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SUMMARY

The literature covering river biology, biology of Gammarus_ pulex,

river pollution and toxicity has been reviewed.

The Rivers Blythe, Cole, Rea, Tame and tributaries were surveyed
to enable distribution maps of Gammarus, Asellus, Chironomidae and
Oligochaeta to be drawn. The results of chemical analysis of 24
widespread stations over a 2 year period were used to determine field
threshold concentrations. Using the thresholds for copper, zinc,
chromium and nickel, a Toxicity Index was calculated, and related to
the occurrence of Gammarus. Application to additional sampling
stations supported the validity of the method. Analysis on a monthly
basis suggested that the Toxicity Index would need to be below 1.0 for
at least 70% of the time to allow Gammarus to exist.

Laboratory experiments with Gammarus were performed to determine
the toxicity of known chemicais. These experiments lasted for either
48 hours, or were continued for periods of up to 600 hours, and were
used to obtain the 48hrLC50 or threshold values. The effects of water
hardness and dissolved oxygen concentration were investigated. Copper,
zinc and chromium were found to be very toxic, while nickel was shown
to be a long~term toxic material. Mixtures of metals were studied
and it was confirmed that the toxicity could be predicted from the sum
of the toxicities of the components.

Application of the laboratory results to the field data gave a
field threshold sum of proportions of 0.05, above which Gammarus was
absent from the streams studied. This value was examined in relation
to literature on fish survival, When related to the laboratory results,
after allowing for factors such as water hardness and dissolved oxygen,
it would probably account for approximately 5% mortality.

The advantages of using Gammarus as a test animal in place of

fish are discussed.
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1. INTRODUCTION AND, AINS

The natural drainage system of the Birmingham and "Black Country"
area of the West Midlands is a network of streams and rivers,
principally the rivers Tame, Rea, Cole and Blythe, together with their
tributaries (Fig. 2). These combine to the east of Birmingham to
continue as the Tame, in turn forming a tributary of the Trent, to
finally discharge to the North Sea by the Humber.

The area is one of the most highly populated and industrial areas
in the country. The rivers are used as the means of transport of much
of the water-borne waste, both organic and inorganic, which is
discharged from sewage treatment works or other sources.

Most of the organic load discharged to river will eventually be
oxidised by natural purification occurring in the rivers, provided the
river is long enough or the load is not too great. The toxic material
however, can exist in a harmful form until diluted by cleaner water, or
otherwise reduced in concentration, so as to be of no consequence to
natural processes.

Historically the Tame has had a very varied past. In 1826 the
Birmingham Waterworks Company was granted permission to abstract water
from the Tame, and reported it "a perfectly satisfgctory source from which
a supply could be drawn for the needs of the town and was certified to
contain nothing injurious either for domestic or other users" (Lester,
1967). A néwly constructed reservoir of 30 million gallons at
Salford Bridge, Aston was brought into use on 17th August,1831, for
the storage of river water, which was then pumped into a service
reservoir at Monument Lane, Edgbaston (Clay, 1946; Lester, 1971).

In 1854 a tank at the Willenhall Gasworks burst, releasing gas liquor
to the river, and killing all the fish. The Waterworks Company was

fortunately warned of the incident, and prevented any polluted water from
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entering the reservoir. An Act of 1865 1limited the abstraction of
water from the Tame for domestic purposes. The quantity of water
supplied in 1859 had reached 3.4 mil gal/d, and 6.4 mil gal/d in 1865,
However, by the late 60's abstraction from the Tame had ceased, and was
prohibited from ist January, 1872, except in an emergency.

The Tame was considered one of the best trout fishing streams in
the Midlands in 1876 (Clay, 1946) and fish up to and over 2 lbs in
weight could be caught at Perry Barr. After this, and up to about 1880,
the river contained an abundance of coarse fish - roach, dace, chub,
gudgecon, pike and minnows. Over 2,000 salmon were caught in the Trent
in 1887, either by nets or rod and line. The 1888 returns described
the fishing as "fairly good", but as ﬁpoor“ in 1889, and'the "worst for
years" in 1890. After this the numbers were either nil, or barely
reaching double figures.

The deterioration of the Tame was probably caused by the increase
of industrial effluents, such as gas liquors and calvanizing wastes.
During the 1914-1918 war, many untreated factory effluenis were
discharged into the rivers, and by the end of the war the Tame entered
Birmingham resembling an open sewer. Butcher (1946) found parté of
the Tame, at Castle Bromwich and Water Orton, completely devoid of any
fauna. Effluents containing copper, zinc, nickel and chromium were
being discharged to the Tame, and Butcher, in discussion, suggested that
pollution by these metals was the cause of the biological sterility
(Clay, 1946). Undér present day conditions, the Tame, Rea and Cole
receife much pollution, whereas the Blythe receives only a small amount
of organic pollution, and almost no toxic pollution and so remains a
very clean river for most of its length.

The aim of the present study has been the examination of the role
of the toxic inorganic pollution as a factor influencing the distribution

of the freshwater shrimp, Gammarus pulex in the streams and rivers of
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the area. Towards this end, surveys have been made of the rivers to
determine the distribution of Gammarus and some other common animals,
and of organic and inorganic substances at a number of stations.
Experiments have been conducted under laboratory conditions to determine
the effects of known amounts of different substances on Gammarus. The
results from these experiments have been analysed and correlated with
the bioiogical and chemical surveys in an attempt to account for the

observed distribution of Gammarus in the area.



2, LITERATURE REVIEW

General River Biology

Water arising from the earth, either as springs, or as run-off,
is normally unpolluted and the stream may therefore be expected to
support a varied fauna and flora community. The bottom dwelling, or
benthic organisms, living on or within the substratum are the most
useful in assessing water quality since these reflect conditions at
that point rather than the past history of the water (Hawkes, 1968).
The benthic community is dependent upon the physical and chemical
quality of the water at that point.

The main factor influencing benthic communities is the nature of
the river bed, either 'eroding' or 'depositing', which is related tc the

water velocity. This is summarised in Table 1, based on lMinnikin (1920),

Butcher (1933) and Hynes (1960).

Table 1. Relation between current speed and nature of river bed.

Velocity of Current Nature of bed Type of habitat
(ft/sec) (m/sec)
Greater than 4.0 1.21 Rock Torrential
. " 3.0 0.91 Heavy shingle Torrential
" " 2.0 0.60 Light shingle Non=silted
< RS 0 0.30 - Gravel Partly silted
i ® D67 0.20 Sand Partly silted
e " 0.42 0.12 Silt Silted

Less than 0.42 0.12 Mud Pond-like



Velocities of more than i ft/sec are of an eroding nature, while
those less than 1 ft/sec are depositing. However, conditions are
rarely uniform, either along or across a stream bed, and therefore
different micro habitats can occur in close proximity. Larger stones
present in a shingle stretch help to stabilise it, producing a more
hospitable eﬁvironment (Hynes, 1960).

Closely related with the water velocity is the dissolved oxygen
content. This is highest at greater flows, where the water movement
produces a larger surface area for oxygen uptake, and lower under still
pond-like conditions. If green plants are present, however, the oxycen
produced by photosynthesis on a bright sunny day can greatly increase
the dissolved oxygen content in slow flowing parts, and may produce a
supersaturated condition. The temperature of the water also determines
the amount of dissolved oxygen. As the temperature increases, the
dissolved oxycen content at saturation decreases, Thus, saturated
water at 5°C can hold 12.8 mg/1 of oxygen, but at 25°C only 8.3 mg/1.

Water temperature can also have a direct effect cn the animal
community. In summer, sluggish lowland water may become very warm,
whereas highland streams wili maintain a more uniform temperature
throughout the year (Hynes, 1960). This increase in temperature may
have lethal effects, so controlling the distributiop of some organisms,

as occurs with Crenobia alpina.

Streams derived from highland areas of hard rock often have a small
dissolved chemical content., Where these rocks are overlain by peat,
the run-off water may become acidic, especially during floods after dry
weather (Jones, 1948). Watér from areas of limestone, chalk, or other
basic rocks, however, have a higher dissolved chemical content, especially
of calcium, and form 'hard' water. This water has a greater chemical
buffering capacity, and rarely becomes acidic.

Some animals of the stream community show adaptations to live within



a particular habitat. Animals living in the faster stretches may have
flattened bodies, such as the mayfly Ecdyonurus. Simulium produces a
silken thread mat on the substratum, to which it clings by a number of
caudal hooks.

Alternatively they may have developed prehensile claws for clinging
to small surface irregularities, as occurs with scme caddis larvae,
and some stonefly and mayfly nymphs. In areas of slow flow the
difficulty of animals maintaining their position is much less.

Tubificid worms and chironomid larvae are found partly within the
substratum, while Sialis and Asellus live on the substratum surface
(Hawkes, 1968). The dissolved oxygen requirements of various species
of animals differ, those requiring much oxygen are found in the fast,
well aerated regions, while those able to withstand lower oxvgen
concentraticns can survive in the slower, more stagnant stretches,

The chemical content of the water, especially of calcium, may
produce large changes in the associated animai community. bMany animals
requiring calcium for their exoskeleton, such as molluscs and crustaceans
are absent or reduced in numbers in very soft water, with less than

about 20 mg/1 calcium (Hynes, 1960).

Bioloay of Gammarus pulex

Gammarus pulex has been recorded from most counties of England,

Scotland and Wales, and introduced into the Isle of Man, It is absent
from Ireland, part of West Cornwall and from part of Northern Scotland,
where its place may be taken by Gammarus duebeni Lillj. (Hynes, 1955a),

Gammarus pulex is believed to have entered Britain at the time of the'

post-glacial bridge from the Continent,- and to be gradually displacing
G, duebeni, It is intolerant of salinity, and is absent from brackish

water and estuaries (Hynes et al., 1960). The distribution was thought

to be related to the amount of calcium in the water. Jones (1948)



Fig.1. Gammarus pulex



found it in only one of.the four streams he looked at in the Black
Mountain district of Soutﬁ Wales., Although present in the Clydach,
it was absent from the Amman, Garw ané Pedol. The Clydach was
moderately calcareous and usually alkaline, whereas the other three
were soft water streams which often.became acidic, especially during
floods. In the Rheidol, Jenes (1949) again found that G. pulex was
absent, with calcium levels of not greater than 2.4 mq/i calcium, but
Whitehead (1935) found it common in a chalkstream in Yorkshire., Hynes
(1954), however, does not believe that calciuﬁ concentration is the
governing factor controllino distribution. Gammarus pulex is found in
Llyn Tegid (Lake Bala), Merionethshire, where the calcium concentration
is less than 4 mg/1, and has been bred and matured in Liverpool tapwater
of 13 mg/1 calcium. Helalso shows that the calcium/macnesium ratio is
uvnimportant, G, pulex being found in some streams, but absent from
others, apparently suitable, with a similar calcium/magnesium ratio.
Gammarus pulex is usually found in small clean streams with a
moderate water flow as a member of the riffle community. Hawkes (1954)
defines riffles as areas of non-silted gravel, normally with less than
1 foot (30 cm) depth of water, and with a water flow of over 1 foot/
second (30 cm/second). In these riffle areas, the dissolved oxygen
content is usually hicgh, due to turbulence of the surface. Huet
(1942) noted Gammarus more abundant in small streams than in rivers,
and suggested that the greater volume of water in rivers would wash
Gammarus away. Alfernatively, this may be due to the rivers having a
slower flow and therefore depositing silt which is an unsuitable

substratum for Gammarus. Macan and liackereth (1957) sugaest the

distribution is related to predation by the Bullhead, Cottus cobio,

which is plentiful in rivers, but absent from most streams. When
Gammarus is dislodged from its habitat, its reactions are to face

upstream and swim down to the shelter of the stonas (Macan, 1963).



Gammarus does not possess any morphological adaptations to survive in
fast flows and is a poor swimmer. Riffles are a stable substratum for
animal and plant life, usually consisting of larger stones within a
matrix of smaller stones, gravel and possibly coarse sand. Most of the
water will flow over the stones, with relatively little passing between
them. Once Qithin the spaces, Gammarus is probably subjected to little
direct flow. The natural behaviour pattern of seeking shelter as quickly
as possible therefore allows survival within riffles. The faster flow
of the stream ahove the bottom will ensure that the dissolved oxygen
concentration is maintained, and carry leaves and other organic debris
downstream, which may become trapped between the stones and thus
providing food. Davies (1965) states that Gammarus will quickly die if
the oxyoen content of the water falls below 30 saturation. This may
happen in slow flowing areas, where deposition and subsequent
decomposition of organic material occurs, and where the reabsorption
rate of oxyoen is reduced by the lack of surface turbulence.

Hynes (1955b) and Sexton (1924) describe the life-cycle of

Gammarus pulex in some detail. During mating the adult male holds the
female in a precopula positioﬁ for a few days before the female moults.
Copulation occurs after moulting of the female but before the cuticle
hardens. The eggs are 1aid in the brood-pouch made by the interlacing
of the bristles of the four pairs of oostegites. At first the eags are
contained in a gelatinous sac which slowly dissolves and fertilisation
takes place. FEaags are never deposited in the brood=-pouch unless mating
has occurred. Relative to the size of the adult the egos are large and

the number laid is dependent on the size of the female.
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Table 2. Mean number of eags related to size of female of

Gammarus_pulex (Hynes, 1955b)

Length of female(mm) 6-7 7-8 8-9 9-10 10-11 11-12
Number of specimens - 20 117 300 297 123 17
Mean number of eggs. 5.8 8.9 13.4 18.0 23.6 29,1
Table 3. Mean number of eggs related to size of female of

Gammarus pulex (Berg, 1948)

- Size (mm) 7 8 9 10 11 12 13 14
Number of egg carrying
females found 8 21 86 68 22 6 6 1
Maximum number of eggs 14 19 40 42 40 45 65 46
Minimum number of eggs 6 9 3 5 8 12 9
Mean number of eggs 8.8 10.4 17.4 20.1 25.3 24.3 39.0

Berg also found that the number of eggs carried by females varied

during the year, with a maximum during spring, the main breeding period.
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Table 4. Mean number cf eggs carried by female Gammarus pulex

at different periods of the year

Spring Summer Autumn
Number of sbecimens
investigated (m + f) 326 99 158
Females carrying eygs 51% 19% 20%
Maximum number of eggs 65 42 20
Minimum numbef of eggs 3 6 o
Mean number of eggs 20.4 15.5 11.7

Hatching takes 16~17 days in summer, the young being retained within
the brood-pouch for a few days before they are expelled. Precopula
may re-occur before the eggs in the brood-pouch, from the previous
mating, have hatched.

The young gammarids moult every 5-7 days, increasing to over 20
days in adults and ionger in winter. During the summer, with
temperatures of 10—1500, the young mature in 3-4 months, but with a
winter temperature of 5-10°C, maturation takes 7 months. The brood-
plates of the female begin developing at the 7th moult, but eggs cannot
be laid until after the 10th moult. |

Females may begin producing eggs in December. The number of egg
carrying females increases to a peak in April and May, and then slowly
declines. The first young appear in early March, with larger numbers
up to June. The first of the new generation, born in March, become
mature in July, and breed during August énd September. After over-
wintering, they breed again during the next spring, and probably die in

April or May. Young from the May and June hatchings overwinter as
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immatures and do not start breeding until reaching maturity in the
following snring. These females then have 5 or 6 clutches of eggs,
in early March, mid April, early lay, late lay, mid June and possibly
early July before dving.

During the year the sex ratio of individuals over 6.mm and the
mean size change. During January the sex ratio is 1 : 1 but in the
spring the female become dominant by 5 : 4 as some of the males die,
The mean size drops in the summer period as the overwintered adults die,
and the young beain maturing. Berg (1948) found the maximum number of
individuals in June, the population consistinc of small animals with a
few large ones. He found the average size a maximum in April at 11.2 mm
and a minimum in September ét 9.5 mm. In the autumn the sex ratio is
3 male : 1 female as the males are larger and reach 6 mm earlier. The
females reach 6 wm during the early winter, and by the following January
the sex ratio is again equal. Some adults may die over the winter

period, and alsoc some overwintering juveniles may never reach maturity.

River Pcllution

Pollution has been defined legally as "the addition of something to
water which changes its natural qualities so that the riparian proprietor
does not get the natural water of the stream transmitted to him" (Coulson
and Forbes, 1952). Hawkes, in Parker and Krenkel (1969) uses the
definition "as the discharge of something to the river which so changes
its nature that the general amenities of the river are adversely affected,
its suitability for man's legitimate use being impaired".

These changes may be nutritional, physical or chemical in nature;
and one discharge will usually produce ¢hanges in more than one property.
Effluent from a sewage works treating domestic sewage will be mainly

organic, whereas industrial processes will produce toxic or inorcanic
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effluents.,

Organic pollution produces an additional supply of nutrients in
the water. This increased food supply supports a large number of
bacteria, which, due to reépiration, use available oxygen from the
water, This decrease of dissolvedloxygen in turn leads to a reduction
in the number of animals dependent upon'a high oxygen centent for
survival., Stoneflies and mayflies are reduced in number, or become
absent if the oxygen.level falls too low. Suspended solids settle out
onto the substratum, forming a blanket, eliminating light and preventing
aloal orowth (Hynes, 1960). If this reduction of dissolved oxygen
continues, more tolerant animals, such as Gammarus will decrease,
Asellus, chironomid larvae and tubificid worms are commoﬁly found in
organically polluted zones, since they can withstand the reduced oxygen
leveis., Normally they are found in slow rivers and ponds, but can
colonise polluted rivere because of the changed conditions, and form a
replacement fauna. As repurification by bacteria proceeds, the numbers
of protozoa increase, feeding on the bacteria. Oxygen level increases
as re-absorption occurs throuah the surface. Downstream where
conditions have improved further, Gammarus may reappear, to be followed
later by other clean water fauna.

Toxic pollution aﬁts in a very different manner to organic
pollution. Animals vary in sensitivity to different chemicals, and
the order of sensitivity may be dissimilar to that with organic pollution.

Lead mining wa; carried cut in Wales durina the nineteenth century
and the 1914-18 ﬁar, but discontinued shortly afterwards. As the river
water used in washing the mineral ore was very soft, quantities of lead
were dissolved into solution. The effect of this lead pollution was
investigated by Carpenter in 1919, who found vegetation sparse, except
the algae Batrochospermum and Sacheria, and a few Arthroocods, mostly

insects. Mollusca, Trichoptera, malacostracan Crustaceae, worms and



leeches were all absent, the lead content of the water being estimated
as 0.2 - 0.5 mg/l. Zinc ore occurs in conjunction with lead, hut
originally toxicity was ascribed only to the lead (Jones, 1958). Over
many years the level of lead and zinc decreased in solution, and at the
same time, the number of species increased, up to 104 in 1937 when lead
was no longer detectable (Laurie and Jones, 1938). It was found that
some species, particularly mayflies, stoneflies, and some chironomids
were very resistant to both lead and zinc¢ poisoning, the stoneflies
Leuctra and Nemoura surviving in 60 ma/l zinc (Jones, 1940b). In some
cases they were abundant, such as the stonefly Leuctra, nossibly due to
lack of competitors (Jones, 1940a). Although lead was not detected 35
years after minino, zinc was found at concentrations of 0.2 - 0.7 mg/l
(Jones, 1958). This zinc may be responsible for the continued lack of
worms, leeches, crustaceans and molluscs, but the unsuitable substratun,
with lack of algal food may be restrictive of other fauna still absent.
The effect of copper pollution has been investigated in the river
Churnet, a tributary of the Dove (Pentelow and Butcher, 1938). Although
organically polluted 7! miles upstream, repurification had allowed a fauna
of tubificids, chironomias, Asellus, leeches and molluscs to recolonise
the river. A copper works effluent, producing up to 1 mg/1 or more
of copper in the river completely eliminated all fauna for the next 11
miles,_and a concentration of 0.6 ma/l copper still persisted before
joining the Dove, Below the confluence a copper concentration of
0.14 mg/1 was found, allowing the reappearance of a few green chironomid
larvae. Alcgae was also seriously affected, being represented by species
indicative of organic recovery. The copper content may have been .
sufficient to act as an algicide, and thus indirectly controlling some
of the fauna through lack of food. Thirty miles downstream from the
entry of the copper effluent, shrimps and molluscs were still absent,

at a copper concentration of only 0.1 mg/1.
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The e%fect of a shock dose of poison can be seen in the occurrence
in 1953 of an accidental discharge of copper cyanide to the River Lee
(Hynes, 1960). The fauna before the accident was a recovery fauna,
consisting of Asellus, caddis larvae, chironomids and Lymnaea peregra,

together with some Gammarus pulex and Baetis rhodani., After the

accident, the fauna immediately below the discharge consisted of caddis
larvae and some chironomids, including Chironomus riparius. Asellus
reappeared after 3 miles and Gammarus, Baetis and Tanytarsus.after 8
miles. Lymnaea peregra was absent for 16 miles. After a year, most
species had recolonised the affected stretch, except for Lymnaea which
had only returned to a limited extent.

Because of the toxic nature of industrial effluent, bacteria and
protozoa may be affected. The normal repurification of the stream
receiving an organic discharge cannot take place. Under these
conditions it is possible to have a high dissolved oxygen content,
together with a high organic lecad. In these cases, the replacement
fauna is restricted by the toxicity, and the film on the substratum

may be dominated by Stigeoclonium (lawkes, 1956).

General Toxicity

Most of the studies on aquatic toxicity have béen on fish, using
various substances under different conditions. Trout have been widely
used as these are easily obtainable in large numbers from fish hatcheries
and are generally more sensitive to toxic conditions than coarse fish,
although the latter have been used (Downing and Merkens, 1957). Most
toxic substances are inorganic materials but phenols, formaldehyde,
pesticides and other organic substances may be found in sewage and rivers.
Some of these organic materials can be partially or completely removed by

biological treatment in sewage works, but some, such as pesticides, are
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onl? slighély reduced in concentration.. One of the main sources of
inorganic toxic compounds is the metal industry, with the component
manufacture and finishing section producing the most waste., The
industrial area of the West Midlands is in particular a metal processing
area, with many small scale units, making effluent control difficult
(Jackson and Brown, 1970). Although a large proportion of most metals
is removed in effluent and sewage treatment, some part, especially of
nickel, passes through to the river system. This remaininc metal may
be in sufficient concentration to prevent fish and restrict other forms
of life in rivers. Jones, in Klein (1962) gives a table of lethal
concentration of many chemicals, including insecticides, herbicides and
detergents. These are values of the lowest concentraticn which exhibits
a toxic action, but it cannot be assumed that lower concentration will
have no effect. Doudoroff and Katz (1950, 1953) have reviewed the
iiterature on the toxicity of industrial wastes, includino metals and
their effects on fish,

Temperature, dissolved oxygen concentration and pH can have large
modifying effects on the toxicity of chemicals pr;sent in rivers.,
Brown ot al. (1967) give data_relating the toxicity of pure phenol and
"gas-liquor phenols" to rainbow trout at temperatures between 6°C and
18°C.  VWith short exposure times, they found that the toxicity decreased
with an increase in temperature. Edwards and Brown'(1967} found
similar results over 48 hours with phenol and rainbow trout. Over
longer exposﬁre times however, Brown et al. (1967) found that the lethal
threshold level is less at lower temperatures. Using rainbow trout,
Lloyd (1960) found little change in_the threshold concentration of zinc
between 13.5°C and 21.5°C but at higher concentrations the survival times
differed.  Brown (1968) shows that over 48 hours, the toxicity of zinc
increases with increasing temperature. In the same paper, Brown gives

a graph relating the dissolved oxygen concentration to the toxicity of
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zinc, copper, lead and gas=-liquor phenols. Here a reduction of
dissolved oxygen decreases the resistance of rainbow trout to withstand
these chemicals., Downing (1954) gives details of dissolved oxygen
concentration upon the toxicity of potassium cyanide to rainbow trout,
which supports the general view that a decrease of dissolved oxygen
increases the susceptibility to toxic substances.

The pH of an effluent or river can be important as it may lead to
a change in the chemical state of toxic material. Ammonia is the
most common chemical affected by pH, as the toxicity is related to the
concentration of un-ionized ammonia, which is dependent upon the pH.
As the pH becomes more alkaline, the amount of un-ionized ammonia
increases (Ball, 1967a). Hydrogen cyanide behaves similarly, being
more, toxic in alkaline conditions, as again the un-ionized molecule has
a greater toxicity than the undissociated form (Edwards and Brown, 1967).

The presence of other chemicals can have an effect on the toxicity
of a particular substance, although the additional chemicals may not be
toxic by themselves. The hardness of the water, a measure of the
calcium and magnesium content, in which the animals live often determines
the amount of a toxic cheﬁical they can withstand. Carpenter (1927,
1930) tested a number of fish species with solutions of heavy metal salts.

She concluded that in soft water, death was due to asphyxiation by

secreted mucus. Jones (1938a) tested the stickleback, Gasterosteus

aculeatus L. and goldfish, Carassius auratus L. with solutions of zinc

and lead in soft Aberystwyth tapwater, with and without the addition of

50 mg/1 calcium as calcium nitrate. In soft water he found similar
results to Carpenter, but with the hardened water obtained much longer
survival times. The reason for this increased resistance in the presence
of calcium may be chemical or physiological. Some metals, such as lead,
will form very insoluble salts in hard water, due to combination with

the carbonate, bicarbonate or sulphate ions. This will therefore,
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reduce the amount of metal in a soluble form, which may affect the
toxicity of the metal. Lloyd (1965) studied the effect of water
hardness on rainbow trout. He found that fish reared and tested in
soft water were more sensitive to zinc poisoning than those reared in
hard water and tested in soft. Fish kept in hard water had to be
acclimatised to soft water for at least five days before they were as
sensitive as soft-water reared rainbow trout. Llovd suggested that
the protective action of calcium is internal, and that hard-water reared
rainbow trout have to lose calcium before they are as sensitive as
soft-water reared rainbow trout. This may be due to calcium affecting
the permeability of cell membranes.

The action of toxic substances to aquatic animals is usually
direct, and can affect many parts oflthe body. In fish, the gills
often show histopathological changes, with swelling and epithelium
rupture. Cell regeneration may cause fusion of adjacent lamellae
but after longer exposure the epithelium may break down, with subsequent
blood loss. Water flow through the gills is restricted by fusion, and
oxygen uptake becomes reduced. Later stages can progress to total loss
of gill tissue, leaving exposed pillar cells (Brown et al., 1968).

The kidney often shows swelling and may rupture, possibly from overload
due to changes in permeability. Phenol was found to affect the gills,

skin, liver, kidney, spleen, émall intestines and ovary of rainbow trout

after exposure for 7 days (Mitrovic et al., 1968). Cyanide acts as a
respiratory poison, reacting with cytochrome oxidase, a respiratory
enzyme, and producés a blocking action which prevents normal metabolism
(Jones, in Klein, 1962).

The Water Pollution Research Laboratory at Stevenage has undertakén
much work on the toxicity of chemicals, particularly to rainbow trout.
Ball (1967a, 1967b) studied the relative susceptibility of six species

of fish, including rainbow trout, to ammonia and zinc, while Herbert and
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Merkens (1952) tested rainbow trout in potassium cyanide solution.
Mixtures of chemicals were studied by Lloyd (1961) using zinc and copper,
Herbert and Shurben (1964) with ammonia and zinc, and by Herbert and
Vandyke (1964) for copper-ammonia and zinc-phenol combination.

Brown (1968) details a method of calculation of the acute toxicity of
mixtures of poisons to rainbow trout. The toxicity of fluctuating
concentrations and mixtures of ammonia, phencl and zinc were studied

by Brown et al. (1969) while Brown and Dalton (1970) looked at the

effect of mixtures of copper, phenol, zinc and nickel. In all these
papers the authors have tested fish under known conditions in an attempt
at relating the mortality of fish to the concentration of the various
chemicals.,

In mixtures, it was found that the mortaliiy could be predicted
from a knowledge of the toxicity of the constituents of the mixture.
Herbert et al. (1965) expressed the concentration of each constituent
as a proportion of its threshold value. This threshold value was taken
as the 1C50, the concentration which would just kill 507 of the fish.
I{1 should be qualified by the ;ength of time of the experiment, which
Herbert et al. (1965) took as 48 hours, therefore giving a 48 hr LC50.
The proportions of the threshold values were then added, to give a
"sum of proportions". They found in many cases that, provided the
sum of propertions was less than unity, the fish would survive in the
mixture for 48 hours or longer, but die if the value exceeded unity.
Using this method, they tested the toxicity of some iiidland rivers,
including the Cole and Tame. Analysis was performed on frequent water
samples, and sum of proportions values calculated. l/hen the mortality
of the fish was related to these values, they found that mortality
often occurred when the value exceeded unity. Brovn et al. (1970)
used four fish species for determining the toxicity of some polluted
river waters, comparing the results wifh the predicted toxicity as

determined by chemical analysis. They found that in many experiments
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more than 507 of the fish died in waters of a predicted toxicity of
unity. The observed 48 hr IC50 was of the order of only 0.6 - 0.7 times
the predicted value., The difference may be due to unmeasured toxic
substances which contribute towafds death. Experiments maintained
ovef longer periods suggest that the proportion must be reduced to a
value of 0.1 or less if a stable fishery is to maintain itself under
polluted conditions., This unpredicted mortality of fish exposed over
long periods could be caused by substances having a toxic effect which
is not evident in short term experiments. It has been found that both
cadmium and nickel exhibit this effect, remaining toxic at proportions
of 0.0% or less of the 48 hr LC50 (Jackson and Brown, 1970; Ball, 1967¢).
Sprague (1969, 1970, 1971) has reviewed the literature on the
measurement of pollutant toxicity to fish. He covers the methods of
assessing toxicity, the interpretation of the results, and their

application to fishery management.

Invertebrate Toxicity

Much lese work has been undertaken usino invertebrates as tesi
animals in toxicity experiments. Jenes (1937) experimented with

Polycelis nigra Muller and Gammarus pulex in Aberystwyth tapwater,

He plotted survival time against the mortality, using salts of copper
and ziﬁc. At a concentration of 0.01N, approximately 0.3 mg/l zinc,
the survival time of Gammarus was about 5 hours, while at 5 x lo—dN,
approximately 30 mg/1 copper, survival time with copper was about one
hour, and remained similar up to 0.15N. Aberystwyth tapwater is a

very soft water, containing only about 1 mg/1 calcium, and with a pH

of 6.6 - 6.8. Jones (1938b) used Polycelis niora, Gammarus pulex,

Tubifex tubifex lMuller, and frog tadpoles in solution of lead and

copper nitrate. He found that copper nitrate was toxic to Gammarus
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at a conceﬁtration of only 0.13 mg/1 copper, when the survival time was
under four hours., Lead nitrate was less rapid in action, and Gammarus
survived over 8 hours at 0.0IN lead nitrate (1,035 mg/l1 lead). With
mixtures of copper and lead nitrates he obtained a curve of survival time
showing antagonism at about 500 mg/1 lead. Survival times were,
however, all under 4 hours. Tubifex gqave similar results, although
again exoeriments usually only lasted for a few hours. Other work
using different species of Gammarus has been undertaken by Arthur (1970),
Arthur and Leonard (1970), and Emery (1970). Arthur used Gammarus

pseudolimnacus Bousfield and two snail species to determine the chronic

effects of linear alkylate sulphonate detergent. He obtained a

96 hr IC50 of 7 ma/l, but found that for natural life processes to
continue, a level of 0.2 = 0.4 mg/1 was applicable. Arthur and Leonard
tested the same speﬁies with copper, and obtzined a 96 hr LC50 value of
0.02 mg/1 copper for Gammarus in water of total hardnees equivalent to
approximately 45 mg/1 calcium carbonate. 1In experiments where the
complete life cycle from adult through to adult was tested, a threshold
value allowing normal growth of between 0.0045 and 0.0080 mg/1 copper
was obtained in similar soft water. Emery experimented with

Gammarus fasciatus Say and Asellus militaris Hay, and the acute toxicity

of cresol. He found Asellus more resistant than Gammarus and adults
more resistant than juveniles. Using Daphnia he teﬁted the three
isomers, and obtained thresholds of 12, 16 and 28 mg/l for the para-,
ortho- and meta- isomers respectively. Emery also attempts to
determine the biologically safe concentration by various formula using
the results from short term experiments. He suggests that 0.525 - 0.70
mg/1 cresol would be considered the upper limits of exposure for benthic
amphiopod and isopod crustaceans.

Anderson (1944, 1946, 1950) has studied the effect of many inorganic

chemicals to Daphnia maana Straus to obtain the toxicity of both cations

and anions. Some of his experiments were of short duration, but later



ones, with metallic chlorides, lasted for 64 hours. He gives a table
of threshold concentrations (Andersen, 1950) for 500 immobilization of

Daphnia_maacna, but states that some chemicals may be toxic at lower

concentrations. He also states that "in general it may be said that
Daphnia and other crustacea are more susceptible to toxic substances
than fish are". Nais was used by Learner and Edwards (1963) in
experiments with sodium chloride, chlorine and copper. They found that
in both hard and soft water, Nais has a toxicity of threshold of under
approximately 0.4 mg/1 copper.

Degens et al. (1950) experimented with synthetic detergents, in
determining the toxicity to tadpoles, sticklebacks and Daphnia. At
their lowest concentration of 5 mg/l active material, mortality soon
occurred, only tadpoles surviving over 100 hours in some types of
detergents. Four species of fish Qere tested in an attempt to
determine whether acclimation was possible. It was concluded that
detergent concentrations in rivers were unlikely to be toxic, especially
as many undérwent biological decomposition. Roberts (1954) used

Gammarus pulex in anionic detergent experiments, with either commercially

produced or effluent derived material. In similar concentrations of
active material, he found the effluent derived detercent less toxic than
the commercial detergent at 10.0 and 7.5 mg/l, but of approximately equal
toxicity at 5.0 and 2.5 mg/i'over periods of 7 days., However, sewage
efflueﬁt samples containing between 1.5 and 3.0 ma/l of detergent allowed
Gammarus to survive for a month without mortality. He suggested that the
toxicity might be modified by orcanic residuals or by silt in the river.
Schmitz et al. (1967), in assessing salinity tolerance, tested

Gammarus nulex pulex, Gammarus tiorinus and Asellus acuaticus. Salts of

sodium, magnesium, potassium and calcium were used, and the LC50 determined
for periods of 24 and 48 hours., It was found that survival depended on
the osmotic pressure of the total salts in solution, even when in

different proportions to sea water..
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3. RIVER SURVEYS

Description of the River System

The area which was studied was approximately the area covered by
the Upper Tame llain Drainace Authority, this beino the organisation
responsible for sewage treatment of Birmincham and the Black Country.

It lies within the western part of Viarwickshire, and, together with parts
of south-east Staffordshire and north-east Worcestershire, covers
approximately 340 square miles (870 KmQ), serving 14 local authorities.

The main rivers are the Tame and its tributaries, the Rea, Cole and
Blythe, which, with Ford Brook, Tipton Brook and the Bourne make up some
100 miles (Fig..2).

The land height varies from about 200' to 85C' above 0.D., althouch
most of the area lies between 200' and 500'. - Small areas reach over
700' east of ialsall, and over 800' near Rubery. The Tame drops to
betweer 250' and 200' in the north-east as it leaves the area. The
average yearly rainfall is 28.7" (730mm).

The geology of the region can be classified mainly into two pericds,
the Coal lMeasures of the Carboniferous, and the Triassic portion of the
New Red Sandstone (Fig. 3). The Coal Measures are found on the western
side of a line from approximately Rubery to Brownhills, and east of a
iine from approximately lleriden to Tamworth. Within the western part,
the northern section is mainly Lower and lMiddle Coal lleasures, while the
southern section and the portion to the east of the region are mainly
Upper Coal Meésures. The central part can be divided by a diagonal line
from approximately Rubery to Sutton Coldfield, with Keuper and Bunter
Sandstones to the north-west, and Keuper-lMarl to the south-east. Small
outcrops of Silurian limestone occur near Dudley, Sedgley and Walsall.

Igneous basalts from the Carboniferous period are found near Wednesbury
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and Rowley Regis, the la;tter being quarried as 'Rowley Rag'. The rivers
do not show any particula£ pattern related to the underlying geology,

and the present dendritic drainage originates from the alacial period.
The river valleys are filled with alluvium deposits, which is quarried

in places for building construction;

The Tame originates on the Upper Coal Measures in the Black Country
to the north-west of the area, and has two main branches. The
Wolverhampton Tame begins as two small streams, rising on the east of
Wolverhampton. The north-west arm contains effluent from a galvanising
works and has also been seen covered by a thick layer of oil retained by
a partially blocked bridge. Waddens Brook starts as a moderately clean
ditch at Wednesfield, and flows south, receiving effluent from Watery
Lane Sewage Works, and joins the Tame at Noose Lane. The Wolverhampton
Tame then flows eastwards through Willenhall to Willenhall Sewage Works
(Fig. 4).

Darlaston Brook, rising on the Silurian Limestone near Coseley as
a moderately clean ditch flows north-east and receives an industrial
effluent from a steel works (Fig. 5). This effluent was usually found
to be over 20°C, even in winter., = After passing through Lunt Road
Sewage Works to Bilston, and receiving the effluent, it continues to
Willenhall Sewage Works, where it is a grossly polluted stream, and
joins the Wolverhampton Tame. The effluent from the sewage works
discharges to the point of confluence of the two streams.

The Oldbury T%me, originating near Oldbury, is badly polluted
before reaching Roway Lane Sewage Works (Fig. 6), which discharges to
the river. Downstream it receives the Tividale Sewage Works effluent,
and then a small side stream, which is badly polluted. After turning
north it flows to Great Bridge, where it has an average summer flow of

8 mil gal/d (26 x 103m3/3), half of this being sewage effluents.
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Fig.4. River Tame, Willenhall

Fig.5. Tributary of Darlaston Brook, Bilston






