
EXPERIENTIA 

Volume 42/No. 5 Pages 455-588 15 May 1986 

The ecological effects of acid deposition 

Part lI 

Acid rain effects on soil and aquatic microbial processes 

by A.J. Francis 

Terrestrial and Aquatic Ecology Division, Department of Applied Science, Brookhaven National Laboratory, Upton, 
Long Island (New York 11973, USA) 

Key words. Microbial activity; soil pH; aquatic systems pH; acid rain. 

1. Introduction 

Microorganisms play a significant role in C, N, P, and S 
cycles in nature and are critical to ecosystem functioning. 
The type and abundance of microorganisms in terrestrial 
and aquatic ecosystems are influenced not only by the 
nature and the availability of carbon but also by several 
environmental factors. Microorganisms in general are 
sensitive to acidity. Microbial activity is inhibited by a 
direct H + effect, an indirect pH-induced effect such as 
increased toxic heavy metal availability, or both. A 
change in pH of the soil or aquatic systems due to acid 
deposition would be expected to affect microbial num- 
bers and activities and thus to alter the biogeochemical 
processes brought about by them. The purpose of this 
paper is to discuss the effects of acid rain and acidity on 
terrestrial and aquatic microbial processes, with a review 
of pertinent literature. 

2. Effects on soil microorganisms and microbial processes 

Soil microorganisms play an important role in the cycling 
of nutrients in the terrestrial ecosystem. They are respon- 
sible for converting many organic forms of essential nu- 
trient elements to the inorganic forms, and are known to 
solubilize several major and minor trace metals that are 
available for higher plants. If acidic precipitation has a 
significant impact on soil microbial processes such as 
organic matter decomposition, nitrogen transformation, 
and nutrient release, this creates a potential for reduced 
soil fertility and economic loss, primarily in unmanaged 
range and forest soils. In extremely sensitive ecosystems, 
the impact could be significant and long lasting, even 
perhaps irreversible. On the other hand, the capacity of 

most soils, especially agricultural soils, to buffer acid 
inputs, as well as the diversity and adaptability of mi- 
crobes in the soil, contribute to resistance to acid rain 
effects. Experimental data provide evidence on the effects 
of acidic rain and soil acidity on the following important 
soil microbial processes: organic matter decomposition, 
nitrogen transformation (ammonification, nitrification, 
denitrification, nitrogen fixation by symbiotic and non- 
symbiotic associations), and soil enzymatic activities. 

2.1 Effects of acic~fication on soil microbiota 

Much of the impetus for studies on soil microflora is due 
to the need for a better understanding of the possible 
alterations in soil organic carbon and nutrient cycles 
resulting from acidic deposition. Microbial growth, ac- 
tivity and numbers are reduced by soil acidification. The 
normal functioning of soil biological communities is af- 
fected when a significant change in soil pH is brought 
about by acid precipitation. The effect of acid rain on 
soils has been recently reviewed 87. Different soil types 
respond to acidic rain differently, and a change in soil pH 
may or may not be observed. 
Bacteria in general are less acid tolerant than fungi, ex- 
cept for chemoautotrophic thiobacilli, which can survive 
under extreme acid environments. Fungi in general are 
less sensitive to acidity, whereas heterotrophic bacteria 
are far more sensitive to acidity 2. Bryant et al. z~ reported 
that bacterial numbers were significantly reduced in acid- 
ified soils and that total soil biological activity was se- 
verely affected in an acid soil of pH 3.0. They also found 
that, when these acid soils were amended with organic 
substrates, certain physiological groups of organisms 
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were severely inhibited by the acid condition. Wain- 
wright 94 isolated fewer heterotrophic bacteria but more 
fungi from soils exposed to acid rain and heavy atmo- 
spheric pollution than from similar but unexposed soils. 
Baath et a lY  reported that artificial acidification of field 
plots in a pine forest podzol decreased fungal biomass as 
well as bacteria numbers and cell size. They also reported 
significant changes in the functional characteristics of the 
bacterial population due to acid treatment, as determined 
by factor analyses 7. They noted a shift towards spore- 
forming bacteria in soils receiving H2SO4 inputs for six 
years, compared with control soils 8. They also observed 
that FDA (fluorescein diacetate) active fungal biomass 
decreased significantly with increasing severity of acid 
treatment 8. 
Francis et al? 2 reported that the total number of bacteria 
and actinomycetes generally declined in soil acidified 
from pH 4.6 to 3.0 by the addition of H 2 S O  4. Wain- 
wright 93 reported that in a soil receiving rain of pH 3.0 
and dry deposition, the bacterial numbers did not change 
significantly over a one-year period, even though the soil 
pH changed from 4.2 to 3.7. Over the long term, it is 
conceivable that only those organisms that can tolerate 
these conditions are able to grow and survive, and hence 
they become dominant because of less competition, so 
that the total population of microorganisms may repre- 
sent the dominant organisms and not the natural overall 
community or species diversity. Studies by Francis 3~ indi- 
cated that organisms involved in N-transformations were 
sensitive to soil acidity. The abundance of N-fixing free- 
living bacteria was low in acidic and acidified forest soils, 
Studies have indicated differential tolerance of algal spe- 
cies to soil acidity, and the dominance of fungi in acid 
soils compared with other groups of microorganisms. 
The microbial diversity of poorly buffered Adirondack 
soils has decreased, with Phythium and Phytophthora 45 
becoming dominant. Wang et al. 96 studied the effect of 
acidic deposition on microbial populations in Adiron- 
dack forest soils. They examined the microbial commun- 
ity in soil and litter under a beech and maple stand, and 
red pine plantations. In the hardwoods the populations 
of bacteria, actinomycetes, and fungi closely paralleled 
changes in soil acidity. Microbial populations in soft- 
wood sites were not correlated with characteristics of the 
site. In soil microcosm studies, Wang et al. also found 
that acid treatments increased fungi and actinomycetes 
populations, which they suggested may be caused by 
reduced competition from bacterial populations. Al- 
exander 2 also suggested decreased competition from 
other heterotrophs as a possible explanation for the rela- 
tive abundance of fungi with decreased pH. 
Four years after the last application of sulfuric acid, the 
fungal species composition in the humus layer of a conif- 
erous forest in Sweden was found to have been altered by 
treatments of 100 and 150 kg/ha each year over six years. 
However, very few individual species were significantly 
affected by the experimental acidification; Penicillium 
spinulosum and Oidiodendron cf. echinulatum II increased 
with increasing acid application, but only small changes 
were found for other isolated fungal taxa 9. 
Little is known of the response of mycorrhizal associ- 
ations to acid rain. Since most fungi are able to prolif- 
erate under acidic conditions, one can expect minimal 

effects on survival or growth of mycorrhizal fungi and 
consequently their associations under acidic conditions. 
A reduction in the fungal mantle of spruce mycorrhizae 
receiving heavy atmospheric pollution, including acid 
rain, was noted by Sobotka 84. However, Haines and 
Best 39 found no visible damage to endomycorrhizae of 
sweetgum exposed to pH 3.0 treatments. 

2.2 Organic matter decomposition 

A major concern regarding the effect of acidic deposition 
is the reduction in the rate of organic matter decom- 
position and release of essential nutrients. A diverse 
group of microorganisms participate in the decom- 
position of natural organic materials in soil and many of 
these organisms are sensitive to acidity. An increase in 
soil acidity due to acidic precipitation may enable only 
certain groups of organisms to proliferate. Some orga- 
nisms either tolerate acidity and remain in a dormant 
state or are completely eliminated. Depending on the 
nature of the organic materials, soil type, pH, tempera- 
ture, moisture, etc., one should expect differences in the 
rate and extent of organic matter decomposition. 
Decomposition of materials subjected to acidic precipita- 
tion or acidification of soils either in the laboratory or in 
the field has been studied by several investigators. Acidi- 
fication effects on leaf litter decomposition in forest soils 
vary with the type of material studied. Exposure to simu- 
lated acid rainfalls increased the rate of decomposition of 
pine needles ~,7,76 but had no detectable effect on that of 
spruce needles or aspen sticks z. Abrahamsen et al. ~ 
studied the decomposition of lodgepole pine needles, 
Norway spruce needles, and raw coniferous humus with 
various acid rain treatments. They found that lodgepole 
pine needles incubated in the field for 70-90 days at pH 
5.6 and 3.0 showed an increase in decomposition (29 %) 
at pH 3.0 over that at pH 5.6. Norway spruce needles 
given twice weekly waterings with pH 5.6, 3, or 2 at a rate 
of 100 ram/month or 200 ram/month for up to nine 
months showed relatively small effects from the acid 
treatments. At 100 ram/month, no significant effect was 
noted, and at 200 mm/month the pH 3 and 2 treatments 
decreased decomposition by < 5 %. In litterbag experi- 
ments, raw coniferous humus was given pH 5.3, 4.3, and 
3.5 treatments. The pH 4.3 treatment decreased the rate 
of decomposition by 8% and the pH 3.5 treatment by 
10 %, respectively. 
Roberts et al. 76 incubated litterbags for five months in 
field plots subjected to biweekly 5 mm applications of pH 
3.1 and 2.7 acid rain. They observed no significant effect 
of acid treatments on respiration, but they found a signif- 
icant increase (15 %) in weight loss of the litterbags with 
increased acidity. Baath et a12 studied the decomposition 
of Scotspine needle litter in litterbags placed in field plots 
exposed t o  H z S O  4 treatments at the rate of 50 and 150 
kg/ha. Acid treatments lowered the decomposition rate 
of both needle and root litter. 
Small effects on decomposition of Norway spruce needles 
in lysimeters exposed to pH 5.6, 3.0, and 2.0 solution at 
100 and 200 ram/month were observed by Hovland et 
al. 47. The pH 3 and 2 treatments at 100 ram/month ini- 
tially increased the decomposition rate. With pH 3 and 2 
treatments at 200 mm/month, after 38 weeks decom- 
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position had decreased relative to that of controls. The 
effect of acid treatments on monosaccharide content was 
not consistent, but with pH 3 and 2 treatment at 200 
ram/month, some indication of reduced lignin decom- 
position was seen. Abrahamsen et al. ~ suggested that 
decomposition of organic matter in acidic coniferous for- 
est soils is apparently only slightly affected by acidi- 
fication and that the decomposition of fresh litter and 
cellulose is influenced only at pH < 3. 
Strayer and Alexander 85 studied 14C glucose mineral- 
ization in soils exposed to pH 4.1 and 3.2 acid rain treat- 
ments. The pH 4.1 treatment had no apparent effect on 
glucose mineralization, but the pH 3.2 treatment de- 
creased the glucose mineralization rate by 30-66 %. Acid 
rain treatments lowered pH values, increased total and 
exchangeable acidity, increased exchangeable A1, and de- 
creased the heterotrophic microbial activity. Bewley and 
Stotzky 13 observed progressively decreasing amounts of 
mineralization of vanillin in montmorillonite-amended 
soil with increasing acidification with H2SO 4 (pH 3.4, 2.8, 
2.2, and 1.6), and complete inhibitions of mineralization 
at a soil pH of 1.6. 
Acidic rain application has significantly reduced organic 
matter decomposition in forest soils where increases in 
soil acidity have been observed. Long-term acidification 
of a field soil severely retards its biological potential for 
degrading protein and complex polysaccharides 2~ Tamm 
et al. 88'9~ found decreased CO2 respiration with increased 
H2SO4 in coniferous samples from field plots given 0, 50, 
and 100 kg/ha/y applications of H2SO 4. Lohm 62 exposed 
litter bags for two years in plots given 0, 50, and 150 
kg /ha  H2SO 4 per year and found that acid treatments 
lowered the decomposition rate by 5-7%. With a slight 
decrease in soil pH after application of pH 2.5 rainfalls, 
rates of cellulose decomposition decreased; with in- 
creased acidification, the rate of humus decomposition 
decreased significantly; and finally changes in pH of the 
humus samples were observed ~. 
Effects of acidity on microbial decomposition of oak 
leaves in naturally acid and acidified soils were studied by 
Francis 3~ Acid soil with pH adjusted to 3.5 showed a 
52 % decrease in total CO2 production relative to that in 
natural control soil at pH 4.6. Highly significant differ- 
ences (p < 0.01) in the rates of CO 2 production were 
observed among soils amended with organic material. A 
37% reduction of total CO2 evolution was observed in 
acidified (pH 3.5) soils. 
The rate of organic matter decomposition in soils de- 
creases as exchangeable H § increases. Among the soils 
tested (control and amended), there was a highly signif- 
icant (p < 0.01) correlation (y=  0.8160) between the 
relative amount of CO2 produced and exchangeable 
hydrogen ion content of the soiP ~ 
Simulated sulfuric acid rain (pH 3.0, 3.5, or 4.0) or con- 
trol (pH 5.6) was applied to decomposing leaf packs of 
ten hardwood species. Changes in weight and chemical 
element concentrations were followed for 408 days. Leaf- 
pack weight decreased most rapidly under the inter- 
mediate acid treatments, especially at pH 3.5. The ratio of 
the decomposition rate of leaves at pH 3.5 to that of the 
control leaves varied from 1.10 for Garry oak (Quercus 
garryana) to 12.57 for pin oak (Quercus palustris)61 
Moloney et al. 66 reported that in vitro studies on degrada- 

tion of fir and spruce mixed needle litter showed reduc- 
tion of microbial CO2 evolution from litter under acidic 
conditions (pH 3 or 4) and further reduction in the pres- 
ence of Pb and Zn but not A1 or Cu. They found cellulose 
breakdown to be unaffected in acidic, metal-containing 
soils treated with water acidified to pH 3.8. They at- 
tribute the reduction in litter decomposition, which could 
adversely alter the rates of mineral cycling in natural 
ecosystems, to repression of the metabolism of litter-de- 
grading microflora by precipitation acidity and metals 
present in soils and introduced by polluted rains. 
Soils that had previously been subjected to long-term 
acidification or to liming were tested for microbial activ- 
ity after three years. Total soil respiration was decreased 
by acidification; mineral N accumulation was not in- 
fluenced, but the rate of microbial N turnover was mark- 
edly decreased 62a. Klein et al. 57 observed significantly re- 
duced rates of carbon and nitrogen mineralization in soil 
that had received simulated precipitation at pH 3.5. 
Kelly and Strickland 54 used both field and laboratory 
measurements of CO2 evolution as an index of decom- 
poser activity. Forest microcosms were used to evaluate 
the impact of simulated acidic precipitation on decom- 
position. Treatments with annual average pH 5.7, 4.5, 
4.0, and 3.5 were applied for a 30-month period. No 
statistically significant effect of treatment on decom- 
position could be found in the field measurements. When 
the microcosm was partitioned into 01 and 02 litter, min- 
eral soil (A and B horizons), and roots within the mineral 
soil horizons for laboratory determination of CO2 efflux, 
only the 02 litter exhibited a statistically significant de- 
crease as a function of treatment. Efflux of CO2 from the 
02 layer was small compared with that from the other 
layers, and this may account for the failure to detect a 
significant response in field measurements. The inhibi- 
tion effect observed in the 02 layer may be ecologically 
important since many plants derive a major portion of 
their nutritional requirements directly from the 02 litter 
layer. 

2.3 Nitrogen transformation 

Nitrogen is the major nutrient limiting plant growth in 
nature. Higher plants are known to assimilate nitrogen in 
the form of nitrate and ammonia. The nitrogen cycle can 
be very simply viewed as a triangle (fig.)28. Step 1 is N 
fixation in which N2 in air is converted to NH4 + in soils. 
Step 2 is nitrification, conversion of NH4 + to NO3. The 
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reverse of this reaction is nitrogen assimilation. Step 3 is 
denitrification, the conversion of NO3 in soils to N 2 in air. 
First, two of the three steps on the triangle are not revers- 
ible reactions in biology. Second, all but the assimilatory 
reaction are brought about, for the most part, by bacte- 
ria. Third, the weakest link in the triangle (nitrification) is 
greatly affected by pH. 
Ammonification, nitrification, nitrogen fixation, and 
denitrification (fig.) are affected by soil acidity to varying 
degrees. Although pH optima have been reported for 
pure cultures and cultures grown in sewage and in some 
soils, little information is available on diverse soils or on 
the performance of the organisms when the soil medium 
is subjected to prolonged exposure to acid precipitation. 

2.3.1 Ammonification 

The organic nitrogenous compounds in soil, sediments, 
and terrestrial and aquatic plants are converted to am- 
monium (ammonification) by a large group of hetero- 
trophic bacteria, fungi, and actinomycetes. Several in- 
vestigators have reported that acid inputs can slightly 
accelerate mineralization of organic nitrogen 86'89'93. Am- 
monification in a pH-adjusted acid soil (pH 3.5) was 
about 50% less than in a naturally acidic soil (pH 4.6). 
Highest rates of ammonification were observed in the 
pH-adjusted neutral soiP ~ 

2.3.2 Nitrification 

Nitrification is the sequential oxidation of ammonia to 
nitrite and then to nitrate by autotrophic and hetero- 
trophic microbial communities. The autotrophic nitrifi- 
cation is principally accomplished by Nitrosomonas sp. 
and Nitrobacter sp. Members of the genus Nitrosomonas 
oxidize ammonia to nitrite only, and the genus Nitro- 
bacter is limited to the oxidation of nitrite to nitrate. 
Inasmuch as nitrification, like all autotrophic processes, 
results in production of H + ions, it can be considered both 
as a source of acidity and as a process regulated by 
acidity. Unlike the sulfur-oxidizing chemolithotrophs, 
which are the most acid-tolerant forms of life known, the 
nitrifying bacteria have not evolved to become tolerant to 
acidity. Nitrification is the rate-controlling step not only 
in the oxidation of ammonium, but also in the generation 
of the product for its loss to the atmosphere through 
denitrification. 
Nitrification occurs optimally at neutral to slightly al- 
kaline pH. In acid environments, nitrification proceeds 
slowly even in the presence of an adequate supply of 
substrate, and the responsible species are rare or totally 
absent at high acidities. Typically, nitrification decreases 
markedly below pH 6.0 and becomes negligible below pH 
5.0, 25 yet nitrate may occasionally be present in field soils 
of pH 4.0 or lower 3. Some soils nitrify at pH 4.5; others 
do not. The difference is possibly attributable to acid- 
adapted strains or to chemical differences in the two 
habitats. Neutral to alkaline soils have the largest nitrifier 
populations. Accumulation of nitrate has been observed 
in acidic soils of pH as low as 3.9 5~ Walker and 
Wickramasinghe 95 isolated pure cultures of ammonium- 
oxidizing autotrophic, nitrifying bacteria from acid soils 
at pH 4.0 to 4.5. They detected nitrite-oxidizing bacteria 

in several of the acid soils but did not isolate pure cul- 
tures. 
Application of acid rain (pH 4) reduced nitrification rates 
in a soil with pH 4.448. In a beach forest soil (pH 3) very 
small numbers of nitrite- and nitrate-forming organisms 
were found and substantial amounts of nitrate were de- 
tected 69,77. Formation of nitrate by heterotrophic nitrifi- 
cation in acid soils has been suggested by Abrahamsen et 
al. 1 and Ishaque and Cornfield 5~ Nitrification by hetero- 
trophs might be of major importance in acidic soils and in 
highly alkaline, nitrogen-rich aqueous environments, 
where autrotrophic nitrification is not detected 29,v5. Little 
autotrophic and heterotrophic nitrification in acidified 
soil (pH 3.5) was observed in a soil perfusion study 3~ 
Of particular concern are the rates of nitrification (auto- 
trophic, and/or heterotrophic) in forest soils impacted 
with acidic pollutants because autotrophic nitrification is 
far more sensitive to acidity than are other steps in the 
nitrogen cycles. In natural ecosystems, however, the sig- 
nificance of nitrate formation by the heterotrophic nitri- 
fication process still remains small. Wainwright 93 re- 
ported that N mineralization was enhanced by exposing 
soil to atmospheric pollutants. Acidification of soil by 
addition of either powdered sulfur or sulfuric acid de- 
creased CO2 evolution (decomposition) by soils, whereas 
it increased the amount of mineral-N (ammonification) 
in the sample, but lowered the amount of nitrate 9~ 
Strayer et al) 6 found that nitrate formation from added 
ammonium, but not from native organic N, was inhibited 
following continuous exposure of several forest soils to 
simulated acid rain. In naturally acidic soils in which the 
pH was adjusted with H 2 S O  4 o r  Ca(OH)2, Francis 3~ found 
that ammonium formation decreased as soil acidity in- 
creased. The data also indicated that nitrification is very 
sensitive to acidic conditions because little nitrate accu- 
mulated in acidified and naturally acid soils compared 
with soils adjusted to neutral pH. In studies of nitrate 
formation in three forest soils from the Adirondack 
Mountains of New York, Klein et al. 56 found that nitrate 
was formed when the soils were treated with artificial rain 
at pH 3.5, 4.1, or 5.6. Compared with simulated rain at 
pH 5.6, simulated rain at pH 3.5 enhanced nitrate forma- 
tion in one soil and inhibited it in two others. The rates of 
N mineralization in acid forest soil exposed to the simu- 
lated precipitation were less for rain at pH 3,5 than at pH 
5.672" 
Inhibition of nitrification in acid forest soils and soils 
undergoing acidification due to acid precipitation would 
indeed result in the accumulation of NH4 + in soils, i.e., 
nitrogen conservation as opposed to nitrogen mineral- 
ization (nitrification) and loss of N O  3- due to leaching 
and denitrification. Therefore, it would appear that the 
inhibition of nitrification in acid soils would result in 
conservation of N in forest soils and benefit forest growth 
in the long term. Whether such accumulation and in- 
creased availability of ammonium in forest soils can be 
attributed to forest dieback observed across vast areas of 
northern Europe and North America, is not clearly un- 
derstood. It has been suggested that increased nitrogen 
compounds in acid rain could be an important factor 
involved in forest dieback 7~ Nevertheless, the signif- 
icance of nitrification in forest soils needs to be critically 
examined. Furthermore, to what extent the natural pro- 
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cesses, particularly nitrification in the watershed soils, 
contribute to surface water acidification is not clearly 
understood. 

2.3.3 Denitrification 

Soil bacteria are known to reduce nitrates to nitrogen gas 
under anoxic conditions in the presence of available car- 
bon; the process is called denitrification. In acid soils, 
denitrification is inhibited so that N20 instead of N2 is 
released as the end product. Biological denitrification has 
received much attention because of its importance in the 
removal of nitrates from waste waters. Of particular in- 
terest to soil and atmospheric scientists is the biogenic 
evolution of N20 and its subsequent effect in depleting 
atmospheric ozone. Soil pH is known to affect the evolu- 
tion rate and the composition of the gaseous end prod- 
ucts of denitrification. Denitrification is favored by rela- 
tively high pH values, and at pH values below 6 the 
reduction of N20 is often strongly inhibited 16'~8'3~176 
Francis 3~ reported that the rate of denitrification was 
rapid at soil pH 6.5 with little N20 detected, indicating 
further reduction to N2, but in acid (pH 4.6) and acidified 
(pH 3.5) soils, the rate of denitrification was slow and 
N20 was the major end product. 

2.3.4 Nitrogen fixation 

2.3.4.1 Asymbiotic N-fixation. Nitrogen-fixing microor- 
ganisms differ in tolerance to acidity. Among bacteria 
Azotobacter, Beijerinckia, and Clostridium have been ex- 
tensively studied. Although the increase in N in soil by 
nonsymbiotic fixation is low, its ecological significance in 
the long term can be important. Environments more 
acidic than pH 6.0 contain few or no nitrogen-fixing 
bacteria. Nitrogen fixation by free-living bacteria in 
freshly collected forest soil (pH 4.6) was not detectable. 
Only soil samples of pH 5.7 amended with glucose and 
preincubated under aerobic or anaerobic conditions ex- 
hibited slight activity 3~ Blue-green algae, which also fix 
nitrogen, grow poorly and are found to be sparse in acid 
environments. Chang and Alexander 23 reported that the 
rates of nitrogen fixation in three forest soils exposed to 
acid precipitation were significantly lower if the pH of the 
simulated rain was 3.5 than if it was 5.6, and that CO2 
fixation also was significantly less in soils exposed to acid 
rain of pH 3.5. They suggest that algae in terrestrial 
ecosystems may be especially susceptible to acid precipi- 
tation. 

Little is known of the effects of acid rain on N fixation by 
actinomycetes associations with nonleguminous plants in 
forest soils. Alnus seedlings with Frankia were grown in 
soils o f p H  3.6 to 7.6 to study the influence of acidity on 
nodulation of black alder used to revegetate acid mine 
soils 38. In some of the soil types tested, nodulation was 
reduced at pH below 5.5, and there was evidence of 
decreased viability of the endophyte at pH below 4.5; 
root growth and root hair development were inhibited at 
pH below 5.0. 

2.4 Soil enzymes 

The activities of certain enzymes present in the soil pro- 
vide a general indicator of the microbial activity. Reduc- 
tions in many soil enzymes have been reported in acidi- 
fied soils or soils treated with acid rain. Soil acidification 
studies78.80,83,100 have in some cases shown decreased cellu- 
lolytic activity with decreasing pH. 
Natural acid soils (pH 4.7), acidified soils (pH 3.5), and 
pH-adjusted neutral soils (pH 6.8) which had been prein- 
cubated under moist conditions for 60 and 270 days were 
assayed for urease and dehydrogenase activities 33. These 
activities showed no apparent differences between the 
natural and pH-adjusted neutral soils, but they were 
much lower in the acidified soil. Surface samples of a 
brown earth soil exposed to heavy atmospheric pollution 
for one year resulting in a decrease in soil pH from 4.2 to 
3.7 showed no significant change in the activities of soil 
enzymes such as arylsulfatase, cellulase, dehydrogenase, 
phosphatase, rhodanese, and urease 93. Treatments of 
field plots with acid rain of pH 3.7 and 3.0 did not 
significantly alter enzyme activity, except protease activ- 
ity, which increased at pH 3.015. 
Norway spruce needle litter collected from field plots 
exposed to pH 6.1, 4.0, 3.0, and 2.5 rains over a 5-y period 
showed little effect on biological activity as measured by 
respiration and cellulase activity 46. The lack of effect is 
probably due to a shift in the microbial community in the 
litter, as evidenced by enhanced growth of litter decom- 
posing fungi, Basidiomycetes, mainly of the genera My- 
cena and Marasmius. Killham et al. ~5 exposed a Sierran 
forest soil (pH 6.4) planted with Ponderosa pine seedlings 
to simulated rain (pH 2.0, 3.0, 4.0, and 5.6) with 15 cm of 
precipitation over a 12-week period. Changes in mi- 
crobial activity were most significant in surface soils. 
Only the pH 2.0 rain caused inhibition both of respira- 
tion and of enzyme activities of urease, phosphatase, 
dehydrogenase, and arylsulfatase. 

2.3.4.2 Symbiotic N-fixation. Soil acidification affects 
symbiotic nitrogen fixation in legumes. Although several 
physical and chemical factors contribute to efficient ni- 
trogen fixation in legume-Rhizobium symbiosis, soil 
acidity affects a) plant growth, b) survival of rhizobia, 
and c) the symbiotic relationship. Reductions in nodula- 
tion and plant growth due to reduced N fixation have 
been reported 24,26'68,81,82. In some cases, the bacterial sym- 
biont appears to be sensitive to acidity 19,63. Toxicity 
resulting from iron or aluminum in acidified soils also has 
a profound effect upon nitrogen fixation. Effects on sym- 
biotic nitrogen fixation by legumes in unmanaged range 
soils could be significant. 

2.5 Degradation of pesticides 

Information on the effects of acid precipitation or of 
acidity on biodegradation ofxenobiotics is scanty. Biode- 
gradation of pesticides would be affected by acid precipi- 
tation via changes in microbial populations or changes in 
pH levels in water and soil solutions which affect adsorp- 
tion characteristics of pesticides by soil particulate matter 
and in some cases make them unavailable for biodegra- 
dation. Captan, Dicamba, Amitrole, Vernolate, Chlo- 
ramben, Crotoxyphos 4~, Metribuzin 59, 2,4-D and 
MCPA 91, and Prometryne ~2 were reported to persist lon- 
ger under acidic than under neutral conditions. Conver- 
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sely, Diazinon and Diazoxan 41 were degraded more 
readily at lower pH levels. The effects of the pesticides 
2,4-D, cacodylic acid, Dylox, methoxychlor, Sevin, and 
Paraquat on  soil microbial activity and the fate of 14C-la- 
beled 2,4-D, Sevin, and Paraquat in naturally acid (pH 
4.7) and pH-adjusted acid (pH 3.5) and neutral soils (pH 
6.8) were studied (Francis, unpublished results). The data 
suggest that the addition of these compounds to soils did 
not have any effect on soil respiration. However, varia- 
tions in the rate and degradation of 2,4-D, Sevin, and 
Paraquat were observed. Paraquat was not degraded in 
acid soils. 

3. Effects on aquatic microorganisms and processes 

Increasing acidity of precipitation has caused extinction 
of fish and other changes in species composition at all 
trophic levels in oligotrophic lakes in northern Europe 
and eastern North America. Microorganisms play an 
important role in the decomposition of organic matter 
(autochthonous, originating by primary production; and 
allochthonous, transported by inflowing water, airborne 
litter or rain) in lakes and streams and are responsible for 
the regeneration and cycling of nutrients in the aquatic 
ecosystem. Inhibition of microbial activity due to acid 
deposition in aquatic ecosystems can have profound ef- 
fects. Detritus removal, conservation of energy, nutrient 
recycling, primary production, detritivore production 
and production at higher trophic levels can all be affected 
by changes in microbial activity. The effect of acidi- 
fication on the mineralization of autochthonous and al- 
lochthonous organic carbon in lakes and streams is not 
fully determined. Furthermore, little is known about the 
effect of acid precipitation on the biogeochemical cycling 
of major and minor elements brought about primarily by 
the activities of microorganisms in oxic and anoxic envi- 
ronments. 

3.1 Microbial population distribution and activity in acid 
lakes and streams 

Reductions in microbial numbers and activity have been 
observed in water, sediment, and leaf litter samples in 
lakes and streams. Laboratory studies indicate lower de- 
composition rates of glucose, glutamic acid, and homo- 
genized leaf litter at pH 4 than at pH 7. Fungi were the 
predominant organisms at pH 4, whereas bacteria and 
zooflagellates dominated at pH 7 92. Bick and Drews 14 
found that the microbial decomposition rate of peptone 
decreased with increasing acidity and observed no am- 
monium oxidation below pH 5. They also found that the 
total counts of bacteria decreased slowly within the pH 
range 7 to 5 but decreased rapidly as the acidity increased 
from pH 5 to 3. 
Microbiological analysis of water, sediment, and leaf 
litter samples from lakes and streams indicates reductions 
in microbial numbers and activity with increases in acid- 
ity of water and/or sediment. 

3.1.1 Microbial population in water 

Traaen 92 compared numbers of planktonic bacteria in the 
waters of seven acidic lakes (pH < 5) and less acidic lakes 

(pH > 5). Three of the acidic lakes were humic (brown- 
water), and these lakes had three to four times as many 
bacteria per volume of water as did the others; however, 
the acidic and less acidic clear-water lakes did not differ 
in this respect. This difference is probably due to the 
presence of high levels of available carbon, which support 
microbial growth, in humic lakes. Nine high-altitude oli- 
gotrophic lakes in the Adirondack Mountains of New 
York with water pH ranging from 4.3 to 7.0 were sur- 
veyed for major representatives of the microbial com- 
munity 17. Heterotrophic bacterial numbers were low for 
most of the lakes, in the range of 10-1000 per ml. Sedi- 
ment aerobic heterotrophs ranged from 1.4 x 104 to 
1.3 x 10 6 per gram of sediment 17. Acridine orange direct 
counts (AODC) were approximately two orders of 
magnitude higher than plate counts for each lake. Acidi- 
fied enclosures placed in a Canadian lake showed no 
change in bacterial numbers before and after acidi- 
fication 67. Scheider et al. 79 found that the aerobic hetero- 
trophic microbial populations in acidified lakes near Sud- 
bury, Ontario, Canada, were markedly lower than in 
non-acidified lakes. Sediment microbial populations, 
however, were not different. When acidified lakes were 
chemically neutralized, the planktonic bacterial densities 
quickly responded and soon rose to resemble those in the 
non-acidic lakes. 
Bacteriological and hydrological studies were conducted 
in lakes undergoing acidification by Fjerdingstad and 
Nilssen 27 in southern Norway. The numbers of bacteria, 
except for Thiobacillus, were much lower than in oligo- 
trophic lakes in Denmark and Greenland. This is perhaps 
due to constant low acidity of the Norwegian lakes, 
heavy metal accumulation in the sediments, or biocides in 
the acid rain. The authors suggest that with increasing 
acidification, Thiobacillus thioparus and other Thiobacil- 
lus species may increase in numbers and, since they pro- 
duce sulfuric acid, add to the acidity of the lakes. Rao and 
Dutka v3 investigated the relative abundance of total, re- 
spiring, aerobic heterotrophic, nitrogen cycle, and sulfur 
cycle bacteria in acid-stressed and non-acid stressed hard 
water lakes. They found that the bacterial populations 
and densities were nearly an order of magnitude less in 
acid-stressed waters than in non-acid-stressed waters. Ni- 
trifying bacteria and some sulfur cycle bacteria (Thioba- 
cillus sp.) were very sparse or absent in acid-stressed wa- 
ters. Francis et al. 34 studied the distribution of bacterial 
populations in water samples from Woods Lake 
(pH ~ 5), Sagamore Lake (pH ~ 6), and Panther Lake 
(pH ~ 7) during several seasons. Populations of bacteria 
as determined by acridine orange direct counts (AODC) 
in acid Woods Lake water were significantly lower than 
in moderately acid Sagamore Lake and neutral Panther 
Lake. Autotrophic ammonia-oxidizing and nitrite-oxi- 
dizing bacteria were not detected in Woods Lake water. 
Wassel and Mills 98 reported that the bacterial communi- 
ties were stressed both in the surface water and, to a lesser 
extent, in the sediment in areas of a large impoundment 
near an inflowing acid mine stream. AODC of bacteria 
did not differ significantly among the sites; however, 
significantly fewer viable heterotrophs were observed by 
plate counts at the acid impacted station than at the 
uncontaminated site. The diversity of the communities 
was significantly lower at the sites receiving mine drain- 
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age than at the unaffected station, and comparisons of 
community similarity showed that collections from the 
impacted sites were more like each other than like those 
from the control sites 98. 
Two acid-stressed lakes (pH 4.4-6.4, and pH 5.5-6.5) in 
the Pocono Mountains of Pennsylvania were surveyed 
for total numbers of heterotrophic, proteolytic, nitrogen 
cycle, and sulfur cycle bacteria in water and sediment 
samples by Majumdar et al. 64. The numbers of hetero- 
trophic and proteolytic bacteria recovered were low (104- 
105/ml). Nitrogen cycle and sulfur cycle bacteria were 
very sparse or absent in both acid-stressed lakes. The 
numbers of total bacterial flora in the two acid-stressed 
lakes in the Poconos were markedly lower than in non- 
acid-stressed lakes (1-5 x 106/ml). 

3.1.2 Microbial population and activity in sediments 

Surface sediments of acid stressed lakes in Norway con- 
tained three to four times as much organic matter as did 
those of the relatively more enriched lake. The rate of 
oxygen utilization at the surface of both natural lake 
sediment cores and artificial sediments composed of sand 
and organic materials indicated that heterotrophic mi- 
crobial activity is reduced when the pH of the overlying 
water is lowere& ~ The utilization of radioactive glucose 
in the water just above the sediments was decreased by as 
much as 98 % with an increase in acidity from pH 6 to pH 
5. Furthermore, in the sediment samples, lower pH also 
led to a reduced rate of phosphorus cycling, as measured 
by the uptake of radioactive phosphate 6~ In sediment 
from Lake Gardsjon, Gahnstrom et al. 36 found that oxy- 
gen uptake was lower in littoral sediment (3 m depth) 
than in profundal sediment (18 m depth). In the pro- 
fundal sediments, they found that 1) glucose turnover 
rate was low with no significant difference between sedi- 
ments from acidified and non-acidified lakes, indicating 
low microbial activity, and 2) oxygen consumption of 
profundal sediments was of the same magnitude in acidi- 
fied and non-acidified lakes. These results suggest that 
the buffering of the sediment is strong and the shallow, 
littoral sediment is affected by the overlying acid water to 
a greater extent than is the profundal sediment. Baker et 
all  ~ reported that the mineralization of 14C-ghicose, 
~4C-glycine, and 14C-ghitamic acid was lower in sediments 
at pH 4 and 5 than at pH 7. The majority of the sediment 
bacterial populations were resistant to lead and selenium 
and a smaller proportion to mercury and arsenic. Many 
of the bacteria were resistant to more than one of the 
elements. Lead and mercury were more toxic to bacterial 
growth at pH 4.5 than at 7.5, whereas selenium and 
arsenic were slightly more toxic at the higher pHI~ H. 
No significant differences were observed in the bacterial 
populations or pH values of the sediment samples from 
the three lakes, Woods (pH N 6.6), Sagamore (pH ~ 7.1), 
and Panther (pH ~ 6.4) 34. Sediment samples from Woods 
Lake contained no detectable ammonia oxidizers, but 
nitrite-oxidizing bacteria were present in all three lake 
sediments samples with little variation in populations 
among the lakes. A strong relationship between lake 
acidification and bacteria was observed in water and 
sediment cores from eight lakes near Sudbury, Ontario 74. 
In the sediments the critical pH value for respiring and 

aerobic heterotrophic bacteria appears to be ~ 5.5. In 
the sediments a relationship was found between pH, bac- 
terial populations, sediment microbial activity, and total 
organic matter; in an acid-stressed lake (pH 3.8) the 
sediment respiration was 10-20 % of that in a non-acid- 
stressed lake (pH 7.2). 
In lakes affected by acid deposition, inputs of sulfate and 
nitrate increase, and reducing power normally going to 
methane production is expected to be diverted to nitrate 
and sulfate reduction, which, unlike methane production, 
can result in production of alkalinity. Kelly et al. 52 mea- 
sured the rates of microbial reduction of 02, Fe 3+, Mn 4§ 
N O 3 -  , and SO4 z and total generation of CO2 and C H  4 in 
the hypolimnia of three Canadian Shield lakes. Methano- 
genesis accounted for 72-80 % of anoxic carbon genera- 
tion, sulfate reduction contributed 16-20%, and the 
remainder (2-8 %) originated from all the other processes 
combined, such as nitrate, iron, and manganese reduc- 
tion. The authors developed a model which showed that 
the hypolimnia of two lakes which have been made eutro- 
phic artificially could potentially produce enough persis- 
tent alkalinity to neutralize 'typical' acid deposition, 
while the lake that was not eutrophic could not 52. 

3.2 Decomposition of  organic matter in acid lakes and 
streams 

Swedish investigators ~7 found abnormal accumulation of 
litter in six lakes in which the pH had decreased by 1.4- 
1.6 units during the preceding three to four decades. 
Furthermore, dense felts of organic debris and algal fila- 
ments covered up to 85 % of the shallow bottom area of 
Lake Gardsjon (this is the material erroneously reported 
to be fungal hyphae) and were observed in several other 
lakes. These findings led to investigations of litter decom- 
position in lake and stream waters at different pH values 
and in laboratory experiments. Large accumulations of 
organic debris have also been found in acid mine drain- 
age waters in South Africa 42. 
In Norway, litterbags containing birch leaves were placed 
in flowthrough tanks at the Tovdal field station 92. The pH 
levels of these tanks were adjusted to approximately 4, 
4.5 to 5.2, and 6. Weight losses after one year were ap- 
proximately 45 %, 48 %, and 52 % at the respective pH 
treatments (all significantly different: p > 0.05). Two 
other tests, in which birch litterbags were exposed for two 
years in Norwegian lakes and brooks at differing pH, 
showed leaf decomposition to be inhibited by low pH. 
Breakdown of leaf litter in leaf packs was much slower in 
an acidic Swedish stream (pH 4.3 to 5.9) than in a very 
similar non-acidic stream (pH 6.5 to 7.3). The densities of 
invertebrates associated with these leaf packs were 
greater in the non-acidic stream. Among the functional 
groups of invertebrates, species that specialize in shred- 
ding material such as leaf litter were by far the most 
abundant in the acidic stream, and species that scrape 
material such as attached growths of algae, bacteria, etc., 
were greatly reduced, compared with their numbers in the 
non-acidic stream 35. 
When Norris Brook, a small forest stream in New Hamp- 
shire, was acidified from about pH 6 to pH 4, dense 
growths of basidiomycete fungus appeared on sub- 
merged mosses and tree roots, covering about 1% of the 
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acidified study area 4~ Fungal hyphae grew as a thin layer 
over 70 % of the stream bottom near the site of acid 
addition, but the species diversity of fungi was reduced in 
the acidified area 4~ Burton et al. 21 studied the decom- 
position of white birch (Betula papyrifera) and sugar 
maple (Acer saccharum) leaves in artificial streams acidi- 
fied to pH 4 with sulfuric acid. They found significant 
reductions in the decomposition of the leaves in the acidi- 
fied streams and also substantial decreases in the inverte- 
brate populations. 
Heavy growths of filamentous algae and mosses have 
also been reported in streams in Norway affected by 
acidification. In experiments in artificial stream channels 
using water and the naturally seeded algae from an acidi- 
fied brook (pH 4.3 to 5.5), an increase in the acidity to pH 
4 by addition of sulfuric acid led to an increased accumu- 
lation of algae compared with that in an unmodified 
control 43. An experimental acidification to pH 4.0 of a 
natural stream in the Hubbard Brook Experimental For- 
est also resulted in extensive growths of filamentous al- 
gae 4~ 
The effects of acid on the microbial decomposition of the 
dominant aquatic macrophyte (Carex spp.) in oligotro- 
phic Toolik Lake, Alaska, were studied in microcosms by 
McKinley and Vestal 65 during the ice-free season of 1980. 
Microbial activities (as determined by 14C-acetate incor- 
poration into extractable lipids) associated with Carex 
litter were significantly reduced (p < 0.01) at pH 3.0, but 
not at the other pH levels tested. After 18 days, microbial 
activity was significantly correlated with weight loss, ni- 
trogen content, and C/N ratios of the litter, but not with 
ATP levels. Analysis of the litter surface by scanning 
electron microscopy revealed that the fungi present at 
ambient pH after 18 days did not become dominant at 
pH values below 5.5, diatoms were absent below pH 4.0, 
and bacterial numbers and extracellular slime were 
greatly reduced at pH 4.0 and below. Decomposition of 
Carex 14C-(lignin)- and 14C-(cellulose)-lignocellulose was 
reduced at pH 2.0 but not at pH 4.0, 5.0 or 6.0, compared 
with that in controls (pH 7.1). The authors concluded 
that, if the pH of the water was sufficiently reduced, rates 
of litter decomposition would be significantly reduced. 
Carpenter et a l .  22 compared the effects of acid mine drain- 
age on the decomposition of vascular plant material in a 
reservoir at three locations: 1) a control site with no acid 
mine drainage (pH 6.3), 2) an experimental site with 
dilute acid mine drainage (pH 5.7), and 3) an experi- 
mental site near the acid mine drainage source (pH 3.7). 
They found that both microbial activity and the process 
of leaf decomposition were inhibited in a region close to 
the source of contamination, and that the degree of inhi- 
bition decreased with distance from the source as the acid 
mine drainage was diluted. The decomposition rate of 
leaves from three types of trees and a rush differed signi- 
ficantly between leaf species and between sites. For all 
leaf species, the decay rate coefficient (k) for the control 
site was at least twice that for the most severely affected 
site. Heterotrophic activity, measured with 14C-glucose, 
was depressed at both experimental sites compared with 
that at the control site. Numbers of bacteria were about 
10 l~ cells per gram dry detritus, and did not differ signi- 
ficantly between control and experimental sites. 
Decomposition of leaf litter in Woods Lake (pH ,-~ 5.0), 

Sagamore Lake ( p H i 6 . 0 ) ,  and Panther Lake 
(pH ~ 7.0) in the Adirondack Mountains, a region 
heavily impacted by acid deposition, was studied by 
Francis et al. 31'34 Litterbags containing leaves of Ameri- 
can beech, sugar maple, red maple, leather leaf, and red 
spruce were incubated at various depths in the lakes. 
Samples were removed periodically over a two-year pe- 
riod and analyzed for loss in weight, changes in leaf 
surface area, carbon and nitrogen contents and bacterial 
populations. The rate of decomposition of litter de- 
pended on the leaf species tested as well as on the lake 
water in which they were incubated. Of the five leaf 
species tested, red maple had the highest rate of decom- 
position and red spruce the lowest: i.e., red ma- 
ple > sugar maple > beech > leather leaf > and red 
spruce. The rate differed among the lakes in the 
order Woods (pH ~ 5) < Sagamore (pH ~ 6) < Panther 
(pH ~ 7). 

The decay rate constant (k2) for red maple, which decom- 
posed fastest, was higher than for the other leaf species 
tested and showed a direct relationship with the type of 
lake studied: i.e., Woods (pH ~ 5) = 0.206 < Sagamore 
(pH ~ 6) = 0.436 < Panther (pH ~ 7) = 0.584. Sugar 
maple followed more or less the same trend as red maple 
but at an intermediate rate. The k2 values for beech, 
leather leaf, and red spruce were very low, suggesting that 
these leaves may remain for a longer time and accumulate 
in the lakes. 

No significant difference in decomposition of the beech 
leaves due to incubation depth within Woods or Panther 
lakes was observed. In Sagamore, the leaves at 5-m depth 
were found buried in the sediment, where conditions were 
probably anaerobic, and the extent of decomposition at 
this depth was significantly less than at the other two 
depths. 
The population of bacteria in the litter after two years' 
incubation was 3 x 109 to 2 x 10 I~ bacteria per gram dry 
weight of leaf material, a range similar to that found in 
sediments. The population varied with leaf species with 
maximum counts found in red maple, the most rapidly 
decomposing one. 
In acidic lakes, lime treatment caused rapid decom- 
position of the organic litter as well as great reductions of 
algal mats and Sphagnum, indicating that bacterial activi- 
ties had been inhibited at low p H  4'5'37'49'79. Winter and 
summer measurements, in experimentally acidified Lake 
223 in the Canadian Shield, suggest that the in situ de- 
composition rates in sediments were unaffected by acidi- 
fication over an epilimnetic pH range of 6.7 to 5.1. In 
laboratory experiments, however, decomposition rates of 
newly sedimented material began to decrease at pH 5.25 
to 5.0. In general, basic processes (such as primary pro- 
duction, organic matter decomposition, nutrient regen- 
eration) apparently would not be seriously impaired until 
lake pH dropped well below values that would severely 
affect the growth and reproduction of higher life forms 53. 
The aquatic ecosystem is seen as a complex association of 
interdependent organisms, in this case linked together by 
the processes of decomposition. Perturbations to com- 
munities of these decomposer organisms will quite likely 
have ramifications throughout the system, i.e., such as 
reduced mineral cycling, accumulation of litter, and low- 
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ered nutrient supply to plants and food source to inverte- 
brates 44. 

4. Conclusion 

Further acidification of acid forest soils by acidic rain is 
perhaps a very slow process - it may take many years for 
acidic rain to change the soil pH. Rapid adaptability of 
microbial populations to changing physical and chemical 
environments and substantial differences between the 
measured soil pH and the actual pH in the microsite 
environments make it difficult to monitor accurately 
short-term changes that might be caused by acidic precip- 
itation. Slow acidification may have effects on soil mi- 
crobial communities which may gradually result in the 
selection of acid-resistant or tolerant organisms or in the 
total elimination of certain species. On a long-term basis, 
acidic rain may affect certain key processes catalyzed by 
soil microorganisms such as organic matter decom- 
position and nitrogen transformation, and ultimately the 
nutrient cycling in the forest ecosystem. To date, studies 
with simulated acidic rain indicate overall reductions in 
several soil microbial processes. Stimulatory effects on 
microbial activities observed in some cases have been 
assumed to be temporary. The physical and chemical 
characteristics of the soil and its response to environ- 
mental pollutants significantly affect the type, abun- 
dance, and activities of soil microorganisms. No generali- 
zations can be made because of the diversity and complex 
nature of these systems. 
Many of the available data on the effects of acidic rain on 
soil microbiological processes have been obtained 
through laboratory studies 2~176 Little is known, 
however, about the effects of acidic rain on nitrogen 
transformation (e.g., ammonification, nitrification and 
denitrification) under field conditions, or microbial con- 
tribution to the acidification of surface waters. There- 
fore, on the basis of existing data, it is not clear to what 
extent and at what rate the current acidic precipitation is 
affecting soil microbial processes. 
The literature reviewed above makes it clear that increas- 
ingly acidic conditions inhibit microbial activity in the 
aquatic environment. Observations to date of acidified 
lakes and streams demonstrate that acidification inhibits 
the processes of decomposition. Only limited studies deal 
with the effects of acidity on microbial populations and 
activities in lakes and streams located in sensitive areas 
receiving acid rain. Furthermore, there is still a large gap 
in the knowledge of the effects of acidic precipitation on 
microorganisms and particularly on microbial processes 
important in the biogeochemical cycles of the lake and 
stream ecosystem. Future studies should focus on obtain- 
ing quantitative information about the various microbial 
processes critical to ecosystem function by standardized 
methods so that results from various studies can be com- 
pared and evaluated for usefulness in long-term predic- 
tion. 
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Vegetation structure and primary production in acidified lakes in southwestern Sweden 
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Summary. R e s e a r c h  d u r i n g  the  las t  two  decades  ha s  c lear ly  p o i n t e d  ou t  t h a t  d r a m a t i c  ecosys t em c h a n g e s  h a v e  occu red  
in  lakes  due  to  d e p o s i t i o n  o f  ac id  s u b s t a n c e s  a n d  dec reased  pH .  T o d a y  a la rge  n u m b e r  o f  lakes  a n d  r u n n i n g  wa te r s  in 
S c a n d i n a v i a  a re  su f fe r ing  b io log ica l  d a m a g e  w i th  d i s a p p e a r i n g  f ish p o p u l a t i o n s ,  o v e r g r o w t h  o f  the  b o t t o m  by mosses  
a n d  f i l a m e n t o u s  algae,  r e d u c e d  i n v e r t e b r a t e  f a u n a ,  i nc r ea sed  t r a n s p a r e n c y  etc. - O f  all d o c u m e n t e d  b io log ica l  c h a n g e s  
the  effect  o n  m a c r o p h y t e  success ion,  in  p a r t i c u l a r  t h a t  o f  Sphagnum, is the  m o s t  s t r i k ing  effect. A l o n g  w i t h  the  g r o w t h  
o f  f i l a m e n t o u s  algae,  these  c h a n g e s  h a v e  b r o u g h t  a b o u t  m a j o r  shif ts  in  the  c o m p o s i t i o n  o f  the  p r i m a r y  p roduce r s .  T h e  
b i o m a s s  in  one  lake  was  e s t i m a t e d  to be  6.5 t (d ry  wt)  c o r r e s p o n d i n g  to  a b o u t  24 g m -2, the  r e l e v a n t  p r o p o r t i o n s  be ing  
5 2 %  for  Sphagnum, 3 4 %  fo r  Lobelia a n d  1 5 %  for  Isoetes. P e r c e n t a g e  p r o d u c t i o n  in  the  who le  lake  is 5 4 %  for  
Sphagnum, 2 9 %  for  Lobelia a n d  17 % for  Isoetes, w h i c h  gives a n  e s t i m a t e d  p r o d u c t i o n  o f  2.9 t yr  -~ or  9 g m -2 yr  -~. 
Sphagnum is a r ecen t  f lo ra  e l e m e n t  a n d  its o c c u r r e n c e  is r e l a t ed  to the  ac id i f i ca t ion  o f  the  lakes.  T h e  i nves t i ga t i ons  a lso  
s h o w  t h a t  the  g r o w t h  o f  Lobelia is r e d u c e d  in ac id  lakes  c o m p a r e d  to  o t h e r  o l i g o t r o p h i c  lakes  due  to s h a d i n g  by  the  
b e n t h i c  m a t  o f  f i l a m e n t o u s  algae,  de t r i tus  a n d  Sphagnum debr is .  - O n e  c a n  c o n c l u d e  t h a t  the re  are  severa l  q u a n t i t a t i v e  
a n d  qua l i t a t i ve  c h a n g e s  in the  m a c r o p h y t e  c o m m u n i t y  w h i c h  a re  r e l a t ed  to  ac id i f i ca t ion .  O n e  c a n  a lso  c o n c l u d e  t h a t  
l iming  o f  lakes  cause  e l i m i n a t i o n  o f  Sphagnum a n d  some  increase  in the  p r o d u c t i o n  o f  Isoetids. 
Key words. Acid i f i c a t i on ;  m a c r o p h y t e s ;  a q u a t i c  mosses ;  p r i m a r y  p r o d u c t i o n .  


