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Cu/1 and 400 ug Zn/1, the absence of all benthic fauna except chironomid
larvae can be explained by the high copper concentration alone (6). Zinc
at that level, even the absence of other pollutants, should also have been

lethal to snails.

The fauna of two polluted lakes in Ontario generally was limited to Chaoborus,
Chironomidae, and Tubificidae. Evidence suggested that molluscs have been
eliminated by pollution (4). The high zinc levels (430-540 ug/1) alone

could explain their absence, and the copper levels (23-30 ug/1) are high

enough to cause a reduction in the number of insect species present.

The maximum levels of copper (23 ug/1) and zinc (184 ng/1) in rivers in New
Brunswick (7) would not appear to be sufficient td have caused fhe observed
destruction of benthic communities. Only oligochaetes were collected at
the sites. However, the Tow pH (to 2.9) would be expected to be Tethal to
many organisms and silt could have contributed to the effects observed.

Improvements were noted at less polluted sites.

Lead--Communities suffering from lead pollution at Tevels of about 200 ug/1
or more are insect dominated. No turbellarians, molluscs, oligochaetes, or
hirudineans were present at these levels, and the abundance of crustaceans,
dipterans, and coleopterans was reduced (10,11). Molluscs and malocostracans
may suffer at much lower levels, when zinc is also preéent. Communities
suffering from heavy pollution with lead and those affected by such pollution
with copper and zinc are similar. Trichopterans, when present, are free-
1iving species (10,9). Note: Case studies numbers 9 to 13 are probably all
examples of lead and zinc pollution. However, only values reported in the

original papers are given.
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9) Lead (Pb=200-500 ug/1; pH=6.4). River Rheidol (Carpenter 1924),.

Turbellarians, Mollusca, Oligochaeta, Hirudinea, and Trichoptera were absent
from polluted stretches, and Crustacea, Diptera, and Coleoptera were less

abundant than at control sites.
10) Lead (Pb=trace to 300 ng/1). River Melindar, Cardiganshire (Jones 1940a).

Most invertebrates present (76 of 88 species) were insects. In polluted
stretches of the river the only taxa present were insects. Carnivorous
trichopterans were present in polluted areas, whereas case-carrying
trichopterans were absent or severely reduced in numbers, probably because
of the Tack of vegetation in these stretches. Other orders of ihsects were
reduced in abundance and number of species. The mollusc, Ancylastrum
fluviatile, which was present above the waste discharges, was absent below.
11) Lead (Pb=400-500 ug/1; pH=6.4-6.8; no zinc levels were reported).
River Ystwyth, Cardiganshire (Carpenter 1925).

There were no turbellarians, molluscs, oligochaetes, hirudineans, malacos-
tracans, or trichopterans in polluted stretches, and there were fewer

Entomostracans, Dipterans, and Coleopterans than in unpolluted reaches.

Effects on insects (mayflies, caddisflies, and stoneflies) in acute toxicity
bioassays occurred at levels between 3500 and 64000 ug/i (Table 18). It is
likely that insects are the most resistant macroinvertebrate group. Insects
were the only taxa observed in polluted stretches of the Melindar River,
where lead Tevels varied from trace amounts to 300 pg/1. Other taxa were
present in unpolluted reaches. Carnivorous trichopterans were present in

polluted areas, while case-carrying trichopterans were either absent or
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severely reduced in numbers (10). Lead levels in the polluted sections of
the River Ystwyth ranged from 400 to 500 ug/1.. No turbellarians, molluscs,
oligochaetes, hirudineans, malacostracans, or trichopterans'were present

at these sites. The abundance of dipterans, coleopterans, and entomostracans
was reduced (11). Similar results were observed in polluted regions of the
River Rheidol, where lead levels ranged between 200 and 500 ug/1 (9,11). It
is probable that zinc was also involved as a toxic agent in these studies.
In later investigations, the presence of high levels of zinc in the River
Ystwyth was noted (12,13). Insect populations may be affected at lead
concentrations much lower than those indicated by acute toxicity tests, but
other water quality parameters and secondary effects of pollution may have

been involved.

Lead-Zinc--Studies in Cardiganshire, England, have documented some of the
effects of lead-zinc pollution although these data are relatively old.

12) Lead-Zinc (Pb=trace to 50 wg/1; Zn=700-1200 ug/1; pH=6-6.4). River
Ystwyth, Cardiganshire (Jones 1940b).

No molluscs or malacostracans were observed, while planarians, oligochaetes,
and hirudineans were rare. The fauna was composed mostly of insects;
dipterans were sparse, and ephemeropterans were abundant. Some Platyhelminthes
and Hydracarina were noted.

13) Lead-Zinc (An=200-700 ug/1; Pb-not detectable). River Ystwyth,
Cardiganshire (Jones 1958).

The fauna of this river was still primarily composed of insects, although

measurable levels of lead were no longer observed. Most abundant species

were: the ephemeropterans, Rhithrogena semicolorata, Heptagenia lateralis,

and Baetis rhodana; the plecopteran, Chloroperla tripunctata; and the

coleopteran, Esolus parallelopipedus.
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No investigations of the toxic effects of Tead-zinc mixtures have been
conducted, and itwill be assumed that joint toxicity is additive. Lead and
zinc levels in the River Ystwyth were 50 ug/1 and 700-1200 ug/1, respectively
(12). The fauna was composed mainly of insects, with ephemeropterans
abundant; molluscs were absent. These findings are genera]]y.consistent

with data derived from short-term tests on the toxicity of the individual
metals. Other effects noted were the scarcity of planarians, oligochaetes,

hirudineans, and dipterans.

Cobalt-Nickel--The combjnation of cobalt and nickel has been studied in

Sweden.

14) Cobalt-Nickel (Co=10-47 ug/1; no other values were given; Ni was not
consistently higher below waste discharge and there was some Zn accumulation
in sediments). Ricklea River, Sweden (Sodergren 1976).

The reduction in numbers of individuals present since the commencement of
operation of a diamond factory was drastic. Seasonal differences in abun-
_'dance were observed. Nymphs of some mayflies and blackfly larvae were
present in mosses during the summer, but the winter-growing nymphs

Ephemerella macromata and Baetis rhodani and blackfly larvae were absent

or reduced, owing to the higher levels of cobalt observed in winter months.

‘The resQ]ts of acute toxicity bioassays indicate that mayflies, caddisflies,
and stoneflies are quite resistant to cobalt. foxic levels ranged from
16,000 to 32,000 ng/1 (Table 21). These values are several orders of
magnitude greater than those which caused reductions in abundance of insects
in the Ricklea River (14). Zinc pollution may have been a contributory

factor. Accumulation of zinc in the sediments was observed by the author.
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Mixtures of More than Two Metals--The most sensitive groups appear to be

molluscs, crustaceans, and annelids, although in some cases, oligochaetes
may occur as dominants. The most tolerant groups are free-living or
leptocerid trichopterans, hemipterans, odonates, and some dipterans and
arachnids (15-21).

15) Copper-Zinc-Lead (Cu to 400 ng/1 soluble, to 2600 ng/1 particulate;
In=1200-1600 ug/1 soluble, to 2600 ug/1 particulate; sediment values:

Cu to 5000 ug/g; Zn to 1800 ng/g; pH=5.7-7.0). River Hayle, England
(Brown 1977).

A reduction in thé number of species present with increase of metal Tevels
was observed. The fauna consisted mainly of trichopterans (mostly campodeiform),
odonates, plecopterans, and dipteran larvae. There were few molluscs,
oligochaetes, crustaceans, or hirudineans, although some molluscs were
present at sites with high Tevels of metals and low pH. |

16) Copper-Zinc-Arsenic (Cu site means ranged from 13-300 ug/1, max. of
9900 ng/T; Zn site means ranged from 1-54 yug/1, max. of 1900 ug/1; As mean
.61 ug/1; pH=neutral; hardness soft to very hard water=to 2251 mg/1).

Giant and Con Mines, Canada (Falk et al. 1973).

Diversity, based on genera, was reduced at polluted sites. Frequently no
benthos were present at sites closest to sources of mine effluents.

Diversity increased with distance from the point of discharge.

In some severely polluted areas, only chironomids and oligochaetes were
found. At less polluted sites, clams, nematodes, snails, and amphipods
were present. No Ephemeroptera were observed, although they had been

present before mine operations began. Some examples are:

Cu In As Hardness
LOCATION (ug/1) (ng/1) (ug/1) (mg/1) EFFECT OBSERVED
Baker Creek to 9900 34-1900 o -- 124-427 Invertebrates absent

Yellowknife Bay 13 1-8 61 303-933 Invertebrates reduced
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17) Copper-Zinc-Cadmium (Cu=30-120 ug/1; Zn=50-8000 ug/1; Cd=0-330 ug/1;
pH=6.3-7.4; hardness=8.7-101 mg/1; alkalinity=12.26-36.84 mg/1). South Esk
River, Tasmania (Thorp and Lake 1973).

N

A general decrease in the number of species present was observed at the most
severely polluted sites. The increase observed at one site could have been

due to decreased predation and competition.

Groups most affected by poliution were: Crustacea, Mollusca, and Annellida.
Those most tolerant were Leptocerid Trichoptera, Hemiptera, and Arachnida.

18) Copper-Zinc-Cadmium (Cu=50-100 ng/1; Zn=100-21000 ng/1; Cd=10-200 ng/1;
pH=6.1-7.4). Coerd'Alene River, Idaho (Savage and Rabe 1973).

Much reduced Shannon-Weiner diversity (from more than 3 to 0.07 and

less) density (from 815—1925/0.5m2 to 0—690/0.5m2)

and number of species
(from 26-32 to 0-4) were observed at affected sites. Biomass consisted
mainly of Chironomidae, some other Diptera, Hydracarina and one species of

Ephemeroptera, Baetis tricaudatus.

' 19) Cadmium-Zinc-Lead (Cd=0.3-65.8 ug/]; n=4-17200 ug/1; Pb=3-95 ug/1;
pH=6.8-8.4; hardness=200-430 mg/1; alkalinity=160-360 mg/1). Little Center
Lake, Indiana (McIntosh and Bishop 1976).

No benthic invertebrates were found in most areas of the lake. Occasionally,
chironomids and odonates were observed.

20) Cadmium-Zinc-Chromium (sediment levels as ppm dry wt: Cd=4-969;
In=139-14032; Cr=38.5-2106; pH=7.5-8.5; hardness=190-312 mg/1; alkalinity =
1.2-198 mg/1). Palestine Lake, Indiana (Yost and Atchison 1972).
0ligochaetes were found in greatest abundance at sites where metal levels
were highest, probably because of lack of competition from other, less
tolerant groups. Chironomids increased in abundance as metal levels

declined.
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21) Copper-Zinc-Cadmium-Lead (max. levels in water were: Cu = 3,200,000 ug/1;
Zn = 2,000,000 nug/1; Cd = 19,500 pg/1; Pb = 111,000 ug/1). Silver Bow Creek,
Idaho (Wood 1975).

No benthic animals were observed in this stream.

It is difficult to evaluate the joint effects of mixtures of more than two
metals on macroinvertebrates because of the lack of experimental work on the
toxicity of metal mixtures and the fact that where levels for several metals
have been measured in the field, the effects observed could have resulted

from a single pollutant (15-21), and Tables 3, 4, 11, 12, 15, and 18).
Metals Case Studies-Fishes

Few comprehensive fish polutation surveys in
water polluted by heavy metals have been undertaken. In general, the scope

of these studies has been limited to certain species.

Copper--Only two field surveys have been conducted in areas polluted
exclusively by copper. In most cases copper is in combination with other
metals.

1) Copper (Cu = 143-354 ug/1, normal Tevels are less than 10 ug/1; near the
mine the average Cu level is 17,509 ug/1;.pH > 6.5-7.5; hardness = 70-120;
high sedimentation). Panther Creek, Idaho (Platts 1972)

Trout production has been eliminated or severely reduced for a distance of
thirty miles from the mine. Anadromous salmon runs have also ceased. These
effects are probably a result of avoidance behavior and effects on fish food
organisms, notably mayflies. Iron precipitates smothered much of the bottom
~flora and fauna.

2) Copper (Cu: no values were given; pH 5.5). Hiwassee River System,
Tennessee (Hitch and Etnier 1974). '

A mining and industrial waste discharge has altered fish populations in
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several parts of the system. Notably, the main channel of the Ocoee

River was completely devoid of fish and no large catostomids, petromyzontids,
cyprinids, or walleyes were present, these species having been unable to
repopulate affected tributaries. Only catfish are present in Sylco Creek,

carp and catostomids having disappeared.

Copper has been shown to exert significant detrimental effects on trout,
minnows, catfish, suckers, and bluegills in concentrations below 50 ug/1 in
soft and hard water. Northern pike were affected at 104 ug/1 in soft water
(Table 3). These.va1ues are well below those reported in Panther Creek

(Platts 1972) where trout production was reduced or eliminated.

Copper-Nickel--The most significant study of copper and nickel in combination

was made in the Sudbury Area.

3) Copper-Nickel (Cu = 3-520 ug/1; Ni = not detectible to 6400 ug/1;

pH 4.1-7.1). Sudbury area lakes, Ontario (Whitby et al. 1976)

" Fish were absent in the most heavily poTiuted softwater lakes. At levels
of 520 ug/1 Cu and 6400 ug/1 Ni either toxicant could have been responsible
since acute effects of nickel have been reported at Tevels of 5000 nug N/1
(Table 8), below the 6400 ng/1 Ni reported (3). Further the copper level
of 520 ug/1 is above the levels reported to have chronic effects on fish

(Table 3).

At Tower levels of copper and nickel the joint effect of the two might become

significant as they are additive to more than additive for fish (Table 42).

Copper-Zinc--Where copper and zinc pollution occurred simultaneously, effects
on abundance of fish have been observed at low levels of both metlas (approx.

10 ug Cu/1 and approx. 100 ug Zn/1) when the pH was Tow (6), but not when
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the pH was circumneutral (7). However, even with low copper levels

found in the Tlatter study, a decrease in populations of white sucker, walleye,
and lake whitefish was observed when zinc values increased to 300 ug/1 (7).
Similarly, trout and salmon have disappeared from streams with zinc Tevels

of 135 ug/1 when copper concentrations were higher (35 ug/1) (5).

4) Copper-Zinc (Cu = 130 ug/1; Zn = 400 ug/1; hardness 11 mg/1). Lake
Orvsjoen, Norway (EIFAC 1976).

Fish are absent from this Tlake.
5) Copper-Zinc (Cu ='35 ug/1; Zn = 150 ug/1). River Skorovasselv (EIFAC 1976).

Brown trout and salmon have disappeared from this river; only sticklebacks

were collected.

6) Copper-Zinc (ranges of station means were: Cu = 9.8-14.4 ug/l-control level
was 6.6 ug/1; Zn = 95.8-134.1 ug/1-control level was 3.3 ug/1;

hardness = 43.7-394.9-control level was 13.63; pH = 512-7.34-control was

7.34). Northwest Miramichi River System, New Brunswick (Cook et al. 1971,
Saunders and Sprague 1967, Elson 1974, Pippy and Hare 1969). Note: Values
cited are from Cook et al. 1971. '

Although brook trout were present, Atlantic salmon avoided the South Tomogonops
River and no lampreys or sticklebacks were collected from polluted sections.
Fewer blacknose dace were found at polluted sites. It has been estimated that

losses from the stock of salmon because of premature downstream movement and

avoidance of spawning tributaries were about 15 to 18 percent.

A surge of copper and zinc because of a failure of pollution control devices
‘caused death of some salmon and white suckers and weakened others. Debilitated

fish were killed by an infection of Aeromonas liquefaciens, the epizootic having

been promoted by high water temperature.



Page 67

Note: Other factors such as logging and runoff containing pesticides and

herbicides may also have been involved.

7) Copper-Zinc (see below for values). Several lakes receiving fallout

from the Flin Flon smelters (Van Loon and Beamish 1977).

Fish populations (abundance, year-class strength, growth) were not affected

in Takes with up to 10 ug Cu/1 and 90 ug Zn/1. However, in Hammell Lake
where average copper levels reached 9-15 ug/1 and zinc levels average 300 ng/]
(range 130-360 ug/1) reduced populations of white sucker, walleye, and lake

whitefish were observed. Spawining white suckers was also jmpaired.

It was noted that populations were maintained in lakes with metal levels higher
than Tevels thét proved lethal in aquarium tests.

8) Copper-Zinc (Zn = 10-150 ug/1 in summer; Cu = 1-40 ug/l; pH 3.9-6.0).
Honnedaga Lake, New York (Schofield 1965).

Summer kills of brook trout were observed. Hatchery fish transplanted into

the lake did not survive unless previously acclimated to high zinc levels.

Low pH may be a factor influencing the availability of zinc, and there are

indications that the lake water has lost much of its buffering capacity.

The joint effect of copper and zinc has been shown to be both additive and
more than additive in acute experiments. More than additive effects occurred

in soft waters (Table 42).

Fish were absent from a lake in which copper and zinc concentrations were
130 g/1 and 400 g/1, respectively (4). Copper alone at that concentration
could have caused the extinction of fish populations; the zinc contribution

was probably small compared to the total toxicant (Tables 3 and 13).
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The disappearance bf brown trout and Atlantic salmon from a river
containing 35 ug Cu/1 and 150 ug Zn/1 has been reported (4); however,
sticklebacks were found in the river. In a chronic bioassay 43 ug Cu/1
affected brown trout (Table 3) and Atlantic salmon were killed by

40 ug Cu/1. Copper by itself could have destroyed the salmon and
trout populations. Applicable data on the toxicity of copper and zinc

to sticklebacks are unavailable.

Kills of stocked brook trout occurred in a soft water lake in which

copper and zinc levels varied from 1 to 40 ug/1 and from 10 to 150 ng/T,
respectively (8). While chronic effects on this species may occur at Tower
copper levels than the maximum value given above, zinc po]]utiqn would not
appear to have been a problem. The existence of a natural brook trout
population in the lake and the fact that acclimated hatchery fish were

able to survive suggest that metal toxicity a]oﬁe was not the cause of the
fish kills. Reduction of pH, which dropped to levels as Tow as 3.9, probably

contributed to the toxic effect (Table 37).

Saunders and Sprague (1967) observed that concentrations of copper and zinc
approximately 0.4 times of the lethal levels (from laboratory
tests) caused Atlantic salmon to aveid a river polluted by mine discharges
(6). Avoidance has been demonstrated in the laboratory at lower copper and
zinc concentrations (Pages 36 to 38 ), but laboratory tests cannot take into
account all the factors which influence the success of a fish in ascending
a spawning stream.
Populations of the white sucker, walleye, and Tlake whitefish declined, and

spawning of white suckers was impaired in a lake containing 9-15 ug Cu/1 and
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300 ug Zn/1 (7). No adverse effects on fish populations were seen in

lakes with up to 10 pg Cu/1 and 90 ug Zn/1, although effects at these
concentrations Eou]d be inferred from the results of a chronic toxicity
bioassay of a copper, and zinc mixture (Eaton 1973). Cadmium was also present

in this test but did not appear to increase the toxicity.

Lead-Zinc--Lead-zinc pollution in Cardiganshire, England has been studied
by several investigators. In many of these studies other trace metals

were probably present but were not measured.

9) Lead-Zinc (Pb = 200-500 ug/1 pH 6.4). River Rheidol, Cardiganshire
(Carpenter 1924, 1925). '

No fish were present in this river.

10) Lead-Zinc (Pb = trace to 300 ng/1). River Melindwr, Cardinganshire
(Jones 1940)

Minnows (Phoxinus phoxinus) and brown trout (Salmo trutta) were present

above the source of pollution but were absent below the source. Sticklebacks
avoided the river.

11) Lead-Zinc (Pb = 400-500 ug/1; pH 6.4;6.8; no zinc levels given).

River Ystwyth, Cardiganshire (Carpenter 1925).

Fish were absent from polluted stretches of the river.

12) Lead-Zinc (Pb = trace to 50 ug/1; Zn'= 700-1200 ug/1; pH 6-6.4). River
Ystwyth, Cardiganshire (Jones 1940b).

No fish were observed in the main channel of this river, despite reduced
lead levels (see #11).

13) Lead-Zinc (Zn = 200-700 ug/1; lead no longer detected in water samples).
River Ystwyth, Cardiganshire (Jones 1958).
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Brown trout were now found in the river, indicating that some recovery

had taken place.

A lead concentration'of 31 ug/1 was detrimental to brook trout; lake
trout, rainbow trout, bluegills, channel catfish, and white suckers

were affected at levels below 300 ug Pb/1 in chronic experiments. All

of the experiments were conducted in soft water. Rainbow trout were
harmed at 850 ug Pb/1 in hard water (Table 19). Further, zinc was
chronically toxic to fathead minnows at concentrations below 300 ug Zn/1
in hard and soft water. Chronic effects on trout species occurred between

500 and 1500 ug Zn/1 (Table 13).

Carpenter (1924, 1935) stated that no fish were present in a river
éontaining 200-500 ug/1 Pb. Later, Reese (1937) measured high zinc
concentrations in the same river. Fish were absent below sources of

lead pollution (up to 300 ug/1) in another river, according to Jones (1940).
Although no figures for hardness are available, Jones (1940) noted the

lack of limestone among local rocks. We may assume, therefore, that the

rivers contained soft water.

In a third river, polluted stretches containing 400-500 g Pb/1 were devoid
of fish (Carpenter 1925). Fish were still absent in later years despite

a decline of lead levels to 50 ng/1. However, zinc levels were measured
and found to range from 700-1200 ug/1 (Jones 1940b) Tevels which would be
toxic to fish based on current bioassay data. Brown trout reappeared

later when zinc levels had declined to less than 700 ug/1 and lead was no

longer detectable (Jones 1958).

Cobalt-Nickel--Little field data is available on the effects of cobalt or a

cobalt-nickel mixture.
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14) Cobalt-Nickel (Co 10-43 ug/1 in winter, no other values were

given; Ni was not consistently higher than controls; some Zn accumulated
in sediments). Ricklea River, Sweden (Sodergren 1976).

A reduction in numbers of juvenile Atlantic salmon and brown trout was
observed. Reduced numbers and species of insect larvae were also noted

and the effects on fish could therefore have been caused by a reduced

food source.

Cobalt was lethal to carp at 86 ug/1;a transitory effect on carp
growth was observed at 50 ug Co/1 (Table 22),-so it is possible that

the cobalt was responsible for the reduced populations of juvenile fish.

Mixtures of more than two metals--Two case studies are available where more

than two heavy metals were present.

15) Copper-Zinc-Lead-Cadmium (max. values were: Cu = 400,000 ug/1;

Zn = 900,000 ug/1; Cd - 3,000 ng/1; Pb = 25,000 nug/1). Clark Fork River,
Montana (Van Meter 1974). Note: Metal levels are from Wood (1975).
Stretches of this river were barren of fish. The author felt this was
primarily due to a heavy burden of calcareous silt which inhibited insect
life. A reduction in the number of smolts and juvenile Salmo salar and

S. trutta was observed. It was thought that this may have been the result

of reduced insect populations.

16) Copper-Zinc-Lead (max. values were: Cu - 40 ug/1; ZIn = 240 ng/1;
Pb = less than 50 pg/1; soft water). Boulder River, Montana (Nelson 1976).

Decreased trout populations and biomass were found in the more heavily
poliuted stretches of this river. Cover was found to ameliorate some

effects at lower metal concentrations.

The population size and biomass of rainbow trout and brook trout were
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decreased in polluted stretches of a soft water river containing

40 pg Cu/1 and 240 pg Zn/1. Lead concentrations ranged to as much
as 100 ug/1 but were often too Tow to measure. Both species can be
affected by copper concentrations below 40 nug/1 (Table 3), so copper
alone could have produced the observed effects. Zinc and lead may
have contributed toxicity to the river water, but to a lesser extent

(Tables 13 and 19).

Levels of 400 mg Cu/1, 900 mg Zn/1, 3 mg Cd/l, and 25 mg Pb/1 were found

in stretches of a river reported by Van Meter (1974) to be devoid of fish (15).
The presence of any of the four metals in such high concentrations would have
destroyed fish populations, according to the laboratory toxicity tests

results (Tables 3, 13, 16 and 19).

Low pH Case Studies-Bacteria, Decomposers and other Microorganisms

Natural bacterial populations are generally reduced in waters receiving

acid brecipitation or acid mine drainage. Toxicity may be exerted by several
means. Sulphate is deleterious to heterotrophic microbes (Tutle et al. 1969).
Extrehes outside the pH range 5-8 are bacteriostatic (Cook and Wilson 1971).‘
Anaerobic bacteria are inhibited by the positive oxidation-reduction potential
created by oxididized metals (Tuttle et al. 1969 a,b). Acidification results
in the progressive reduction of these bacteria. Sulphate-reducing bacteria
are virtually eliminated at pH levels 1e$s than 5.5 (Tuttle et al. 1969,
Whitesell et al. 1971). Other bacteria affected adversly by low pH are

ammonia-oxidizers and non-acidophilic sulfur-oxidizers (Scheider et al. 1975).

The reduction in these bacterial populations results in reduced decomposition
and nutrient cycling. Decreased decomposition caused by low pH (approximately 5)

has been demonstrated experimentally (Leivestad et al. 1976) and has been
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observed in the field (Almer et al. 1974, Grahn et al. 1974, Leivestad et
al. 1976). Accumulation of organic detritus occurred in these studies.
Anderson et al. (1975, cited in Leivestad et al. 1976) and Scheider et al.
(1975) observed increased decomposition and microbial activity when lime

was added to increase the pH of polluted waters.

A shift to pH tolerant organisms is observed in polluted waters. Chemosynthetic,
autotrophic iron and sulfur bacteria, and some acidophilic aerobic bacteria
typically dominate waters polluted by acid mine drainage (Collier et al. 1970,
Cook and Wilson 1971, Mi]]ar 1973, Tuttle et al. 1968, 1969). VYeasts and

fungi have been observed in streams polluted by acid mine drainage (Colmer

and Hinkle, 1947, Cooke, 1966) and acid precipitation (Grahn et af. 1974).

Any decomposition.that takes place in acidified habitats is accomplished

largely by these groups of organisms. The fungi may cause the flocculation

of colloidal iron due to their mucilagenous secrétions, but do not decrease

the acidity of the water (Cooke 1966) and fungal mats may reduce mineral

cycling by limiting the exchange with water (Grahn et al. 1974). Some

&easts may accelerate the decrease of environmental pH through metabolic activity

(Tuttle et al. 1968).

Low pH Case Studies-Algae

Phytoplankton and periphyton are adversely affected by acidity. Chloroplast
and chlorophyll structure may be affected and tolerant species inhabiting
acidified waters exhibit cytological modifications that are thought to be
survival adaptations (Bennett 1969). Reduced standing crop, number of species,
and diversity and shifts in species composition toward a few acid-tolerant

and acidophilous taxa, which may show increases in abundance have been
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commonly observed (Almer et al. 1974, Bennett 1969, Conroy et al. 1975,
Diehl 1972, Grahn et al. 1974, Johnson et al. 1970, Leivestad et al. 1976,
Patrick et al. 1968, Rosso 1975, Stokes and Hutchinson 1975, Whitby et al.
1976, Yan 1975). ‘Diversity in algal populations in strip-mine lakes

has been positively correlated to increasing pH (see Nesler and Bachmann

1977).

Severe effects of acid appear to be most severe in the range of pH 5-6.
Partick et al. (1968) observed large reductions in algal standing crop

at pH 5.26, and significant reductions in the number of species at pH 5.0.
Acidophilous periphyton species predominate at this pH (Besch et al. 1972).
The greatest changes in species diversity occur withing this range (Almer

et al. 1974).

In general, Cyanophyta, Chrysophyceae, Rhodophyta and Bacillarriophyceae

have been observed to decline in acid waters, many species having been
eliminated between pH 5 and 6 ( e.g. Bennett 1969, Johnson et al.

1970 and references above). Some members of the Bacillariophyceae may be
abundant at low pH and members of the Rhodophyta have been observed to
increase in abundance at pH 4 to 5 (Conroy et al 1975). Acidic water
communities are typically dominated by Chlorophyceae, although in some cases,
near-elimination of this group has been observed at pH values near 5.8

(Almer et al. 1974, Johnson et al. 1970, Wollitz, 1972). Dinophyceae and
Cryptophyceae have also been observed to increase in abundance at low pH

(Yan 1975).

Alteration of phytoplankton communities is also noted in a change in the
mean size of individual phytoplankers. An increase in the relative abundance

of nanoplankton (Volkmar 1972) and a decrease in net plankton numbers (Bible 1972)
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have been observed in acid waters. This size-change phenomenon was
observed in acid strip mine lakes by Reed (1974, cited in Nesler and

Bachmann 1977).

Alterations in primary productivity occur with changes in population structure.
Lower rates of carbon fixation, (Conroy and Keller 1976, Johnson et al. 1970,
Volkmar 1972) and diel oxygen curves (Rosso 1975) have been observed in
acidified waters. Reductions have been attributed to the combined effects of
reduced algal standing crop and Tower inorganic carbon concentrations. Although .
rates of production are diminished, total production may be increased because
of increased 1ight penetration (Johnson et al. 1970, Volkmar 1972). Photo-
synthesis by benthic algae in waters receiving acid mine drainage is further
inhibited by iron deposition (Carrithers and'Bu1ow 1973, Koryak et al. 1972)

and sedimentation (Collier et al. 1970) which eventually may smother the algae.

Although Taboratory studies were not extensively reviewed, correlation with
field observations seems to be goodf Patrick et al. (1968) found decreases
in standing crop andnumber of species of diatoms at pH levels of 5.2 and 5.0,
respectively. Acidophilous species of diatoms were observed to be dominant
in natural communities at the latter pH (Besch et al. 1972). It would be
expected that more sensitive groups, such as Cyanophytes and Chrysophyceae
would show effects at higher pH. Obvious changes in algal communities may be

expected in the pH range 5-6.

LOW pH CASE STUDIES - MACROPHYTES

Low pH may be a factor in the absence, abundance and distribution of aguatic
vascular plants. Moore and Clarkson (1967) found that variability in
macrophyte communities was influenced by pH. Reductions in species diversity-

and production were observed near Sudbury, Ontario, where the numbers of
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floating-leaved and submerged species were inversely related to
dissolved sulphate concentrations (Gorham and Gordon 1963). Succession

from Lobelja and Isoetes dominated communities to Sghaggum Sp. communities

has occurred in Scandanavian lakes receiving acid precipitation (Gralhn 1975).

The acid tolerant, floating-leaf Potamogeton americanus replaced the less

tolerant, submerged-leaf P. foliosus as pH decreased in strip-mine Takes.
The density of vegetation was observed to decrease with decreasing pH. Only

emergent vegetation was found at pH levels below 6.4 (Bell 1956).

Plant growth and development may be affected by low pH. Growth of Lobelia
at pH 4 was greatly reduced compared to pH 6. Limitation of plant growth may
result from pH effects on essential minerals at ‘this level. Eleocharis

acicularis and sagittaria graminea did not reproduce sexually in acid water

and the Tatter plant did not develop past the rosette stage (Clarkson and
Moore 1971).

The effects of pH on aquatic macrophytes may be of secondary importance in some
cases. Gorham and Gordon (1963) noted that the number of species present was
Tow even at the relatively high pH of 6, and indicated that heavy metal pollution

from the Sudbury smelters may have been involved.

Several other factors associated with acid mine drainage appear to have important
inhibitory affects on aquatic plants: dinstability of the substrate,
sedimentation (Collier et al. 1970, Roback and Richardson 1969), unstable

water table (Bell 1956), high ionic concentration (Bell 1956), and steep-

sloped shoreline reducing the littoral zone (Bell 1956, Maupin et al. 1954).
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Low pH Case Studies - Zooplankton

Zooplankton populations are severely restricted by acid poliution. Lower
diversity, numbers of species and standing crop result from decrease in pH
(Almer et al. 1974, Parsons 1968, Sprules 1975). Mose daphnid chadocerans
appear to be extremely sensitive to low pH being eliminated at about pH 6
(Almer et al. 1974), Copepods and rotifers dominate acid-stressed communities
during periods when high-acid stress is presnet (Rosso 1975). Several studies
have shown that pH of 5 appeared critical to zooplankton distribution, and the
complexity of species associations (Bible 1972, Parsons 1968, Sprules 1975).
Changes in species cohposition toward acid tolerant taxa have been nofed

(Parsons 1968, Rosso 1975, Sprules 1975).

Low pH Case Studies -Macroinvertebrates

Macroinvertebrates are adversely affected by lTow pH resulting from acid
precipitation and acid mine drainage. Reduced biomass, density, number of
species and species diversity, and a shift in species composition toward

acid tolerant taxa are usually observed (Carrithers & Bulow 1973, Collier

et al. 1970, Dills and Rogers 1974, Herrick and Cairns 1972, Leivestad et al.
1976, Nichols and Bulow 1973, Orciari and Hummon 1975, Parsons 1968, Roback and
Richardson 1969, Rosso 1975, Simmons and Reed 1973, Sutcliffe and Carrick 1973,
Tomkiewicz and Dunson 1977). In some cases, the density or abundance of
tolerant organisms may be high (Conroy et al. 1975, Frost 1942, koryak et al.
1972, Parsons 1968). In the majority of the reports cited, the most drastic
reductions in diversity occur within the range of pH 5.7-6.0. Warner (1971)
found a gradual reduction in diversity from pH 5.7 to 4.5, and a sharp

reduction at 4.2.

Rapid recovery of macroinvertebrate popd]ations generally occurs where temporary
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or low-stress pollution exists (Cairns et al. 1971, Herrick and Cairns
1972, Parsons 1968, Roback and Richardson 1969, Rosso 1975, Simmons and
Reed 1973). Diversity increases with improving water quality in'both
streams and acidified lakes (Campbell et al. 1965, Harp and Campbell 1967,
Lind and Campbell 1970, Scheider et al. 1975, Smith and Frey 1971, Stickney

and Campbell 1972, Stockinger and Hays 1960).

Species composition is shifted toward acid tolerant species. Amphipods
are quite sensitive to acid pollution, resulting from acid mine drainage
(Branson and Batch 1972, Koryak et al. 1972, Murpin et al. 1974, Rosso
1975) and acid precipitation (Conroy et al. 1975, Leivestad 1976, Okland
1970, Scheider et al. 1976, Sutcliffeand Carrick 1973). In Norway and
Canada, the absence of Gammarus, an important forage organism for many

fishes, has been observed at pH less than 6.

Molluscs are also sensitive organisms. They are generally the first
populations to be eliminated by acid mine drainage and are the slowest to
recover (Cairns et al. 1971, Dieffenback 1974, Parsons 1968, Rosso 1975,
Simmons and Reed 1973). Molluscs are absent or rare in waters polluted by
acid precipitation, where the pH is less than about 5.8 (Conroy et al. 1975,
Grahn et al. 1974, Leivestad ét al. 1976, Scheider et al. 1976, Sutcliffe and
Carrick 1973).

Among the annelids, leeches appear to be the most sensitive (Conroy et al. 1975)
while oligochaetes are quite resistant to acid pollution, frequently being
dominant in communities at pH values of 4.5 and less. Abundance of oligochaetes
may or may not be affected, although distribution is 1ikely to be more uneven

in certain cases such as in acid strip-mine Takes (Conroy et al. 1975, Hagen

and Langeland 1973, Koryak et al. 1977, Leivestad 1976, Orciari and Hummon 1975,
Roback and Richardson 1969, Scheider et al. 1976, Sutcliffe and Carrick 1973).
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Ephemeroptera, Trichoptera, Plecoptera and Odonata are generally restricted

by acid pollution, with reductions in species occurring beﬁween pH 5.5 and

6. A few members of Diptera (notably Chironomidae, Neuroptera, Méga]optera
(Sialis sp) Coleoptera (especially Dysticidae), Hemiptera (Corixidae), Odonata
and Trichoptera (Ptilostomis) appear quite resistant. Communities in severely
polluted areas are frequently dominated by‘chironomids (Cairns et al. 1971,
Carrithers and Bulow 1973, Collier et al. 1970, Conroy et al. 1975, Dieffenbach
1974, Dills and Rogers 1974, Hagen and Langeland 1973, Harrison 1962, Herriﬁk
and Cairns 1972, Grahn et al. 1974, Koryak et al. 1977, Leivestad et al. 1976,
Nichols and Bulow 1973, Roback and Richardson 1969, Rosso 1975, Scheider et al.
1976, Sutcliffe and Carrick 1973, Tomkiewicz and Dunson 1977, Warner 1971).

In some cases more serious effects on herbivorou§ than predatofy insects have

been noted (Sutcliffe and Carrick 1973, Grahn et al. 1974).

Other factors, especially pollution from mine drainage may influence the direction
and magnitude of changes in species composition. Siltation, precipitation of
iron, low oxygen tension and high free carbon dioxide, and changes in food
organisms may contribute to the demise of organisms dependent on the substrate.
Some hemiptera and Coleoptera may dominate the nonbenthic fauna because of their
independence from substrate. Benthic organisms within the substrate, such as
the_Tarvae and pupae of many Diptera and Sialis sp.are unaffected by Tow pH
stress. (Cairns et al. 1971, Herrick and Cairns 1972, Koryak et al. 1972, Parsons

1968, Roback and Richardson 1969).

Adverse effects on macroninvertebrates have been observed at rather high pH
values in acute toxicity bioassays. Effects on some insects have been observed
at pH 6.6 (Table 36). Members of Ephemeroptera and Plecoptera are quite

sensitive with LC50 values having been greater than pH 5.7. Odonates were



Page 80

inhibited at pH 5.2 and below, while Trichoptera were more resistant,

effects were noted at pH values Tess than 5. In all groups, more resistant
members were found. It should be noted that most laboratory data are from
acute studies and adverse effects may be expected at higher pH levels. These
results are generally compatible with observations in the ffe1d, where

major changes in community structure have been found to occur in the pH range
5.7 to 6. Further, it was noted that within a given order, species can

differ greatly in resistance to acid pollution.

Low pH Case Studies -~ Fishes

Adverse effects on fish populations resulting from acid precipitation have been
well documented in Norway (Jensen and Snevik 1972), Sweden (Almer et al. 1974),
Canada (Beamish 1974, Beamish 1975, Beamish et al. 1975, Harvey 1975) and the
United States (Schofield 1976). Nesler and Bachmann (1977) cite several
references relating fish kills and the decline of fish populations to acid mine

drainage.

Different species are affected at various pH Tevels, and the disappearance of
species is related to their tolerance of this stress. Reductions in species

diversity and changes in species composition result as waters become acidified.

Acid brecipitation has caused the acidification of workers in southern Norway

and a decline of several fish popu1ationslhas‘resu1ted. Many lakes are devoid

of fish. The percentage of empty Tlakes was found to increase from 3.8 to 60

as the pH of the water decreased from 5.5 to 4.5. Salmon and sea trout runs

have been declining for several years and are, at present, virtually nonexistent.
The early decline of these species may -have been the result of greater sensitivity
to low pH stress or to avoidance behavior elicited by the stress. Although

brown trout populations persisted somewhat longer, a decline has also been
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observed, apparently because of recruitment failure. Perch and eels
appear to be the most resistant species. These fish breed at sea, and
the sensitive spawning and early growth stages are therefore not spent

in acidified waters (Jensen and Snekuik 1972, Leivestad et al. 1976).

Almer et al. (1974) and Grahn et al. (1974) have reported the effects of

acid precipitation on fish populations in Sweden. The pH of nearly 50

percent of the lakes in western Sweden is Tess than 6. Lakes in the central
and eastern regions are affected to a lesser extent. Perch and eels were fhe
most abundant species in lakes with pH within the range of 4.4 and 5.4.
Although some pike were observed, populations were declining. Since tolerance
to low pH stress differs, different species have become extinct as waters
become more acidic. The general order of disapﬁearance from Swedish Takes,
and presumably of increasing tolerance is as follows: roach, minnow (Phoxinus
phoxinus), arctic char, brown trout, cisco, peréh, pike and eel. Tench and

carp are extinct in most areas of western Sweden.

Few fish remain in the lakes of the La Cloche Mountain region, which receives
acid precipitation from the smelters at Sudbury. Fish are absent from many
of these lakes. The numbers of species present in lakes has been shown to be
significantly correlated to pH. Smallmouth bass, walleye, burbot and lake
trout populations disappeared at pH levels of 5.8 to 5.2. Northern pike,
pumkinseed, white suckers, brown bullhead, and rock Bass were eliminated from
waters when the pH dropped to 5.2 to 4.7. Perch, lake herring and some
cyprinids (lake chub) still spawned at pH's between 4.5 and 4.8. A1l fish
were eliminated in lakes with a pH of less than 4.5. Failure to spawn
apparently led to the demise of these populations (Beamish 1974, 1975, Beamish
and Harvey 1972, Beamish et al. 1975, Harvey 1975).
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In the eastern United States, 51 percent of the lakes in the Adirondock
region have a pH of less than 5. Ninety-percent of these lakes were found to

be devoid of fish (Schofield 1976).

Acid pollution resulting from mine drainage has resulted in similar affects.
Various reports indicate that fish are absent from streams or strip-mine lakes
when the pH is between 4.5 and 5, and several species are affected at pH
levels up to 6.5 (Buthler et al. 1973, Dahl 1963, Harrison 1962, Koryak et al.
1972, Nichols and Bulow 1973, Parsons 1968, Warner 1971).

In waters that gradually become acidic, the reported decline of fish populations
results from recrqitment failure. This may occur because of the failure of

fish to spawn (Beamish et al. 1975) and/or because of increased egg, fry and
fingerling mortality (Johansson et al. 1973, Leivestad et al. 1976). Stressed

. populations are typically composed of older, larger fish (Beamish et al. 1975,

EIFAC 1969, Leivestad et al. 1976).

Large or rapid changes in pH appear to be even more detrimental to

the persistence of fish populations. Excessive acidity may occur during spring
snow melt, periods of heavy precipitation and periods of high discharge of

acid mine wastes. Many fish species spawn in the spring and the especially
sensitive egg and fry stages may be exposed to sudden pH decreases. Kills

of older fish have been observed at these times (Dahl 1963, Hultberg 1975).

The growth of individual fish is generally reduced in acid waters (Beamish

1974, Frost 1939). This may not be caused by a lack of food, but rather by
decreased feeding intensity or food utilization (Beamish et al. 1975). In

some cases, however, depletion of food organisms may contribute to the decreased
growth rates observed in fish inhabiting acidic waters (Branson and Batch 1972,

Okland 1969). In some cases, jncreased growth of some species occurs as
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competition from more sensitive species is reduced (Beamish et al. 1975,

Leivestad et al. 1976, Milbrink and Johansson 1976).

Other factors associated with acid precipitation and acid mine drainage
that contribute to fish mortality are: heavy metals, increased free Cop,
jron deposition and siltation (Beamish 1974, Branson and Batch 1972,

Carrithers and Bulow 1973, Dahl 1963, Mount 1973, Nichols and Bulow 1973).

Generally, good correlation between laboratory and field studies has been
observed. A few cases where comparable data exist will be cited. Deleterious
effects on white suckers were observed in laboratory tests at pH 5.3, and
effects on populations were observed in lakes with pH 4.7-5.2. Northern

pike appear to be quite resistent to acid pollution, showing effects in
laboratory studies at pH 4.2. This value may be considerably higher, around
5.0 (see table 38), which agrees well with data from Swedish lakes (Milbrink
and Johansson, 1975). These authors and Beamish (1974, 1975) have noted

good general correlations between bioassay results and field observations for

other species.

EIFAC (1969) cites several examples of fish populations existing in waters
with pH less than 5 and considers pH from 5 to 9 as "safe" for fish
populations. In view of the severe effect that have been noted in other
instances, such as the many empty lakes with pH 5.5 and lower énd the
disappearance of several species at pH values of 5.8 and less, this estimate
would seem to be somewhat Tow. A pHof 6 would permit the survival and

adequate production of most species.

The early disappearance of migatory fish, such as salmon and sea trout,

from Swedish rivers (Jensen and Snevik, 1972) may be due to reproductive
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failure at Towered pH. However, avoidance of acidic rivers cannot be
ruled out. It is possible then, that fish that migrate upstream to
spawn may suffer in this manner as spawning grounds are polluted, even

though the habitat they occupy as adults may be tolerable.
SUMMARY

The data on the toxicity of heavy metals, ore benefification reagents,

and hydrogen igncompiled from bioassays and case studies reported in

the literature were summarized in Figures 1-11. These summaries provide

a method to defermine levels at which impact may begin to occur a]thngh
actual detection could be impossible because of the natural variability in

aquatic systems.

In summarizing the data presented in this réport it is evident that a great
deal of variability exists in the critical levels from various stress studies.
This variability is the result of different species being studied, variable
physical and chemical test conditions, lack of control stations in field

studies, and various combinations of stress.

Also, in many of the field studies, a ndmber of metals are present but only

one or two metals were usually measured. A lack of data on experimental levels
of hardness, alkalinity, pH and TOC is another factor which causes difficulty
in interpreting current data on heavy metal toxicity. For these reasons the

stress ‘charts were constructed to indicate ranges where impacts might begin.

In the case of metals, and ore beneficiation reagents orders of magnitude
were used to indicate ranges where impacts might be expected. In some
cases, the ranges present a conservative estimate of where impacts may begin;

these are used only as indicators of need for further analysis. The groups
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of organisms affected in various ranges are indicated on the charts as are

the levels obtained from the current bjoassays.

The effects of low pH were summarized to indicate levels where changes
have been observed in the field or laboratory. Where contradictory data exist,

the Towest reported level is indicated on the figure.
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