f£or Lske Erie rharz the $urbidities vary tetween § and 230 p.rem, The annunal
gommercis) satoh of "ysllow plskersl?, "i.e., the welleys (Stizostggiggig; vitraumj,

wae inversely csorrelatsd teo a ziatistically sigmificant extent with the turbidities
during April sand May of the seme year: On the other hand the catch of szauger
(Stizostedion oanqggnsa) wee nogitively sorrslaied with tho Surkiditlaz poowalling
three years sarlier. '

(30) Whnitefisk (Coregonua} have suffsred ssysraly from suspendsd asslida in seversl
lakez. Many spesiss of whitefish feed mainly on plankton, and typically dwsll in lakes
where the water is olear and sold. Soksffel quotsd in Stevhan (1953) reocounts the his-
tory of the fishery in the Chiemsee, Upper Bavaria, where suspended sclids cerried in
by strsams appear tc have hoen resyonsible for a2 decline in the whitefish catsh 4o

a fsw under-nourizhed fish in 19229, 2nd to zero over the period Septamber 1920 to
February 1921. The number of epawning fish was also severely reduced. Freviously
these fish hzad fed sn zooplankten whish was presumably abundant encugh for their nseds,
but the rsdusesd population wes frsdine on bottom-dwelling animale such 23 snalls and
ohironcmid larvae, Similar observations wers mads by Einsele {1963) on the Mondses

in Austria. Scme lerge quantitien of clay entored this lake during the conztruction nf
8 roed im 1959=£2, mzlking the water very turbid. 7Thie reduced the derelormont of
plankton, psriicularly Daphnia. Einscle estimated that ths normal annual production of
Daphnia in tha Mondsee wae about 400,000 kg frosh weight; and this fell tc 80,000 kg

in ths tushid conditisnz. Ths #+urbididy =lso inoreased the mortality rate of the
whitefish; rosulting in 2 very low ezteh the fellowing year.

(31) Schnsdebarger and Jowel {1922) s4udied ponde in the U.S.A, which naturally con-
tained differsnt scencentretions of zuspendzd golide. azvd fommd that the productiocn of
fish increaszssd as turbidity was reducsd down to a value of 1020 p.p.m. Buck (1936)
studied the growth of fish in 39 farm ponds; having & wide range of turbidities, which
were oleared of fish and then restocked with largemouth black bass (Micropterus
salmoides),; bluegi?l (lepomis maorochirus) and red-ear sunfish (lepomis migrolophus).
After two growlng scaeong th: yizllde of fisk wevee~

Clear ponds slsas then 28 pop.er. euspendei,eclids) i61.3 ltéaor&
Tuszrmedicts  {25.40C p.p,m. suepented solide) 94.0 1t/acre
wasy more than 10C n.r.m, cueronied esldiaa) 20 1 1r/anr>

The rate of reproduction was aleec reduced by turbidity and the oritical concentration
for 8ll three species appsared %o be about 75-100 p.pem. In the same papor, Buck
reports that largemoutk blzck hass, orappiss (Pomoxis) znd channel catfish tIatalurus
guncgagus) grew mere slowly in & reservoir whore the water had an average turbidity of
130 p.po.m: than in snother reservoir where ths woter was always very cleer.
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(32) 1In rivers, Herbert, Alabastor, Dart anl Lloyd (1961) found that 1,000 und 6,000
p.p.m. ohina-clay wastes had reduced the populaiions of brown trout to about.one-~
ssventh the density found in clean streams, but that a normal trout population was
present in a river carrying 60 p.p.m. 'There i3 much additional evidence in the unpub-
lished reports from France communicated to us by P. Vivier., In a river in the Card
Department of Irance which supports a cyprinid fish fauna, fish are absent from a
atretch which ocontains up to 570 p.p.m. solids from coal mines, but a fre roach and chub
reappear 10 km below the mines where the suspended-solids concentration has fallen to
about 100 p.pem. Trout, minnows and bullheads which populate the upper reaches of a
stream in the Vosges, disappear completely below the entry of wash waters from a granite-—
crushing mill which raises the suspended-solids content to 11,300 p.p.m. immediately
below the discharge. The fish do not reappear until the confluence of the Ctream with
the River Sa6ne: jusnt above the confluence 185 p.p.m. suspended solids are present.,
Trout and dace were present in a stream in the [inistdre Department of France above the
entry of wash water from a tin mine, but the only fish in the polluted zone were eels.
When the suspended solide were determined in this stream during a flood, 560 p.p.m.
were present 500 m belew the disoharge, and 80 p.p.m. 4 km below. A richk fauna of
Ephemeroptera, Trichoptera, Crustacea, Mollusca and worms almost completely disappeared
below the discharge. lowever, in mountain strcams fed by melting snow, some 1,000
p.p.m. suspended solids are often present for 3 to 5 months of the year and trout are
found there, although not in large numbers. In the River Loirelve (Norway) which is
rather muddy with an average concentration of uabout 50 p.p.m. suspended solids but

with oocasional concentrations up to 1,331 p.p.m., pike, perch, pikeperch and several
epecles of cyprinids are common. A very similar fish fauna is found in another muddy
Norwegian stream, the Nitelva, in which the concentrations range from 5.9 to 99.8 with
an average of about 25 p.pem. (M. Grande, personal communioation). D.W.M. Herbert
(personal communication) installed a suspended-colide recorder for a year in the River
Mimram, Hertfordshire, where there was & good trout fishery, and found that the average
suspended-solids concentration was 24 p.p.m. with maximum values of 80 to 100 p.p.m.
ocourring &t times. Liepolt (1961) reports thuot a trout fishery existe in a stream
usually containing 19 to 23 p.p.m. solide, and that this was not harmed by dredging
operations which raised the concentration to about 160 p.p.m. for short periods, except
that fly-fishing was impeded when the water was turbid. .

(33) Herbert and Richarde (1963) report the results of a questionnaire sent to River
Boards in England, Sootland and Wales. Streams containing suspended solids of industrial
origin were classified es either "Fish present and fish population not adversely
affeoted" or "Fish absent or markedly reduced in abunlence". Care was taken that no
data were inoluded if there was reason to suppose that a river was polluted with mate-
rials cther than imert suspended solide. Thene data are shown in Fig. 2, together with
the information summarized in Paragraph 32. Some of the concentrations shown in the
figure are means or ranges of a large number of determinations made over a ¢oensiderable
pericd, whereas some of the others are hased on a single observation which may not
properly represent the oconcentrations normally to be found in that stream. However, in
spite of this limitation, it may be concluded that nearly all the rivers (or parts of
rivers) in which the fisheries were apparently unharmed carried distinctly lower con-
centrations of suspended solids than those in whioh the fisheries were either seriously
damaged or destroyed. The oconcentrations in the two categories overlap to smome extent
and there is not a clearly defined concentration which separates them, but the oritiocal
concentration appears to be in the approximate range 100 to 300 p.p.ms

TENTATIVE WATER QUALITY CRITERIA FOR FINELY DIVIDED‘SQL;D MATTER

(34) Water quality criteria for suspended solids are needed by those who have to
manage inland fisheries and must sometimes decide, for example, how much solid matter
could enter a river of lake without undue risk to a fishery, or whether it is worth
attempting to develop a commercial or recreational fishery in water already containing
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a known concentration of such muterials. The criterin should therefore be presented
in terms of the effect on a ficshery which a given concentriation of solids is likely

to produce. :

(35) There is evidence that not all mpecies of [ish are equally suaceptible to sus-
pended solids, and that not all kinds of solids are equally harmful (Paragraph 10).
Unfortunately there is very little information on these and many other aspects of the
problem, and, as was stated in Paragraph 3, much of the evidence which exints is less
firmly established than is desirable. We have therefore come to the conclusion th:t

we cannot yet propose definite water quality eriteria which distinguieh betwecn the
many different kinds of finely divided solids to which different sorts of inland
fisheries may be subjected. Nevertheless, we think that when the evidence it considered
as a whole, certain general conclusions cen be drawn and some tentative criteria can

be based upon them. We have attempted to draw these conclusions and arrive at such
criteria in the following paragraphs, and put them forward as a basis for discussion
anl in the hope that they will provide some useful guidance, but it must be emphasized
that they are provisional and ‘may well have to be revised when mors information becomes

available, :

(36) The spawning grounds of trout and salmon are very vulnerable to finely divided
solids, and quite a small turbidity in the water or deposition of solids on or in the
gravel may oause spawning fish to avoid them or prevent successful deavelopment of
their eggs after they are laid (Paragraphs 14 to 17). This may be especially impor-
tant where a salmon population is restricted by lack of suitable spawning areas.

{37) Except for possible effects on spawning behaviour and egg development and the
special case of freshly precipitated iron hydroxide (Paragraph 11), thers is no evi-
dence that concentrations less than 25 p.p.ms have done any harm to fish or fisherises,
and there are krnown to be good fisheries in rivers usually containing about 25 p.pe.m,

suspended solids (Paragraph 32).

(38) Concentratione above 25 p.p.m, have reduced the yield of fish from ponds (Para-
graph 31); 35 p.p.m. have reduced feeding intensity (Paragra h 20); 50 p.pem. have
reduced the growth rate of trout under laboratory conditions (Paragraph 12); 82 p.p.m.
charcoal have killed Daphnia (Paragraph 23). On the other, 85 p.p.m. is the lowest
ooncentration reported for a stretch of stream containing few or no fish where other
factors are satisfactory, and there are many other streams with only slightly lower
concentrations where the fishery is no noticeably harmed (Paragraphs 32, 33 and Fig. 2).
In laboratory tests the lowest oconcentration known to have reduced the expectation of
life of fish is 90 p.p.m. (Paragraph 11), and the lowest concentration known to have
increased susoeptibility to disease is 100 p.p.m. (Paragraph 13).

(39) Some matisfactory fisheries are reported for waters containing 100 to 400 p.p.m.
suspended solids, but fisb are few in number, or absent; in other waters within this
range (Paragraph 33 and Fig. 2). Similar concentrations of several kinds of solids have
also increased susceptibility to disease (Paragraph 13), increased mortality xates
(Paragraph 8), and reduced growth rates (Paragraphe 12 and 31). Daphnia has been killed
by several solids in concentratione within this range (Paragraph 23; and, in all the
studiee we have 'seen, the abundance’of the invertebrate fauna of stream beds has been
drastically reduced (Paragraphs 24 and 25).

(40) We found no good evidence that plentiful and varied fish faunas exist in waters
normally carrying suspended solids in excess of 400 p.p.m., although there are streans
which carry even 6,000 p.p.m. in which there are very sparse populations of trout
(Paragraph 32 and Fig., 2). There may be some tolerant spacies of fish which can proyide
good fisheries in very muddy waters, but we have found no evidence of such fisheries in
Europe. An exception is that salmon are netted as they pass through muddy reaches when

migrating (Paragraph 19).
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(41) Many kinds of solids can be present for chort periods (possibly up to a few days)
in concentrations of at least several thousand p.p.m. and probably much higher without
killing fish, but may damage their gills. Thic might affect their subsequent survival.

(42) The brief résumé of the evidence in Paragraphs 36 to 41 suggests to uc that there
is probably no sharply defined conoentration of a solid above which fisheries are
damaged and below which they are quite unharmed. Our impression is rather that any
.increase in the normally prevailing concentration of suspended matter above quite a low
lovel moy cause some decline in the status and value of a freshwater fishery, and that
the risk of damage increases with the ¢oncentration. However, there is not nearly -
enough evidence to allow the relation between solids concentration and risk of damage
to be defined at all precisely, and we think that the best that oan be done at present
towards the establishment of water quality criteria for this class of substance is to
divide the degree of risk to fisheries into four arbitrarily defined categories and
attempt to make rough estimates of _the ranges of concentration to which theJ'would

gonerally correspond.

(43) From this approach to the problem we present the following tentative criteria
for discuesion and comment.

‘With respect to chemically inert solids and to waters which are otherwise satisfactory
for the maintenance of freshwater fisheries:

(a).»There is no evidence that concentrations of suspended solids less than
25 pe.pe.m. have any harmful effects on fisheries.

(b) It should usually be possible to maintain good or moderate fisheries
in waters which normally contain 25 to 80 p.p.m. suspended solids.
Other factors being equal, however, the yield of fish from such waters
might be somewhat lower than from those in category (a).

{(c¢) Waters normally containing from 80 to 400 p.p.m. suspended solidse
are unlikely to support good freshwater fisheries, although fisheries
may sometimes be found at.the lower ooncentrations within this range.

(d) At the best, only poor'flsharies gre likely to be found in waters which
normally ocontain more than 400 p.p.m. suspended solids.-

(44) 1In addition although several thousand p.p.m. solids may not kill fish during
several hours or days exposure, such temporary high concentrations should be prevented
in rivers where good fisheries are to be maintained. The spawning grounds of salmon
and trout require special consideration and should be kept as free as posaible -from

finely divided s=olids.

Thease tentative oriteria apply only to chemically inort sclids and to waters
which are otherwise satisfactory for the maintenanoce of. freshwater fisheries.
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FIG.4 TURBIDITY AND FRESHWATER FISHERIES IN THE 0.8.A.
DATA FROM M.M.ELLIS “DETECTION AND MEASUREMENT OF STREAM POLLUTIOAN
U.S. DEPT. OF COMMERCE,BUREAD OF FISHERIES, BULL.NS- 22 (1937)
(514 DETERMINATIONS OF TURBIDITY WERE MADE AT 202 RIVER STATIONS).
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