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1. INTRODUCTION 

1.1 Sources and Uses of Aluminium 

Aluminium (Al) is a silver-white metallic element with a relative atomic mass of 
26.98 and a relative density of 2.58. It is the world’s most common metal, making 
up 7-8% of the earth’s crust and the third most abundant element. The free 
metal is not found in nature; it is extremely reactive with a high oxidation 
potential. Aluminium compounds are found in almost all rocks, in surface waters, 
and in living organisms (although it is not considered to be an essential element). 
The primary minerals in which it is present include feldspars and micas in igneous 
rocks and, less commonly, cryolite and crystalline alumina. 

As a result of prolonged weathering of the primary minerals, aluminium occurs 
in the sedimentary clay minerals kaolinite and montmorillonite. When the silica is 
dissolved by weathering, hydrate aluminium oxides such as gibbsite and boehmite 
may be formed. Bauxite (the principal ore, containing about 55% aluminium 
oxide) and laterite contain these secondary minerals. Weathering may also lead to 
the formation of sulphates such as alum, aluminite or alunite. 

The utilisation of aluminium reflects its properties. The pure metal is ductile, 
but soft and weak. Its low density is therefore used to advantage in alloys with 
other elements (copper, silicon) to give products with high tensile strengths. 
Aluminium has good thermal and electrical conductance. All these properties 
explain its wide use in structural engineering, in the motor and electrical 
industries and in the manufacture of cooking utensils. 

t EIFAC: European Inland Fisheries Advisory Commission of the F A 0  (UN). 
The authors were specially appointed members of an EIFAC Sub Commission 111 Working Party on 
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118 G .  HOWELLS ET AL.  

Chemical forms of aluminium of particular note are aluminium chloride and 
aluminium sulphate (alum), although the latter is strictly a generic name for a 
large number of isomorphous compounds which are made up of a univalent metal 
or radical, a tervalent metal, two or four sulphate radicals and 12 or 24 molecules 
of water of crystallisation. Aluminium chloride is used as a pigment and in the 
petroleum and organic chemical industries as a catalyst. Aluminium sulphate is 
used in the pulp and paper industries and in treatment of potable water supplies 
where it acts as a coagulant. 

1.2 Chemistry of Aluminium in Fresh Water 

Although aluminium is such a common element, its concentrations in most fresh 
waters are usually very low, generally <1 mg/l (ppm).? This is partly a 
consequence of the relationship between pH and the solubility of aluminium 
minerals. In the pH range 5 to 8, aluminium has a very low solubility but outside 
this range, solubility increases markedly. 

Thus the possibility exists for two types of problem arising from aluminium in 
surface waters-(i) the action of dissolved material in acid or alkaline water 
outside the range pH 5.5 to 8 and (ii) the action of insoluble aluminium 
compounds in the form of suspended material between these pH values. 

In waters of low pH (-5.5) and low ionic strength, dissolved aluminium can 
reach concentrations which are toxic to aquatic organisms. Such waters can arise 
from mine drainage, acid sulphate soil waters, geothermal waters and, of 
particular current concern, poorly buffered lakes and streams receiving acid 
runoff. The susceptibility of such waters will depend to a large extent on the 
bedrock geology, on the buffering capacity (base reserve) of the soils in the 
catchment and on the land use of the catchment. Soil chemistry and the effects of 
aluminium on freshwater fisheries are therefore intimately linked. 

Since one of the inputs of acidic water to catchments is via rain, arising from 
the solution of the gaseous forms of nitrogen, chloride, sulphur and carbon in the 
atmosphere, it is necessary to understand the atmospheric processes that result in 
the deposition of acid i.e. of hydrogen ions and accompanying anions and cations. 
These include atmospheric “loading” (i.e. deposition) not only of acid generating 
materials such as oxides of sulphur and nitrogen, but also of neutralising agents 
such as ammonium and alkaline “dusts.” 

Furthermore, land-form in relation to prevailing winds, and enhanced atmos- 
pheric scouring by tall vegetation, particularly coniferous trees (Ormerod et al., 
1989), increase deposition on both a localised and a regional scale. Trees 
accumulate acid-forming materials from the atmosphere by dry deposition 
between rain events and by scavenging aerosols and droplets in mist and fog. 
During rain events, these substances, together with any exudates from the tree 
canopies, are washed on to the soil beneath. The trees, in addition, have 
selectively sequestered chemicals from the soil which could otherwise have 
neutralised the acid deposition; as a consequence the acidity of soil water below 
the trees may be enhanced. Whether aluminium dissolved by acid conditions then 

t Since the speciation and valency of A1 compounds in natural waters are uncertain, depending on 
water quality, concentrations in this review will be given usually as mass (e.g. mg) values per unit 
volume (e.g. litre), unless otherwise specified. 
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leaves the soil and enters drainage channels will depend on local microscale 
conditions. Incautious exposure and draining of poorly buffered soils resulting in 
oxidising and acidic conditions may be one reason why high concentrations of 
dissolved aluminium are found in surface waters of certain streams. 

A quite different problem may arise from the use of aluminium compounds in 
industrial processes and particularly in the treatment of potable waters. Where 
aluminium sulphate is used as a coagulant, sludge and water from the filter 
back-wash may be discharged to watercourses, or the coagulant may be released 
inadvertently to the water supply mains, in turn released by subsequent flushing 
operations to watercourses. The concentrated solutions released on these 
occasions have resulted in a considerable decline in pH (Bielby, 1988; Hunter et 
al., 1980). Aquatic life may therefore be subject to relatively brief exposures to 
high aluminium concentrations at low pH, and/or large quantities of aluminium- 
containing floc. 

The mode of toxic action of aluminium on aquatic life depends on its physical 
and chemical state in the ambient conditions prevailing. The identification or 
separation of the various species of aluminium may be important since, as is 
generally evident, not all species have the same toxicity. In arriving at tentative 
water quality standards for aluminium, it has been necessary to define the species 
of the element present in test vessels and environmental samples and to define a 
standard only in terms of the toxic (inorganic or labile) species. The standards 
proposed for ammonia (Alabaster and Lloyd, 1982) are an analogous early 
example, the toxic species being ammonia (NH,) and not ammonium (NHZ). 

Aluminium in solution is amphoteric and can form both organic and inorganic 
complexes, tending to polymerize (e.g. Driscoll and Schecher, 1988). These 
properties encourage the formation of various molecular species, depending 
largely on pH, but also on the presence of other dissolved substances, and to a 
lesser extent, on temperature and the period of exposure (i.e. ageing) of the 
water (Burrows, 1977; Driscoll and Schecher, 1988; Leivestad, 1989). It is a 
Group I11 element found in solution only in the trivalent state, and although 
metallic, it exhibits marked covalent tendencies thus forming relatively stable 
complexes with a variety of inorganic and organic materials. 

It is important to differentiate between aluminium fractions and aluminium 
species. “Fractions” are operationally defined (see below) e.g. as “total,” 
“inorganic monomeric,” “polymeric complexes” (Driscoll, 1984) and these will 
be described in Section 1.3. “Species” are distinct chemical entities, several of 
which may occur together in a particular fraction (Driscoll and Schecher, 1988). 
Thus, considering the sequence from the trivalent species A13+ to the dominant 
hydroxide species at p H > 5  to 6, at least four species exist, all included in the 
fraction “inorganic monomers” (Driscoll and Schecher , 1988): A],+, A10H2’, 
Al(OH):, Al(OH),, (Figure 1.1). 

A further species, Al(0H); is hypothesised (Baes and Mesmer, 1976) but its 
presence awaits chemical confirmation. 

Aluminium salts of non-complexing acids (such as aluminium perchlorate) 
dissociate in water and probably form the aluminium ion: A1(H20)2’. As this is 
hydrolysed, an acidic solution results: A1(H20)2’ + H20 = Al(H20)50H2+ + 
H,O+. 

If the original solution contained lo-, M (i.e. ppm levels) aluminium perchlor- 
ate, the initial pH in pure water would be about 4. Since this pH would, in any 
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4.0 5.0 6.0 7.0 8.0 
pH value 

F i i  1.1 Activities calculated for inorganic Al species in equilibrium with gibbsite, as a function of 
pH. Al’ is the sum of all other inorganic species in solution (after Seip et al., 1984). AI(0H);- 
M( OH): - . - . _ Ai3+ . . . . . AI”-AI( OH)*+ 

event, be toxic to many aquatic organisms, the toxicity in this case might be more 
reasonably, but paradoxically, be attributed to acidity than to the effects of A13+. 
A realistic toxicity experiment would, however, employ a much lower concentra- 
tion, say lO-’M (i.e. ppb), and hydrolysis of aluminium would contribute little 
to the acidity of the test medium. 

In attempting to define which forms of aluminium may be present in a natural 
water it is important to know, not only the forms and valencies of the aluminium 
species, but also the amounts of the various possible ligands present which can 
combine with the aluminium (Birchall and Espie, 1986; Birchall et al., 1989), the 
rates of formation of the resulting complexes, the ultimate balance between 
the species and any effects of other factors in the environment. Given the 
composition of the mixture in total, an appreciation of the possible precipitation 
of each species is needed in order to predict equilibrium conditions (Lydersen, 
pers. comm.), but it must be appreciated that in many situations in which fish 
are exposed to aluminium, equilibrium may not have been reached; although 
solution equilibrium is attained rapidly, in-stream conditions are highly variable. 

1.3 Analytical Methods 
It is not the aim of this review to provide details or procedures for the analysis of 
aluminium (and its fractions or species) in environmental samples (see Table 
1.1). The complex speciation of aluminium, however, requires some comment on 
the methods of analysis in current use, their comparability with one another, and 
their relation to the expected forms of aluminium (Driscoll and Schecher, 1988). 
As the section above has indicated, aluminium may occur in a variety of forms, 
depending on pH, the presence of other dissolved substances (organics, silicate, 
fluoride) and, to some degree, on the temperature (Lydersen, pers. comm.) and 
“ageing” during the period of exposure. The principal species of aluminium in a 
water sample are inorganic monomeric forms, organic monomeric forms, 
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Table 1.1 Standard methods for aluminium detection and levels of detection. 

Detection limit Ref, 
mnll 

8-hydroxyquinoline 0.01 -0.05 LaZerte, 1984 
(“Oxine”) 
Graphite furnace AAS 0.01-0.02 Barnes, 1975; Burrows, 1977; 
(GFAAS) LaZerte, 1984 
Catechol violet 0.003 Dougan and Wilson, 1974 

0.02 (routine) 
0.005 (field) 

Inductively coupled 0.02 Winge ef al., 1977 
plasma spectroscopy 

LaZerte ef al., 1987 
Sadler and Lynam, 1986 

polymeric complexes, aluminium hydroxide colloids, and precipitates and clays. 
An attempt is made in Figure 1.2 to link these known chemical forms with the 
operationally defined fractions commonly in use. 

Analytical methods can be distinguished as those which measure “total” 
aluminium in water and those which measure some fraction of the total 
(“speciation”). However, even those methods which purport to measure “total” 
aluminium may do so in varying degrees. Inorganic and exchangeable aluminium 
fractions are usually derived from the difference between a measured “total,” and 
what is not retained by a chelating resin (Driscoll, 1984). “Adsorbed” 
monomeric aluminium can also sometimes be significant (Goenaga and Williams, 
1988) but is usually not included. 

1.3.1 “Total” aluminium 
A common procedure is to subject samples to acid digestion to dissolve the 
aluminium (as A13+) before complexation by an organic colour reagent and 

Total A lumin ium (mon) 
no acid digestion , I 

Cation desalted, 
a lumin ium (mon) 

Non- labi le, Labi le, Acid soluble 

(mon)  

Fraction Monomeric Free A l ,  Colloidal, 
m osit io alumino-organic A12S04, A1F3, polymer ic  A l ,  

complexes Hydroxides A l  -organic 
complexes 

Figure 1.2 Schematic representation of the Driscoll aluminium fractionation procedure (after Sadler 
and Lynam, 1986). 
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122 G .  HOWELLS E T A L .  

subsequent analysis. Although the details of acid digestion vary in different 
procedures, dissolution is assumed to be complete with respect to particulate and 
colloidal aluminium hydroxides; aluminium from clays, however, would not 
usually be dissolved. In waters with a high refractory organic matter content, an 
ultraviolet digestion may also be required (Campbell et al., 1983). 

1.3.2 Aluminium fractionation 

A separation of particulate from non-particulate (or filterable) aluminium 
requires filtration (usually with a 0.45 pm polycarbonate filter) and analysis of the 
filtrate by any of the “total” methods described above (Driscoll, 1984). Salbu 
(1987) has made a plea for “in situ” hollow fibre separations to improve the 
consistency of analytical preparation in advances of charge fractionation methods 
(complexing agents, cation exchange resins) for chemical speciation, but this 
technique has not been adopted widely. 

Many of the “total” methods using an organic complexing reagent after 
acid/UV digestion have also been used without any prior digestion or filtration 
and so may include fine particulate material. The results are inevitably quite 
variable and dependent upon reagent concentrations, temperature, duration of 
the reaction, and pH. For example, LaZerte (1984) used a rapid (15s) oxine 
extraction to estimate “fast reactive Al” and a slow (3 to 6h )  extraction to 
estimate a “total reactive Al”; the difference between the two is thought to be 
polymeric aluminium, the “fast reactive aluminium” roughly corresponding to 
inorganic monomeric plus organic aluminium. 

In general these methods provide an aluminium fraction which can be 
interpreted as the inorganic monomeric fraction plus (most of) the organic 
aluminium, and excluding (most of) the polymeric, colloidal and solid fraction 
(Figure 1.2). This fraction is usually termed “reactive,” “labile” or “total 
monomeric” aluminium. The “total monomeric” terminology of Driscoll (1984) 
has gained the widest acceptance. It has been shown by Seip et af .  (1984) that this 
“total monomeric” fraction estimated by the catechol violet method is equivalent 
to that estimated by the oxine extraction method. The difference between “total 
monomeric” and an acid digested “total” is usually referred to as the “acid 
soluble” fraction, which should include polymeric, colloidal and particulate (if 
unfiltered) aluminium hydroxides. 

Once “total monomeric” aluminium is separated, most schemes distinguish 
organic or inorganic forms by dialysis or cation exchange. The ion exchange 
(Driscoll, 1984) method gives a slightly lower organic aluminium fraction than 
equilibrium dialysis (Backes and Tipping, 1987), a discrepancy which increases 
with the ratio of aluminium bound per gram of humic material. In contrast, 
LaZerte (1984) found agreement within 5% between the two techniques. Cation 
exchange, moreover, is the more practical procedure in the field, although the 
contact time (LaZerte, 1984) and resin preparation and flow (Sadler and Lynam, 
1986) can influence the degree of aluminium retention. The inorganic monomeric 
(potentially toxic) aluminium fraction is calculated by subtracting the organic 
monomeric fraction (not retained on resin) from total monomeric aluminium 
(filtered sample). This procedure lacks precision in those cases where the 
concentrations of the toxic fraction of interest is derived from the difference 
between the other, larger, measured components. This method is only applicable 
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at pH values less than about 6.5 where the inorganic fraction is dominated by 
positively charged monomers. When neutral or negatively charged monomers (at 
pH values greater than 6.5) or positively charged polymers exist (neutralising 
conditions) the method will be in error and the dialysis method may be 
preferred. 

Although these fractionation methods are strictly operational, there is evidence 
that they do distinguish meaningful components. 

1.3.3 Field procedures 
Application of one or other of the procedures described briefly above should be 
adequate to separate aluminium components in environmental samples and to 
provide insight into the forms of aluminium present. Inorganic aluminium 
includes inorganic monomeric aluminium plus acid-soluble aluminium fractions, 
but excludes the organic monomeric and clay fraction. If it is known that a water 
sample contains a negligible amount of suspended clays, as for most acid upland 
waters, then a GFAAS or ICP “total” measurement minus the organic 
monomeric fraction will provide a reasonable estimate of inorganic aluminium. 
However, if suspended clays are present, filtration (0.45 pm or less) should be 
employed and perhaps a less destructive “total” method (Dougan and Wilson, 
1974) might be more appropriate. The same considerations apply to “total” 
aluminium as used in Section 1.3.1, except that the estimation and subtraction of 
organic monomeric aluminium is not required. 

It should be noted that samples collected in the field are not stable. An increase 
in temperature can induce over-saturation and precipitation of aluminium species 
in those samples where they were close to saturation (Seip et al., 1984); similarly, 
C 0 2  degassing of ground waters (Stumm and Morgan, 1981) may occasionally 
induce sufficient pH elevation on exposure to atmosphere for over-saturation and 
precipitation. Photosynthetic activity in a stored sample can similarly remove CO, 
and raise the pH. Samples collected for aluminium speciation should be analysed 
immediately if possible, and refrigerated until analysis if not. 

1.4 Occurrence in Water, Soils and Sediments 
1.4.1 Surface water: aluminium concentrations 

Concentrations vary quite substantially in different regions, reflecting geology and 
hydrology and the degree of weathering (Stumm and Morgan, 1981), as well as 
land use. Surface waters of pH 4 . 5  have higher concentrations of aluminium, as 
well as of manganese, iron and other heavy metals, compared with circumneutral 
waters (see, for example, Almer et al., 1978; Dickson, 1980). Table 1.2 
summarises some reported values for several locations with oligotrophic and acid 
waters. 

Aluminium concentrations in the United Kingdom are generally -100 pg/l even 
in poorly buffered soft waters (e.g. Loch Lomond and Gryfe Water, Hunter et 
al., 1980) but are reported to be higher in afforested areas (Harriman and 
Morrison, 1982; Stoner et al., 1984; Stoner and Gee, 1985) and during high flows. 
In Scandinavia, concentrations in lakes are 100 to SOOpg/l (Dickson, 1978; 
Overrein, 1980), sometimes even higher during acid episodes (Grahn, 1980). A 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



124 G. HOWELLS ET AL. 

Table 1.2 Range of reported aluminium concentrations at selected sites. 

Aluminium fraction (pg / l ) :  
Sites, times p H  Range Reference 

Total Acid sol. Non-labile Labile 

Global fresh waters 
Groundwaters 
Norway sites: 
Birkenes (stream) 
Tovdal (river) 
Selura (iake) ' 
Southern lakes 
Sweden sites: 
Lofssjon (streams) 
Hallsjon (lake) 
Gardsjon (lake) 
UK sites: 
C & N Wales 
England, Peak 
England, Lake District 
Scotland, Galloway 
N. America: 
Ontario lakes 
Nova Scotia rivers 
Adirondack, Big Moose 
Hubbard Brook (stream) 

6.0 to 9.0 
-7.0 

5.3 to 4.2 
4.7 to 4.2 
4.9 to 4.0 
6.0 to 4.0 

6.8 to 4.0 
7.4 to 4.7 
4.9 to 4.2 

7.7 to 4.8 
7.2 to 3.3 
6.2 to 4.3 
6.6 to 4.4 

9.0 to 4.5 
<4.5 to 5.9 
7.1 to 5.0 
5.4 to 5 

240 to 11 

to 350 

50-200 or 
more 200-400 

400 

12-139 8-76 
29-1113 3-226 

25-395 

0-300 
160-328 

1 
2 

160-590 3 
390-480 4 
220-250 5 

6 

7 
8 
9 

0-65 0-94 10 
4-420 0-644 10 

500 11 
12 

13 
11-27 14 
300-1200 15 
162-405 16 

References: 
1. Bowen, 1% 
2. Stumm and Morgan, 1981 
3. Christophersen et a/., 1982 
4. Muniz eta/.,  1987 

6. Henriksen er at., 1988 
7. Anderssen and Nyberg, 1984 
8. Hasselrot el a/. , 1987 

5. Muniz et d., 1981 

7.0 

PH 

6.0 

5.5 

5.0 

4.5 

9. Hasselrot el al., 1987 
10. Sadler and Lynam, 1986 
11. Tipping et at., 1989 
12. Wright and Henriksen, 1980 
13. Neville, 1987 
14. Lacroix and Kan, 1986 
15. Driscoll ef al., 1981 
16. Hooper and Shoemaker, 1985 

Relation of pH vs. Al(lab) 
in lake waters 

1 . , . . . . . : .  . - _  . . . 
0 100 200 280 
Aluminium (labile), ugA 

F p r e  1.3 Relationship of pH vs aluminium in more than lo00 lakes in Norway (after Henriksen et 
al., 1988). 
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recent 1000-lake survey in Norway (Henriksen et al., 1988) shows that below 
pH5.5, labile aluminium concentrations are as high as 280pg/l (Fig. 1.3). In 
north-eastern America, extensive regional surveys also show that lakes of lower 
pH have higher aluminium; in the Adirondacks, 90% of those lakes with pH s5 
have aluminium concentrations of >150 pg/l (Linthurst et al. ,  1986a). In eastern 
Canada, close to the Sudbury smelter, Ontario, concentrations of 150 to 
ll5Opgll were reported before emission control (Scheider et al., 1979); sub- 
sequent improvements, however, are neither consistent with distance from the 
source (Hutchinson and Havas, 1986) nor with the difference in pH. In 234 Nova 
Scotian lakes (Canada), total aluminium is 310 pg/l f 280 (Underwood et al., 
1986). In 5 rivers in the same area, dissolved total aluminium is reported to be 
160 to 328 pg/l, of which only 11 to 27 pg/1 is “labile” inorganic aluminium, and 
thus about 90% is considered to be the organic “non-labile” fraction (Lacroix 
and Ran, 1986). 

In Belgium, values as high as 8 mg/l (at this concentration no doubt some is as 
fine particulate material) have been reported for acid humic moorland pools 
(Vangenechten and Vanderborght, 1980). In New Zealand, high total aluminium 
concentrations were found in acid streams (123 to 363 pg/1) but never exceeded 
84pg/l in alkaline streams (Collier and Winterbourne, 1987). In these humic 
acid waters, toxic inorganic aluminium was <50 pgll. 

A global value of 240pg/l was given by Bowen (1966) for fresh waters, 
including bogs, but such early values must be in doubt because of inadequate 
techniques. Some of the quoted values for “total” aluminium are greater than 
predicted by mineral equilibria, and suspended micro-crystals were probably 
present (Altshuller and Linthurst, 1984). 

In areas where soils are podsolised (commonly high altitude, cool, moist 
temperate areas with unimproved soils), aluminium is mobilised in the soil 
profile by percolation of organic and inorganic acids through the upper soil 
horizons, precipitating in the lower soil horizons where pH is raised (Bache, 
1984). Where runoff to surface waters is principally via surface soils in areas with 
unimproved, “natural,” soils, aluminium mobilisation is likely to be significantly 
greater than from managed agricultural soils. 

Several mechanisms have been proposed for the solid-phase control of 
aluminium concentrations in soil solutions and more dilute water systems (e.g. 
see Altshuller and Linthurst, 1984). Calculated values of aluminium in interstitial 
soil water from Swedish sites (Eriksson, 1981) are consistent with those predicted 
for basic aluminium sulphates, A1(OH)S04 (van Breemen, 1973), supporting the 
claim that atmospheric sulphate deposition has acidified and transformed alumi- 
nium oxides to the hydroxysulphates (Eriksson, 1981). This hypothesis, however, 
fails to take account of fluoride, silicate, sulphate and organic complexation 
reactions, and it is now doubted whether aluminium sulphate minerals (jurbanite, 
alunite, basaluminite) control aluminium levels in acidified waters; furthermore, 
analysis of soils and sediments by X-ray diffraction has failed to confirm the 
presence of these solution controlling minerals (Baes and Mesmer, 1974; Driscoll 
et al., 1984). Moreover, H+ concentrations are sufficient to explain aluminium 
reactions in soil solution, in the absence of organic complexing materials (Glover, 
1987). The consequent release of aluminium from soil sources appears to be 
determined by the presence of “mobile anions” in the soil solution (sulphate, 
nitrate, and chloride; Johnson and Cole, 1980). 
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1.4.2 Surface water; short-term changes 

Acidic episodes in upland waters are associated with high concentrations of total 
aluminium (e.g. Muniz and Leivestad, 1980a; Schofield and Trojnar, 1980; 
Hendershot et af . ,  1986, Sullivan et al., 1986). Related changes in stream flow, 
pH, dissolved organic carbon (DOC) and aluminium fractions reflect changes in 
hydrological pathways, especially during heavy rain or after drought. These 
conditions determine the residence time of drainage water in soils, as well as the 
possible mobilisation of aluminium from soils or stream sediments. 

High flows in streams at snow melt or following storms, and even the 
epilimnion of lakes in these conditions, have been associated with increased 
anions and sometimes with lowered calcium and raised aluminium concentrations. 
“Episodes” of this kind have been observed in the field in Scandinavia and North 
America (Baird et af . ,  1987; Campbell et af . ,  1986; Driscoll et af., 1980; Harvey 
and McArdle, 1986; Hendershot et at., 1986; Schofield and Trojnar, 1980; 
Skogheim et a f . ,  1984), and more recently in the United Kingdom (Harriman et 
al., 1987; Potts et al., 1989; Stoner et af . ,  1984; Tranter et af.,  1988). Some 
attempts have also been made to simulate events of this kind in the field by 
addition of acid and aluminium in solution directly to small streams or lakes (Hall 
et af., 1980; 1985; 1987; Henriksen et al., 1988; Ormerod et al., 1987a; Playle, 
1987). 

Rain events may also result in stream acid pulses when precipitation rich in sea 
salt, but low in acidity, is deposited. In this case salts (especially of marine 
sodium and magnesium) exchange for other cations and hydrogen ions in the soil. 
This phenomenon is reported in the field (e.g. Harriman et af., 1987; Langan, 
1987), in laboratory and plot experiments (Johnson et af . ,  1986; Christopherson et 
af . ,  1982), and in a field experiment (Wright et at., 1988). In these events, high 
chloride concentrations in runoff are associated with increases in basic cation 
(Ca2+, Mg2+, Na+ and Kf) and the acid ions (H+ and Al”+); the pH of runoff 

m e  1.4 Stream Row (a) and concentrations of major cations and anions, Al, and H+,  at Birkenes 
in southern Norway; (a) during runoff following a protracted dry spell in autumn, 1984, and (b) during 
snowmelt in spring, 1985 (after Sullivan et al., 1986). 
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water is substantially less than that of incoming rain, and may fall by 1 pH unit or 
more. Aluminium (labile) was increased 8-fold in the simulated field experiment. 

Recent studies have recognised the need to “capture” short-term episodes by 
frequent or continuous sampling and for coincident aluminium analysis. Some 
examples of such events are shown in Figure 1.4. Recent investigations (e.g. 
Harriman et al., 1987; Henriksen et al., 1988; Jacks et al., 1986; Sullivan et al., 
1986) show consistently that when acid episodes are observed with sufficiently 
detailed time resolution, labile aluminium concentration and acidity increase and 
as flow increases, calcium concentration is diluted. These observations have led 
to speculation that (a) the initial response to heavy rainfall or snow melt is to 
displace soil water that has been in contact with soil through the winter; or (b) 
the initial acid pulse mobilises aluminium previously deposited on inert or 
biological materials within a lake or stream; or (c) the rapid runoff washes 
accumulated sediments or flocculated materials from the catchments into streams 
and lakes, where its aluminium is mobilised or exchanged for hydrogen ions. 

At present it is not possible to select one of these as most probable-indeed it 
seems possible that any one or a sequence of these mechanisms may operate, 
according to conditions at the observation site. The time-scale of such events is 
rapid, with a significant variation even within a few hours (Reader and Dempsey, 
1989) so that earlier records based on weekly or longer sampling frequencies are 
difficult to interpret and indeed may be misleading as a guide to fish exposure. 

The observations of Sullivan et al. (1986) suggest that initial high aluminium 
concentrations observed at the start of a thaw, before a significant pH drop and 
increased flow, result from displacement of soil waters with a high aluminium 
content; for example, concentrations >40 mg/l have been reported for soil waters 
(Hultberg and Wenblad, 1980). The form of aluminium in these episodes is 
strongly influenced by prevailing water and soil conditions, particularly the 
content .of organic materials, but also of silica, fluoride and other ions (Campbell 
et al., 1986; Gunn and Keller, 1986; Hendershot et al., 1986; Sullivan et al., 
1986). These observations are supported by studies of flow pathways during 
episodes (Bishop and Richards, 1988 pers. comm.). However, others (Jacks et 
al., 1986; Baird et al., 1987) found increases in aluminium in association with the 
thawing of ice and snow. Some of the enhanced levels of aluminium, however, 
are attributable to mobilisation of deposited aluminium on stream bed material or 
on submerged vegetation during acid events within the stream (Henriksen et al., 
1988; Tipping and Hopwood, 1988). 

Drainage water quality thus reflects the pathways of flow, and equilibria are 
probably never established; furthermore, the gibbsite equilibrium cannot explain 
the resulting stream water aluminium chemistry (French, 1985; Nordstrom, 1982; 
Sullivan et al., 1986) and factors other than pH apparently influence the fraction 
of potentially toxic inorganic aluminium. During natural episodes, total alumi- 
nium concentration may double, but total organic carbon (TOC) may also 
increase so that labile monomeric (inorganic) aluminium does not always increase 
proportionately. Sullivan et al. (1986) distinguish the temporal course of events 
with inorganic aluminium and hydrogen ion concentrations both increasing with 
flow in the early phase of snow melt, but with inorganic aluminium decreasing 
during autumn (high flow) events and in the later phase of snow melt (Figure 
1.4). 

Shallow, inshore, lake waters have been shown to be more affected during melt 
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conditions than the main body of lake water, where soil drainage is more diluted 
(Gunn and Keller, 1986). Similarly, spatial variations are observed in streams as 
soluble forms precipitate out and acidity is neutralised (Johnson, 1979). 

1.4.3 Aluminium in soils and sediments 

In soils, aqueous phase composition varies widely, depending on the nature of the 
controlling species and leaching conditions. At a given soil COz pressure, the 
possible Hf and HCO; concentrations can vary by 5 to 100-fold, calcium up to 
50-fold and aluminium 1000-fold or more. In conditions of low calcium and 
bicarbonate, and high aluminium and acidity, control could indeed be via stable 
aluminosilicates e.g. kaolinite or aluminium sulphates such as alunite, while the 
metastable Al(OH)3 minerals produce conditions with concentrations above or 
below the ranges given above. The former circumstances may be expected when a 
fresh input of water to a soil system comes into equilibrium with the stable 
minerals already in the soil. These conditions of high total aluminium could arise 
when groundwater, saturated with aluminium under elevated CO, pressures in 
the soil, degasses at atmospheric conditions and precipitates out more soluble 
Al(OH)3 minerals. The conditions in which basic aluminium sulphate minerals 
might form in soils have been discussed by Reuss and Johnson (1985, 1986). 
However, the kinetic and thermodynamic properties of basic aluminium sulphates 
suggest that their occurrence under natural conditions is unlikely (Glover, 1987). 
It should be noted in defence of the hypothesis of aluminium sulphate 
accumulation in soils that thermodynamic parameters are subject to considerable 
uncertainty, and that the long residence times in soil may allow some species such 
as alunite to be formed over an extended time period. A systematic feature of the 
solution behaviour of aluminium minerals is the persistence of metastable 
conditions for several years or more. This makes the indirect evidence from 
groundwater composition unreliable as proof of the presence within soils of 
specific aluminium minerals. 

Drainage waters from forestry areas have aluminium concentrations surpassing 
those of drainage from adjacent moorland (Harriman and Morrison, 1982; 
Reynolds et al., 1986; Stoner and Gee, 1985); these and other changes are 
coincident with canopy closure in forests (Krug and Frink, 1983; Miller, 1984; 
Reynolds et al., 1986) when anion deposition is increased. 

Lake sediments also influence the aluminium concentrations of overlying 
waters since ion exchange and sulphate reduction there provide major mechan- 
isms for neutralisation of acidity, and hence the precipitation or solubilisation via 
humic acids which will form complexes with aluminium, maintaining its solubility 
above that predicted by equilibrium with solid-phase minerals (Baker et al., 
1985). These reactions result in direct precipitation or coprecipitation which may 
explain the reported decrease in concentrations of aluminium downstream or 
through lake systems (Johnson, 1979; Kullberg and Petersen, 1987; Wieder et al., 
1980). A significant fraction may be adsorbed to sediments (Goenaga and 
Williams, 1988). Field experiments, where aluminium has been dosed into small 
streams (e.g. Hall et al., 1987) or lakes (Playle, 1987) also confirm this finding. 

In summary, the dynamic situation in the aquatic environment is to be 
contrasted with that in soils, where metastable conditions may exist over periods 
of several years or more. It might be expected that when soil water is displaced in 
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association with that from snow melt or heavy rainfall events, equilibrium or 
steady-state conditions in water are replaced by disequilibrium and the rapid 
metamorphosis of aluminium species. The disequilibrium conditions may be likely 
to have different effects on target biota than those that pertain in sustained or 
equilibrium conditions. 

1.4.4 Aluminium in natural waters 
In surface waters, fast reacting aluminium appears to consist of A13+, soluble 
complexes with OH-, F-, SO:- and organic ligands, while slow reacting, 
“inaccessible” species such as aluminium oxyhydroxides and aluminium silicates 
are also present. Organic complexed aluminium is often the predominant form; in 
acid natural waters at Lake Gardsjon, Sweden, Lee (1985) found 10-40% in this 
form, 3-30% as AIFz’ and 3-10% as AISO:. At pH 6 the organic aluminium 
fraction predominates, and at pH 5 AIF”, leaving the aluminium hydroxy 
complexes as the principal components in the more natural pH 5 to 6 range. 
Strong organic complexes in natural surface waters further reduce the proportion 
of inorganic forms (Figure 1.5). As more aluminium is bound to organic material, 
total aluminium may increase, but these stable complexes do not easily release 
aluminium and toxicity may decrease (Kramer et al., 1989). Similar conditions 
appear to prevail in acid Nova Scotian lakes and rivers where about 90% of total 
aluminium is associated with organic components; dissolved organic materials 
there are commonly in excess of 10 mg/l (Lacroix and Kan, 1986). 

The degree of binding appears to be dependent on the humic substances (HS) 
present, as well as on pH and the amount of dissolved aluminium. An empirical 
relationship can be demonstrated for natural waters between the levels of organic 
aluminium, acidity and HS; this relationship is consistent for a wide range of 
natural samples as well as for laboratory data (Tipping et al., 1988) and is 
supported by modelling AI-HS reactions involving the carboxyl and phenolic 
groups of HS (Backes and Tipping, 1987). The model provides a reasonable 
prediction of the inorganic components of dissolved monomeric aluminium and 
supports the assumption that chemical speciation in natural waters involves 

TOTALORGANIC CARBON Imp C l L l  

Figure 1.5 
TOC in solution (after Driscoll et al.,  1982). 

Organic monomeric aluminium concentrations in Adirondack surface waters in relation to 
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4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 
PH 

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 
F+ 

Figure 1.6 Calculated shift of aluminium species distribution with temperature, 2” and 20” (after 
Lydersen, in press). 

rapidly established equilibria among A13+ and its complexes (Tipping et al., 
1988). 

Tipping (1989) compares data from Duddon streams in 1973 and 1986 to 
deduce the effect of change in the sulphate and acid deposition. Soil chemistry, 
cation weathering, evapotranspiration, N uptake by plants, aluminium dissolution 
from soil minerals, and precipitation in base rock zone andlor streambed, A13+ 
hydrolysis, and carbonate equilibria are all considered pertinent to the 
mobilisation of aluminium from soils to surface waters. 

A shift of aluminium species distribution is calculated within a realistic range of 
temperature, possibly increasing toxic components (Al(OH)’+ and Al(0H):) to 
a higher pH as temperature falls (Fig. 1.6). 

Considerable attention has been given to distinguishing the component species 
of aluminium in natural waters, both to elucidate chemical equilibria in the field, 
and to explain the variable effects observed in fish and other freshwater organisms 
especially where organic substances are present. It is clear that reported values of 
“total” aluminium in natural soft waters are misleading as a guide either to 
aluminium chemistry or to the potential toxicity to aquatic organisms and rather 
little is published with regard to the assumed or demonstrated toxic species in 
these natural waters. 
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2. LABORATORY STUDIES ON TOXICITY TO AQUATIC 
ORGANISMS 

There is some evidence from laboratory studies that A1(OH)2+ is the most toxic 
component of the labile monomeric aluminium fraction for trout and salmon 
(Fivelstad and Lievestad, 1984; Sadler and Lynam, 1987b) whereas Al(OH): 
appears to be the species most highly correlated with toxicity to algae (Helliwell 
et al., 1983). In contrast to field conditions, where the species of aluminium is 
often not known, in experimental exposures (both laboratory and field) 
aluminium is added to experimental media as soluble inorganic aluminium 
although speciation will change as equilibria are developed. In earlier studies of 
toxicity and physiological effects of “low pH,” results were seen which may not 
have been wholly attributable to increased hydrogen ion concentration. Many of 
these investigations did not specify the exposure conditions sufficiently and it is 
possible that effects reported were due to other components of the experimental 
media present at low pH rather than the effects of low pH per se; this may also 
be true in the case of aluminium toxicity. In instances where, for example, 
naturally acidified stream water was used, it is possible that effects attributed to 
aluminium may have been due to other agents. 

2.1 Mode of Action in Fish 

The physiological mechanisms of aluminium toxicity have been investigated 
mostly for fish (especially salmonid species) and there are fewer investigations on 
other organisms. Disruption of respiratory (gas) exchange across the gills, and 
impairment of ion regulation have been observed. Other sub-lethal indications of 
aluminium toxicity stress have also been reported, for instance, reduced growth, 
histopathology, aberrations in behaviour and changes in skin coloration. This 
review will focus on evidence of aluminium toxicity to European fish species, with 
confirmatory data of relevance drawn from publications on non-European fish 
species (see Annex 1). 

2.1.1 Respiratory effects 

Rosseland (1980) measured metabolism in terms of oxygen consumption, and gill 
ventilation in terms of respiratory rate (but not respiratory volume) in brown 
trout (Salmo trutta) and brook trout (Salvelinus fontinalis) at pH 5.0 with a total 
aluminium concentration of 450 pg 1-’-a combination of pH and aluminium 
reported for the Tovdal River during “acid episodes.” Brown trout showed 
significantly more “stress” symptoms than brook trout. Metabolic rate increased 
immediately on exposure and remained elevated until ceasing at death after 48 
hours. Respiratory rate was also increased to a level of permanent hyperventila- 
tion. At death the fish had reduced plasma chloride levels and the gills were 
clogged with mucus. Although the initial hyperventilatory response of brook trout 
was similar to that of brown trout, metabolic rate of the former returned to 
normal/subnormal levels after 12 hours exposure. After 42 hours, the plasma 
chloride level was normal (130 mmol/l) as was venous pOz, although the gills 
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Annex 1 Summary list of literature on aluminium effects on freshwater fish species relevant to 
European waters. 

Literature sources listed in full in bibliography, here sorted by species; not all of these sources are 
discussed in the text, but for the reader’s convenience, are listed in the references. Note that “fry” as 
used here includes larvae (yolk sac fry) as well as later stages; “juv” are juveniles. 
1. Salmo trutta (brown trout) 
Field, survival adults trace metals Andersson, Nyberg, 1984 
Lab, C1 fluxes juveniles PH, A1 Battram, 1988 
Lab, survival eggs, fry pH, cations Brown, 1981 
Lab, survival eggs, fry pH, Ca, A1 Brown, 1983 
Lab, survival fry, juv. pH, Ca, A1 Dalziel, Brown, 1984 
Lab, survival fry pH, Ca, A1 Dalziel et al., 1986 
Lab, Na fluxes fry PH, Ca, Dalziel et al., 1987 
Lab, survival fry pH pulse Dempsey, 1987 
Lab, ion fluxes fry, 2+ yr PH, A1 Fivelstad, Leivestad, 1984 
Lab, survival fry pH, Ca, A1 Howells et al., 1983 
Field, survival adults pH, misc. Hunter et al., 1980 
Field, gill acc. adults PH, A1 Karlsson-Norrgren et al., 1986 
Field, density adults PH, A1 Linlokken, 1988 
Field, survival adults, fry pH, misc. McCahon et al., 1987 
Field, physiol. adults pH, A1 Muniz et al., 1987 
Field, survival juveniles pH, A1 Muniz, Leivestad, 1980a 
Field, survival adults pH pulse Muniz, Leivestad, 1980b 
Field, survival juveniles pH pulse Muniz et al., 1979 
Field, survival adults pH, A1 Ormerod et al., 1987a 
Field, expt. adults PH, A1 Ormerod et al., 1987b 

Prigg, 1983 
Reader et al., 1988 Lab, physiol. fry pH, Mn, A1 

Lab, physiol. fry trace metals Reader el al., 1989 
Lab, ion fluxes fry pH, Cd, Mn, A1 Reader, Morris, 1988 
Lab, metab. juveniles PH Rosseland, 1980 
Field, survival adults PH, Ca Rosseland, Skogheim, 1987 
Field, physiol. 1-2 yr pH, A1 Rosseland et al., 1986 
Lab, growth 2+ yr pH, Ca, A1 Sadler, Lynam, 1987 
Lab, devel. fry PH, A1 Sadler, Lynam, 1989 
Lab, gills fry PH, A1 Segner et al., 1988 
Lab, survival eggs, fry PH, A1 Skogheim, Rosseland, 1984 
Field, survival adults pH, A1 Skogheim et al., 1984 
Field, distrib. adults pH, Ca, A1 Stoner, Gee, 1985 
Field, distrib. all pH, Ca, A1 Turnpenny et al., 1987a 
Field, distrib. all pH, misc. Turnpenny et al., 1987b 
Field, survival eggs, fry pH, Ca, A1 Weatherley et al., 1989 
Field, distrib. adults PH Wright, Snekvik, 1979 

Field, distrib. adults PH 

2: Salmo salar (Atlantic salmon) 
Lab, survival 
Lab, ion fluxes 
Field, survival 
Lab, gills 
Field, status 
Field, plasma 
Field, survival 
Field, physiol. 
Field, survival 
Field, ion fluxes 
Field, physiol. 
Field, survival 

fry 
fry, 2+ yr 
adults 
eggs, fry 
all 
adults 
eggs, fry 
eggs, 2+ yr 
fry 
1+ yr 
parr 
fry 

pH, Si, A1 
PH, A1 
pH, Ca, A1 
PH, A1 
pH, misc, 
pH, misc. 
pH, misc. 
pH, misc. 
pH, misc. 
pH, misc. 
pH, misc. 
PH, A1 

Birchall et al., 1989 
Fivelstad, Leivestad, 1984 
Henriksen ef al., 1984 
Jagoe et al., 1987 
Haines, 1987 
Lacroix, 1985a 
Lacroix, 1985b 
Lacroix, 1989 
Lacroix et al., 1985 
Lacroix et al., 1989 
Lacroix, Townsend, 1987 
Leivestad et al., 1987 
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Amex 1 (continued) 

Field, survival 
Field, survival 
Lab, Na fluxes 
Lab, physiol. 
Lab, physiol. 
Lab, physiol. 
Field, survival 
Field, physiol. 
Lab, survival 
Field, survival 
Field, survival 
Lab, survival 
Lab, survival 
Field, survival 
Field, survival 
Field, survival 
Lab, gills 

fry 
fry 

eggs, fry 

eggs, fry 

eggs, fry 

spawners 

1-2+ yr 

all 
1-2+ yr 

smolts 
adults 
smolts 
smolts 
smolts 
smolts 
spawners 
1-2+ yr 

pH, Al, misc. 
pH, Al, DOC 
PH, A1 
PH, A1 
PH, A1 
pH, Ca, A1 
PH, Ca 
PH, A1 
PH, A1 
PH, A1 
PH 
pH, bases 
pH, humic subs. 
pH pulse 
pH, lime 
PH, A1 
PH, A1 

3. Salmo gairdneri = Oncorhynchus mykiss (rainbow trout) 
Lab, field, gills juveniles PH, A1 
Lab. physiol. 2+ yr PH, A1 
Lab, survival 1+ yr PH, A1 
Lab, plasma 2+ yr PH, A1 
Field, physiol. adults PH, A1 
Lab, plasma juveniles PH 
Lab, survival adults PH, A1 
Lab, survival adults PH, A1 
Lab, plasma adults PH, A1 
Lab, respir. adults pH, Al, NaCl 
Lab, physiol. juveniles PH, A1 
Lab, toxicity fry to 2+ pH, Ca, Al 
Lab, respir. adults PH, A1 
Lab, physiol. adults pH, Ca, Al 
Field, mortality 1-2+yr PH, A1 
Lab, physiol. eggs, fry pH, Ac, A1 
Lab, plasma 1 +  yr pH, Ca, A1 
Lab, haematol. 1+ yr PH, A1 
Lab, physiol. 1+ yr PH, A1 
Lab, tissues adults PH, A1 

Lab, survival eggs, fry PH, A1 
Lab, ion fluxes adults PH, A1 
Lab, ion fluxes juveniles PH, A1 
Lab, toxicity ygs ,  fry PH, A1 
Lab, survival pH, Al, Fe 
Field, survival adults pH pulse 
Field, tissues adults pH, trace metals 
Field, survival eggs, fry PH, A1 
Lab, ion fluxes eggs, fry pH, Ca, A1 
Field, ion fluxes 1-2+ yr pH, Al, misc. 
Field, Na flux adults PH, A1 
Lab, metab. juveniles PH 
Lab, physiol. 1-2+ yr PH, A1 
Lab, survival all PH, A1 
Lab, survival juveniles PH, A1 
Lab, survival eggs, fry PH, A1 

4. Salvelinus fontinah (American brook trout) 

McCahon et al., 1987 
Peterson et al., 1989 
Potts et al., 1989 
Rosseland, Skogheim, 1982 
Rosseland, Skogheim, 1984 
Rosseland, Skogheim, 1986 
Rosseland et al., 1986 
Rosseland ef al., 1986 
Skogheim, Rosseland, 1984 
Skogheim, Rosseland, 1986 
Skogheim et al., 1984 
Skogheim ef al., 1986a 
Skogheim ef al., 19861, 
Skogheim et al., 1987 
Skogheim et al., 1987 
Skogheim ef al., 1984 
Stuarnes et al., 1984 

Evans et al., 1988 
Freeman, 1973 
Freeman, Everhart, 1971 
Goss, Wood, 1988 
Harvey, McArdle, 1986 
Heming, Blumhagen, 1988 
Hunter ef al., 1980 
Jones et al., 1983 
Malte, 1986 
Malte, Weber, 1988 
Neville, 1985 
Neville, Campbell, 1989 
Ogilvie, Stechey, 1983 
Playle et al., 1989 
Rosseland, Skogheim, 1984 
Thomsen et al., 1988 
Witters, 1986 
Witters et al., 1987a 
Witters et al., 1987b 
Youson, Neville, 1987 

Baker, Schofield, 1980 
Booth et al., 1988 
Chevalier et af., 1987 
Cleveland et al., 1986 
Decker, Menendez, 1974 
Gagen, Sharpe, 1987 
Haines et al., 1987 
Hunn et al., 1987 
Ingersoll et al., 1985 
Lacroix ef al., 1989 
McDonald, Milligan, 1988 
Rosseland, 1980 
Rosseland, Skogheim, 1984 
Schofield, Trojnar, 1980 
Siddens et al., 1986 
Skogheim, Rosseland, 1984 
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Annex 1 (continued) 

Field, survival 
Lab, respir. 
Lab, physiol. 
Lab, ion fluxes 
Lab, plasma 
Lab, physiol. 
Lab, survival 
Lab. survival 

adults 
2+ yr 
adults 
fry 
adults 
adults 
eggs, fry 
eggs, fry 

5.  Other species, considered relevant in European waters 
5.1 Saluelinus namaycush (American lake trout) 
Field, survival sac fry pH pulse 
Lab, survival eggs, fry PH, A1 
Lab, survival eggs, fry PH, A1 
5.2 Coregonus albula (Cisw, whitefish) 
Field, survival adults PH, Al 
5.3 Catastomus commersoni (common sucker) 
Lab, survival eggs, fry 
Field, plasma adults 
5.4 Anguilla anguilfa (Atlantic eel) 
Lab, survival elvers 
5.5 Gasterosteus aculeatus (stickleback) 
Lab, survival adults 
5.6 Perca fiuviatilb (European perch) 
Field, survival adults 
Field, survival adults 
Field, survival adults 
Field, fecundity embryos 
Perca flauescens (yellow perch) 
Field, population adults 
Field, histology adults 
5.7 Tinca tinca (tench) 
Lab, physiol. adults 
5.8 Alosa pseudoharengus (alewife) 
Field, plasma adults 
5.9 Brachydanio rerio (zebra fish) 
Lab, survival eggs, fry 

PH, A1 
pH, misc. 

PH, A1 

pH, metals 

PH, A1 
pH, A1 
PH 
pH, Ca, Mg 

PH 

PH 

pH, CI cells 

pH, misc. 

pH, Cd, Fe, Al 
5.10 Micropterus dolomieui (small-mouth bass) 
Lab, survival fry PH, A1 
5.11 Pimephales notatus (fathead minnow) 
Field, histology adults pH, C1 cells 
Field, survival adults, fry PH, A1 
5.12 Lepomb gibbosus (pumpkinsed) 
Field, population adults PH 
5.13 Cyprinus carpi0 (common carp) 
Lab, survival adults PH, Al 
5.14 Mixed species 
Lab, survival eggs, fry PH, A1 
Field, diversity adults pH, misc 
Field, diversity adults pH, Ca, Al 

Skogheim et al., 1984 
Walker et al., 1988 
Wood et al., 1988b 
Wood et al., 1989 
Wood et al., 1988a 
Wood et al., 1988c 
Hutchinson et al., 1987 
Hutchinson et al., 1989 

Gunn, Noakes, 1987 
Hutchinson et al., 1987 
Hutchinson et al., 1989 

Grahn, 1980 

Baker, Schofield, 1980 
Lacroix, 1985 

Fjellheim et al., 1985 

Jones, 1939 

Linlokken, 1988 
Grahn, 1980 
Rask, Virtanen, 1986 
Valtonen, Laitinin, 1988 

Sun, Harvey, 1986 
Leino et al.,  1987 

Jensen, Weber, 1987 

Lacroix, 1985 

Dave, 1985 

Kane, Rabeni, 1987 

Leino et al., 1987 
McCormack et al., 1989 

Sun, Harvey, 1986 

Muramoto, 1981 

Holtze, Hutchinson, 1989 
Baker et al., 1984 
Wales, Beggs, 1986 
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were apparently still clogged with mucus. Histopathological changes and in- 
creased mucus production in the gills of fish may inhibit gaseous exchanges across 
the gill membrane; thus at low pH and high aluminium, death may be due to 
respiratory failure rather than impaired ion regulation (Make, 1986; Rosseland et 
al., 1988; Wood and McDonald, 1987). Neville (1985) found that in a slightly 
acidic water mortality was due to respiratory failure, but as acidity was increased 
(to pH <5.0) ion regulatory failure was the prime cause of death. Hyperventila- 
tion is a specific response to labile aluminium exposure; it is reversed by citrate 
additions (Rosseland et al., 1988). Muniz and Leivestad (1980a, 1980b) reported 
that venous blood samples from brown trout exposed to low pH and raised 
aluminium concentrations showed lowered oxygen tension, but blood Pco2 and 
pH were unaffected. Coughing, and clogging of the interlamellar spaces in the 
gills, was observed at pH and aluminium combinations which caused other 
physiological stress symptoms. 

Similar results with S.  fontinalis are reported by Wood et al., (1988). Playle et 
al., (1989) found respiratory effects at pH 5.2 only when aluminium (105 pg/l) 
was present, but this response was moderate with higher calcium (20 mg/l). 

2.1.2 Ion regulatory eflects: haematocrit and blood composition changes 

Muniz and Leivestad (1980a and b) analysed venous blood plasma of brown trout 
exposed to elevated aluminium concentrations at low pH for osmolality and the 
ions Na+, K+, Ca2+, Mg2+ and C1-; plasma Na+ and C1- declined rapidly at toxic 
aluminium levels. A greater response, in terms of plasma ion disturbance, was 
found with 900pg total Al/1 added as aluminium sulphate at around pH5.0, 
while at pH 4.3 and 4.5 the response was less, and at pH 6.0 plasma ion levels 
remained normal. This concentration of total aluminium is unrealistically high 
compared with most field observations but further experiments in the field at 
pH 5.0 showed that 190 pg total Al/1 added as sulphate reduced plasma chloride. 
In contrast, at pH 4.4, the addition of 380 pg Al/1 moderated the effect of acid 
exposure compared with the effect on plasma ion levels at this pH when no 
aluminium was added. 

Similar plasma ion disturbance in Atlantic salmon (Salmo salar) was observed 
by Rosseland and Skogheim (1982). Haematocrit and plasma chloride levels were 
measured in pre-smolt stage fish after exposure to total aluminium concentrations 
of 186-531 pgfl at pH 4.9-5.0. Haematocrit increased and plasma chloride 
dropped after exposure to all aluminium concentrations tested, the highest 
concentrations producing the most dramatic changes. The increase in haematocrit 
was attributed to a reduction in blood volume, rather than to cellular swelling, 
but no measurements were made to confirm this. The rate at which the plasma 
chloride level in salmon dropped (0.88 mmol Cl/h) was considerably more rapid 
than for brown trout (0.33mmol Cl/h) exposed to similar conditions of 
aluminium and pH, although there was a higher water conductivity in the salmon 
experiment (Muniz and Leivestad, 1980a). Wood et al. (1988a), using brook 
trout, found that addition of 333 pg total Al/1 at pH 4.4 and 4.8 caused a marked 
decrease in plasma Na and C1 concentration and a moderate disturbance to blood 
gas partial pressures before death. 

Flux studies (Dalziel et al., 1986, 1987), using brown trout, showed that total 
aluminium additions (as chloride) above about 40 pg/l at pH 4.5 and 4.0 severely 
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inhibited Na uptake but had no effect on Na efflux. Inhibition of Na uptake was 
not observed with the addition of aluminium at pH5.4. Booth et al. (1987) also 
found inhibition of Na uptake in brook trout and rainbow trout (Salmo 
gairdneri = Oncorhynchus mykiss), but in contrast, they found efflux stimulated, 
although it returned to control levels over 24-48hours of exposure. Influx 
inhibition persisted indefinitely and was responsible for net Na loss over the long 
term. Inhibition of active Na uptake is consistent with decreased Na-K-ATPase 
and carbonic anhydrase activity found in Atlantic salmon and rainbow trout 
exposed to 200pg total Al/1 at pH5 (Reite and Stuarnes, 1987; Stuarnes et al., 
1984). In contrast, McDonald and Milligan (1988) found an increase in 
Na-transport in brook trout at pH 5.2 with 150 pg Al/l. 

Exposure of juvenile rainbow trout to pH 4.0-4.5 with 76 pg inorganic Al/1 
resulted in mortality due to electrolyte loss (Neville, 1985), although survival time 
at pH4.0 with aluminium present was greater than at pH4.0 alone. Similar 
results were found by Playle et al. (1989). 

A comparative study of the effects of elevated aluminium and low pH on 
salmon, sea and brown trout, and brook trout by Rosseland and Skogheim (1984) 
further confirmed a decrease in plasma C1 concentration and an increase in 
haematocrit (except for brook trout). This study also demonstrated the 
difference in sensitivity to high aluminium/low pH combinations seen in different 
fish species. Salmon (particularly the pre-smolt stage) were most sensitive, 
followed by sea trout and brown trout, with brook trout being the most resistant. 
Other plasma chloride concentration measurements have been made by 
Leivestad and Muniz (1976) at fishkill sites following acid episodes in the River 
Tovdal (brown trout) and by Skogheim et al., (1984) during a salmon kill in the 
River Ogna. In both cases, plasma C1 levels of fish from the area of fishkill were 
about 15% lower than normal; the Tovdal brown trout returned to the normal 
levels after 10 days. 

The clogging of the gills by mucus already reported (Muniz and Leivestad, 
1980a; Rosseland, 1980) was also observed in the experiments of Rosseland and 
Skogheim (1982, 1984) on pre-smolt salmon, when the aluminium concentration 
of the water was increased to the supersaturated concentrations used in earlier 
studies, suggesting that it is associated with oversaturation of aluminium with re- 
spect to the insoluble phase, A1(OH)3. A similar supersaturation of aluminium (at 
about 200 pg total Al/I at pH 5.4) was invoked to explain an increase in alumin- 
ium in the gills of salmon found dead in the River Ogna (Skogheim et al., 1984). 

Precipitated aluminium on the gill surfaces is possibly due to increased 
ammonium (NHZ) excretion at the gill, causing irritation and oedema, lamellar 
fusion and increased mucus and chloride cell production (Jagoe et al., 1987; 
Karlsson-Norrgren et al., 1986; Schofield, 1977; Schofield and Trojnar 1980; 
Youson and Neville, 1987), but this response is not universal and mucus 
production may be irrelevant in natural conditions (Rosseland et al., 1989). 

Increased aluminium concentrations in blood plasma have not been found, 
although some has been detected in gill tissues (Lacroix et al., 1989; Rosseland et 
al., 1989) (see paragraph 3.1). 

2.1.3 Sublethal effects: development and growth 

Adverse effects of aluminium on development and growth of larval fish have been 
documented. Baker and Schofield (1982) found that development of brook trout 
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larvae was very slow when they hatched in media with over-saturated aluminium 
concentrations (pH5.2 and 5.5 with 300 and 500pg Al/1 added as chloride). 
Stressed larvae were small, and had large quantities of yolk sac still remaining at 
a time when control larvae had begun feeding and swim-up; the same observation 
was made by Reader et af. (1988) for brown trout larvae exposed over 30 days to 
sublethal levels of aluminium at pH5.4 and 4.5. In addition to grossly impaired 
development, delayed skeletal calcification was also reported along with reduced 
uptake of calcium, sodium and potassium. In contrast, Wood et al. (1989) found 
that the effect of total aluminium (12 to 1000 pg/1 on the net uptake of these ions 
in brook trout larvae and fry was parabolic, with intermediate concentrations 
having a slight positive influence. Depressed growth and development of brook 
trout larvae with aluminium exposure at pH 5.4 and 4.5 was found by Cleveland 
et al. (1986) who noted that although inactive most of the time, exposed larvae 
tended to scrape their abdomens or sides along the bottom of the exposure vessel 
instead of assuming the normal posture. Skogheim and Rosseland (1984) found 
that the period of development from fertilisation to the initiation of feeding for 
Atlantic salmon, sea trout, brown trout and brook trout in terms of degree-days, 
was significantly longer in acid streams (pH 5.6-4.8, 93-183 pg labile Al/1) than 
in lake water at pH 6.4-6.8 containing 10 pg labile Al/l. 

Retarded growth of yearling brown trout was recorded by Sadler and Lynam 
(1987) with concentrations of inorganic aluminium greater than 27 pg/l at 
pH 4 . 5 ;  increasing the ambient calcium concentration ameliorated the effect of 
aluminium (see Section 2.4.1). 

There is little reported information for non-salmonid species physiology (see 
Annex Table). Fjellheim et al. (1985) observed lower activity and increased 
secretion of mucus from the gills and the body of European eel (Anguiffa 
anguilla) elvers before death at pH 5.1 with 230 pg total AM. 

Histopathological changes and increased mucus production in the gills of fish 
may inhibit gaseous exchanges across the gill membrane; at low acidity and high 
aluminium, death has been attributed to respiratory failure rather than to 
impaired ion regulation (Malte, 1986; Rosseland et al., 1989; Wood and 
McDonald, 1987). 

2.1.4 EffecrS at p H  2 7.0 

There is little concern for concentrations of aluminium <lmg/l  in waters of 
pH >6.5, and this is reflected in the paucity of work to investigate effects at 
circumneutral or alkaline pH. In these conditions it is not possible to distinguish 
organic or inorganic forms by simple procedures, nor are non-toxic organic forms 
established. As a consequence, aluminium has to be considered as “total,” 
excluding the clay fraction (which would be included in an acidified sample). 
There appears to be no direct relationship between pH and aluminium toxicity at 
pH>6.5 to 7.8, and there are insufficient data to show whether there is such a 
relationship at pH 7.8 to 9.0. 

Discharge of aluminium compounds from industrial plant or water treatment 
works justifies interest in toxicity of aluminium at pH >7.0 (Hunter et al., 1980). 
In these conditions, dissolved aluminium is largely in the form of Al(0H);. 
There is some evidence that concentrations <1mg Al/1 may be toxic. Effects 
reported include death in rainbow trout at 400-500 pg A1/1 (Birge et al., 1980), in 
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goldfish (Carassius auratus) embryos and fry at 150pg/l (Birge, 1978), and in 
largemouth bass (Micropterus salmoides, a North American species) at 170 pg/l 
(Birge, 1978). Other sublethal symptoms of aluminium stress are reported; 
Freeman and Everhart (1971) found that rainbow trout fingerlings exposed to 
>500 pg Al/1 showed reduced activity, cessation of feeding, equilibrium prob- 
lems, gill hyperplasia and darkening of skin colour in the pH range 7 to 9. 
Rainbow trout juveniles exposed to 52 pg Al/1 over 45 days at pH 7 to 9 showed 
no effects (Freeman and Everhart, 1971). 

2.2 Physiological Effects on Other Aqua tic Organisms 

It is speculated that algae sensitive to acid and aluminium lack a protective 
plasmalemma, so that aluminium penetrates the cell and becomes localised near 
the nucleus (Stokes et al. cited by Havas and Jaworski, 1986). One effect is an 
inhibition of algal motility (Tease and Coler, 1984) related to plasmolysis and 
membrane function. Chronic exposure of desmids (1 mg total Al/I) leads to loss 
of spines, suggesting that aluminium complexation leads to phosphorus limitation 
(Butcher, 1987). Reduced phosphate uptake (by 50%) is reported (Paul, 1984) at 
total aluminium concentrations of 200 pg/l and 100 pg/l in two lakes, pH 6.1 to 
6.6 and 5.2 to 6.2. Algal communities respond to aluminium exposure over the 
long term by increase in phosphatase production to maintain the enzymatic 
recycling of organic phosphates (Jansson, 1981); algal phosphatase activity in an 
acid lake with total aluminium 300 pgll was ten times higher than expected. 

Aquatic macrophytes appear to be unaffected (Rosseland ef af . ,  1989) and are 
relatively tolerant of aluminium in water (Butcher, 1987); however, as in sensitive 
terrestrial species, aluminium appears to affect both calcium and phosphorus 
levels, and symptoms of toxicity may resemble those of phosphate or calcium 
deficiency. An inhibition of root growth is reported for Myriophyllum spicafum 
(water milfoil), as with sensitive terrestrial plants (Stanley, 1974). Liverwort 
(Nardia compressa) has been shown to contain large residues of aluminium, up to 
40 mg/g dry wt (Tipping and Hopwood, 1988). 

In invertebrates, as in fish, aluminium toxicity often impairs ion regulation; for 
example, the sodium and chloride levels of the blood and tissues are reduced in 
the water flea (Daphnia catawba) and sodium uptake is inhibited and efflux 
increased (Havas, Hutchinson and Likens, 1984). Acute aluminium toxicity over 
47 hr occurs at >300pg/l at p H 5  to 6.5 in soft water (2.5mg Ca/l) (Havas, 
1985). A toxicity threshold for crustacean zooplankton in general is thought to be 
>lo0 pg/1 over the pH range 5 to 8.5 (Butcher, 1987). 

Aluminium seems to attach to the chloride cells of sensitive species, but not in 
tolerant species such as Holopedium sp., Chaoborus sp. or Chironomus arthro- 
cinus. A significant decrease in the body calcium of D. catawba (Havas and 
Likens, 1985), and of the crayfish (Urconectes virilis) (Malley and Chang, 1985) is 
also associated with aluminium exposure. A further effect of aluminium exposure 
in invertebrates is an increased respiration rate, observed in mayfly nymphs 
(Ephemera danica, Heptagenia sulphurea) at levels of 500 pg/l and 2 mg total 
Al/1 (Hermann and Anderson, 1985). This could be the result of poor oxygen 
transport linked with greater osmoregulatory and ion transport stress, or of the 
physical impact of aluminium deposition at the gill surface. 
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2.3 Toxicity to Fish 
2.3.1 Eggs 
Most studies of the toxicity of aluminium to fish eggs have been made in acid 
conditions, and for a number of species a protective effect of aluminium, 
counteracting the toxic effect of increased hydrogen ion concentration (pH 4), 
has been demonstrated. It should be emphasised that this general effect of 
aluminium at low pH is applicable to egg survival and hatch; during and 
immediately after hatching, aluminium can have an opposite, deleterious, effect 
on the survival of the emergent larvae (see below) at low pH. The presence of 
aluminium has also been shown to be deleterious to embryo development and egg 
hatching. 

The most studied species is the American brook trout. Using a medium of 
dechlorinated, softened tap water (2.2 mg Ca/l) Baker and Schofield (1982) found 
that at pH 4.2 addition of 200 pg Al/1 increased egg hatch from 0 to 52%, 
compared with the hatch when aluminium was absent, and at pH4.4 addition of 
100pg Al/1 increased hatch from 58% to 83%. With 300pg total Al/1 and 
pH 4.5, mortality was significantly reduced and the hatch of brook trout eggs 
increased from 6% in the absence of aluminium to 45.9% (Hunn et al., 1987); a 
similar beneficial effect of aluminium was also demonstrated by Ingersoll et al. 
(1985) at low pH (4.4-5.2). Complete survival of eggs of Atlantic salmon was 
obtained at pH5.0 within a range of 186 to 531 pg Al/1 (Rosseland and 
Skogheim, 1982). Eggs of brook trout, Atlantic salmon, sea trout and brown 
trout, all reared in acid brook water containing 20-13Opg labile Al/1 at 
pH 4.8-5.6, suffered little mortality until time of hatch (Skogheim and Rosseland, 
1984). In contrast, Cleveland et al. (1986) found that egg mortality and hatch of 
brook trout in a soft water medium were not significantly affected with 300 pg 
Al/1 (nominal concentration) at pH4.5, 5.5 or pH7.2. Baker and Schofield 
(1982), found that, at higher pH, addition of aluminium reduced hatch; 500pg 
Al/1 at pH5.2 reduced hatch from 98% to 88%, and 300pg Al/1 at pH5.5 
reduced hatch from 93% to 80%. 

Aluminium chloride added to water (3200 pg AM) at pH <5.0 protected eggs 
of white sucker (Catostornus cornrnersoni) by increasing survival through to the 
eyed stage, but not through to hatching. At pH5.2 and above, aluminium re- 
sulted in embryo deformities and a successful hatch of only 1% (Baker and Schofield, 
1982). Little effect of aluminium up to 10 mg/l and a pH range of 4 to 7 was found 
on the egg hatch of zebra fish (Brachydanio rerio), although aluminium tended to 
counteract the deleterious effects of the lower pH exposures (Dave, 1985). 
However, this author employed organic buffers for pH control, and most 
aluminium would be complexed. 

2.3.2 Larvae 
(The term larvae will be restricted to the yolk-sac stage from hatching to the point 
at which feeding begins, i.e. the swim-up stage. The term fry will encompass the 
stages of development from swim-up until juvenile i.e. until 1+ year-old). 

Baker and Schofield (1982) found 300 pg total aluminium/l at pH 4.2 and at 
“oversaturate&’ levels at pH 5.2 and 5.5 to be toxic to brook trout larvae. Hunn 
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et al. (1987) also found that 300pg Al/1 at pH4.5 and 5.5 was highly toxic to 
brook trout larvae, particularly at pH 5.5 where 100% mortality occurred within 
15 days. However, in water of a higher calcium concentration, 300pg Al/1 at 
pH 4.5 did not result in significantly greater mortalities than with no aluminium, 
but at pH 5.5 there was, once again, significantly greater mortality when 
aluminium was present (Cleveland et al. 1986) (see para 2.4.1). Ingersoll et al. 
(1985) also found reduced survival of brook trout larvae with low pH (4.4) and 
aluminium concentrations over the range 12-1000 pg total AM. 

In contrast to these findings, Brown (1983) found nominal additions of 250 and 
500 pg Al/1 (added as AlClJ at pH 5.4 to 4.5 deleterious to the survival of brown 
trout larvae over 16 days; Skogheim and Rosseland (1984) found that over a 
three-week hatching period the cumulative mortalities for larvae of salmon, sea 
trout, brown trout and brook trout, were 38.9%, 99.1%, 61.0% and 12.4% 
respectively in natural acid water (pH 5.6 to 4.8) with 93 to 183 pg labile AM. 
Mortality continued after hatching, with cumulative mortality increasing to >99% 
for sea trout, >93% for salmon, 87% for brown trout and about 13% for brook 
trout. White suckers in the presence of 1OOpg Al/1 at pH5.0-5.5 showed 
substantially reduced survival; at lower pH there was 100% mortality over 13 
days even in the absence of aluminium (Baker and Schofield, 1982). 

2.3.3 Fry and juveniles 

(Fry and juveniles are taken to include the swim-up stage until sexual maturity.) 
It is generally believed that sensitivity to aluminium increases with age (e.g. 

Baker and Schofield, 1980; Brown, 1983), although there are rather few studies 
where the same exposure conditions have been used with a range of life stages. 
Some studies using different life stages suggest, in contrast, that this may not 
always be true (Dalziel and Brown, 1984; Fivelstad and Leivestad, 1984). 

Brook trout fry and juveniles are the most investigated species, as for eggs and 
larvae. Fry which had been held for 37 days since hatching in a soft water medium 
at pH7.2 without aluminium and were then exposed to pH5.5 and 4.5 with 
either 0 or 300 pg Al/1 (as chloride) showed significantly greater mortality in the 
presence of aluminium (Cleveland et af., 1986). Schofield and Trojnar (1980), 
using brook trout fry over a pH range from 4.0 and 5.2 and aluminium (as 
chloride) up to lo00 pg/1, found no effect additional to the toxicity of hydrogen 
ion at pH4.0, but above pH4.4 concentrations greater than 1OOpg Al/1 caused 
significantly greater mortality. With 100 pg Al/1 or less, mortality was reduced at 
pH 4.4 and was minimal at pH 4.9 and 5.2. Baker and Schofield (1982) found that 
aluminium chloride additions of 200 pg Al/1 or greater at pH 4.2-5.5 adversely 
affected brook trout fry survival. The effects of these conditions on this life stage 
were more severe compared with those on larvae, but a trend to greater 
susceptibility in older fish was not found in white suckers in the same study. 

For brown trout, Brown (1983) found that the median period of survival was 
significantly shorter after the swim-up stage than for yolk sac fry of brown trout 
exposed to pH 5.4 with 500 pg Al/l, while Fivelstad and Leivestad (1984) found 
Atlantic salmon swim-up fry were more sensitive to 110-300pg Al/1 at pH5.5 
than were larvae 2 weeks younger. Dalziel and Brown (1984), however, found an 
inconsistent pattern of susceptibility of brown trout from larvae though to post 
swim-up stage over the range 25-200 pg Al/1 (added as A1C13). The presence of 
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250 and 500 pg total Al/1 prolonged survival times of one-year-old brown trout at 
pH 4.0 and 3.5 in deionised river water to which dilute sodium chloride had been 
added to restore total ionic strength (Brown, 1981). 

Unpigmented elvers of the European eel suffered only few mortalities in water 
at pH6.6 and 5.1 with less than 170pg AM but with 230pg Al/1 at pH5.1 
mortality increased significantly (Fjellheim et al., 1985). 

2.3.4 Adults 

(Adults are here considered as sexually mature fish). Fewer toxicity studies have 
been performed on fish 2+ years and older, than with egg, larval and fry stages, 
possibly because of difficulties involved in keeping and handling adult fish. 
Rosseland and Skogheim (1984) found 100% mortality within 48 hours at 
pH 4.9-5.0 of Atlantic salmon pre-smolts (age 2+) with a mean concentration of 
245pg labile Al/l. At higher concentrations of labile aluminium (313 and 
463 pg/l), 100% mortality was reached in about 30 hours. Two-year-old salmon 
were thus more sensitive than one-year-olds which suffered 100% mortality within 
64 hours with a mean concentration of 463pg labile Al/l. A similar marked 
difference in sensitivity between 1+ and 2+ fish was not recorded for brown trout 
in the same study. Potts et al. (1989) found physiological changes (impaired ion 
regulation) and mortality in prespawning (migrating) adult Atlantic salmon, 
exposed over 48 h to >500 pg Al/1 (as the chloride) and pH 5, and transferred 
directly from sea to fresh water. The normal rate of sodium loss during upstream 
migration was enhanced and sodium uptake rate was reduced, so that plasma 
sodium dropped. However, such ion imbalance is characteristic of salmon during 
the initial passage from sea to fresh water. 

Booth et al. (1988) exposed adult brook trout for 11 days to a matrix of acidity, 
calcium and aluminium concentrations (pH’s4.4, 4.8 and 5.2, A1 111, 333 and 
1000,ug/l; Ca 25 and 400ueq/l). Sodium fluxes following the lower aluminium 
exposures returned to normal levels after about 72 h, even at pH 4.8. Wood et al. 
(1988) also showed that adult brook trout were able to acclimate to adverse pH, 
Ca, and A1 conditions over a 100 week exposure period. No respiratory 
symptoms were observed with sub-lethal acid exposure (pH 5.2), nor with 
sublethal acid with 333 pg AI/I, but significant differences in blood acid-base 
balance were found at low calcium (25ueq/l). It was also concluded that prior 
exposure to sublethal conditions of pH, Al, and Ca generates an acclimatory 
response to more severe acid and aluminium exposure both in respect to ion 
regulation and respiratory response. Thus fish in natural conditions will have a 
greater resistance to short term peaks of aluminium in association with episodes 
of acidity. 

2.3.5 Toxicity at p H  2 7.0 
Little information is reported of the effects of aluminium exposure at pH levels 
in the circumneutral to alkaline range, pH 7.0 to 9.0. 

Zebra fish exposed at pH 7.0-7.5 and pH 7.9-9.0 with >500 pg Al/1 showed 
reduced hatch (Dave, 1985). Freeman and Everhart (1971) used dechlorinated 
tap water to which aluminium and NaOH were added to investigate the toxicity 
of aluminium over 45 days to rainbow trout fingerlings in the alkaline pH range, 
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Table 2.1 Summary of effects of exposure of aquatic species to aluminium in the pH range >6.5 to 9.0 

ClassJspecies p H  A1 Time Effects reported Reference 

Diatom: 
Cyclotella 
meneghiniana 
Algae: 
Selenastrum 
cap ricornatum 
Selenastrum 
capricornatum 
Crustacea: 
Daphnia magna 
Insecta: 
Tanytarsus 
dissimilis 
Pisces: 
Salmo gairdneri 
-ew 
-fingerlings 

-embryos, fry 

-fingerlings 
-fingerlings 
-fingerlings 
-fingerlings 
Salmo trutta 

7.9 

7.6- 
7.5 

8.2- 
7.5 
7.7 

6.8 

7.2 
7.3- 
6.6 
7.4 

8.0- 
8.5 
7.0 
7-9 
6.9 

0.81 

0.57- 
<o. 2 

0.46- 
<0.2 
0.32 

0.83 

0.50 
0.51 

0.56 
-0.37 
50.0 
50.0 
50.0 
0.05 
0.14 

8 d  

4 d  

4 d  
21 d 

55 d 

8 d  
44d 

28 d 

10 d 
10 d 
10 d 
45 d 
10 mo 

Growth inhibition 

Biomass reduced; EC,, 
at 96 hr exposure 

As above 

Reduced reproduction 

37% mortality 

56% mortality 
<SO% mortality 

Death and deformity 

40% mortality, 96 hr 
100% mortality, 42 hr 
No effects 
No effects 
Gill deformity, skin 
dark, incr. respir 

EGO 

Rao, Subramian 

Call et al. 

Call et al. 

Biesinger, 
Christiansen 
Lamb and 
Bailey 

Holtze, 
Freeman and 
Everhart 
Birge et al. 

Hunter et a1 
Hunter et a1 
Hunter et a1 
Freeman, Everhart 
Karlsson-Norrgren 

pH 7.0-9.0. Mortalities and behavioural aberrations were observed with a 
concentration of 5.4mg Al/1 throughout the range of pH, being most 
pronounced at pH9.0. Over a period of 10 days, Hunter et al. (1980) found no 
mortality of rainbow trout fingerlings at 50 mg Al/1 at pH 6.0 and 7.0; increasing 
the aluminium concentration to 200mg/l at pH7.0 failed to produce any 
mortality. However, Hunter et al. (1980) reported rainbow trout mortalities with 
50 mg Al/1 at pH 8.0, 8.5 and 9.0. 

Effects of aluminium at pH >6.5 are summarised in Table 2.1; diatom growth is 
inhibited at 0.8 mg/l, and algal biomass reduced at 0.6 mg/l; a daphniid showed 
reduced reproduction at 0.3mg/l. It should be noted that these single reports 
need support from further investigations. 

2.4 
Although most aluminium toxicity studies have concentrated on fish, some studies 
have used other aquatic organisms possibly significant in the food chain. 

Toxicity to Other Aquatic Organisms 

2.4.1 Invertebrate fauna 

2.4.1.1 Introduction. In comparison with fish, there are fewer data available on 
the toxicity of aluminium, or its fractions, to invertebrates. While there are some 
studies of invertebrate occurrences at field sites where aluminium has been 
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analysed, this begs the question of whether the absence of a particular biological 
species is attributable to an excessive concentration of this putative toxic agent, or 
to another cause. There is now, however, a growing literature reporting on 
laboratory exposures of selected invertebrate species to aluminium, but these 
tests have often not been carefully designed, nor adequately monitored, so that 
the exposure conditions are sometimes in doubt. Furthermore, the invertebrates 
present a greater diversity of physiology where a common response to a toxic 
agent is unlikely; those groups which have ion-regulatory systems analogous to 
those of fish seem to be those most probably affected by aluminium. Only a 
limited variety of species have been tested, and only some life stages, so that the 
body of information is much less than for fish. Almost nothing is known about 
sublethal effects on invertebrate species and only very few papers try to analyse 
the mechanisms of toxic action. The potential for field exposure trials has scarcely 
been recognised, although one or two such experiments are now reported 
(Ormerod et al., 1987; Hall et al., 1985). 

In this review, help has been sought from recent Canadian reviews (Brett, 
1989; Butcher, 1987; Neville, 1987) with selection of those species or genera 
which are common or analogous with Europe. Recent literature (to end 1989) 
reporting on European species has also been assessed and summarised. It has 
often been assumed that invetebrates must be as sensitive to aluminium as fish, 
and that toxic mechanisms are also similar. The evidence for this assumption will 
be assessed in the light of the information available. 

2.4.1.2 Protozoa: There appears to be wide variation in tolerance of protozoan 
species; Peranema trichophorum and Euglena gracilis exposed to unrealistically 
high concentrations, 560 and 1OOOmg Al/l, for 3 h at pH5.5 to 6.5 and 6 to 7, 
respectively, showed no mortality (Ruthven and Cairns, 1973) but some sensitive 
species, Tetrahymena pyriformis and Chilomonas paramecium, could tolerate 
exposure to only 1 mg/l at pH 5.5 to 7.4 (Ruthven and Cairns, 1973). The high 
exposure concentrations may have been less than stated, due to precipitation 
during exposure. 

2.4.1.3 Crustacea: The most studied species is Daphnia magna, commonly used 
to define acceptable water quality criteria, largely because of its near universal 
availability and ease of handling. Daphnia magna exposed to 1.4 mg/l for 48 hr at 
pH7.5 to 8.2 was immobilized and a 48hr LC50 of 3.9mg/l at pH7.7 was 
derived (Anderson, 1944). This species exposed for 24 hr to 3300 pg/l A1 (total) 
in soft water of 2.5 mg calcium/l at both pH 5 and 6.5 showed mortality but 
aluminium was more toxic than acidity at pH 5.5. Aluminium decreased survival 
by 10% at 54pg/l with 4mg Ca/l and 20mg Ca/l and by 5040% with lower 
calcium, 0.4mg Ca/l and 0.04mg/l (Havas, 1985 and pers. comm. in Neville, 
1987). Daphnia magna exposed to 320 pg total A1/1 at pH 7.7 for 21 d showed 
reduced (16%) reproduction; the LC50 was 1.4 mg Alfl (Biesinger and Christen- 
sen, 1972). Mortality is reduced if organic content of the water is high (Burton 
and Allen, 1986). Vangenechten et al. (1989) reviewed laboratory studies on 
invertebrate survival and physiology, mostly work on daphniids, insect larvae, 
and gammarids. Aluminium protected against pH 5.0 exposure in Daphnia 
magna; other daphniid species appear to be less sensitive, and insect larvae are 
less sensitive than crustaceans. Gummarus fossarum is highly sensitive to 
pH <6.0 with low buffering; Na improves survival, but not K, Mg or Ca. 
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Other crustacean species in the zooplankton, e.g. Daphnia sp. and Cyclops sp., 
exposed to 100 pg total Al/1 for 72 hr exhibited acute mortality: 80 to 100% at 
pH 5 ;  25 to 30% at pH 6 to 7.2; and 50 to 65% at pH 8.5. In the same conditions, 
Diaptomus sp. showed 70% mortality at pH 5, zero at pH 6 and 7.2, and 90% at 
pH8.5 (Minzoni, 1984), and is apparently a more resistant species, at least 
in these conditions. Two north American species, Daphnia catawba and 
Hofopediurn gibberum, were judged to tolerate concentrations up to 1 mg/l at pH 
6.5 (Havas et a f . ,  1984). 

Brett (1989) has reviewed published work on the effects of acidification 
(including exposure to aluminium) on zooplankton communities, confirming the 
relative sensitivity of daphniids and copepods. A variety of sub-lethal responses 
are identified-reduced filtering, ecdysis mortality and impaired reproduction, as 
well as physiological effects which parallel those found for fish. He notes that 
studies of acute exposure on single species may not represent what is seen in the 
field. Surveys have been useful to elucidate trends in community structure, but 
many studies are not statistically significant and their ecological relevance is not 
well understood. The reduced species occurrence in acid waters is thought to 
reflect the relative fitness of a species to biotic stress rather than to chemical 
factors, or direct toxicity of pH or aluminium, which seldom “explain” the 
community variations observed. 

Planktonic crustaceans (Cladocera, Cyclopids, Diaptomids and Rotifera) 
exposed in lake enclosures dosed with A12(S04)3 to concentrations from about 
120 to about 200pg Al/1 over a period of 22 days showed a mean decrease in 
numbers (57%), but concentrations of aluminium declined during exposure due 
to flocculation; the authors concluded that the aluminium concentration was 
“probably too low to be toxic to planktonic organisms” (Zarini et al., 1983). 
Hornstrom et af .  (1984) argued that the impoverished plankton communities of 
acid lakes is not attributable to low pH as such but to a raised level of aluminium 
which produces oligotrophic conditions by precipitation of phosphorus. There is 
also evidence of a direct toxic effect on some species where, at concentrations 
a100 pg Al/l, reduced growth was observed in 13 of 19 species tested, including 
desmids and diatoms. In contrast, most zooplankton species, while not very 
sensitive to low pH, reflect the oligotrophic conditions. In lakes with A1 
>180pg/l, 10 of 30 species originally present were lost, possibly due to A1 
toxicity, and demonstrated at 150-300 pg/l for the daphnids, Daphnia magna and 
Acroperur harpae. 

Larger crustaceans show a greater degree of tolerance: no mortality of crayfish 
is reported as due to aluminium (Berrill et af . ,  1988). The crayfish, Orconectes 
virilis, exposed to 200 pg total Al/1 at pH 5.5 showed reduced (by 20%) calcium 
uptake but this effect was not evident at lower pH (<5) or at higher pH (6 to 6.7) 
(Malley and Chang, 1985). The water louse, Asellus intermedius, exposed to 
250pg Al/1 in natural stream water at pH5 showed no increased mortality but 
addition of 500 pg Al/1 at pH 4 did cause significant additional mortality (Burton 
and Allan, 1986) in cold (2°C) but not warm (15°C) water. McMahon and Stuart 
(1989) review physiological problems of crayfish in acid waters; several studied 
species (Orconectes rusticus, Procambaris clarki, 0. virilis) are rather tolerant to 
pH exposure (pH <3.0), while 0. propinquur shows 30% mortality at pH 4.0 (5 
days). Physiological effects include Na flux changes, haemolymph acid-base 
status. P. falfax is a species which occurs naturally in acid waters. 
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2.4.1.4 Insect larvae: Aquatic insect larvae, especially of mayfly species, are 
thought to be limited in upland streams by water quality, particularly pH and 
aluminium (Sutcliffe, 1983) but tolerance to aluminium exposure has rarely been 
tested directly and presence of other ions (sodium and chloride) is also important 
(Sutcliffe and Hildrew, 1989). The stonefly, Nemoura sp., exposed to 250 pg Al/1 
in natural stream water at pH 5 showed no mortatlity, but 500 pg Al/1 and pH 4 
caused additional mortality; it was again increased significantly in cold (2°C) 
compared with warm (15OC) water (Burton and Allan, 1986). Dipterans, 
Chaoborus punctipennis and Chironomus anthrocinus, exposed to levels of 
20 pg/l to 1.02 mg Al/l at pH 4, 4.5, 5 and 6.5 for 8 days were unaffected and 
Chironomus riparius, exposed in the field to levels greater than 20mg/l were 
abundant (Havas and Hutchinson, 1983). Another dipteran, Tanytarsus dissimilis 
(second and third instars), exposed to 832yg total Al/1 for 55 days at pH6.8 
showed 38% mortality; exposure at 6.5 and 78 mg/l for 96 hr showed no effects, 
but exposure to the same concentrations for 14 to 38d resulted in complete 
mortality (Lamb and Bailey, 1981). Heptagenia sulphurea and Ephemera danica 
exposed to 500 yg Al/1 at pH 4 and 4.8 for 10 d showed increased respiration but 
no mortality (Butcher, 1987; Herrmann and Anderson, 1986). 

Ion regulation, as in fish, is affected in D.  magna, crayfish, mayflies and 
corixids, with inhibited sodium influx reflected in lower plasma concentrations 
(Appelberg, 1985; Havas and Likens, 1985; Herrmann, 1987; Otto and Svenson, 
1983; Witters et al., 1984). At very low pH, aluminium can ameliorate acid 
toxicity, as in fish (Havas, 1985; Havas and Likens, 1985; Herrman, 1987; 
Rosseland et al.,  1989). 

2.4.1.5 Mollusca: Mollusca are generally absent or rare in acid, low-calcium 
waters, so that aluminium toxicity is somewhat irrelevant; a few investigations 
have been reported. No mortality due to aluminium as much as 100-fold greater 
than the natural range of concentrations (>lo0 pgll) found in Ontario lakes has 
been demonstrated for bivalves or gastropods (Herrmann, 1987; Mackie, 1986; 
Rosseland et al., 1989). However an extensive kill of Limnea peregra was seen 
during an acid episode in a limed Swedish lake (Hultberg and Andersson, 1982), 
possibly due to high aluminium. The snail, Physella heterostropha, exposed to 
250yg AM in natural stream water at pH 5 showed no mortality and further 
addition of 500 pg A1/1 at pH 4 did not increase mortality (Burton and Allan, 
1986). The freshwater mussel, Anodonta grandis, exposed in a field experiment to 
2.24mg total A1/1 at pH4.5 (reduced from 5.9) showed changes in blood 
composition (Na and C1 decline, Ca increase) but no mortality after 26 d (Malley 
et al., 1987). 

2.4.1.6 Macroinvertebrate communities: Macroinvertebrate assemblages in up- 
land streams are recognisably poorer in acid waters (Sutcliffe and Hildrew, 1989) 
possibly in association with higher aluminium concentrations. Thus, acid streams 
(New Zealand) with pH 4.3 to 5.7 and 123 to 363pg total Al/1 had 47 taxa 
compared with 64 in more alkaline streams with lower aluminium (84yg/l) 
(Collier and Winterbourne, 1987). Ormerod and Edwards (1987) analysed 
communities in relation to environmental factors at 45 upland sites in Wales but 
did not include aluminium although concentrations are reported elsewhere 
(Ormerod et al. 1987a) to be high. Several recent reports (Hall et al., 1987; 
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Kullberg and Petersen, 1987; Ormerod et al., 1987c) provide evidence of an 
increase in invertebrate drift when streams are subjected to pulsed additions of 
aluminium (as A13+). Altitude is also a significant and confounding influence, 
along with physical conditions of the stream bed and macrophyte abundance 
(Sutcliffe , 1986). 

2.4.1.7 Summary: In summary, it can be seen that invertebrate groups have a 
wide diversity of response to aluminium, no doubt reflecting different modes of 
respiration and ion regulation. Protozoa appear to be highly tolerant, although 
the reported response of a few cultured species to high exposures may be 
unrepresentative. Crustaceans are sensitive in soft acid water, but to concentra- 
tions typically at about an order of magnitude higher than those that affect fish; in 
the field, species diversity is related to a number of water quality variables, many 
of them (like pH, Ca, Al) inter-related, so that the influence of aluminium alone is 
difficult to judge unless other water quality characteristics are documented and 
their contributory effects known. Insect larvae are diverse; they can be sensitive 
(e.g. mayfly species) or tolerant (e.g. chironomids). This reflects their distribu- 
tion in upland acid waters where again other water quality and stream 
characteristics, as well as altitude, are known to be influential. Molluscs seem to 
be insensitive to aluminium at realistic (i.e. about 100 pg/l) concentrations; other 
associated conditions in acid waters, such as low calcium and presence of other 
toxic ions, are more limiting. Ecological considerations are also important; 
herbivorous taxa are scarce in acid upland streams and “shredders,” “collectors” 
and predators are the dominant feeding guilds (Townsend et al., 1983). Insect 
communities of lakes or streams are also profoundly influenced by fish predation 
(Zaret, 1980) and introduction of fish to acid lakes (or vice versa) has changed the 
character of invertebrate communities (Eriksson et al., 1980). 

2.4.2 Plants 

2.4.2.1 Diatoms: Growth of Cyclotella meneghiniana exposed to 810 pg total 
Al/1 for 8 d  at pH7.9 was inhibited and mortality occurred after exposure to 
6.5 mg/l for 8 d at pH 7.9 (Rao and Subramian, 1982). 

2.4.2.2 Algae: The algal species, Selenastrum capricornuturn, exposed to a 
150-fold range of concentrations (200 to 570pg total AM) for 96hr at pH 
7.6-7.5 showed (50%) reduced biomass after 4d; exposure to >200 to 460pg 
total Al/1 for 0-96 hr at pH 8.2-7.5 showed the same effect (Call et ul., 1984). 
The same organism exposed to 990 pg Al/1 for 14 d at pH 7 showed reduced cell 
counts and increased mortality (Peterson et al., 1960). Chlorellu pyrenoidosa 
exposed to 30 pg total Al/1 for 48 hr at pH 5.2 in synthetic hard water showed 
50% growth reduction (Campbell and Stokes, 1985); toxicity was strongly 
reduced in the presence of organic ligands (Helliwell et al., 1983). The same 
species exposed to high aluminium concentrations has a tolerance of 24 mg/l, and 
some strains have even higher tolerance, according to Foy and Gerloff (1972). 
Another species, Chlorella vulgaris, exposed to 4mg Al/1 for 3 to 4mo at pH7 
showed growth inhibition (De Jong, 1965 in Butcher, 1987). The colonial form, 
Spirogyra varians, exposed to 135 pg Al/1 (form not specified) at unknown pH 
resulted in 100% mortality (Bohm-Tuchy, 1960). 
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Phytoplankton communities in Canadian Shield lakes exposed to added 
aluminium (50 pg AM) concentrations showed significant decreases in phosphate 
uptake and photosynthesis at pH 5.2 to 6.9 (Nalewajko and Paul, 1985). 

In contrast, it is reported elsewhere that “Many algal species have high 
aluminium tolerance; Spirogyra sp. from a peat bog needed a minimum exposure 
to 27 mg Al/1 (form not specified) to cause mortality after 96 hr” (Butcher, 1987, 
quoting Bohm-Tuchy, 1960). Butcher suggests that species with poorly developed 
plasmalemmas are easily penetrated by the aluminium ion. These contradictory 
findings also probably reflect inadequate characterisation of aluminium species in 
the presence of organic ligands and uncertainty concerning concentrations of 
dissolved species. 

2.4.2.3 Macrophytes: Aquatic macrophytes are relatively tolerant to aluminium 
(Butcher, 1987). Duckweed, Lemna minor, was exposed to aluminium con- 
centrations of 300 pg/l to 46 mg/l (i.e. a range of 1500-fold) at pH values of 7.6 
and 8.2 for 96 hr without significant effect (Call ec al., 1984, cited in Butcher, 
1987). 

The observation that macrophytes are less diverse in acid, high aluminium 
waters, may reflect also the influence of altitude which has a dominating 
influence for this group (Stokoe, 1983). A study of upland streams in Wales, 
U.K., (Ormerod, Wade and Gee, 1987) showed that floral assemblages were 
related statistically, most strongly to pH and aluminium concentrations, among 
other water quality variables. In turn, the macroinvertebrate fauna is less diverse 
at acidic sites with sparse flora. In contrast, the high tolerance of certain plant 
species to these conditions leads to dominance of some such as the liverworts, 
Scapania undulata and Nardia compressa (even at pH <4 and aluminium 
>2mg/l), which are able to take up and release aluminium from and to the 
ambient medium as pH changes, without harm (Caines et al . ,  1985; Tipping and 
Hopwood, 1988). 

In summary, it appears that algae and diatoms are often insensitive to 
aluminium at environmental concentrations but a few sensitive tested species 
show sublethal response (reduced growth, decreased phosphate utilisation) at 30 
to 130pg AI/L Some species colonising acid environments, on the other hand, 
seem to have a tolerance to “total” levels much higher (i.e. mg/l) but in reality 
may have been exposed to lower (dissolved) concentrations. Macrophytes are 
also tolerant of high concentrations, although species are limited in acid, upland 
waters with high aluminium concentrations, possibly because of other, as- 
sociated, chemical and physical conditions. 

2.4.3 Amphibia 
Bufo bufo exposed to 2.5 and 5mg total Al/1 at pH 4.0, 4.5 and 5.0 showed 
slight increase in mortality at pH 4.5, about 50% mortality at pH 4.0, and 100% 
mortality at pH 3.5. Similar results were found for 3 species of Rana. Effects are 
seen mostly in egg hatch; the larvae become progressively less sensitive and 
adults of these species are found in waters of a wide range of pH (down to pH 3). 
Some Triturus species and R .  arvalis are able to exploit waters of p H 4  to 4.5, 
presumably with high aluminium concentrations, which more sensitive species 
cannot tolerate (Leuven et al . ,  1986). 
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Bufo americanus exposed to aluminium showed reduced hatch as concentration 
was increased from 35 pg labile Al/1 to 46 pg/l (total A1 69 pg/1 to 75 pg/l) and 
transferred from pH 6.0-6.5 to pH 4.3 for 4 d; no mortality of tadpoles was seen 
(Clark and Hall, 1985). The authors concluded that pH differences are associated 
with other chemical variables, “making it impossible to distinguish the effects of 
any one.” 

Rana syluatica exposed to the same conditions also showed reduced hatching at 
pH 4.3 but not at pH 4.8, but no mortality of tadpoles at pH 4.3 (and inconsistent 
results at pH 4.8 and 4.75) (Clark and Hall, 1985); acute threshold concentrations 
for these species was judged to be 69 pg total Al/1 at pH 4.3 (Butcher, 1987). 

Data for Rana arvalis, R. temporaria, and R. esculentus exposed to high 
aluminium and p H 3  to 5 are included in Leuvens et al. (1986) (see Bufo bufo 
above); lethal pH levels are <3.5, and critical pH levels are C4.0, for all three 
species, but R temporaria mortality is increased to 60% at pH5 and to 95% at 
pH 4.5 by exposure to 2.5 mg total Al/l. 

Ambystoma maculatus exposed to 37 pg labile Al/1(63 pg total AM) at pH4.8 
for 23d showed reduced hatching (23%, according to Butcher, 1987), but the 
authors (Clark and Hall, 1985) say “At the pH levels tested. . . there can be no 
conclusive statements. . . for this species.” 

Cummins (1986) exposed tadpoles of the common frog (Rana temporaria) 
to 800 and 1600pg Al/l. With 16OOpg Al/l, 50% mortality occurred before 
metamorphosis was reached. With 800 pg AM, 42% mortality occurred at 
metamorphic climax (foreleg emergence). Those tadpoles which survived through 
metamorphosis were very small and it is likely that their fitness would have been 
severely affected. A comparison of R.  temporaria eggs taken from lowland and 
upland sites showed that the embryos were not affected by low pH in the absence 
of aluminium. Increasing aluminium concentrations reduced survival of lowland 
embryos from lowland waters even in circumneutral water, while upland embryos 
were unaffected. In acid waters, survival of embryos hatched from eggs of both 
areas was reduced with increasing aluminium concentrations, or growth abnor- 
malities or reduced growth were observed (Tyler-Jones et al., 1989). In contrast, 
Gascon et al. (1987) found that hatching of R. sylvatica eggs was not affected by 
exposure to 200 pg total Al/1 at pH 4.5. Aluminium complexed with fluoride is 
reported to be toxic to amphibian eggs, in contrast to fish eggs (Clark and Hall, 
1985; Clark and Lazerte, 1985). 

In summary, it is evident that amphibia, except at egg hatch, are tolerant to 
aluminium exposure at environmental levels characteristic of acid waters. Chronic 
toxicity of aluminium appears to be pH dependent for amphibia-as pH drops, 
aluminium sensitivity increases (Butcher, 1987) in contrast to fish eggs where 
aluminium is reported to mitigate the effects of low pH -4.2. 

The reported lack of amphibian “success” in colonising acid, upland waters 
might thus be explained by other chemical or physical variables rather than by 
aluminium at environmental concentrations. 

2.5 Factors Modifring Toxicity 
While pH is shown to be important in modifying aluminium toxicity, other 
components in water can also be critical. For instance, it is known that 
temperature can influence the relative proportions of aluminium species (Figure 
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1.6 (p. 130)). The presence of elevated levels of other potentially toxic metals in 
addition to aluminium could, of course, produce more severe responses compared 
with aluminium alone, but other water quality factors which mitigate the toxicity 
by protecting physiological sites of action or by interacting directly with 
aluminium to produce complexes which render it less harmful than if present in 
an uncomplexed form. 

2.5.1 Calcium Concentration 

The protective role of calcium in countering the toxic effects of elevated hydrogen 
ion concentrations in fish is well documented (Booth et al., 1988; Howells et al., 
1983; Howells, 1984; Muniz and Leivestad, 1980; Playle et al., 1989; Rosseland et 
al., 1989; Wood et al., 1989). Increased calcium concentration has also been 
reported to mitigate the toxicity of aluminium in a number of laboratory and field 
studies. 

As already noted above, with a Ca concentration of >3mg/l compared with 
<0.5mg/l, Cleveland et al. (1986) found lower mortalities of brook trout at 
pH 4.5 with 300 pg Al/l. Ingersoll et al. (1985) also found that increasing calcium 
concentration over the range 0.5-8.0 mg/l, improved survival of brook trout 
larvae and fry exposed to pH 4.0 to 6.5 and aluminium to 1.0 mg/l. Survival of 
brown trout larvae was also improved in exposures of 0.25 or 0.50 mg total All1 at 
pH 5.4-4.5 if the calcium concentration was raised from 0.5 to 1.0 mg/l or greater 
(Brown, 1983). 

Gascon et al. (1987) found 100% mortality of Rana sylvatica tadpoles if only 
0.5 mg Ca/l was present with 200 pg total Al/1 at pH 4.5. Mortality was reduced 
to about 20% if calcium was increased to 100 mg/l and the pH raised. 

In a study of aluminium toxicity (100 pg/l at pH 5.35) to rainbow trout, Dietrich 
(1988) tested the ameliorating effect of added sodium chloride, but only 
concentrations of 4 meq/l (i.e. 92 mg/l) or more were effective. 

2.5.2 Inorganic and organic complexes 

The most commonly occurring inorganic complexes of aluminium are those with 
fluoride; aluminium hydroxides, sulphates and silicates and simple organic 
aluminium complexes also occur naturally. It has become evident (see Sections 
1.2, 1.4.4 and Figure 1.2) that organic complexed aluminium, although often the 
predominant soluble form of aluminium, is relatively non-toxic to most aquatic 
biota. Thus acid waters of high DOC (>10mg/l) or humic content are usually 
non-toxic even though of high aluminium content (Lacroix and Townsend, 1987). 
However, since conditions in natural waters are rarely in equilibrium, a potential 
for toxicity will remain if speciation changes in response to water quality 
fluctuations. 

In non-calcareous soils in temperate climates, weathering products include 
mobile hydrous aluminium silicates (imogolite) from which aluminium can be 
leached to surface waters (Farmer, 1986). Independent studies of human 
physiology (Birchall & Espie, 1986) suggest that interaction between silicic acid 
and aluminium hydroxides in bone tissue protect against the toxic effect of 
aluminium on enzyme activity. In the natural environment the levels of silicon in 
soil solutions and streams (above 3mg Si/l) favours the formation of imogolite, 
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and silicon will always be in excess of that needed to complex the aluminium 
present (Farmer, 1986); this is possibly a reason why aluminium is not a toxic 
agent in many fresh waters. Birchall et al. (1989) found that the acute toxicity of 
soluble inorganic aluminium was entirely eliminated by concentrations of silicic 
acid (SiOH)4 which provide a 13 : 1 ratio of Si : Al. They argue that this is present 
in many natural waters, thus explaining some fish presence even when aluminium 
concentrations are high. 

Citrate has been demonstrated to detoxify dissolved aluminium; citrate and 
other similar anions from plant decomposition may be important in field 
conditions. Brook trout larval survival after 14 days exposure at pH5.2 and 
pH 4.4 with 0.5 mg Al/1 was significantly improved when 0.5 mg F/1 was added 
(Baker and Schofield, 1982; Driscoll et al., 1980) but addition of 30 mg citrate/l at 
pH 5.2 and 4.4 with 0.5 mg Al/1 resulted in survival which was not significantly 
different from control conditions without aluminium at the same pH levels. 

A test using the commercial “Beckman microtox” system with marine bacteria 
(Photobacterium phosphoreum) (Gunn et al . ,  1986) also demonstrated the lack of 
toxicity of the aluminium citrate complex up to concentrations of 27 mg total 
Al/l, compared with an EC50 in the absence of citrate of 300 pg Al/l. Aluminium 
fluoride did exhibit some toxicity, although significantly less than that of “free” 
aluminium. Additions of 10 mg/l and 40 mg/l fulvic acid also reduced the toxicity 
of aluminium (200pg AM) by 24% and 61% respectively. A natural water 
sample of high humic acid content, with low pH and calcium, had an EC50 of 
2100pg Al/1 (Gunn et al., 1986). Addition of 0.2mg F/1, however, did not 
mitigate the effect of aluminium additions at pH 4.32 and 4.14 on hatching of eggs 
of Rana sylvatica and Bufo americanus (Clark and LaZerte, 1985). 

In humic natural waters, there is a strong tendency for dissolved aluminium to 
form polymeric species e.g. with carboxylic and phenolic groups (Backes and 
Tipping, 1987), and thus to be detoxified. Where there are three or more 
hydroxide molecules for every A13+, the tendency to form polymeric species is 
enhanced (Smith and Hem, 1972). Many polymeric forms are unstable and 
convert to a solid precipitate upon aging. The increasing size of polymeric forms 
in unstable solutions is often associated with decreased concentrations of toxic 
monomeric aluminium and decreased pH. Some polymeric solutions are, how- 
ever, quite stable; All3O4(OH)i:, for example, may be an important chemical 
form even at low aluminium concentrations around p H 6  (Baes and Mesmer, 
1976). Supporting observations in laboratory, and field tests using Nova Scotian 
stream waters with high humic acid content (DOC >10 mg/l) (Lacroix and Kan, 
1986; Lacroix and Townsend, 1987; Stewart et al., 1990) indicate that acidity 
rather than aluminium is the toxic agent responsible for salmon loss in these 
waters. 

A positive statistical relationship between rates of Alzheimer’s disease in man 
and drinking water aluminium concentrations has been shown (Martyn et al., 
1989). It has been suggested that since water intake of aluminium is only <I% of 
the total daily intake, its bioavailability in drinking water is greater than in 
foodstuffs. However, other variables may play some role. 

2.5.3 Summary 
The chemical speciation of aluminium and thus its toxicity is explained primarily 
by pH and secondarily by the availability of fluoride, citrate, and organic ligands. 
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As pH and available ligands vary from one body of water to another (even within 
the same catchment), aluminium species distributions will also differ. Therefore, 
the characterisation and estimation of aluminium toxicity in aquatic environ- 
ments will be dependent on chemical species identification and quantification so 
as to permit the development of reliable relationships. 

3. ACCUMULATION IN AQUATIC ORGANSIMS 

3.1 Accumulation in Fish 

Data for accumulation of aluminium in fish or other aquatic organisms are rather 
few, and are difficult to interpret. First, it is not always clear from the reports of 
analytical studies that the accumulated aluminium is truly lodged within the 
tissues, or whether it is deposited as a surface precipitate or adsorbed floc; this is 
particularly uncertain when whole animals are analysed. Secondly, it is assumed, 
in deriving a “bioconcentration factor” (i.e. a ratio between ambient water or 
sediment concentrations and that of the organism), that exposure conditions have 
been relatively constant; it is evident that in the field this condition is exceptional 
and that even in the laboratory the stability of aluminium species in test media is 
in question. 

The gills of fish are recognised as a major uptake site for aluminium from the 
ambient water and a number of reports provide evidence of gill mucus production 
on aluminium exposure; this response, as well as the sharp gradient of pH and 
other chemical conditions across the gill membrane is known to cause precipita- 
tion and flocculation. The degree to which aluminium is transferred across the 
gill membrane is thus uncertain, particularly as contamination in preparing gill 
material is virtually impossible to control. Nonetheless, some values given in the 
literature are as follows: 

The whitefish, Coregonus albus, 47 pg Al/gt was found in gills of exposed fish 
compared with 6 yg/g for fish from non-acid waters (Grahn, 1980). 

Rainbow trout had gill concentrations 100 times greater than those of muscle, 
visceral tissues, gonads (Buergel and Soltero, 1983). In this species, Neville 
(1985) was unable to demonstrate uptake following 75 yg 1-’ exposure over 6 to 
11 days in viscera or gonads, but there was evidence that some aluminium was 
present in gill epithelial cells (Youson and Neville, 1987). 

Brown trout fry tissues contained 0.4 to 3.5 mg Al/g (dry) in streams with 180 
to 154 yg Al/1 (Stoner et al., 1984). 

The carp, Cyprinus carpio, accumulated aluminium in 48hr exposure in 
gill > viscera > other tissues with almost ten times greater accumulation in the 
gills (Muramoto, 1981). 

There is no evidence of biomagnification through the food chain; char are 
reported to have the same level of aluminium as their prey (Wren et af., 1983), 
and although levels of aluminium in plankton in an alum treated lake were high, 
trout tissues had only l/lOth of plankton concentrations (Buergel and Soltero, 
1983). 

Buergel and Soltero (1983) and Berg and Burns (1985) also report that 
aluminium in trout tissues can be higher in lakes with no measurable aluminium 

t Concentrations in this section refer to Al/unit wet weight, unless stated. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



152 G. HOWELLS ET AL. 

than in lakes with 100 to 320pg/l, possibly indicating uptake via benthic food 
items exposed to aluminium in the sediments, or to changed lake water quality. 

3.2 Accumulation in other Organisms 

Phytoplankton and algae have geen shown to accumulate aluminium with levels 
of 180 pg/g (Euglena gracilis) to 4500 pg/g (Rhizoclonium) and 720 mg/g in 
filamentous algae; at least part of this material is likely to be due to surface 
adsorption. In the presence of organic complexing materials (e.g. humic/fulvic 
acids) some aluminium concentrated by Mougeotia spp. could be removed 
(Stokes, pers. comm. cited in Butcher 1987). These high concentrations are not 
transferred to zooplankters feeding on phytoplankton or algae. 

High concentrations accumulated by macrophytes (e.g. Nymphaea sp., 180 to 
1730 pg/g, Butcher 1987) are similar to those of terrestriai plants, suggesting that 
root uptake is from sediments rather than from the water column. 

Crustacea, although apparently not accumulating aluminium via the food 
chain, can take it up from the ambient water; Havas (1985) found that in Daphnia 
(whole body) concentrations rose from a pre-exposure level of 320 pg/g to 
3000pglg after 24 hours in 20pg Al/1 at 6.5, and even to 11,0oOpg/g in >lOOOpg 
Al/l. The aluminium was partly superficial and some was in the gut, but some was 
found in “chloride” cells. Others (e.g. Cowgill and Burns, 1975) found lower 
levels of whole body accumulation in this and other daphnid species (115 pglg 
and 120 pg/g). 

The crayfish is reported not to accumulate aluminium by exposure to 500 pg/g 
for 14 days (Malley and Chang, 1985) and indeed lost aluminium when starved, 
suggesting that any aluminium residues are derived from food, especially benthic 
organisms which can have high concentrations in association with high sediment 
levels (Butcher, 1987). 

Benthic invertebrates, overall, contained up to 8.4mg Al/g (dry) in streams 
with 180 to 150 pg Al/l, according to Hall and Likens (1981). 

No information is available for Amphibia. 
Although aluminium accumulates on arthropod bodies, most of this is shed 

with the exuviae on ecdysis, and so is associated only with the aquatic life stages 
(Otto and Svenson, 1983); there is also some evidence that total body residues 
decline with increasing maturity. 

There seems little good evidence for aluminium accumulation through the food 
chain and high levels are not universally found in insects living in acid waters 
(Hernnann, 1987). It is not known how these residue concentrations in 
invertebrate taxa are related to toxic response in predatory fish since most 
toxicity studies refer to exposure via the ambient medium, and not via food or 
tissue concentrations. 

It has been hypothesised that reproductive failure in some riparian birds is due 
to a high aluminium content of their diet (Nyholm, 1981); however, aluminium 
levels in the diet were not reported in this study. A later report (Herrmann, 
1987) gives a value of 1.3 mg/g (dry) for the stoneflies in Nyholm’s study. A 
detailed study of the dipper (Cinclus c i n c h )  (Ormerod et aZ., 1986) shows that in 
upland acid streams draining spruce forests (where aluminium concentrations are 
high) fewer invertebrate prey items are present, leading to an extension of dipper 
territories and thus to a lower density/mile of breeding pairs. Multiple dis- 
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criminant analysis indicated that aluminium, along with broad-leaved trees along 
stream banks, and pH, are highly significant factors. Dippers were found to be 
absent from sites with >lo0 pg/l filterable aluminium; however, the causal 
explanation of these observations has still to be elucidated. Another riparian 
species, the grey wagtail (Montacilla cinerea), not feeding directly on aquatic 
insect larvae, showed no differences between acid and less acid streams (Ormerod 
and Tyler, 1987). 

In conclusion, it has to be said that the effects of aluminium on freshwater 
invertebrates are rather contradictory. While field observations hint at a possible 
indirect effect, mortality effects reported are usually at concentrations higher than 
encountered in the field, and certainly less significant than those that might be 
anticipated from experience with fish. There is growing evidence that aluminium 
affects respiration and ion regulation of some invertebrates, as in fish, but the 
diversity of mechanisms for both these processes in the wide variety of 
invertebrates suggest that only some classes will be susceptible. 

4. FIELD STUDIES 
4.1 Field Studies with Fish 

4.1.1 Studies in acid water 

In a field experiment to simulate episodic events in stream water quality, 
Ormerod et al. (1987a) added acid (H2S04) to a stream followed by aluminium 
(&(s04)3) to a further section downstream. Acidity was increased (pH 6.6 to 
4.28 and 5.02) in these treated sections and aluminium was raised in the lower 
section from 52 to 347pg/l. Effects on fish and some invertebrates were mostly 
evident in the lower stream section; only 8-10% of fish (brown trout) were 
affected in the “acid-only’’ reach. Recent detailed investigations of snow melt 
events also suggest that aluminium stress alone might be sufficient to cause 
mortality. Further, the concentration of calcium, an important “cofactor” 
influencing the toxicity of both acidity and aluminium, was relatively constant in 
this field trial. 

A similar experiment was carried out at Vikedal, Norway, in a natural stream 
(Henriksen et af. 1988); dosed sulphuric acid was observed to mobilise aluminium 
when the pH was reduced from 5-6, to 4.0; an estimated 150 mg total Al/mz was 
released from the bed surface of the brook. As a consequence, fish plasma 
chloride was reduced, and 100% mortality of fish occurred within 72 hours. 

In a stream within the Hubbard Brook catchment (northeast USA) transient 
changes in water quality were induced by HC1 and AlCl, additions (Hall et al., 
1987); both rapid, and gradual and progressive, additions were made to reduce 
pH from >6.0 to 4.0, and to increase aluminium from 0.28 mg/l to 4 mg/l. Acid 
additions resulted in increased Ca2+, Mg2+ and A13+ concentrations due to cation 
exchange and A13+ dissolution; even greater mobilisation of Ca2+ and Mgz+ was 
seen with AlC13 addition. Production of surface foam with AlCl, addition was 
interpreted as due to reduced surface tension of the stream associated with the 
complexation reactions between aluminium and DOC at low pH (4.5). This effect 
was associated by the authors with an increased drift of mayfly nymphs, blackfly 
and chironomid larvae. 
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Liming of Lake Gardsjon, an acidified lake in SW Sweden, led to reduced 
concentrations (by about 50%) of aluminium and iron (Broberg, 1988); similar 
observations were made in the limed Loch Fleet, SW Scotland, where reintro- 
duced fish thrived after treatment (Howells and Dalziel, 1988). Following 
limestone applications to forest, moorland and a headwater Sphagnum bog at 
Loch Fleet, aluminium concentrations in stream water were reduced, mostly 
attributable to a lower proportion of inorganic, labile monomeric aluminium 
(Brown et al., 1987); the concentrations of the labile A1 fraction dropped from 
about 30pg/l (range 43 to 78) to about 10,ugll. Over the same pre- to 
post-liming period TOC concentrations were typically 2 to 8 mg/l and showed no 
significant change with limestone treatments (Howells and Dalziel, 1988). In an 
acid humic stream in Sweden dosed directly with CaC03 (Kullberg and Peterson, 
1987), liming similarily had little significant effect on DOC, although organic 
particulate matter was reduced immediately downstream (1 km) of the lime 
dosing silo. It can be assumed that monomeric aluminium concentrations were 
reduced, but concentrations were not reported (or measured). Similarly, alum 
additions to a small lake did not affect levels of phosphorus or organic carbon 
(Playle , 1987). 

4.1.2 Water treatment procedures 

Rivers are occasionally subject to high aluminium discharges from water 
treatment plant. If alkalinity is high, this is generally not considered to be a 
hazard to fish (Hunter et al., 1980). The usual alum dose for water treatment is 
1-3mg/l but it is the sludge which is released, not the water in the treatment 
tanks. It is likely that the toxic labile (monomeric) fraction of aluminium will tend 
to be low in the circumneutral conditions of most downstream waters, perhaps 
explaining why healthy trout fisheries coexist with discharge levels possibly 
hazardous (Freeman and Everhart, 1971). The short residence time of particulate 
aluminium in the water column in eutrophic waters, with relatively high 
alkalinity, make toxicity to fish a “remote possibility” (Welsh, 1980). There are, 
however, reports of fish deaths below discharges to streams with low buffering 
ability. In these circumstances, the discharge causes a fall in pH (Bielby, 1988; 
Hunter et al., 1980) and high concentrations of the toxic dissolved aluminium 
species. Sedimentary accumulation of discharged sludge provides a potential 
reserve of dissolved aluminium and benthic communities may be affected. It has 
been proposed (Neville, 1987) that the stream concentration after treatment 
should not exceed 50pg dissolved aluminium/l which is the level tolerated by 
trout over the short term, but it should be noted that toxic concentrations vary 
with alkalinity and potential organic ligands present in the ambient water. 

4.1.3 Field studies in neutral to alkaline waters 

Studies on waters of pH >7 show that aluminium is toxic at quite low 
concentration levels with increasing pH in alkaline conditions, including the 
effect of suspended (particulate) aluminium (Freeman and Everhart, 1971). 
These authors reported that exposure of trout over 45 d at pH 7.0 and 8.0 with 
5.2mg Al/1 resulted in 30% mortality; at pH8.5, 50% mortality was seen at 8 
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days and at pH9.0, 50% mortality was seen at 2 days. Other reported data are 
summarised earlier in Table 2.2. 

Hunter et al. (1980) observed fish mortalities when the discharge from a 
backwash filter of a water treatment plant (pH6.3 to 7.3) was mixed with river 
water (at pH about 8.5); total aluminium concentrations in the river rose to 
530 mg/l, but soluble (i.e. filterable) aluminium to only 0.36 rng/l. More than 
43,000 salmonids and other fish were estimated to have been killed in 1988 in the 
Rivers Camel and Allen (Cornwall, UK) within a few hours of accidental releases 
to the watercourses of aluminium sulphate at high concentrations during mains 
flushing operations. No river samples were taken during the incident, but it is 
estimated that the pH fell to 5.0-5.2 and that total aluminium concentration was 
>0.63 mg/l in these low conductivity waters (Bielby, 1988). Welsh (1980) argues 
that alum treatment to lakes may produce a sedimenting floc, giving a maximum 
alum dose of 15 mg Al/1 for an alkalinity of about 100 ppm CaC03. 

4.2 Studies with Other Organisms 

Few observations have been made in the field on the response of invertebrate 
species to changes of water quality. 

Ormerod et al. (1987a) dosed a sensitive stream with acid and aluminium to 
create episodes of increased acidity, and acidity and aluminium. Control (i.e. 
upstream) pH was 7.0 and total A1 52 pg/l; calcium was 2.3-3.7 mg/l throughout. 
The next lower stream section was acidified with H2S04 to pH4.28. The third 
stream section received aluminium sulphate to reach a pH of 5.02 and 347pg 
Al/l. Three invertebrates were found to be unaffected-Chironomus riparius, 
Hydropsyche augustipennis and Dinocras cephalotes-while others-Ecdyonurus 
tienosus, Baetis rhodani, and Gammarus pulex-showed up to 25% mortality in 
both the acid and the acid + aluminium zones during the expsoures, and over the 
following 72 hr. Drift of Simuliidae and other groups also increased; the most 
affected organism was Baetis rhodani ( ~ 8 . 4 )  and this species also showed 
decreased benthic density. 

Hall et al. (1985) reported an increase in downstream drift of benthic 
invertebrates in a stream dosed with 280 pg/l total Al, suggesting that this might 
have been the result of a 20% decrease in surface tension. Bernhard (1985; cited 
in Butcher, 1987) also observed a tripling of drift density with aluminium levels 
increased from 50 to 75 pg/l to >225 pg/l. Playle (1985) added alum to an 
oligotrophic lake, raising aluminium from 4 0  pg/l to 100 pg/l, and changing pH 
from 5.1 to 4.7; no effects were seen on the benthos (mostly chironomids) with 
the exception of Procladius which decreased near the site of alum addition. 

5. DERIVATION OF CRITERIA FOR ALUMINIUM IN NATURAL 
WATERS 

5.1 There is considerable range of sensitivity to aluminium among fish species; it 
is generally accepted that salmonid fish are the most sensitive group, and that 
other groups of fish are less so. However, there are non-systematic differences. 
The common most sensitive European species (including two introduced species), 
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on the basis of literature reports are: 

Salmo gairdneri > S.  salar > S.  trutta > Salvelinus fontinalis 
(Most sensitive . . . . . . . . . . . . . . . . . . . . . . . Least sensivite) 

Among other species, the minnow (Phoxinus phoxinus) appears to be sensitive, 
although there are few laboratory studies. Two North American species reported 
in the literature to be of similar sensitivity are Notropis cornutus (common shiner) 
and Catostornus commersoni (white sucker); they do not appear to have been 
established in European waters. 

It should be recognised that only a handful of species has been investigated in 
rigorous conditions, and although there are reports of fish population declines or 
of fish kills which have been attributed to acid/aluminium exposure, these claims 
cannot yet be substantiated. In particular, loss of roach and perch populations 
from acidified waters have been reported even though there is little direct 
evidence that these species are sensitive to aluminium. 

A further problem is that species from different strains, and possibly with 
different histories of exposure may exhibit a range of response. 

Notwithstanding these problems, in the conditions found in acidified waters, it 
is judged that criteria to protect the common salmonid species should protect 
other fish species. 

5.2 There is ample evidence, at least for the common species identified above, 
that the various life stages of any species show different levels of sensitivity. 
While the egg, at fertilisation, is highly sensitive to the ionic composition of the 
ambient medium, the developing egg is protected by the chorion and thus is less 
sensitive. At this stage, aluminium confers some protection against acid exposure. 
The emerging sac fry are far more sensitive, but following yolk sac adsorption, 
sensitivity increases further, at least for salmonids. In addition, migrating juvenile 
salmonids (smolts) are highly sensitive. However, there is some evidence that 
aluminium toxicity, in the strict sense, is more critical for larger fish than for fry. 
Criteria to protect early life stages, however, will generally serve for older fish. 

Acid/aluminium criteria for protection should reflect the species of concern as 
well as the development stage at the location to be protected. A “put-and-take” 
fishery may need less rigorous control than that required for spawning and 
hatching, or for a self-sustaining population. A special case may need to be made 
for migratory fish. 
5.3 Water quality considerations must be extended to more than acidity (pH) or 
aluminium fractions (of which only some of the inorganic monomeric species are 
toxic). Thus, it is well established that calcium concentrations are critical when 
low- 4 - 2  mg/l- and where reasonable levels of calcium are found, toxicity of 
acidity or aluminium (or both) is greatly reduced. 

In addition, levels of dissolved organic materials, typically >10 mg/l, may 
ameliorate or even eliminate aluminium toxicity because of the formation of 
complexed organic forms of aluminium. Similar, but less convincing, claims are 
also made for inorganic complexes with sulphate, silicate and fluoride. In some 
studies, there is insufficient information about some of these ions to quantify 
relationships clearly or to specify protective conditions. 

Other water constituents, including trace metals often mobilised in acid soils 
and waters, are also recognised as toxic. These include zinc, lead, iron, 
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manganese, cadmium and copper, although the latter two are more indicative of 
mineralised geology. Their possible effects makes attribution to aluminium 
toxicity per se difficult or impossible. There is little evidence, however, that 
toxicity of mixtures of these elements is more than additive (Alabaster et al., 
1988). 

Criteria must thus be specified in the context of total water quality conditions, 
not on aluminium concentrations alone. 
5.4 A further complexity in assessing toxic potential of dissolved aluminium is 
that of temperature; thermodynamic reaction rate calculations show that a shift 
of temperature of about 18°C (from 20°C to a more realistic 2°C) will shift the 
aluminium species distribution significantly in relation to pH. Aluminium 
solubility varies inversely with temperature and the solubility of the toxic 
aluminium hydroxides (A1(OH)2+; Al(0H):) fraction shifts to a higher pH as 
temperature falls (Lydersen, pers. comm.). 

5.5 Biological (between species) interactions may appear to be influenced by 
different sensitivity between competing species, for example the replacement of 
minnows by a species (Notropis) previously rare in the recovering Lake 223 
(Mills and Schindler, 1986). However, in the absence of toxicity tests to 
establish such sensitivity, especially of sublethal response, this cannot be 
accommodated in criteria. 
5.6 While a variety of invertebrate species have been shown to be sensitive to 
acid/aluminium exposure, especially those that employ respiratory membrane 
mechanisms for ion regulation, the evidence reported suggests that invertebrates 
exhibit similar symptons to aluminium toxicity as do fish, but are much less 
sensitive. It follows that criteria to protect fish will be more than adequate to 
safeguard invertebrate populations, at least in respect of their role as fish food 
items. 
5.7 There is little evidence that aluminium is transferred to, or stored, 
significantly in body tissues; thus neither accumulation in fish used for human 
food, nor in insects comprising fish food, are important and criteria for tissue 
concentrations are not required. 
5.8 The pattern of exposure of fish to acid/aluminium conditions is important. 
Short-term episodes of acidity in surface waters are often accompanied by peaks 
of inorganic aluminium concentration, and acute effects follow, in particular ion 
regulatory impairment or respiratory symptoms, leading to mortality. More 
sustained exposure over time is likely to lead to sublethal responses, including 
reduced growth, poor calcification, and reduced reproductive potential; criteria 
need to address short-term conditions and sustained conditions separately. 
5.9 Aluminium toxicity in circumneutral and alkaline waters is attributed to 
different mechanisms, specifically to gill deposits as aluminium comes out of 
soluble phases, so affecting respiratory gas exchange. In these conditions, 
different cirteria are needed. Attention is drawn to the EIFAC criteria developed 
for suspended particulates (Alabaster and Lloyd, 1982). 
5.10 The criteria developed in this review relate to the combined effects of 
acidity and aluminium, together with moderating constituents in surface waters. 
For acidity alone EIFAC criteria are to be found in Alabaster and Lloyd (1982). 
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6. RECOMMENDED CRITERIA 

For low conductivity, acid waters with [Ca2+] <2 mg/l, DOC <lo mg/l: Based on 
findings for fry or 1+ fish: 

1. For pH4.5 to 5.0, aluminium speciation does not favour the most toxic 
hydroxy species, being predominantly in the form of A13+; the guideline 
concentration for the soluble inorganic aluminium fraction should not exceed 
30 pg/l. 
2. For pH 5.0 to 6.0, aluminium speciation favours the most toxic species, and 
the soluble inorganic aluminium fraction should not exceed 15pg/l. This is 
particularly critical for low ionic strength waters, where [Ca2+] is low. 
3. For pH >6.0, conditions unlikely in oligotrophic waters, the aluminium is 
progressively in the form of Al(OH);, and is less toxic; the soluble inorganic 
aluminium fraction should not exceed 75pgll for any life stage for these 
waters. For other higher ionic strength and less soft waters, a number of 
ameliorating factors in addition to calcium may be important. They include 
silicate, fluoride, and humic substances. 
4. Where waters contain >5 mg/l Ca, or a Si:Al ratio >13 or DOC >10 mg/l, 
these criteria may be increased by up to 2-fold. There is little quantitative 
information for other possible ameliorating factors, although total ionic 
strength or NaCl may also be effective. 
5. For circumneutral and alkaline waters (expected of higher ionic strength), 
soluble inorganic aluminium can exceed 100 pg/l. EIFAC criteria for particu- 
lates may be more relevant here. 

Summary of Quality Criteria; all concentrations refer to the soluble inorganic 
fraction of aluminium, except for high ionic strength waters of pH >6.5: 

[Ca] <2 mg/l; pH >4.5 - 6 . 0 ;  A1 <30 pg/l 
[Ca] <2 mg/l; pH >5 - <6.0; A1 <15 pg/l 
[Ca] <2 mg/l; pH >6.0; A1 <75 pg/l 
[Ca] >5 mg/l; pH >4.5 - 6 . 0 ;  A1 <60 pg/l 

(or where DOC >10 pg/l; or Si: A1 >13) 

[Ca] >5 mg/l; pH 5.0 - 6.0; A1 <30 pg/l 
[Ca] >5 mg/l; pH >6.0; A1 4 0 0  pg/l 
[Ca] >10 mg/l; pH >6.5 - 8; A1 (tot) <1 mg/l 

7. SUMMARY AND CONCLUSIONS 

7.1 Aluminium in some forms is highly toxic to fish and other aquatic 
organisms. It assumes greatest importance below pH6.5-6.0 to 5.0 when the 
hydroxy forms Al(OH): and Al(OH)’+ predominate. The primary mechanism of 
toxicity is the impairment of the ion regulatory system in the gill membrane. 
However, its toxicity is independent of pH effects per se. The independent 
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effects of pH have been the subject of an earlier EIFAC assessment. At pH6.5 
where Al(OH,)- is significant and concentrations are supersaturated, effects are 
thought to be due to flocculation of material at the gill surface where respiratory 
gas exchange may be affected, resulting in asphyxia. The dose-response relation- 
ship is poorly reported, and the mechanism of toxicity is scarcely investigated. 

7.2 A variety of other ameliorating factors are known to influence the toxicity of 
aluminium. They include ambient concentrations of calcium, silicate, fluoride, 
and humic substances. The criteria values proposed in Section 6.2 are minimal 
concentrations of soluble aluminium which can be safely increased if the ambient 
waters contain sufficient levels of these components. Where these substances are 
absent or very low, the criteria should not be exceeded. Further investigation of 
the extent to which toxicity is moderated, and of the mechanisms, is needed. 

7.3 In some instances, for example for eggs and possibly for juveniles, the 
presence of aluminium confers some protection against toxic levels of acid 
exposure. Further studies throughout all life stages are needed. 

7.4 Aluminium appears to be more toxic at 2°C than at 20”C, due to a shift in 
the peak of the hydroxy species to a somewhat higher pH. Confirmation of this 
change in species distribution in natural waters is needed, as well as further 
studies of the relative toxicity of the various aluminium species. 

7.5 Development of chemical methods of analysis in relevant water quality and 
concentrations is still required, so that more appropriate data on exposure 
conditions in the field and dose-response relationships can be generated. 

7.6 Much of the work on dose-response in the literature, even that of only 5 
years ago, is flawed by insufficient attention to, and reporting of, associated water 
quality (see para 7.2 above). Investigators should note the need for adequate 
chemical characterisation of the test medium, and for monitoring the aluminium 
concentrations to which fish are exposed. “Nominal” concentrations (based on 
aluminium salt additions) are seldom maintained for long during the course of a 
bioassay. 

7.7 There is a lack of information about the effects of very high concentrations 
of dissolved aluminium, or large quantities of particulate aluminium compounds, 
on fish exposed for very short periods (<6 h). These conditions may occur during 
stream pollution as a result of water treatment at supply works and industrial 
plant. 

7.8 The response of fish, at various life stages, to transient and/or repeated 
exposures, is poorly studied. There are some indications that previous exposure 
may confer some reduction of sensitivity. 

7.9 The responses of fish vary substantially between species, or even between 
strains of the same species. They also vary between different life stages; the 
young fry and the migrating smolts of salmonids appear to be the most sensitive 
stages. Most work has focussed on salmonid species; more studies need to be 
made on other common freshwater fish such as minnows, roach and perch, often 
reported to be affected by acid waters in which soluble, inorganic aluminium 
concentrations are relatively high. 
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7.10 Aquatic invertebrate fauna is also affected by soluble inorganic 
aluminium, but they are much less sensitive than fish. Planktonic crustaceans are 
the most sensitive, with daphniids more sensitive than copepods, in turn less 
sensitive than insect larvae. The primary mechanism of toxicity (impaired ion 
regulation) appears to be the same as that affecting fish. Only a relatively few 
species have been investigated. The effect on fish diets seems to be unimportant. 

References 
Alabaster, J, S. and Lloyd, R. (1982). Water Quality Criteria for Freshwater Fish 2nd. ed. 

Butterworths, London. 
Almer, B., Dickson, W., Ekstrom, C., and Hornstrom, E. (1978). Sulphur pollution and the aquatic 

ecosystem, in Sulphur in the Environment: I1 The Aquatic Ecosystem, J. Wiley, New York, pp. 

Altshuller, A. P. and Linthurst, R. A. (1984). (eds). The acidic deposition phenomenon and its 
effects: critical assessment review papers. Vol. 11, EPA-600/8-83-016BF July 1984. 

Anderson, B. G. (1944). The toxicity thresholds of various substances found in industrial wastes by 
the use of Daphnia magna. Sewage W h .  1. 16, 1156-1165. 

Anderson, P. and Nyberg, P. (1984). Experiments with brown trout, Salmo trutta, in mountain 
streams at low pH and elevated levels of iron, manganese and aluminium. lnst. Freshw. Res. 
Drottningholm 61, 34-47. 

Appelberg, M. (1985). Changes in haemolymph ion concentrations of Astacus astacus L. and 
Pacifastacus leniusculus (DANA) after exposure to low pH and aluminium. Hydrobiologia 121, 

272-311. 

19-25. 
Bache, B. W. (1984). Soil-water interactions. Phil. Trans. Roy. SOC. London B 305, 393-407. 
Backes, C. A. and Tipping, E. (1987). Aluminium complexation by an aquatic humic fraction under 

Baes, C. F. and Mesmer, R. E. (1976). The Hydrolysis of Cations, J. Wiley, New York. 
Baird, S. F., Buso, D. C., and Hornbeck, J. W. (1987). Acid pulses from snow melt at acidic Cone 

Pond, New Hampshire. Water Air & Soil Pollution 34, 325-338. 
Baker, L. A., Brezonik, P. L., Edgerton, E. S., and Ogburn, R. W. (1985). Sediment acid 

neutralisation in soft-water lakes. Water Air & Soil Pollution 32, 215-230. 
Baker, J. P. and Harvey, T. B. (1984). Critique of acid lakes and fish population status in the 

Adirondack region of New York State Report to US/EPA, 600/3-86/046. 
Baker, J. P. and Schofield, C. L. (1980). Aluminum toxicity to fish as related to acid precipitation and 

Adirondack surface water quality, in Ecological Impact of Acid Precipitation, ed D. Drablos and A. 
Tollan, Sandefjord, Norway, SNSF, pp. 292-293. 

Baker, J. P. and Schofield, C. L. (1982). Aluminum toxicity to fish in acidic waters. Water Air & Soil 
Pollution 18, 289-309. 

Barnes, R. B., Bliss, P. J., Gould, B. W., and Vallentine, H. R. (1981). Water and Wastewater 
Engineering Systems, Longmans, Harlow. 

Barnes, R. B. (1975). The determination of specific forms of aluminium in surface water. Chem. 
Geol. 15, 177-191. 

Battram, J. C. (1988). The effects of aluminium and low pH on chloride fluxes in the brown trout, 
Salmo trutta L. J .  Fish. Biol. 32, 937-947. 

Berg, D. J. and Burns, T. A. (1985). The distribution of aluminium in the tissues of three fish species. 
1. Freshw. Ecology 3, 113-120. 

Bernhard, D. P. (1985). Impact of stream acidification on invertebrates: drift response to in situ 
experiments augmenting aluminium ion concentrations. MSc Thesis, Univ. Brit. Columbia B.C., 
Canada (cited in Butcher, 1987). 

Berrill, M., Hollett, L., Margosian, A., and Hudson, J. (1985). Variation in tolerance to low 

acidic conditions. Water Research 21, 211-216. 

environmental pH by the crayfish Orconectes rusticus, 0. propinquus and Cambarus robisius. Can. 
J.  ZOO^. 63, 2586-2589. 

Berrill, M., Rowe, L., Hollett, L., and Hudson, J. (1986). Response of some aquatic benthic 

Bielby, G. H. (1989). The Lowermoor Environmental Report: National Rivers Authority, SW 
arthropods to low pH. Ann. SOC. Roy. Belg. 117, 117-128. 

Division, Authority, Exeter. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 161 

Biesinger, K. E. and Christensen, G. M. (1972). Effects of various metals on survival, growth, 
reproduction and metabolism of Daphnia magna. J .  Fish Res. Bd. Canada 29, 1691-1700. 

Birchall, J. D. and Espie, A. W. (1986). Biological implications of the interaction (via silanol groups) 
of silicon with metal ions, in CIBA Foundation report No. U1, 140-159. 

Birchall, J. D., Exley, C., Chappell, J. S., and Phillips, M. J. (1989). Acute toxicity of aluminium to 
fish eliminated in silicon-rich acid waters. Nature 338, 146-148. 

Birge, M. J. (1978). Aquatic toxicology of trace elements in coal and fly ash; pp. 219-239 in Energy 
and Environmental Stress in Aquatic Systems ed. J. H. Thorp and J. W. Gibbons, publ. US Dept. 
Energy. 

Birge, M. J. et al. (1980). Embryo-larval bioassays on inorganic coal elements and in situ 
biomonitoring of coal waste effluents: pp. 97-104 in Surface Mining and Wildlife Needs in the 
Eastern United States ed. D. E. Samuel et al., FWS/OBS-78/81. 

Bohm-Tuchy, E. (1960). Plasmalemma and the action of aluminum salts. Protoplasma 52, 108 
Booth, C. E., McDonald, D. G., Simons, B. P., and Wood, C. M. (1987). The effects of aluminum 

and low pH on net ion fluxes and ion balance in the brook trout Salvelinus fontinalis. Can. J .  Fish. 
Aquat. Sci. 45, 1563-1574. 

Borg, H. (1986). Metal speciation in acidified mountain streams in central Sweden. Water Air Soil 

Bowen, H. J. M. (1966). Trace Elements in Biochemistry publ. Acad. Press, New York. 
Brett, M. T. (1989). Zooplankton communities and acidification processes (a review). Water Air Soil 

Broberg, 0. (1988). Liming of Lake Garsdjon-an acidified lake in SW Sweden. Nat. Swed. Environ. 
Protect. Board No. 3426: 135-205. 

Brown, D. J. A. (1981). The effects of various cations on the survival of brown trout (Salmo trutta) at 
low pHs. J. Fish. Biol. 18, 31-40. 

Brown, D. J. A. (1982). Influence of calcium on the survival of eggs and fry of brown trout (Salmo 
trutta) at pH4.5. Bull. Environ. Contam. Toxicol. 28, 664-668. 

Brown, D. J. A. (1983). Effect of calcium and aluminium concentrations on the survival of brown 
trout (Salmo trutta) at low pH. Bull. Enuiron. Contam. Toxicol. 30, 582-587. 

Brown, D. J. A., Howells, G., and Paterson, K. (1987). The Loch Fleet Project: in Acidification and 
Water Pathways, Proc. Int. Symp., Bolkesjo, Norway 1987, publ. Unesco/WHO. 

Brown, D. J. A. and Lynam, S. (1981). The effect of sodium and calcium concentrations on the 
hatching of eggs and the survival of the yolk-sac fry of brown trout, Salmo trutta L. at low pH. J .  
Fish Biol. 19,205-211. 

Brown, D. J. A. and Sadler, K. (1989). Fish survival in acid waters: in Acid Toxicity and Aquatic 
Animals ed. R. Morris et al., publ. Cambridge Univ. Press, Cambridge pp. 31-44. 

Brown, S. J., Bird, S., Vaughan, E., and Ranson, E. P. (1990). The influence of land management on 
stream water chemistry: in Acid Waters in Wales ed. R. W. Edwards, J. H. Stoner, and A. S. Gee, 
Kluwer, Dordrecht, Neth. 

Buergel, P. M. and Soltero, G. C. (1983). Acute and chronic effects of alum to midge larvae (Diptera: 
Chironomidae). Bull. Enuiron. Contam. Toxicol. 27, 59-67. 

Burrows, W. D. (1977). Aquatic aluminum: chemistry, toxicology and environmental prevalence, 
CRC Critical Reviews of Environmental Control 7, 167-216. 

Burton, T. M. and Allan, J. W. (1986). Influence of pH, aluminum and organic matter on stream 
invertebrates. Can. J. Fish. Aquat. Sci. 43, 1285-1289. 

Butcher, G. A. (1987). Water quality criteria for aluminium: Report to Ministry of Environment and 
Parks, Province of British Columbia, Tech. Appendix. 

Caines, L. A., Watt, A. W., and Wells, D. E., (1985). The uptake and release of some trace elements 
by aquatic bryophytes in acidified waters in Scotland. Env. Poll. B: 10, 1-18. 

Call, D. J. et al. (1984). Toxicity of aluminum to freshwater organisms in water of pH6.5-8.5. Univ. 
Wisconsin-Superior, Centre for Lake Superior Env. Studies Tech. Rept. 549-238-RT-WRD. 

Campbell, P. G. C., Bisson, M., Bougie, E., Tessier, A., and Villeneuve, J. P. (1983). Speciation of 
aluminium in acidic fresh waters. Anal. Chem. 55, 2246-2252. 

Campbell, P. G. C. and Stokes, P. M. (1985). Acidification and toxicity of metals to aquatic biota. 
Can. J .  Fish. Aquat. Sci. 42, 2034-2049. 

Campbell, P. G. C., Thomassin, D., and Tessier, A. (1986). Aluminium speciation in running waters 
on the Canadian pre-Cambrian shield. Water Air & Soil Pollution 31, 1023-1032. 

Carriere, D., Fisher, K. L., Peakall, D. B., and Anghern, P. (1987). Effects of dietary AI,(SO,), 
on reproductive success and growth of turtle doves (Streptopelia risoria). Can. J .  Zool. 84, 

Poll. 30, 1007-1014. 

Poll. 44, 387-414. 

1500-1505. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



162 G. HOWELLS ET A L .  

Chevalier, G., Hontela, A., and Lederis, L. (1987). Acidity and aluminium effects on osmo-iono- 
regulation in the brook trout. In: Acid Rain: Scientific and Technical Advances eds. R. Perry, R. M. 
Harrison, J. N. B. Bell, and J. N. Lester, pp. 498-499 London, Selper. 

Christopherson, N., Seip, H. M., and Wright, R. F. (1982). A model for stream and water chemistry 
at Birkenes, Norway. Waf. Resour. Res. 18, 977-996. 

Clark, L. L. and Hall, R. J. (1985). Effects of elevated hydrogen ion and aluminium concentrations 
on the survival of amphibian embryos and larvae. Can. J. 2001. 63, 116-123. 

Clark, K. L. and Lazerte, B. D. (1985). A laboratory study of the effects of aluminum and pH on 
amphibian eggs and tadpoles. Can. J. Fish. Aquat. Sci. 42, 1544-1551. 

Cleveland, L., Little, E. E., Hamilton, S. J., Buckler, D. R., and Hunn, J. B. (1986). Interactive 
toxicity of aluminum and acidity to early life stages of the brook trout. Trans. Amer. Fish. SOC. 115, 
610-620. 

Collier, K. J. and Winterbourne, M. J. (1987). Faunal and chemical dynamics of some acid and 
alkaline New Zealand streams. Freshwater Biology 18,227-240. 

Cowgill, U. M. and Burns, C. W. (1975). Differences in chemical composition between two species of 
Daphnia and some freshwater algae cultured in the laboratory. Limnol. Oceanogr. M, 1005-1011. 

Craig, D. and Johnston, L. M. (1980). Acidification of shallow ground waters during the spring wet 
period. Nordic Hydrology 19, 89-95. 

Cummins, C. P. (1986). Effects of aluminium and low pH on growth and development in Rana 
temporaria tadpoles. Oecologia 69, 248-252. 

Dalziel, T. R. K., Morns, R., and Brown, D. J. A. (1986). The effects of low pH, low calcium 
concentrations and elevated aluminium concentrations on brown trout, Salmo trutta L. Water Air 
and Soil Poll. 30,569-577. 

Dalziel, T. R. K., Morns, R., and Brown, D. J. A. (1987). Sodium uptake inhibition in brown trout, 
Salmo truna, exposed to elevated aluminium concentrations at low pH. Ann. R. SOC. Belg. 117, 

Dave, G .  (1985). The influence of pH on the acidity of aluminium, cadmium and iron to eggs and 
larvae of the zebrafish, Brachydanio rerio. Ecotoxicol. Environ. 10, 253-267. 

Decker, C. and Menendez, R. (1974). Acute toxicity of iron and aluminum to brook trout. Proc. W .  
Virg. Acad. Sci. 46, 159-167. 

Dempsey, C. H. (1987). Investigation of the causes of acute toxicity to brown trout during episodes of 
reduced pH. In: Acid Rain: Scientific and Technical Advances eds. R. Perry et al., pp. 508-515, 
London, Selper. 

Dickson, W. (1978). Some effects of acidification of Swedish lakes. Verein. Internat. Verk Limnol. 

Dickson, W. (1980). Properties of acidified waters, in Ecological Impact of Acid Precipitation, ed. D. 
Drablos and A. Tollan, Sandefjord, Norway pp. 75-83. 

Dietrich, D. R. (1988). Aluminium toxicity to salmonids at low pH. Swiss Fed. Inst. Technol. Diss. 
ETH No. 8715. 

Dougan, W. K. and Wilson, A. L. (1974). The absorptiometric determination of aluminium in water. 
A comparison of some chromogenic reagents and the development of an improved method. Analyst 

Driscoll, C. T. (1984). Procedure for the fractionation of aqueous aluminum in dilute acidic waters. 
Int. J. Enuiron. Anal. Chem. 16,267-283. 

Driscoll, C. T., Baker, J. P., Bisogni, J. J., and Schofield, C. L. (1980). Effects of aluminum 
speciation on fish in dilute acidified waters. Nature 284, 161-164. 

Driscoll, C. T., Baker, J. P., Bisogni, J. J., and Schofield, C. L. (1984). Aluminum speciation and 
equilibria in dilute acidic surface waters of the Adirondack region of New York State: in Geologic 
Aspeca of Acid Rain ed. 0. P. Bricker, Proc. Amer. Chem. SOC., Las Vegas NV, publ. Ann Arbor, 
MI. 

Driscoll, C. T., Fuller, R. D., and Schecher, W. D. (1989). The role of organic acids in the 
acidification of surface waters in the eastern U.S. Water Air Soil Poll. 43, 21-40. 

Driscoll, C. T. and Schecher, W. D. (1988). Aluminium in the environment: pp. 59-120 in Metal 
Ions in Biological Systems ed. H. Sigel and A. Sigel, publ. Dekker, New York and Basel. 

Eriksson, E. (1981). Aluminium in groundwater-possible solution equilibria. Nordic Hydrology 12, 

Eriksson, M. 0. G. et al. (1980). Predator-prey relations important for the biotic changes in acidified 

Evans, R., Brown, S. B., and Hara, T. J .  (1988). The effects of aluminium and acid on the gill 

421-434. 

20, 851-856. 

99,413-430. 

43-50. 

lakes. Ambio 9, 248-249. 

morphology in rainbow trout, Salmo gairdneri. Environ. Biol. Fish. 22, 299-311. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 163 

Farmer, V. C. (1986). Sources and speciation of aluminium and silicon in natural waters, in CIBA 
Foundation Rept. No. 121, 4-23. 

Fivelstad, S. F. and Leivestad, H. (1984). Aluminium toxicity to Atlantic salmon (Salmo salar L.): 
mortality and physiological response. Imt. Freshw. Res. Drottningholm 61, 69-77. 

Fjellheim, A., Raddum, G. G., and Sagen, T. (1985). Effect of aluminium at low pH on the mortality 
of elvers (Anguilla anguilla L.), a laboratory experiment. Verh. internat. Verein. Limnol. 22, 

Foy, C. D. and Gerloff, C. G. (1972). Response of Chlorellapyrenoidosa to aluminum at low pH. J. 

Freeman, R. A. and Everhart, W. H. (1971). Toxicity of aluminum hydroxide complexes in neutral 
and basic media to rainbow trout. Trans. Amer. Fish. SOC. 100, 644-658. 

French, P. (1985). Thermodynamic modelling of aluminium speciation and solubility in natural 
waters. Water Res. Centre Rept. ERlOQl - M. 

Frenette, J. J., Richard, Y., and Moreau, G. (1986). Fish responses to acidity in Quebec lakes: a 
review. Water Air Soil Poll. 30, 461-475. 

Gagen, C. J. and Sharpe, W. E. (1987). Influence of acid run-off episodes on survival and net sodium 
balance of brook trout (Salvelinus fontinalis) confined in a mountain stream. Ann, SOC. Roy. Zool. 
Belg. 117, (suppl. 1): 219-230. 

Gascon, C., Planas, D., and Moreau, G. (1987). The interaction of pH, calcium and aluminium 
concentrations on the survival and development of wood frog, (Rana syluatica) eggs and tadpoles. 
Ann. SOC. Zool. Belg. 117, Suppl. 1: 189-200. 

Glover, G. M. (1987). Application of the Reuss-Johnson model of soil processes to basic aluminium 
sulphates and other aluminium minerals. CEGB report TPRD/L/3185/R87. 

Goenaga, X. and Williams, D. J. A. (1988). Aluminium speciation in surface waters from a Welsh 
upland area. Enu. Poll. 52, 131-149. 

Goss, G. G. and Wood, C. M. (1988). The effects of acid and acid/aluminium exposure on circulating 

2544-2547. 

Phycol. 8,268-271. 

plasma cortisol levels and other blood parameters in the rainbow trout (Salmh gairdneri). J. Fish: 
Biol. 32. 63-76. 

Grahn, 0.' (1980). Fish kills in two moderately acid lakes due to high aluminium concentrations: pp. 
310-311 in Impact of Acid Precipitation, eds. D. Drablos and A. Tollan, Sandefjord, Noway, 
SNSF. 

Gunn, A. M., Hunt, D. T. E., and Winnard, D. A. (1986). Aluminium speciation and its effect on 
toxicity in a bacterial bioassay. WRc Report ER 1338 - M. 

Gunp, A. M. and Keller, W. (1984). Spawning site water chemistry and lake trout (Salvelinus 
namaycush) sac fry survival during snow melt. Can. J .  Fish. Aquat. Sci. 41, 319-327. 

Gum, A. W. and Keller, W. (1986). Effects of acidic melt water on chemical conditions at nearshore 
spawning sites. Wat. Air Soil Poll. 30, 545-552. 

Gunn, A. M. and Noakes, D. L. G. (1986). Avoidance of low pH and elevated A1 concentrations by 
brook char (Salvelinus fontinalis) alevins in laboratory tests. Water Air Soil Poll. 30, 497-503. 

Gunn, J. M. and Noakes, D. L. G. (1987). Latent effects of pulse exposure to aluminum and low pH 
on size, ionic composition, and feeding efficiency of lake trout (Salvelinus namaycush) alevins. 
Can. J.  Fish. Aquat. Sci. 44, 1418-1424. 

Haines, T. A. (1987). Atlantic salmon resources in the northeastern United States and the potential 
effects of acidification from atmospheric deposition. Water Air and Soil Poll. 35, 37-48. 

Haines, T. A. and Baker, J. P. (1986). Evidence of fish population responses to acidification in the 
eastern United States. Wafer Air Soil Poll. 31, 605-629. 

Haines, T. A., Pauwels, S. J., Jagoe, C. H., and Norton, S. A. (1987). Effects of acidity related water 
and sediment chemistry variables on trace metal burdens in brook trout (Salvelinus fontinalis). 
Ann. SOC. Roy. Zool. Belg. 177, (suppl. 1): 45-55. 

Hall, R. J., Driscoll, C. T., and Likens, G. E. (1985). Physical, chemical and biological consequences 
of episodic aluminum additions to a stream. Limnol. Oceanogr. 30, 212-220. 

Hall, R. J. and Likens, G. E. (1981). Chemical flux in an acid stressed stream. Nature 292, 329-331. 
Hall, R. J., Likens, G. E., Fiance, S.,  and Hendrey, G. (1980). Experimental acidification of a stream 

in the Hubbard Brook Experimental Forest, New Hampshire. Ecology 61, 976-989. 
Hall, R. J., Driscoll, C. T., and Likens, G. E. (1987). Importance of H+ and aluminum in the 

resulting structure and function of stream ecosystems: an experimental test. Freshwater Biology 18, 

Harriman, R. and Morrison, B. (1982). Ecology of acid streams draining forested and non- 
forested catchments in an area of central Scotland subject to acid precipitation. Hydrobiologia 88, 

17-43. 

251-263. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



164 G. HOWELLS ET A L .  

Harriman, R. et al. (1987) Stream chemistry and salmon survival in the Allt a Marcaidh, Cairngorm, 
Scotland; pp. 266-277 in Report to SWAP, Bergen, Norway. 

Harvey, H. H. and McArdle, J. M. (1986). Physiological response of rainbow trout, Salmo gairdneri 
exposed to Plastic Lake inlet and outlet stream waters. Water Air Soil Poll. 30, 687-694. 

Harvey, H. H. and Whelpdale, D. M. (1986). On the prediction of acid precipitation events and their 
effects on fishes. Water Air Soil. Poll. 30, 579-586. 

Havas, M. (1985). Aluminium bioaccumulation and toxicity to Daphnia magna in soft water at low 
pH. Can. J. Fish. Aquat. Sci. 42, 1741-1748. 

Havas, M. and Hutchinson, T. C. (1982). Aquatic invertebrates from the Smoking Hills, N.W.T.: 
effect of pH and metals on mortality. Can. J. Fish. Aquat. Sci. 39, 890-903. 

Havas, M. and Hutchinson, T. C. (1983). The Smoking Hills: natural acidification of an aquatic 
ecosystem. Nature 301, 23-27. 

Havas, M., Hutchinson, T. C., and Likens, G. E. (1985). Effects of low pH on sodium regulation in 
two species of Daphnia. Can. J. Zool. 62, 1965-1970. 

Havas, M. and Jaworski, J. F. (eds.) (1986). Aluminum in the Canadian environment. Nat. Res. 
Council Assoc. Comm. on Scientific Criteria for Environmental Quality; sub-comm. on Heavy 
Metals and Certain Other Elements, NRCC No. 24759. 

Havas, M. and Likens, G. E. (1985). Toxicity of aluminum and hydrogen ions to Daphnia catawba, 
Holopedium gibberum, Chaoborus punctipennis and Chironomus anthrocinus from Mirror Lake, 
New Hampshire Can. J .  Zool. 63, 1114-1119. 

Heit, M., Schofield, C. L., Driscoll, C. T., and Hodgkiss, S. S. (1989). Trace element concentrations 
in fish from three Adirondack lakes with different pH values. Water Air Soil. Poll. 44, 9-30. 

Helliwell, S., Batley, G. E., Florence, T. M., and Lumsden, G. C. (1983). Speciation and toxicity of 
aluminium in a model fresh water. Eng. Technol. Letters 4, 141-144. 

Heming, T. A. and Blumhagen, K. A. (1988). Plasma acid-base and electrolyte status of rainbow 
trout exposed to alum (aluminum sulphate) in acidic and alkaline environments. Aquat. Toxicol. 12, 

Hendershot, W. H., Dufresne, A,, Lalande, H., and Courchesne, F. (1986). Temporal variation in 
aluminium speciation and concentration during snowmelt. Water Air and Soil Poll. 31, 231-237. 

Henriksen, A., Lien, L., Traaen, T. S., Sevaldrud, I. S . ,  and Brakke, D. F. (1988). Lake acidification 
in Norway-present and predicted chemical status. Ambio 17, 259-266. 

Henriksen, A., Skogheim, D. K., and Rosseland, B. 0. (1984). Episodic changes in pH and 
aluminium speciation kill fish in a Norwegian salmon river. Vatten 40, 255-260. 

Henriksen, A., Wathne, B. M., Rogerberg, E. J. G., Norton, S. A., and Brakke, D. F. (1988). The 
role of stream substrates in aluminium mobility and acid neutralization. Water Res. 22, 1069-1073. 

Herrmann, J. (1987). Aluminium impact on freshwater invertebrates at low pH: a review, in 
Speciation of Metals in Water, Sediment and Soil Systems ed. L. Landner, Springer Verlag, Berlin, 

Herrmann, J. and Andersson, K. (1986). Aluminium impact on respiration of stream living mayfly 
nymphs. Water Air Soil Poll. 30, 703-709. 

Holtze, K. E. and Hutchinson, N. J. (1989). Lethality of low pH and A1 to early life stages of six 
fish species inhabiting Precambrian Shield waters in Ontario. Can. J. Fish. Aquat. Sci. 46, 

Hooper, R. P. and Shoemaker, C. A. (1985). Aluminum mobilisation in an acidic headwater stream: 
temporal variation and mineral dissolution equilibria. Science 229, 463-465. 

Hornstrom, E., Ekstrom, C., and Duraini, M. 0. (1984). Effects of pH and different levels of 
aluminium on lake plankton in the Swedish west coast area. Znst. Freshw. Res. Drottningholm 61, 

Howells, G. (1983). Acid waters-the effect of low pH and acid associated factors on Fisheries. 

Howells, G. (1984). Fishery decline: mechanisms and predictions. Trans. Roy. SOC. Lond. B 305, 

Howells, G. (1985). Mechanisms and causes of fishery decline. In: Acid Rain and Fisheries: a Debate 

Howells, G .  (1986). The Loch Fleet Project; a report of the pre-intervention Phase (1) 1984-1986, 

Howells, G., Brown, D. J. A., and Sadler, K. (1983). Effects of acidity, calcium, and aluminium on 

Howells, G. and Dalziel, T. R. K. (1988). The Loch Fleet Project; a report of the intervention phase 

125-140. 

Vol. 11, pp. 157-175. 

1188-1202. 

115-127. 

Advances in Appl. Biol. 9, 143-255. 

529-547. 

of Issues ed. P. J. Rag0 and R. K. Schreiber, USFWS rept. 80, (40.21). 

CEGB/SSEB/NSHEB/BC publ. 

fish survival and productivity-a review. J. Sci. Food Agric. 34, 559-570. 

(2) 1986-1987, CEGB/SSEB/SNHEB/BC publ. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 165 

Howells, G. and Morris, R. (1989). Commentary and conclusions: in Acid Toxicity and Aquatic 
Animals ed. R. Morris et al., Cambridge Univ. Press, Cambridge pp. 265-276. 

Hultberg, H. and Anderson, I. A. (1982). Liming of acidified lakes: induced long-term changes. 
Water Air Soil. Poll. 18, 311-331. 

Hultberg, H. and Wenblad, A. (1980). Acid groundwater in southwestern Sweden: in Ecologicul 
Impact of Acid Precipitation, ed, D. Drablos and A. Tollan, Sandefjord, Norway, SNSF, pp. 
220-221. 

Hum, J. B., Cleveland, L., and Little, E. E. (1987). Influence of pH and aluminum on developing 
brook trout in a low calcium water. Enu. Poll. 43, 63-73. 

Hunter, J. B., Ross, S. L., and Tannahill, J. (1980). Aluminium pollution and fish toxicity. J.  Wot. 
Poll. Contr. 79, 413-420. 

Hutchinson, N. J., Holtze, K. E., Munroe, J. R., and Pawson, T. W. (1987). Lethal responses of 
salmonid early life stages to H+ and A1 in dilute waters. Ann. SOC. Roy. 2001. Belg. 117, (suppl. 1): 

Hutchinson, N. J., Holtze, K. E., Munro, J. R., and Pawson, T. W. (1989). Modifying effect of life 
stage, ionic strength and post-exposure mortality on lethality of H+ and A1 to lake trout and brook 
trout. Aquat. Toxicol. 15, 1-26. 

Hutchinson, T. C. and Havas, M. (1986). Recovery of previously acidified lakes near Coniston, 
Canada, following reductions in atmospheric sulphur and metal emissions. Water Air Soil Pol. 28, 

Ingersoll, C. G., Lapoint, T. W., Reck, J., and Bergman, H. L. (1985). An early life stage brook 
trout (Saluelinus fontinalis) bioassay testing the independent and combined effects of pH, calcium 
and aluminium in low conductivity water. US Fish Wildlife Rept. 21, 42-48. 

Institution of Water Engineers (1969). Manual of Britkh Water Engineering Practice, Vol. I11 Water 
Quality and Treatment, ed. W. 0. Skeat and B. J. Dangerfield, 4th edn. Heffer, Cambridge. 

Jacks, G., Olofsson, E., and Werne, G. (1986). An acid surge in a well buffered stream. Ambio 15, 

Jagoe, C. H., Haines, T. A., and Buckler, D. R. (1987). Abnormal gill development in Atlantic 
salmon (Salmo salar) fry exposed to aluminum at low pH. Ann. Roy. Zool. SOC. Belg. 117, 

Jansson, M. (1981). Induction of high phosphatase activity by aluminium in acid lakes. Arch. 
Hydrobiol. 93, b: 32-44. 

Jefferies, D. S., Wales, D. L., Kelso, J. R. M., and Linthurst, R. A. (1986). Characteristics of lakes 
in North America: i. Eastern Canada. Water Air Soil Poll. 31, 551-567. 

Jensen, F. B. and Weber, R. E. (1987). Internal hypoxia-hypercapnia in tench exposed to aluminium 
in acid water: effects on blood gas transport, acid-base status and electrolyte composition in arterial 
blood. J .  Exp. Biol. U7, 427-442. 

Johnson, D. W. and Cole, D. W. (1980). Anion mobility in soils: relevance to nutrient transport 
from forest ecosystems. Environment International 3, 79-90. 

Johnson, D. W., Simonin, H. A., Colquhoun, J. R., and Flack, F. M. (1987). In situ toxicity tests of 
fishes in acid waters. Biogeochemistry 3, 181-208. 

Johnson, N. M. (1979). Acid rain: neutralisation within the Hubbard Brook ecosystem and regional 
implications. Science u)4, 497-499. 

Johnson, S. W., Henderson, G. S., and Todd, D. E. (1981). Evidence of modern accumulations of 
adsorbed sulphate in an East Tennessee forested utilisol. Soil Sci. 132, 422-426. 

Jones, H. C. et al. (1983). Investigation of the cause of fishkills in fish-rearing facilities in Raven Fork 
watershed. Tennessee Valley Authority, Div. Air and Water Resources, Rept. TVA/ONR/WR- 
8319. 

Jones, J. R. E. (1939). The relation between the electrolytic solution pressures of the metals and their 
toxicity to the stickleback (Gusterosreus aculeatus L.), J .  Exp. Biol. 16, 425-437. 

de Jong Ledd. (1965). Tolerance of Chlorellu uulguris for metallic and non-metallic ions. Antonie van 
Leeuuenhoek 31, 301-313 (cited in Burrows, 1977). 

Kane D. A. and Rabeni, C. F. (1987). Effects of aluminium and pH on the early life stages of 
smallmouth bass (Micropterus dolomieui). Wut. Res. 21, 633-639. 

Karlsson-Norrgren, L., Dickson, W., Ljangberg, O., and Runn, P. (1986). Acid water and aluminium 
exposure: gill lesions and aluminium accumulation in farmed brown trout, Salmo rrurra. J. Fish Dis. 

Kramer, J. R., Cronan, C. S., de Pinto, J. V., Hemond, H. F., and Visser, S. (1989). Organic acids 
and acidification of surface waters. Rept. to Acid Deposition Committee, Utility Air Regulatory 
Group, USA. 

201-217. 

319-333. 

282-285. 

375-386. 

9, 1-9. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



166 G. HOWELLS ET AL. 

Krug, E. G. and Frink, C. K. (1983). Acid rain on acid soil: a new perspective. Science 221,520-525. 
Kullberg, A. and Petersen, R. C. (1987). Dissolved organic carbon, seston and macroinvertebrate 

drift in an acidified and limed humic stream. Freshwater Biology 17, 553-564. 
Lacroix, G. L. (1985a). Plasma ionic composition of the Atlantic salmon (Salmo salar), white sucker 

(Catustomus commersoni) and alewife (Alosa psuedoharengus) in some acidic rivers of Nova Scotia. 
Can. J. Zool. 63, 2254-2261. 

Lacroix, G. L. (1985b). Survival of eggs and alevins of Atlantic salmon (Salmo salar) in relation to the 
chemistry of interstitial water in redds in some acidic streams of Atlantic Canada. Can. J .  Fish. 
Aquat. Sci. 42,292-299. 

Lacroix, G .  L. (1989). Ecological and physiological responses of Atlantic salmon in acidified rivers of 
Nova Scotia, Canada. Water Air Soil Poll. 46, 375-386. 

Lacroix, G. L., Gordon, D. J., and Johnston, D. J. (1985). Effects of low environmental pH on the 
survival, growth, and ionic composition of postemergent Atlantic salmon (Salmo salar). Can. .I. 
Fish. Aquat. Sci. 42, 768-775. 

Lacroix, G. L., Hood, D. J., Belfry, C. S., and Rand, T. G. (1989). Physiological responses and gill 
histopathology of juvenile Atlantic salmon (Salmo salar) and brook trout (Saluelinus fontinalis) 
indigenous to acidified streams in Nova Scotia. Can. J .  2001. Submitted. 

Lacroix, G. L. and Kan, K. T. (1986). Speciation of aluminum in acidic rivers of Nova Scotia 
supporting Atlantic salmon: a methodological evaluation. Can. Tech. Rept. of Fish. Aq.  Sci. No. 
1501. 

Lacroix, G. L. and Townsend, D. R. (1987). Responses of juvenile Atlantic Salmon (Salmo salar) to 
episodic increases in acidity of Nova Scotian rivers. Can. J .  Fish. Aquat. Sci. 45, 1475-1484. 

Lamb, D. S. and Bailey, G. C. (1981). Acute and chronic effects of alum to midge larvae (Diptera: 
Chironomidae). Bull. Enuiron. Contam. Toxicol. 27, 59-67. 

Langan, S. J .  (1987). Episodic acidification of streams at Loch Dee, SW Scotland. Trans. Roy. SOC. 
Edin. (Earth Sciences) 78, 393-398. 

Langan, S. J. (1989). Sea salt induced acidfication. Hydrol. Processes 3, 25-41. 
Lazerte, B. D. (1984). Forms of aqueous aluminum in acidified catchments of central Ontario: a 

Lazerte, B. D., Chun, C., Evans, D., and Tomassino, F. (1987). Aluminum is easily and correctly 

Lee, C. and Harvey, H. H. (1986). Localisation of aluminum in tissues of fish. Water Air Soil Poll. 

Lee, L. H. (1985). Aluminium speciation in different water types. Ecol. Bull. 37, 109-119. 
Leino, R. L., McCormick, J. H., and Jensen, K. M. (1987). Changes in gill history of fathead 

minnows and yellow perch transferred to soft water or acidified with particular reference to chloride 
cells. Cell Tiss. Res. 250, 389-399. 

Leivestad, H., Jensen, E., Kjartansson, H., and Xingfu, L. (1987). Aqueous speciation of aluminium 
and toxic effects on Atlantic salmon. Ann. SOC. Roy. Zool. Belg. 117, (suppl. 1): 387-398. 

Leivestad, H. and Muniz, I. P. (1976). Fish kill at low pH in a Norwegian river. Nature 259, 391- 
392. 

Leuven, C., Den Hartog, M., Christiaans, M. M., and Heijligers, W. H. C. (1986). Effects of water 
acidification on the distribution pattern and the reproductive success of amphibians. Experientia 42, 

Linlokken, A. (1988). Vertical distribution of brown trout (Salmo trutta) and perch (Perca puuiatilis) 
in an acidified lake. Water Air Soil Poll. 40, u)3-213. 

Linthurst, R. A. et al. (1986a). Characteristics of lakes in eastern United States Vol. 1: Population 
descriptions and physico-chemical relationships. EPA/600/4-86/007a, Washington DC 136 pp. 

Linthurst, R. A. et al. (1986b). Regional chemical characteristics of lakes in North America Part 11: 
Eastern United States. Water Air and Soil Poll. 31, 577-591. 

Lydersen, E. (1990). Aluminium speciation vs. temperature, solubility, acidity. (In press: Nordic 
Hydrology and/or Wat. Res. Res.). 

McCahon, C. P., Pascoe, D., and McKavanagh, C. (1987). Histochemical observations on the 
salmonids Salmo salar L. and Salmo trutta L and the ephemeropterans Baetk rhodani (Pict.) and 
Ecdyonuris uanosus (Fabr.) following a simulated episode of acidity in an upland stream. 
Hydrobiologia l53, 3-12. 

McCormack, J. H., Jensen, K. M., and Anderson, L. E. (1989). Chronic effects of low pH and 
elevated aluminium on survival, maturation, spawning and embryo-larval development of the 
fathead minnow in soft water. Water Air Soil Poll. 43, 293-307. 

McDonald, D. G. and Milligan, C. L. (1988). Sodium transport in the brook trout, Saluelinm 

methodological analysis. Can. J.  Fish. Aquat. Sci. 41, 766-776. 

speciated in dilute acidic waters. Unpub. Rept. Ont. Min. Env., Dorset, Ont. Canada. 

30,649-655. 

495-503. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 167 

fontinalis; effects of prolonged low pH exposure in the presence and absence of aluminium. Can. J.  
Fish. Aquat. Sci. 45, 1605-1613. 

McDonald, D. G., Reader, J. P., and Dalziel, T. R. K. (1989). The combined effects of pH and trace 
metals; in Acid Toxicity and Aquatic Animals ed. R. Morris et al., publ. Cambridge Univ. Press, 
Cambridge pp. 221-242. 

Mackie, G. L. (1986). Effects of acidifying environments on freshwater molluscs in southern Ontario. 
Amer. Malac. Bull. 5, 31-39. 

McMahon, B. R. and Stuart, S. A. (1989). Physiological problems of crayfish in acid waters: pp. 
171-199 in Acid toxicity in Aquatic Animals ed. R. Morris et al.,  publ. Cambridge Univ. Press, 
Cambridge. 

Maitland, P. S., Lyle, A. A., and Campbell, R. N. B. (1987). Acidification and fish in Scottish lochs, 
NERC Inst. Terr. Ecol. Rept. (ISBN 1 87039304 X). 

Malley, D. F. and Chang, P. S. S. (1985). Effects of aluminum and acid on calcium uptake by the 
crayfish Orconectes uirilis. Arch. Contam. Toxicol. 14, 739-747. 

Malley, D. F., Huebner, J. D., and Donkerloot, K. (1987?). Effects on ionic composition of blood 
and tissue of Anodonta grandis of an addition of aluminium and acid to a lake. (Submitted to Arch. 
Enu. Contam. Toxicol.). 

Malte, H. (1986). Effects of aluminium in hard, acid water on metabolic rate, blood gas tensions and 
ionic status in rainbow trout. J .  Fish B i d  29, 187-198. 

Malte, H. and Weber, R. E. (1988). Respiratory stress in rainbow trout dying from aluminium 
exposure in soft, acid, water, with or without added sodium chloride. Fish Physiol. Biochem. 5, 

Martyn, C. N. et al. (1989). Geographical relation between Alzheimer’s disease and aluminium in 

Mayer, T. and Kramer, J. R. (1986). Effect of lake acidification on adsorption of P by sediments. 

Miller, H. G. (1984). Deposition-plant-soil-interaction. Phil. Trans. Roy. SOC. Lond. B 305, 

Minzoni, F. (1984). Effects of aluminium on different forms of freshwater plankton. Enu. Technol. 
Letters 5,  425-432. 

Muniz, I. P., Andersen, R., and Sullivan, T. J. (1987). Physiological response of brown trout (Salmo 
trutta) spawners and post-spawners to acidic aluminium-rich stream water. Wat. Air Soil Poll. 36, 

Muniz, I. P. and Leivestad, H. (1980a). Acidification-effects on freshwater fish; pp. 84-92 in 
Ecological llmpact of Acid Precipitation, ed. D. Drablos and A. Tollan, Sandefjord, Norway, 
SNSF. 

Muniz, I. P. and Leivestad, H. (1980b). Toxic effects of aluminium on the brown trout, Salmo trutta 
L; pp. 320-321 in Ecological lmpact of Acid Precipitation, ed. D. Drablos and A. Tollan, 
Sandefjord, Norway, SNSF. 

Muniz, I. P., Leivestad, H., and Bjerkenes, V. (1979). Fishkill in the Nidelva river (the water course 
of the Arendal) in spring 1979 (in Norwegian). SNSF Report TN 48/79. 

Muramoto, S. (1981). Influence of complexans (NTA, EDTA) on the toxicity of aluminium chloride 
and sulphate to fish at high concentrations. Bull. Enu. Contam. Toxicol. 27, 221-225. 

Nalewayko, C. and Paul, B. (1985). Effects of manipulations of aluminium concentrations and pH on 
phosphate uptake and photosynthesis of planktonic communities in two Precambrian Shield lakes. 
Can. J. Fish. Aquat. Sci. 42, 1946-1953. 

Neville, C. M. (1985). The physiological response of juvenile rainbow trout, Salmo gairdneri, to acid 
and aluminium-prediction of field responses from laboratory data. J. Can. Fish. Aquat. Sci. 42, 

249-256, 

drinking water. Lancet, Jan 14: 59-61. 

Water Air and Soil Poll. 31, 949-958. 

339-352. 

371-379. 

2W-2019. 
Neville, C. M. (1987). Criteria Document for Aluminum, Ont. Min. Environ., Canada. 
Neville, C. M. and Campbell, P. G. C. (1989). Possible mechanisms of aluminium toxicity in a dilute 

acidic environment to fingerlings and older life stages of salmonids. Water Air Soil Poll. 42, 

Nordstrom, D. K. (1982). The effect of sulphate on aluminum concentrations in natural waters: some 
stability relations in the system AI,O,-SO,-H,O at 298°C. Geocbem. Cosmochim. Acra 46, 

Nyholm, N. E. I. (1981). Evidence of involvement of aluminium in causation of defective eggshells 

O’Donnell, A. R., Mance, G., and Norton, R. (1983). A review of toxicity of aluminium in fresh 

31 1-327. 

681-692. 

and of impaired breeding in wild passerine birds. Enuiron. Res. 26, 363-371. 

water. Water Research Centre Rept. ER 541 - M. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



168 G. HOWELLS E T A L .  

Ogilvie, D. M. and Stechey, D. M. (1983). Effects of aluminium on respiratory responses and 
spontaneous activity of rainbow trout Salmo gairdneri. Enuiron. Toxicol. Chem. 2, 43-48. 

Ormerod, S. J., Allinson, N., Hudson, D., and Tyler, S. J. (1986). The distribution of breeding 
dippers (Cinclus cinclus) in relation to stream acidity in upland Wales. Freshwater Biology 16, 

Ormerod, S. J., Boole, P., McCahon, C. P., Weatherley, N. S., Pascoe, D., and Edwards, R. W. 
(1987a). Short term experimental acidification of a Welsh stream: comparing the biological effect of 
H+ and aluminium. Freshwater Biology 17, 341-356. 

Ormerod, S. J., Donald, A. P., and Brown, S. J. (1989). The influence of plantation forestry on the 
pH and aluminium concentration in upland Welsh streams: a reexamination. Enu. Poll. 62, 47-62. 

Ormerod, S .  J. and Edwards, R. W. (1987). The ordination and classification of macroinvertebrate 
assemblages in the catchment of the River Wye in relation to environmental factors. Freshw. Biol. 

Ormerod, S. J. and Tyler, S. J. (1987). Dippers, Cinclus cinclus, and grey wagtails, Montacilla 
cinerea, as indicators of stream acidity in upland areas. Tech. Publ. Internat. Council for Bird 
Preservation, Cambridge. 

Ormerod, S. J. and Tyler, S. J. (1989). Long-term changes in the suitability of Welsh streams for 
dippers, Cinclus cinclus, as a result of acidification and recovery: a modelling study. Enu. Poll. 62, 

Ormerod, S. J., Wade, K. R., and Gee, A. S. (1987b). Macrofloral assemblages in upland Welsh 
streams in relation to acidity, and their importance to invertebrates. Freshwater Biology 18, 
545-557. 

Ormerod, S .  J., Weatherley, N. S., French, P., Blake, S., and Jones, W. M. (1987~). The 
physiological response of brown trout, Salmo rrurra, to induced episodes of low pH and elevated 
aluminium in a Welsh hill stream. Ann. SOC. Zool. Belg. 117, (suppl. 1): 435-447. 

Ormerod, S. J., Weatherley, N. S.,  and Varallo, P. V. (1988). Preliminary empirical models of the 
historical and future impact of acidification on the ecology of Welsh streams. Freshw. Biol. 20, 

Orr, P. L., Bradley, R. W., Sprague, J. B., and Hutchinson, N. J. (1985). Acclimation induced 
changes in toxicity of aluminium to rainbow trout (Salmo gairdneri) Can. 1. Fish. Aquat. Sci. 43, 

Otto, C. and Svensson, B. S. (1983). Properties of acid brown water streams in South Sweden. Arch. 
Hydrobiol. 99, 15-36. 

Overrein, L. N. (1980). Acid precipitation-impact on the natural environment. In Energy for Our 
World 3, Proc. 11th. World Energy Conf., Munich pp. 570-583. 

Paul, B. J. (1984). The effect of aluminum on phytoplankton. MSc Thesis, Univ. Toronto, Toronto, 
Ont. cited in Butcher 1987. 

Peterson, R. H., Daye, P. G., and Metcalfe, J. L. (1980). Inhibition of Atlantic salmon (Salmo salar) 
hatching at low pH. Can. J .  Fish. Aquut. Sci. 37, 770-774. 

Peterson, R. H., Coombs, K., Power, J. and Pain, U. (1989). Response of several fish species to pH 
gradients. Can. J. Zool. 67, 1566-1572. 

Peterson, R. H. er al. (1989). Response of Atlantic salmon (Salmo salar) alevins to DOC and 
dissolved A1 at low pH. Waf. Air Soil Poll. 46, 399-413. 

Playle, R. S. (1987). Chemical effects of spring and summer alum additions to a small northwestern 
Ontario lake. Water Air Soil Poll. 32, 207-225. 

Playle, R. S., Goss, G. G., and Wood, C. M. (1989). Physiological disturbances in rainbow trout 
(Salmo gairdneri) during acid and aluminium exposures in soft water of two aluminium 
concentrations . Can. J .  Zool. 67, 314-324. 

Playle, R. S .  and Wood, C. M. (1989). Water pH and aluminium chemistry in the gill 
micro-environment of rainbow trout during acid and aluminium exposures. J .  Comp. Physiol. B 

Potts, W. T. W. and McWilliams, P. G. (1989). The effects of hydrogen and aluminium ions on fish 
gills: in Acid Toxiciv and Aquatic Animals, ed. R. Morris et at., publ. Cambridge Univ. Press, pp. 
201-220. 

Potts, W. T. W., Talbot, C., Eddy, F. B., Primmett, D., Prunett, D., and Williams, M. (1989). 
Sodium balance in adult Atlantic Salmon (Salmo salar L.) during migration into neutral and acid 
fresh water. Comp. Biochem. Physiol. %A, 247-253. 

Prigg, R. F. (1983). Juvenile salmonid populations and biological quality of upland streams in 
Cumbria with particular reference to low pH effects. North West Water Authority Rept. BN 

501-507. 

17, 533-546. 

171-182. 

127- 140. 

243-246. 

159,539-550. 

77-2-83. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 169 

Rao, V. N. R. and Subramian, S. K. (1982). Metal toxicity tests on growth of some diatoms. Acta 
Botanica India 10, 274-281. 

Rask, M. and Virtanen, E. (1986). Responses of perch, Perca fluviatilis L., from an acidic and a 
neutral lake to acidic water. Wat. Air Soil Poll. 30, 537-543. 

Reader, J. P., Dalziel, T. R. K., and Morris, R. W. (1988). Growth, mineral uptake and skeletal 
calcium deposition in the brown trout, Salmo trutta, yolk-sac fry exposed to aluminium and 
manganese in soft acid water. J. Fish Biol. 32, 607-624. 

Reader, J. P. and Dempsey, C. H. (1989). Episodic changes in water quality and their effects 
on fish: pp. 69-83in Acid Toxicity and Aquatic Animals ed. R. Morris, et al., Cambridge Univ. 
Press. 

Reader, J. P., Everall, N. C., Sayer, M. D. J., and Morris, R. (1989). The effects of eight trace 
metals in acid soft water on survival, mineral uptake and and skeletal calcium deposition in 
yolk-sac fry of brown trout, Salmo trutta L. J .  Fish. Biol. 35, 187-198. 

Reader, J. P. and Morris, R. W. (1988). Effects of aluminium and pH on calcium fluxes, and effects of 
cadmium and manganese on calcium and sodium fluxes in brown trout (Salmo trurta L.). Comp. 
Biochem. Physiol. 91C, 449-457. 

Reckhow, K. H., Black, R. W., Stockton, T. B., Vogt, J. D., and Wood, J. G. (1987). Empirical 
models of fish response to lake acidification. Can. J. Fish. Aquat. Sci. 45, 1432-1442. 

Reid, J. M., McLeod, D. A., and Cresser, M. S. (1981). Factors affecting the chemistry of 
precipitation and river water in an upland catchment. J. Hydrol. 50, 129-145. 

Reuss, J. 0. and Johnson, D. W. (1985). Effect of soil processes on the acidification of water by acid 
deposition. J. Environ. Qual. 14, 26-31. 

Reuss, J. 0. and Johnson, D. W. (1986). Acid Deposition and the Acidification of Soils and Waters, 
Springer-Verlag, NU Ecological Studies 59. 

Reynolds, B., Neal, C., Hornung, M., and Stevens, P. A. (1986). Baseflow buffering of stream water 
acidity in five mid-Wales catchments. J. Hydrol. 87, 167-185. 

Rosseland, B. 0. (1980). Physiological responses to acid water in fish: 2, Effects of acid water on 
metabolism and gill ventilation in brown trout, Salmo trutta (L.), and brook trout. Salvelinus 
fontinalis (Mitchell); pp. 348-349 in Ecological impact of Acid Precipitation ed. D. Drablos and A. 
Tollan, Sandefjord, Norway, SNSF. 

Rosseland, B. O., Eldhuset, T. D., and Stuarnes, M. (1989). Environmental effects of aluminium. 
Env. Geochem. Health (in press). 

Rosseland, B. 0. and Skogheim, 0. K. (1982). Physiological stress and mortality of Atlantic salmon, 
Salmo sular L., in acid water with high levels of aluminium. Proc. Council ICES, Copenhagen. 

Rosseland, B. 0. and Skogheim, 0. K. (1984). A comparative study on salmonid fish species in acid 
aluminium-rich water. 11. Physiological stress and mortality of one- and two-year old fish. Rept. 
Inst. Freshw. Res. Drottningholm 61, 186-194. 

Rosseland, B. 0. and Skogheim, 0. K. (1986). Neutralisation of acidic brook water using a 
shell-sand filter or sea water: effects on eggs, alevins and smolts of salmonids. Aquaculture 58, 

Rosseland, B. 0. and Skogheim, 0. K. (1987). Differences in sensitivity to acid soft water among 
strains of brown trout (Salmo trutta L.). Ann. SOC. Zool. Belg 117, (suppl. l ) ,  255-264. 

Rosseland, B. O., Skogheim, D. K., Ambrahamsen, H., and Matzow, D. (1986a). Limestone slurry 
reduces physiological stress and increases survival of Atlantic salmon (Salmo salar) in an acidic 
Norwegian river. Can. J.  Fish. Aquat. Sci. 43, 1888-1893. 

Rosseland, B. O., Skogheim, D. K., Droglund, D., and Hoell (1986b). Mortality and physiological 
stress of year-classes of land-locked and migratory Atlantic salmon, brown trout and brook trout in 
acidic aluminium rich soft water. Water Air Soil Poll. 30, 751-756. 

Ruthven, J. A. and Cairns, J. (1973). Response of freshwater protozoan artificial communities. J .  
Protozool. 20, 127-135. 

Sadler, K. and Lynam, S. (1986). Water chemistry measurements, including inorganic aluminium and 
organic aluminium complexes in some Welsh and Pennine streams. CEGB Rept. 
TPRD/L/3015/R86. 

Sadler, K. and Lynam, S. (1987a). The influence of calcium on aluminium induced changes in the 
growth rate and mortality of brown trout, Salmo trutta L. J .  Fish. Biol. 33, 171-179. 

Sadler, K. and Lynam, S. (1987b). Some effects on the growth of brown trout from exposure to 
aluminium at different pH levels. J .  Fish. Biol. 31,209-219. 

Sadler, K. and Lynam, S. (1988). The influence of calcium on aluminium induced changes in the 
growth rate and mortality of brown trout, Salmo trutta L. J .  Fish. Biol. 33, 171-180. 

Sadler, K. and Lynam, S. (1989). Survival and development of four Norwegian strains of brown trout 

99- 110. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



170 G. HOWELLS ET AL.  

(Salmo trutta) when exposed to low pH and elevated aluminium concentrations. C.E.G.B. Res. 
Rept. RD/L/3446/R88. 

Salbu, B. (1987). Aluminium speciation in natural waters using “in situ” hollow fibre fractionation. 
Report to SWAP, Bergen, Norway, pp. 210-225. 

Sayer, M. D. J., Reader, J. P., and Morris, R. (1989). The effect of calcium concentration on the 
toxicity of copper, lead and zinc to yolk-sac fry of brown trout, Sulmo trutta L., in soft acid water. 
J .  Fish. Biol. 35, 323-332. 

Scheider, W. A., Jefferies, D. J., and Dillon, P. J. (1979). Effects of acid precipitation on 
Precambrian freshwaters in Southern Ontario. J. Great Lakes Res. 5(1), 45-51. 

Schofield, C. L. (1977). Acid snowmelt effects on water quality and fish survival in the Adirondack 
Mountains of New York State. Res. Proj. Tech. Corn. Rep. Project A-072-NY Cornell Univ. 
Ithaca, NY. 

Schofield, C. L. and Trojnar, J. R. (1980). Aluminum toxicity to brook trout (Salvelinus fontinalis) in 
acidified waters; pp. 341-362 in Polluted Rain ed. T. Y. Toribara, M. W. Miller, and P. E. 
Morrow, Plenum Press, Rochester, N.Y. 

Segner, H., Marthaler, R., and Linnenbach, M. (1988). Growth, aluminium uptake and mucous cell 
morphometrics of early life stages of brown trout, Sulmo trutta, in low pH water. Environ. Biol. 

Seip, H. M., Muller, L., and Naas, A. (1984). Aluminium speciation: comparison of two 
spectrophotometric analytical methods and observed concentrations in some acidic aquatic systems 
in southern Norway. Water Air Soil Poll. 23, 81-95. 

Siddens, L. K., Seim, W. K., Curtis, L. R., and Chapman, G. A. (1986). Comparison of continuous 
and episodic exposure to acidic aluminium contaminated waters of brook trout (Saluelinus 
fontinalis). Can. J.  Fish. Aquat. Sci. 43, 2036-2040. 

Skiba, U., Cresser, M. S., Derwent, R. G., and Futty, D. W. (1989). Peat acidification in Scotland. 
Nature 337,68-69. 

Skogheim, 0. K. and Rosseland, B. 0. (1984). A comparative study on salmonid fish species in acid 
aluminium-rich water. I Mortality of eggs and alevins. Rept. Inst. Freshw. Res. Drottningholm 61, 

Skogheim, 0. K. and Rosseland, B. 0. (1986). Mortality of smolt of Atlantic salmon, Salmo salar L., 
at low levels of aluminium in acidic soft water. Bull. environ. Contam. Toxicol. 37, 258-265. 

Skogheim, 0. K., Rosseland, B. O., Hafsund, F., Kroglund, F., and Hagenlund, G. (1984). 
Exposure of land-locked salmon, brown trout and brook trout in acid water (In Norwegian). Rapp. 
f. Fiskefoskningen 1984/2 Oslo: Direktoratet f. Vilt og Ferskvannsfisk. 

Skogheim, 0. K., Rosseland, B. O., Hoell, E., and Kroglund, F. (1986a). Base additions to flowing 
acidic water: effects on smolts of Atlantic salmon (Salmo salar L.). Wafer Air Soil Poll. 30, 

Skogheim, 0. K., Rosseland, B. O., Hoell, E., and Kroglund, F. (1986b). Effects of humic acid on 
acute aluminium toxicity to smolts of Atlantic salmon (Salmo salar L.) in acidic soft water; in 
Acidic Soft Water and Neutralisation Effects on Fish Physiology. Fish Toxicology and Fish 
Populations ed. B. 0. Rosseland and 0. K. Skogheim, XIX. Trondheim, Directorate for Wildlife 
and Management, Fish Res. Div. 

Skogheim, 0. K., Rosseland, B. O., Kroglund, F., and Hagenlund, G. (1987b). Addition of NaOH, 
limestone slurry and fine grained limestone to acidfied lake water and effects on smolts of Atlantic 
salmon (Salmo salar L.). Water Res. 21, 435-443. 

Skogheim, 0. K., Rosseland, B. O., and Sevaldrud, I. (1984). Deaths of spawners of Atlantic salmon 
in River Ogna, S. W. Norway caused by acidified aluminium rich water. Inst. Freshw. 
Res. Drottningholm 61, 194-202. 

Skeffington, R. A. (1986). Chemical changes in some North of Scotland Hydro Electric Board waters 
between 1963-71 and 1983-85. CEGB Rept. TPRD/L/3048/R86. 

Smith, R. W. and Hem, J. D. (1972). Chemistry of aluminum in natural water: effect of aging on 
aluminum hydroxide complexes in dilute aqueous solutions. U. S .  Geol. Survey Water Supply 
Paper 1827-D. 

Stanley, R. A. (1974). Toxicity of heavy metals and salts to Eurasian water milfoil (Myriophyllurn 
spicatum L.). Arch. Environ. Contam. Toxicol. 2, 331-341. 

Staurnes, M., Sigholt, T., and Reite, 0. B. (1984). Reduced carbonic anhydrase and Na-K- 
ATPase activity in gills of salmonids exposed to aluminium containing acid water. Experientia 40, 
226-227. 

Staurnes, H., Vedagiri, P., and Reite, 0. B. (1984). Evidence that aluminium inhibits Na-K-ATPase 
and carbonic anhydrase activity in the gills of salmon, Sulmo salar. Acta Physiol. Scand. 121, 21A. 

Fish. 21, 153-159. 

177-185. 

587-592. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 171 

Stephenson, D. G. (1979). Clarification; pp. 30-42 in Water Treatment Technology ed. Department of 

Stewart, J. E. (editor) et al. (1990). Impact of acid rain and its effects on salmon. ICES Report (to be 

Stokoe, R. (1983). Aquatic macrophytes in the tams and lakes of Cumbria. Occ. Publ. No. 18, 

Stoner, J. H., Gee, A. S., and Wade, K. R. (1984). The effects of acidification in the Upper Tywi 

Stoner, J. H. and Gee, A. S. (1985). Effects of forestry on water quality and fish in Welsh rivers and 

Stumm, W. and Morgan, J. J. (1981). Aquatic Chemistry, J. Wiley & Sons, New York. 
Sun, J. and Harvey, H. H. (1986). Population dynamics of yellow perch (Perca flauescens) and 

pumpkinseed (Lepomis gibbosus) in two acid stressed lakes. Water Air Soil Poll. 30, 611-617. 
Sullivan, T. J. et al. (1986). Aqueous aluminium chemistry response to episodic increases in discharge. 

Nature 323,324-327. 
Sutcliffe, D. W. (1983). Acid precipitation and its effects on aquatic systems in the English lake 

district (Cumbria). Rept. Freshw. Biol. Assoc. U. K .  No. 51, 30-62. 
Sutcliffe, D. W. and Camck, T. R. (1986). Effects of acid rain on water bodies in Cumbria, in 

Pollution in Cumbria ed. P. Ineson, publ. Inst. Terr. Ecol. NERC, 16, 16-25. 
Sutcliffe, D. W. and Hildrew, A. G. (1989). Invertebrate communities in acid streams: pp. 13-29 in 

Acid Toxicity and Aquatic Animals ed. R. Morris et al., publ. Cambridge Univ. Press, Cambridge. 
Tam, S.-C. (1987). Simulated acid rain and the importance of organic ligands on the availability of 

aluminium in soil. Water Air Soil Poll. 36, 193-206. 
Tease, B. and Coler, R. A. (1984). The effect of mineral acids and aluminum from coal leachate on 

substrate periphyton composition and productivity. J. Freshw. Biol. 2, 459-467. 
Thomsen, A., Korsgaard, B., and Joenson, J. (1988). Effect of aluminium and calcium ions on 

survival and physiology of rainbow trout, Salmo gairdneri (Richardson) eggs and larvae exposed to 
acid stress. Aquat. Toxicol. 12, 291-300. 

Tipping, E. (1989). Acid-sensitive waters of the English Lake District: a steady-state model of 
streamwater chemistry in the Upper Duddon catchment. Enuiron. Poll. 60, 181-208. 

Tipping, E. and Backes, C. A. (1988). Organic complexation of A1 in Acid waters: model testing by 
titration of a streamwater sample. Wat. Res. 22, 593-595. 

Tipping, E., Backes, C. A., and Hurley, M. A. (1988). The complexation of protons, aluminium and 
calcium by aquatic humic substances: a model incorporating binding-site heterogeneity and 
macroionic effects. War. Res. 22, 597-611. 

Tipping, E. and Hopwood, J. (1988). Estimating streamwater concentrations of aluminium released 
from streambeds during “acid episodes”. Env. Technol. Letters 9, 703-712. 

Tipping, E., Ohnstad, D. M., and Woof, C. (1989). Adsorption of aluminium by stream particulates. 
Enuiron. Poll. 57, 85-96. 

Tipping, E., Woof, C., Backes, C. A., and Ohnstad, D. M. (1988a). Aluminium speciation in acidic 
natural waters: testing of a model for Al-humic complexation. Wat. Res. 22, 321-326. 

Tipping, E., Woof, C., Walters, P. B., and Ohnstad, D. M. (1988b). Conditions required for the 
precipitation of aluminium in acidic natural waters. Wat. Res. 22, 585-592. 

Townsend, C. R., Hildrew, A. G., and Francis, J. E. (1983). Community structure in some southern 
English streams: the influence of physico-chemical factors. Freshwater Biol. 13, 521-544. 

Tranter, M., Abraham, P. W., Blackwood, I. L., Brimblecombe, P., and Davies, T. D. (1988). 
The impact of a single black snowfall on stream water in the Scottish highlands. Nature 332, 926- 
829. 

Turnpenny, A. W. H. (1989). Field studies on fisheries in acid waters in the UK: pp. 45-66 in Acid. 
Toxicity and Aquatic Animals ed. R. Morris er al., publ. Cambridge Univ. Press. 

Turnpenny, A. W. H., Dempsey, C. H., Davis, M. H., and Fleming, J. M. (1987). Factors limiting 
fish DoDulations in the Loch Fleet system, an acidic drainage system in south west Scotland. J. Fish 

Environment, London HMSO. 

published). 

Freshw. Biol. Assoc. U.K. 

catchment in West Wales. Enu. Poll. (A) 35, 125-157. 

lakes. J. Inst. Wat. Eng. Sci. 39, 27-45. 

- .  

Bioi <2, 101-118. 
Turnoennv. A. W. H.. Sadler. K.. Aston, R. J.. Milner, A. G. P., and Lynam, S. (1987). The fish 

po&ations of some streams in Wales and northern England in relation to acidity and associated 
factors. J. Fish. Biol. 31, 415-434. 

Tyler, S. J. and Ormerod, S. J. (1988). Effects on birds: pp. 97-110 in Acid Rain and Britain’s Natural 
Ecosystems eds. M. Ashmore, N. Bell, and C. Garretty, ICCET rept. Imperial College, London. 

Underwood, J. K., Ogden, J. G. III., and Smith, D. L. (1986). Contemporary chemistry of Nova 
Scotian lakes. Water Air Soil Poll. 30. 991-999. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



172 G. HOWELLS ET AL.  

Valtonen, T. and Laitinin, M. (1988). Acid stress in respect to calcium and magnesium concentrations 
in the plasma of perch during maturation and spawning. Environ. Biol. Fishes 22, 147-154. 

van Breemen, N. (1973). Dissolved aluminum in acid sulphate soils and in acid mine waters. Soil Sci. 
Amer. Proc. 37, 694-697. 

Vangenechten, J. D. and Vanderborght, 0. L. J. (1980). Acidification of Belgian moorland pools by 
acid sulphur-rich water; pp. 246-247 in Ecological Impact of Acid Precipitation, eds. D. Drablos 
and A. Tollan, Sandefjord, Norway, SNSF. 

Vangenechten, J. H. D., Witters, H. E., and Vanderborght, D. L. J. (1989). Laboratory studies on 
invertebrate survival and physiology; pp. 153-170 in Acid Toxicity and Aquatic Animals ed. R. 
Morris et al., publ. Cambridge Univ. Press. 

Wales, D. L. and Beggs, G. L. (1986). Fish species distribution in relation to lake acidity in Ontario. 
Water Air Soil Poll. 30, 601-609. 

Walker, R. L,, Wood, C. M., and Bergman, H. L. (1988). Effects of low pH and aluminium on 
ventilation in the brook trout (Saluelinus fontinalis). Can. J .  Fish. Aquat. Sci. 45, 1614-1622. 

Weatherley, N. S., Rogers, A. P., Goenega, X., and Ormerod, S. J. (1989). The survival of early life 
stages of brown trout (Salmo salar L.) in relation to aluminium speciation in and Welsh streams. 
(Submitted to Aquatic Toxicology) 

Weatherley, N. S., Thomas, S. P., and Ormerod, S. J. (1989). Chemical and biological effects of acid, 
aluminium and lime additions to a Welsh hill stream. Enuiron. Poll. 56, 283-297. 

Wendelaar-Bonga, S., Flik, G., and Balm, P. H. M. (1987). Physiological adaptation to acidic stress 
in fish. Ann. SOC. Zool. Belg. 117, (Suppl. 1): 243-254. 

Winge, R. K., Fassel, V. A., Kniseley, R. N., Dekalb, E., and Haas, W. J. (1977). Determination of 
trace elements in soft, hard, and saline waters by the inductively coupled plasma, multi-element, 
emission spectroscopic (ICP-MAES) technique. Spectrochim. Acta 32B, 327-345. 

Witters, H. E. (1986). Acute acid exposure of rainbow trout, Salmo gairdneri Richardson: effects of 
aluminium and calcium on ion balance and haematology. Aquat. Toxicol. 8, 197-210. 

Witters, H. E., Vangenechten, J. H. D., Puymbroeck, S. V., and Vanderborght, 0. L. J. (1983). The 
effect of pH and aluminium on the Na-balance in an aquatic insect, Corixa punctata (Illig.); pp. 
287-297 in Acid Deposition and Sulphur Cycles, SCOPE, Brussels, Belgium. 

Witters, H. E., Vangenechten, J. H. D., van Puymbroeck, S., and Vanderborght, D. L. J. (1987a). 
Ion regulatory and haematological responses of rainbow trout, Salmo gairdneri Richardson, to 
chronic acid and aluminium stress. Ann. SOC. Zool. Belg. 117, (suppl. 1): 411-420. 

Witters, H. E., Vanganechten, J. H. D., van Puymbroeck, S., and Vandergorght, D. L. J. (1987b). 
Physiological study on the recovery of rainbow trout (Salmo gairdneri Richardson) from acid and 
aluminium stress; pp. 67-75 in Reuersibility of Acidification ed. H. Barth, pp. 67-75, Elsevier, 
London. 

Welsh, E. B. (1980). Ecological Effects of Waste Water, publ. Cambridge Univ. Press, Cambridge. 
Wieder, R. K., Heston, K. P., O’Hara, E. M., Lange, G. E., Whitehouse, A., and Hett, J. (1980). 

Aluminum retention in a man-made Sphagnum wetland. Wat. Air Soil Poll. 37, 177-191. 
Winge, R. K., Fassel, V. A., Knuseley, R. N., DeKalb, E., and Haas, W. J. (1977). Determination 

of trace elements in soft, hard, and saline waters by the inductively coupled plasma, multi-element 
atomic emission spectroscopic (ICP-MAES) technique. Spectrochimica Acta 3B, 327-345. 

Winterbourne, M. J. and Collier, K. J. (1987). Distribution of benthic invertebrates in acid, brown 
water streams in the South Island of New Zealand. Hydrobiolgia 153, 277-286. 

Wood, C. M. (1989). The physiological problems of fish in acid waters; pp. 125-152 in Acid Toxiciv 
and Aquatic Animals ed. R. Morris et al., publ. Cambridge Univ. Press. 

Wood, C. M., McDonald, D. G., Booth, C. E., Simons, B. P., Ingersoll, C. G., and Bergman, H. L. 
(1988a). Physiological evidence of acclimation to acid/aluminium stress in adult brook trout 
(Salvelinur fontinalis). 1. Blood composition and net sodium fluxes. Can. J. Fish. Aguat. Sci. 4, 
1587- 1596. 

Wood, C. M. and McDonald, D. G. (1987). The physiology of acid/aluminium stress in trout. Ann. 
SOC. roy. Zool. Belg. 117, (Suppl. 1): 399-410. 

Wood, C. M., McDonald, D. G., Ingersoll, C. G., Mount, D. R., Johannsson, 0. E., Landsburger, 
S., and Bergman, H. L. (1989). Whole body ions of brook trout alevins: resoonses of volk-sac and 
swim-up stages to water acidity, calcium and aluminum, and recovery effects: (In pressj. 

Wood, C. M., Playle, R. C., Simons, B. P., Goss, G. A., and McDonald, D. G. (1988b). Blood 
gases, acid-base status, plasma ions and hematology in adult brook trout (Saluelinus fontinalis) 
under acid/aluminum exposure in a chronic cannulation study. Can. J. Fish. Aquat. Sci. 45, 
1575-1586. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ALUMINIUM CRITERIA FOR FRESHWATER FISH 173 

Wood, C. M., Simons, B. P., Mount, D. R., and Bergman, H. L. (198%). Physiological evidence of 
acclimation to acid/aluminium stress in adult brook trout (Saluelinus fontinah). 2. Blood 
parameters by cannulation. Can. J. Fkh. Aquat. Sci. 45, 1597-1605. 

Wren, C. D., MacCrimmon, H. R., and Loescher, B. R. (1983). Examination of bioaccumulation and 
biomagnification of metals in a Precambrian Shield lake. Water Air Soil Poll. 19, 277-291. 

Wright, R. F. and Henriksen, A. (1980). Regional survey of lakes and streams in south western 
Scotland, April 1979. SNSF Rept. IR 72/80. 

Wright, R. F. and Snekvik, E. (1979). Acid precipitation: chemistry and fish populations in 700 lakes 
in southernmost Norway. Verh. Internat. Verein. Limnol. 20, 765-775. 

Wright, R. F., Lotse, E., and Semb, A. (1988a). Reversibility of acidification shown by whole 
catchment experiments. Nature 234, 670-695. 

Wright, R. F., Norton, S. A., Brakke, D. F., and Frogner, T. (1988b). Experimental verification of 
episodic acidification of freshwaters by sea salts. Nature 334, 422-424. 

Youson, J. H. and Neville, C. M. (1987). Deposition of aluminium in the gill epithelium of rainbow 
trout (Salmo gairdneri Richardson) subjected to sublethal concentrations of the metal. Can. J. 

Zaret, T. M. (1980). Predation and Freshwater Communities, publ. Yale Univ. Press, New Haven, 

Zarini, S., Annoni, D., and Ravera, 0. (1983). Effects produced by aluminium in freshwater 

 ZOO^. 65, 647-656. 

Conn. 

communities studied by “enclosure” method. E m .  Technol. Letters 4, 247-256. 

Acknowledgements 
The authors are grateful to the following scientists who commented on an early 
draft of this review: they are I. Anderson, B. W. Bache, A. S. Gee, R. 
Harriman, M. Hornung, D. T. E. Hunt, R. Morris, C. M. Neville, E. Tipping 
and C. M. Wood. We also wish to thank Mr R. Lloyd, MAFF Fisheries 
Laboratory, Burnham-on-Crouch, Essex, UK, a past chairman of EIFAC Sub 
Commission 111, for his constant encouragement and advice, and the Fisheries 
Laboratory for secretarial support. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
8
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1


