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Ecological Aspects of the Chemistry of Atmospheric Precipitation 

Eville Gorham 

University of Minnesota, Minneapolis, Minnesota 55455 

1. Introduction 

Students of peatlands were probably the first to realize the 

difference between those peatland ecosystems which receive water that 

has percolated through mineral soil (fens) and those which, 

isolated from the mineral soil by deep convex peat deposits, receive 

only direct precipitation (bogs). The early Scottish agriculturists 

Naismith (1807) and Aiton (1811) were clearly aware of the difference 

between fens and bogs (Gorham, 1953) and in Germany Dau (1823, cited 

by DuRietz, 1949) wrote of the bog type of peatland "Vom Regen nur 

und Thau des Himmels ist es ausgewachsen: Die Erde nahre es nicht." 

At the turn of the century the German scientists Ramann (1895) and 

Weber (1902) initiated a new era of peatland studies (see Kivinen, 

1935) by making chemical comparisons of waters from different types 

of peatland, including raised bogs (Hoc11moore) on deep peat which 

Weber (1909, cited by DuRietz, 1949) labelled "Regentorf oder 

ombrogener Torf." Pools on such raised bogs were distinctly lower 

in elements such as silicon, iron, calcium, and magnesium than waters 

in various types of fen (Table 1). 

2. Water and Peat Chemistry in Recent Times 

The contrasting chemistry of pools in rain-fed (ombrotrophic) 

bogs and fens which receive varying amounts and kinds of water from 

mineral soil (minerotrophic) was demonstrated in Sweden by Witting 

(1947, 1948). Table 2 presents some of her data to illustrate the 

differences. Metal cations are most concentrated in the calcareous 

fens on limestone. They are less concentrated in rich fens (on non

calcareous soils) and poor fens (less influenced by such soils), and 

only one-twentieth as concentrated in raised bogs on deep peats. (These 

various ecosystems are also differentiated clearly on the basis of 

vegetational composition.) Calcium dominates the metal cations where 

the weathering of mineral soil has a strong influence, and the pH is 
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Table 1. The chemical composition of waters from the peatland at 
Lake Plager, Germany (Ramann 1895, cited by Kivinen 1935).* 

Total 
Na+ K+ Cart Mg++ Inorganic Si Fe 

(mg/l) (J-l equiv/l 

Reeds, lake edge 77 3.2 1.5 504 96 1100 303 

Fen 71 3.8 9.5 239 47 953 174 

Cotton-grass zone 63 5.7 1.8 397 53 689 204 

Edge of bog 50 6.8 4.3 178 62 282 214 

Middle of bog 20 1.5 0.9 132 47 46 75 

*K concentrations unusually high, probably wrong. 

Table 2. Water chemistry in surface pools on Swedish peatlands 
(from Witting 1947, 1948). 

Peatland Plant + K+ Cart Mg++ Communities pH Sum Na 
(J-l equiv/l) (% of cation sum) 

7 Calcareous Fen 7.5 2750 8 0.5 79 13 

4 Rich Fen 6.1 547 25 1.5 59 15 

16 Poor Fen 5.0 334 38 3.6 27 31 

43 Raised Bog 3.9 159 52 5.7 16 26 
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circumneutral; whereas sodium dominates where the weathering influence 

is weak or absent. The Na that dominates in the bog waters comes 

almost wholly from the atmosphere via sea spray, which also supplies 

appreciable amounts of Mg (Gorham 1955). The bog waters are also 

st~ongly acid (mean pH 3.9) because no soil bases are present to 

neutralize the acids generated by the growth and decay of the bog 

moss Sphagnum (Clymo, 1964, Gorham, 1967), and also by the acid 

fallout from air pollution (Barrett and Brodin, 1955, Gorham, 1955). 

Comparisons of rain and bog waters were made a few years later 

(Gorham, 1955, 1956, 1961). Table 3 shows that in wet weather bog 

pools in the Pennine Mountains of England exhibit a chemistry very 

similar to that of rain in the nearby English Lake District; During 

dry weather the bog waters become more concentrated owing to evapora

tion (Cl almost doubles) and to the production of sulfuric acid 

(S04 almost quadruples) by oxidation of hydrogen sulfide produced 

in the anerobic peats. Some degree of ion exchange between peat and 

water evidently takes place, for Ca and Mg increase almost four-fold 

while hydrogen ions increase only a little more than two-fold. 

Ombrotrophic bog waters can vary greatly with exposure to sea 

spray (Gorham, 1967). In the Falkland Islands of the South Atlantic 

Ocean bog pools average 2350 ~ equiv/l of total cations, the metal 

cations being dominated very strongly by Na; whereas in the eastern 

Sudeten mountains of Poland, total cation concentration averages only 

170 ~ equiv/l, with Ca dominant among the metal cations. All such 

bogs are, however, strongly acid, with pH averaging from 3.9 to 4.5 

in pool waters. 

The succession from inorganic lake and fen soils to more organic 

but still minerotrophic fen peats and finally to highly organic and 

ombrotrophic bog peats has a profound effect upon absorbed ions, as 

is shown in Fig. 1. As the organic content of surface soils increases, 

so does cation exchange capacity, which is largely saturated by metal 

cations as long as the soil or peat surface receives water that has 

percolated through mineral soil. Once a deep, ombrotrophic bog peat 

has developed, the supply of metal cations is greatly reduced, the 

exchange complex becomes saturated with hydrogen ions generated 
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Table 3. The chemical composition of rain and bog waters in 
northern England (datq of Gorham 1955, 1956). 

Total 
Na+ K+ Cart Mg++ pH Cations Cl 

(ll equiv/l) 

Rain, Lake District 4.45 154 83 5 15 16 93 

Bog Pools, Pennines 
Wet weather 4.21 171 74 4 15 16 90 
Dry weather 3.85 462 187 8 58 67 166 

S04 

67 

83 
316 

Tabl~ 4. Exchangeable cations on a volumetric basis in Swedish fen 
and bog peats (data of Sjors 1961, median values). 

pH Na 
+ K+ Ca 

+ Mg+ 

(m equiv/l) 

Calcareous Fen 6.9 0.4 3.5 151 n.d. 

Slightly Acid Fen 5.6 1.2 1.9 47 4 

Acid Fen 5.0 1.2 2.1 20 4 

Bog 4.0 0.5 0.9 5 3 
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mainly by the bog moss Sphagnum, and the peat becomes strongly acid. 

In Fig. 1, pH has declined almost to 3 because it was determined by 

direct insertion of a glass electrode into the wet peat (~. Gorham, 

1960). In bog pools on these same Sphagnum peats, pH ranged from 4.0 

to 4.4. Table 4, based on Swedish data, provides evidence of 

differences among metal cations exchangeable in minerotrophic fen and 

ombrotrophic bog peats, with a particularly striking decline of Ca 

in passing from calcareous fen to bog. 

The importance of atmospheric precipitation as a source of ions 

for dilute lake waters on hard crystalline rocks was shown also in 

the 1950s. Table 5 provides illustrative data from the Maritime 

Provinces of Canada and from the English Lake District. The Nova 

Scotian lake waters on granite closely resemble atmospheric precipita

tion in Newfoundland. The slight enrichment of the lake waters in 

S04-- is probably due to drainage from surrounding Sphagnum bogs in 

which some H
2

S0
4 

is being produced (Gorham, 1957). The upland Lake 

District tarns show a slight enrichment in Ca++ and Mg++ over rains 

of similar concentration, together with a corresponding decline in 

H+ and the appearance of a trace of bicarbonate, all signs of a 

slight degree of rock and soil weathering by the acid rain in these 

rural areas polluted by urban and industrial S02 (Gorham, 1955, 

1958a). At lower elevations and on softer rocks the influence of 

atmospheric deposition is progressively overcome by that of soil 

weathering except that in all tarns and lakes Na and C1 appear to be 

almost wholly supplied from sea spray (Gorham, 1958a). 

Atmospheric precipitation is also a significant source of ions fOe 

forests on poor soils, as shown in Table 6 (Galloway and Cowling. 

1977). The soil at Sunken Forest on Fire Island, New York, is a 

highly weathered dune sand, and sea spray and other precipitation 

account for approximately the total input of major metal cations 

(Art et al., 1974). The increasingly rich soils at other sites 

result in progressively less significant atmospheric inputs. 
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Table 5. A comparison of the composition of atmospheric precipitation 
with that of dilute lake waters on hard crystalline rocks 
(data of Gorham, 1955, 1957, 1961, Mackereth, 1957, Junge 
and Werby, 1958). 

Total 
H+ Na+ K+ Mg ++ Ca++ Cations HC03 C1 

(11 equiv/1) 

Rain, Newfoundland n.d. n.d. 226 8 n.d. 40 n.d. 251 

Lakes on granite, 353 26 226 10 41 50 a 217 
Nova Scotia 

Rain, English 155 36 83 5 16 15 0 92 
Lake District 

High tarns on 150 18 75 5 25 27 5 90 
volcanic rocks 

Table 6. The significance of atmospheric inputs of K+, Ca++ and 
Mg++ to forests (Galloway and Cowling, 1977). 

K+ Ca++ Mg++ 

Total Atm. Total Atm. Total Atm. 
2 (g/m ) (%) 2 (g/m ) (%) 

2 
(g/m ) (%) 

Sunken Forest 0.73 100 0.98 100 1. 91 100 

Hubbard Brook 0.54 26 1. 06 25 0.87 8 

Brookhaven 1.35 18 2.76 12 1.04 20 

Cedar River 1.60 5 2.02 14 

S04 

46 

123 

66 

55 
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3. Atmospheric Precipitation as a Source of Nitrogen and Phosphorus 

to Ecosystems 

Phosphorus and nitrogen are the two elements that most commonly 

limit plant productivity. Their scarcity in acid bog and fen peats 

is shown in Table 7 on a volumetric basis, which indicates approxi

mately their availability to plant roots. 

The substantial significance of precipitation as a nutrient 

source to lakes on hard crystalline rocks is illustrated in Table 8 

(Galloway and Cowling, 1977), which shows that up to 86% of P and 

78% of N can be supplied from the atmosphere. Forests on poor soils 

are also dependent upon the atmosphere for almost all of their N 

(by N-fixation, precipitation, aerosol impaction, or gaseous absorp

tion; ~. Bormann, Likens, and Melillo, 1977) because inputs of N 

from weathering of crystalline rocks are negligible. Atmospheric 

inputs of P to forest ecosystems usually exceed stream outputs 

(in 11 of 15 cases cited by Likens et al., 1977); thus we can 

assume that the role of atmospheric precipitation is important. 

Much of this scarce nutrient is sequestered in accumulating forest 

biomass, and because neither input from weathering nor recycling 

by mineralization has been measured, the significance of atmospheric 

contributions cannot be assessed accurately. 

Since the development of agriculture, a major source of P to the 

atmosphere, and thence to various ecosystems, has probably been 

windblown soil. Several authors have observed unusually high ash 

contents in the surface horizons of bog ~eat profiles, correlated 

with increases in Si02 , AI, Fe, and P. This phenomenon seems 

unlikely to be a result of widespread cessation of peat accumulation, 

because it is observed in undisturbed as well as in drained or burned 

" " bogs (~, Mornsjo, 1968). It is probably ascribable in large 

measure to windblown dust from cultivated soils. 

Direct evidence of windblown dust as an input to Minnesota 

ecosystems is provided by a study of the bog moss Sphagnum fuscum 

on deep ombrotrophic peats (Gorham and Tilton, 1972). In forested 

areas where human disturbance is absent, its mineral ash content is 

only 1.5% dry weight, but ash rises to 5.5% where more than 40% of 
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Table 7. Phosphorus and nitrogen on a volumetric basis in Swedish 
peats (data of SjClrs, 1961, median values). 

pH Organic P N Matter 

(% dry wt) (mg/l) (gil) 

Clacareous Fen 6.9 85 230 3.3 

Slightly Acid Fen 5.6 63 90 2.7 

Acid Fen 5.0 94 50 0.9 

Bog 4.0 97 40 1.2 

Table 8. The atmosphere as a source of phosphorus and nitrogen to 
undisturbed lakes on hard crystalline rocks (Galloway 
and Cowling, 1977). 

Clear Lake, Ontario 

Rawson Lake, Ontario 

Mirror Lake, New Hampshire 

Dogfish Lake, Minnesota 

P N 

(% of total input from 
atmospheric precipitation) 

61 75 

50 50 

17 78 

82 n.d. 
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the adjacent land is in harvestable crops. Very strong correlations 

among ash, AI, and Fe support the interpretation that dustfall is 

a major cause of the high ash content. 

A study (E. Gorham'and J.K. Underwood, unpublished) of snow 

chemistry along a transect from east of Virginia in northern 

Minnesota to Devil's Lake in North Dakota following a severe blizzard 

in 1975 yields strong evidence of the importance of dustfall for 

regional precipitation chemistry. Figure 2 shows a marked correlation 

between total P and total solids, with much higher concentrations 

in the western prairies (>40% harvested cropland) than in the eastern 

forests (1-10% harvested cropland). Other studies of snow chemistry 

in the region (Adomaitis, Kantrud, and Shoesmith, 1967; Barica and 

Armstrong, 1971) extend this comparison (Table 9). It is of 

considerable interest that concentrations of P and N in the surface 

waters of Minnesota lakes are rather similar to those in melted snow. 

Moyle (1956) reported an average of less than 25 ~g/l total P in 

lakes of the northeastern forests and more than 100 ~g/l in lakes of 

the southwestern agricultural region. Total N averaged less than 

0.2 mg/l in the northeastern lakes, compared to 0.3 mg/l total N 

in western Ontario snow (Barica and Armstrong, 1971). In southwestern 

Minnesota total N averaged more than 1 mg/l, within the range for 

N0
3

-N alone in clean and dirty snow in North Dakota (Adomaitis, 

Kantrud, and Shoesmith, 1967). 

The high pH (6.6-9.5) of melted prairie snowfall rich in 

bicarbonate (Adomaitis, Kantrud, and Shoesmith, 1967) is also of 

considerable significance, indicating a strong potentia] for 

neutralizing effects of the acid precipitation which has now 

penetrated to the forested regions of eastern Minnesota (pH 4.5-5.6) 

and western Ontario (pH 4.4-5.3). 

4. Organic Components of Atmospheric Precipitation 

The organic matter in atmospheric precipitation has scarcely 

been characterized except for some recent data presented in Tablt, 10. 

These are from a rural site where about 12% of particulate matter 

organic carbon and about 36% is compounds with a molecular ,veight 
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Table 9. Comparison of snow chemistry in pra~r~es and forests (data 
of Adomaitis, Kantrud and Shoesmith, 1967, Barica and 
Armstrong, 1971, and E. Gorham and J. K. Underwood, un
published) . 

Location 

W. Ontario 

E. Minnesota 

W. Minnesota and 
E. North Dakota 

North Dakota 

North Dakota 

* 

10 lake sur
f aces in 
forest 

9 forest 
openings 

10 praire 
sites 

17 wetlands, 
vegetated 
surroundings 

12 wetlands, 
cultivated 
surroundings 

pH Si P ++ Ca S04 N0 3 
(mg/l) (~g/l) (~ equiv/l) 

* * 5.0 0 6 17 25 14 

4.9 n.d. 16 n.d. n.d. n.d. 

8.0 n.d. 69 n.d. n.d. n.d. 

7.9 1. 9 82 700 100 64 

8.1 3.5 130 1150 120 180 

In 4 samples from a single lake at different times. 

Table 10. Organic matter in rain and Sn9w at Hubbard Brook, New 
Hampshire (weighted mean carbon, ~g/l, Galloway and Cowling, 
1977) . 

Total organic 1310 Tannins 90 
Particulate (>0.45~) 160 Amines 10 
Compounds >1000 M.W. 470 Phenols 10 
Organic acids 250 Hydrocarbons 10 
Aldehydes 140 Undefined 70 
Carbohydrates 100 
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>1000. Organic acids (19%), aldehydes (11%), carbohydrates (8%), 

and tannins (7%) predominate among the remaining components. 

Goldberg (1974) has suggested that the natural global flux of plant 

terpenes, pinenes, etc., through the atmosphere is large enough to 

deserve greater attention than it has received hitherto. 

5. Anthropogenic Materials in Atmospheric Precipitation 

a. Toxic components 

There are many different toxic pollutants at present under study 

in atmospheric precipitation. Considerable concern has developed 

recently over the widespread acid rain and snOw in rural areas, which 

was discovered in the mid-1950s (Barrett and Brodin, 1955, Gorham, 

1955, 1958a: Houghton, 1955) and whose effects have become increasing

ly serious over the past twenty years, especially in southern 

Scandinavia (Bolin, 1971; several papers in Dochinger and Seliga, 

1976). Sulfuric, nitric, and hydrochloric acids have all been 

implicated in varying degrees in different places (Gorham, 1976), 

and mean pH has declined below 4 in heavily industrialized areas. 

Very locally, a minimum pH of 2.8 has been observed in the vicinity 

of a volcano emitting gaseous HCl (Bottini, 1939); and in rain 

collected over a month's time at 1.6 km from the Sudbury copper

nickel smelters, a minimum pH of 2.85 has been recorded (Hutchinson 

and Whitby, 1974). In this case the acidity was due almost wholly 

to sulfuric acid. 

A number of trace elements (e.g., Cu, Ni, Pb, Zn, As, Sb, V, 

Cr, Mo, Co, Be) accompany the acids in polluted precipitation 

(Gorham, 1976) and several of them have been monitored regionally in 

northern Europe by analysis of mosses which have little contact with 

the mineral soil and derive most of their mineral supply from the 

atmosphere. Pb concentrations in the bog moss Sphagnum and its peats 

are much higher (up to 500 mg/kg) in the urbanized and industrialized 

regions of Europe than in northern Fennoscandia (2-5 mg/kg) and the 

Canadian N.W. Territories (ca. 1 mg/kg) according to Pa~arinen 

and Tolonen (1976). Table 11 demonstrates that concentrations of 

several heavy metals in the forest moss Hylocomium splendens are 
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Table 11. Heavy metals in the forest moss Hylocomium splendens from 
" northern and southern Scandinavia (Ruhling and Tyle4 1971). 

>65°N <60 o N Ratio South 
North 

(mg/kg dry wt) 

Pb 11 68 6.2 
Cd 0.99 0.18 5.5 
Cr 1.4 4.0 2.9 
Fe 470 1060 2.3 
Cu 4.9 10.2 2.1 
Ni 2.2 4.4 2.0 
Zn 51 90 1.8 
Co 0.6 0.9 1.5 
Mn 460 480 1.0 

Table 12. Radioactive l37 Cs and 90Sr in reindeer forage from Finnish 
Lappland, 1961 (Miettinen 1969) 

137 Cs 

(pCi/gK) 

Reindeer lichen (Cladonia alpestris) 63000 

Reindeer lichens (Cladonia, Cetraria) 18000 

Bog blueberry (Vaccinium uliginosum) 1200 

Dwarf birch leaves (Betula nana), 440 
mountain site 

Sedge (Carex aquatilis), river 
shore 

Wild grass 

Cultivated grass 

Woodland birch leaves 
(Betula pubescens) 

380 

270 

130 

180 

90Sr 

(pCi/gCa) 

7200 

2700 

130 

260 

220 

150 

100 

36 
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" decidedly higher in southern than in northern Sweden (Ruhling and 

Tyler, 1971). Pb and Cd are particularly high in the southern mosses, 

which are known to have been much lower in Pb during the last century 

(R~hling and Tyler, 1968). The ecological effects upon the mosses of 

such high trace metal contents are little known. 

Mosses, along with lichens, are very effective in trapping 

radioactive fallout (Gorham, 1958b, 1959). Finnish data in Table 12 

demonstrate unusually high contents of 90Sr and l37 Cs in lichens of 

the genus Cladonia, which are important forage species for reindeer 

and caribou, and which in this way have contributed to extremely high 

body burdens of these isotopes in Eskimos and Laplanders. For instance, 

at the height of 137Cs fallout in the mid-1960s the body burden in 

adult Finnish Lapps who were reindeer breeders reached 10 nanocuries 

per g K, whereas in southern Finns it was only about 0.2 nanocuries 

(Miettinen, 1969). 

Organic toxins are also found in polluted air, and must be subject 

to precipitation processes. Stocks, Commins, and Aubrey (1961, see 

also Gorham, 1976) reported that rural as well as urban air in 

Britain is polluted by polycyclic hydrocarbons (3:4 benzpyrene, 1:2 

benzpyrene, 1:2 benzperylene, pyrene, fluoranthene, coronene, and 

anthanthrene) presumably owing chiefly to combustion of coal. 

Peroxyacylnitrate (PAN) and other components of automobile smog are 

also widespread around major urbanized regions in the United States 

and elsewhere (Darley 1969). There is also a global distillation of 

halogenated hydrocarbons such as the polychlorinated biphenyls, and 

also of DDT (whose use worldwide is not decreasing), from the land 

to the sea via the atmosphere. This remains a cause for concern, not 

only because of food-chain concentration but also because there is a 

possibility that such compounds may have deleterious effects upon 

fermentation processes (Goldberg, 1975). 

b. Beneficial components 

Certain pollutants brought to earth by atmospheric precipitation 

may enrich ecosystems in required nutrients such as N, K, and Ca 

(Fig. 3). Some enrichment in P is also likely, although adequate data 

are not yet available (Gorham, 1976). Several of the trace elements in 
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precipitation may also be nutrients or toxins depending upon their 

concentration, for example Mo, Cu, and Zn. However, on balance the 

effects of air pollution are decidedly deleterious. The normal power

law decline of pollution away from the source, shown in Fig. 4C for 

an iron-sintering plant at Wawa, Ontario, implies a heavy cost from 

toxication near the source for whatever modest benefits may accrue 

through nutrient additions farther away. Figure 4B demonstrates an 

enrichment of aquatic ecosystems in Ca weathered from the surrounding 

terrestrial soils by sulfuric acid from the sintering plant, so that 

in this case the enrichment of one ecosystem implies the impoverish

ment of another. Finally, Fig. 4A shows the severe toxication ensuing 

even in aquatic ecosystems close to the sintering plant, where the 

neutralization capacity of both terrestrial and aquatic soils has 

been overwhelmed by the severity of the acid pollution. Where 

pollution from fossil fuel combustion is involved there is a further 

price to be paid for whatever nutrients are added to distant 

ecosystems, because they will inevitably be accompanied by a wide 

range not only of trace metals but also of organic toxins whose 

effects are almost entirely unknown. 

6. Effects of Acid Precipitation Upon Ecosystems 

a. Sensitive Ecosystems 

The harmful effects of polluted precipitation are generalJy 

greater upon those ecosystems near the pollution source than upon 

comparable ecosystems farther away (Fig. 4). ~~ere pollution is 

widespread in the atmosphere, however, the amount of deposition may 

correlate strongly with rainfall, as has been shown in the case of 

radioactive fallout (Hardy and Harley, 1958). 

Certain ecosystems are particularly susceptible by their very 

nature. For instance, ombrotrophic Sphagnum bogs depending wholly 

upon atmospheric precipitation for their mineral nutrients have very 

little buffering capacity against acid pollutants. Figure 5 
+ --

illustrates the relationship between Hand S04 in pools on British 

Sphagnum bogs, and the two most acid sites are also the two closest 

to industrial areas. The waters of Ringinglow Bog near Sheffield, a 
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CATEGORIES OF FOREST DAMAGE 
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Fig. 4. pH, Ca++ and S04-- in lake and pond waters at differing 
distances to the northeast of an iron-sintering plant at Wawa, north
western Ontario (after Gordon and Gorham, 1963). Subjective aerial 
estimates of forest damage (correlated with ground studies) are given 
as very severe (VS), severe (S), considerable (C), moderate (M), and 
not obvious (N). 
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major industrial city in northern England, show the acidification 
. + effect to an extreme degree, with 580W equlv/l of Hand 960W equiv/l 

(Gorham 1958a). Unfortunately, peat bogs seem to be receiving 

almost no attention in the current concern over acid precipitation. 

Acid precipitation also has pronounced effects where the substratum 

is resistant to weathering and consists largely of exposed crystalline 

bedrock and the thin, base-poor soils derived from it. The central 

part of the English Lake District (Mackereth, 1957, Gorham, 1958a) and 

much of southern Norway (Gjessing et al., 1976) provide good examples. 

There are many such areas in the world (see Galloway and Cowling, 

1977 for North America) and all can experience severe impacts if acid 

precipitation is allowed to spread more widely. 

Lakes appear to be more susceptible than terrestrial ecosystems 

to damage by acid precipitation. In recent years fish have become 

unable to reproduce in about two thousand lakes in southern 

Scandinavia owing to progressive acidification (Galloway, 1977), 

whereas the effects of acid precipitation upon the surrounding 

forests have not yet been conclusively established. Although no other 

cause could be found for a 2-7% decrease in tree growth between 1950 

and 1965 in southern Sweden (Jonsson and Sundberg, 1972, cited by 

Galloway and Cowling, 1977) -- a similar decline has taken place at 

Hubbard Brook, New Hampshire, where precipitation acidity has also 

been increasing rapidly (Whittaker et al., 1974) -- the causes remain 

to be established, and Norwegian studies have failed to show similar 

relationships (Abrahamsen et al., 1976). A complicating factor is 

that forest growth on many poor soils is limited by nitrogen, which 

accompanies acid precipitation in considerable amounts and may offset 

some of its harmful influence, at least in the short term before 

leaching effects have become severe (Abrahamsen et aI, 1976). So far 

the results of short-term leaching experiments on forest soils have 

been rather variable. However, the increase over the past few 

decades in the discharge of dissolved minerals by Swedish rivers and 

in the total ion concentrations of oligotrophic lakes in southern 

Sweden, cannot be explained without assuming a marked increase ip 
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soil leaching from the predominantly forested ecosystems (MaImer, 

1977). Moreover, Gjessing et al. (1976) have recently shown that in 
++ ++ small catchments on granite the net losses of Ca ,Mg ,and Al are 

directly related to inputs of H+, which vary with the influence of 

air pollution. 

Pollution by the heavy metals that usually aocompany acid precipi

tation may also vary in severity with the nature of the ecosystem. 

Reiners, Marks, and Vitousek (1975) observed that Pb concentrations are 

unexpectedly high in the humus layers of subalpine forest soils in 

New Hampshire. Although far from sources of pollution, these forests 

are subject to heavy precipitation combined with high winds and 

abundant plant surfaces for aerosol impaction, all three factors 

interacting to produce unusual rates of heavy metal deposition. 

Acid precipitation may also mobilize toxic metals from the soil 

upon which it falls. For example, the concentration of Al in 

Norwegian lake waters rises from <20 ~g/l in circumneutral lakes to 

well above 200 ~g/l in southeastern Norway where deposition of sulfuric 

acid is pronounced and lake pH falls below 5 (Gjessing et al., 1976; 

Wright and Gjessing, 1976). 

b. Effects upon organisms 

In aquatic ecosystems the most obvious effects of acid precipitation 

are upon fish, which have disappeared from many southern Scandinavian 

and other lakes in recent years owing chiefly to reproductive failure 

(Jensen and Snekvik, 1972; Beamish, 1974; Beamish et al., 1975; 

Leivestad et al., 1976) although direct fish kills have also occurred 

(Leivestad and Muniz, 1976). Beamish (1976) has observed an increase 

in deformities among white suckers in an acidified lake, and 

comparable results have been recorded in laboratory tests of acid 

toxicity. 

In Norway the diversity of benthic snail, mayfly, and (to a lesser 

extent) stonefly species is lowest in the most acid lakes, and both 

the numbers of individuals and the biomass of benthic invertebrates 

are also lower in such lakes (Hendrey and Wright, 1976; Leivestad 

et al., 1976). Zooplankton species diversity is also low in acid 
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lakes in Norway, West Sweden, and in the La Cloche Mountains of 

Ontario (Hendry and Wright, 1976; Leivestad et al., 1976). 

Among primary producers the diversity of aquatic macrophytes is 

greatly reduced in lakes subject to pollution by acid precipitation 

around the Sudbury copper/nickel smelters (Gorham and Gordon, 1963). 

However~ because species diversity was low even where lime in the 

glacial drift was sufficient to neutralize acid fallout., it was 

believed that associated pollution by heavy metals was of overriding 

importance. Stokes, Hutchinson, and Krauter (1973) have shown that 

phytoplankton numbers and species diversity are very low close to the 

Sudbury smelters, and that natural selection over 60 years has made 

algal isolates from the most heavily polluted lakes extremely tolerant 

of Cu and Ni as compared to laboratory strains of the same organisms. 

In southern Norway and Sweden phytoplankton diversity is also low 

in acid lakes, owing particularly to a decline in the number of 

species of green algae (Wright et al., 1976). Although not as yet 

investigated, the community of surface-dwelling organisms (neuston) 

ought to be severely affected by acid precipitation because both 

heavy metals and organic toxins tend to concentrate strongly in surface 

films (Wangersky, 1976). It would certainly seem deserving of study 

as a possible early-warning system. 

Recent field and laboratory studies in Scandinavia (reviewed by 

Leivestad et al., 1976) suggest that decomposition is slowed by lake 

acidification but can be increased again by liming. Because of 

reduced decay rates some acidified lakes in Sweden now exhibit an 

accelerated accumulation of coarse bottom detritus, and a shift from 

bacterial to fungal decomposers (Grahn, Hultberg, and Landner, 1974). 

In Sweden the most striking response to acidification, apart from 

the total loss of fish, is probably the replacement by Sphagnum 

species of the normal littoral macrophyte communities in some lakes, 

dominated by Lobelia dortmanna and Littorella Uniflora in the shallows 

and by Isoetes lacustris and ~ echinospora in the deeper littoral 

(Grahn, Hultberg, and Landner, 1974; Grahn, 1976). Sphagnum, which has 

a high cation-exchange capacity, can adsorb metal cations very 
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effectively from the overlying water, and can take up ph~sphate 

strongly (Coffin et al., 1949). The recycling of elements taken up 

in this way will probably be retarded owing to the difficulty with 

which Sphagnum decays. Moreover, under acid conditions adsorption of 

anions such as phosphate by hydroxy-iron and aluminum polymers 

increases greatly (Reuss, 1975). Such processes as these will tend 

to inhibit the productivity of other aquatic plants, including the 

phytoplankton, for which phosphorus is commonly a limiting nutrient. 

"Oligotrophication" by acid precipitation also has eliminated molluscs 

and mayflies from the benthic fauna in favor of Sialis lutaria, an 

alder-fly (Neuroptera) which has a very impermeable cuticle, and 

air-breathing water boatmen (Corixidae, Hemiptera) and backswimmers 

(Notonectidae, Hemiptera). According to Schofield (cited by Giddings 

and Galloway, 1976) such a takeover by Sphagnum has not been observed 

in the Adirondack Mountains of New York, nor was it observed in 

studies of lakes around Sudbury, where, however, extensive mats of 

pleurocarpous moss (either Drepanocladus fluitans or Leptodictyum 

riparium) were observed covering the shallow bottoms of some lakes 

(Gorham and Gordon, 1963). Yoshimura (1935) reported Leptodictyum 

sp. as usually covering the bottom of biotically impoverished 

volcanic lakes in Japan which are rich in sulfuric acid. 

The effects of acid precipitation upon terrestrial organisms in 

natural habitats are almost unknown, particularly in the case of 

animals. Experimental studies of plants subjected to acid rain or 

mist (usually uncomplicated by accompanying metallic or organic 

toxins) have demonstrated inhibition of seed germination and 

establishment, development of seedling chlorosis and tissue necrosis, 

loss of foliar cations, and reduction in yield (Giddings and Galloway, 

1976). Most of the more pronounced effects have been observed only 

when the artificial rain or mist is near pH 3 or less, which is much 

more acid than is usually the case with precipitation even in 

heavily polluted areas. Nevertheless, continued exposure over long 

periods may well lead to more severe damage, and even at pH 4 distinct 
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inhibition of the establishment of spruce seedlings has been observed 

in Norway (Abrahamsen et al., 1976). 

An interesting model (Fig. 6) which appears consistent with many 

of the effects of acid precipitation upon the nitrogen cycle in forest 

ecosystems, and tends toward decreasing availability of this important 

limiting nutrient, has recently been presented by Tamm (1976). The 

model deals with deposition of H
2

S0
4

, and incorporates both positive 

and negative feedback loops which amplify and counteract the acid 

effects respectively. Where HN03 is a source of acid, another negative 

feedback loop would be added to the model. 

7. Concluding Remarks 

It is clear from the studies to date that acid precipitation is 

a problem of widespread and increasing ecological significance in all 

areas of the world where terrestrial and aquatic ecosystems, 

developed on hard crystalline bedrock, are exposed to regional air 

pollution by oxides of sulfur and nitrogen. A great deal of 

attention is being given to this problem in Scandinavia, and it 

deserves equal consideration in eastern North America where the 

same types of ecosystems are of major importance and are similarly 

threatened. Unfortunately, little or no attention is being given to 

effects upon wetland ecosystems, particularly Sphagnum bogs, and 

this situation should be remedied. 

In the U.S.A. a National Atmospheric Deposition Network is about 

to be set up, beginning as a Regional Research Project of the State 

Agricultural Experiment Stations in the North Central Region of the 

U.S.A., and expanding later to cover the rest of the country through 

cooperation with other government agencies (Galloway and Cowling, 

1977). A similar network is being set up by the Canadian Atmospheric 

Environment Service, which is also developing a program of ecological 

research to accompany the studies on precipitation chemistry. An 

organized program of.ecological research has yet to be developed 

in the U.S.A., but should be given a high priority for consideration 

by federal agencies. Any such program should be experimental as well 

as observational, and should deal not only with the effects of acid 
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deposition, but also with those of accompanying nutrients, trace 

elements, and organic compounds. 
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