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Introduction

Environmental pollution is a serious problem
that affects both aquatic and terrestrial ecosys-
tems and most people in the industrialized world
should, by now, be aware of the general term
“acid rain”. From the recently published book
“Acidification in Finland” (Kauppi et al. 1990)
the term “acidification” can be interpreted as
describing the deposition of atmospheric sul-
phurous and nitrogenous acids into terrestrial or
aquatic environments. However “acidification”
is also used in a wider context to deal with
various different anthropogenic compounds that
enter the ecosystem.

The most active studies of pollution in the
terrestrial ecosystem has mainly been concen-
trated on the separate or combined effects of
sulphur, nitrogen and heavy metals on forest
vegetation. Considerable research activity has
also lately been focused on the effects of ozone
in this environment. The forest ecosystem is
composed of two active compartments repre-
senting productivity and decomposition. The
organic matter of forest soil, containing both
living and dead components, constitutes a major
supplier of nutrients to the ecosystem (Paul and
Clark 1989). All organic material deposited on
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or in the soil will be decomposed and mineral-
ized mainly through the activities of fungi, bac-
teria and soil animals, of which the fungi are
considered to be the most important decompos-
ers as they are metabolically the most active
(Anderson and Domsch 1975). Soil microor-
ganisms are key components in the biogeo-
chemical cycling of various chemical elements,
and hence of prime importance in maintaining
the fertility of terrestrial habitats. Consequently,
factors altering the rates of microbial processes
in soil may be of importance for forest produc-
tivity (see Baéth 1985).

This review deals with the response of soil
microbes and their activity in coniferous forests
exposed to various pollutants which include
acidic deposition, heavy metals or an unusual
high concentration of alkaline cations. The re-
view has been restricted to the microbiology of
bulk soil and concentrates on the analyses of
soil respiration, litter degradation, fungal hyphae,
microbial biomass and its constituents. The
possible effects of the pollutants on rhizosphere
microorganisms, mycorrhiza, and on soil enzy-
matic activity are not included.

Effect of anthropogenic acids on soil micro-
organisms

Acidification of the environment is now recog-
nized as a very serious environmental problem.
Anthropogenic emission of large quantities of
oxides of sulphur and nitrogen into the atmos-
phere from industry, fuel combustion and traf-
fic are the main causes of acidification (Rodhe
1989).

The naturally acidic condition of the pod-
zolized northern coniferous forest soils is main-
ly due to the presence of organic acids which
are derived from decomposing litter of trees and
ground vegetation (Nihlgdrd et al. 1988). The
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introduction of additional acids such as sulphu-
ric and nitric acids from dry and wet deposition
will further increase soil acidity, leading to the
leaching of alkali metal (Ca, Mg, K and Na)
cations from the uppermost soil horizons as a
result of displacement by hydrogen ions. The
higher hydrogen ion concentration also accounts
for the solubilization of aluminum hydroxides
(Marion et al. 1976) which can lead to toxic
concentrations of free Al in the soil. The soil
acidification—aluminum toxicity hypothesis was
originally presented by Ulrich et al. (1979) but
it is probably not only the toxicity of aluminum
and nutrient leaching which influences soil life,
the anionic constituent of the acids may also be
an important factor (Bewley and Stotzky 1983a).

Soil respiration

Respiration, which is considered to represent
overall soil microbial activity, is the most com-
monly analyzed variable in environmental pol-
lution studies. Artificial acidification has resulted
in decreased rates of basal (no energy substance
added to the soil) or induced (energy substance
added to the soil) respiration in many laboratory
experiments (Tamm 1976, Bryant et al. 1979,
Strayer and Alexander 1981, Francis 1982,
Bewley and Stotzky 1983b, Killham et al. 1983,
Klein et al. 1984, Bitton and Boylan 1985,
Persson et al. 1989, Salonius 1990). Low pH
(apprux. pH 2) treatments were in some cases
required to depress soil respiration, but alterna-
tively weaker treatments have been shown to
stimulate respiration (Killham et al. 1983). Dif-
ferent soil types also reacted differently. An
identical acidic treatment was found to alterna-
tively decrease, increase or have no influence
on CO, evolution when applied to different soils
(Bitton and Boylan 1985).

Artificial acidification in the field has also
yielded conflicting results. Decreased rates of
respiration were reported by Baath et al. (1979),
Baéth et al. (1984), and Lohm et al. (1984) but
Johnson and Todd (1984), Bitton et al. (1985),
Will et al. (1986) and Nohrstedt (1987) observed
no changes, even though in the latter study the
artificially acidified rainwater had been supple-
mented with heavy metals.

In both natural coniferous and deciduous for-
ests exposed to anthropogenic acidic pollution
from various sources a decrease in soil respira-
tion has been reported (Bryant et al. 1979,
Prescott and Parkinson 1985, Bewley and Par-
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kinson 1985, Bewley and Parkinson 1986a and
b, Maynard et al. 1986, Schifer 1987, Fritze
1987). In contrast to these studies Nohrstedt
(1985) found no respiratory changes in soil
samples from an area polluted with sulphur di-
oxide taken 16 years after closure of the emission
source. Visser and Parkinson (1989) also could
not demonstrate any differences in soil respira-
tion from samples taken along a gradient (750
m) from a point source polluting the environment
with elemental sulphur; the contribution of ele-
mental sulphur to soil acidity was likely to have
resulted from the elevated microbial oxidation
of S, to SO, by Thiobacillus species.

In the case of sulphuric acid, toxicity can be
due to the acid itself, to the resulted leaching of
essential nutrients and from the increased alu-
minium solubility as stated earlier. The same
can also be said for nitric acid although nitrogen
is usually a growth-limiting nutrient in the for-
est ecosystem (Kenk and Fischer 1988) and aerial
deposition can also be in the form of ammonia.
Excess nitrogen in the forest ecosystem is known
to induce the following detrimental effects: de-
ficiency of other macro- and micronutrients due
to increased plant growth and hence a greater
demand for these other elements, increased sus-
ceptibility to frost, inhibition or necrosis of
mycorrhizae, increased susceptibility to fungal
root pathogens, changes in root-shoot ratios,
and altered patterns of nitrification, denitrifica-
tion, and also possibly nitrogen fixation (Hin-
richsen 1986). Additionally, ammonia deposition
contributes to soil acidification. Nitrifying mi-
croorganisms release 2 mol of hydrogen-ions
per 1 mol ammonium and during ammonium
uptake by plants one mol of hydrogen-ions is
released per mol of ammonia (Grennfelt and
Hultberg 1986). If the forest ecosystem does not
receive sufficient nitrogen from the air and no
ammonium or nitrate is leached from the soil
then the sum of the produced and consumed
hydrogen-ions will be zero during any nitrogen
transformation (Grennfelt and Hultberg 1986,
Martikainen 1988). This still holds if the amount
of aerially deposited ammonium is equal to the
amount of similarly deposited nitrate if no ni-
trogen is leached from the soil.

Nitrate is readily leached from the soil
(Grennfelt and Hultberg 1986) and contributes
to acidification in two ways: firstly, associated
neutralizing basic cations are concomitantly
leached with nitrate and secondly, denitrifica-
tion by microorganisms and plant uptake of ni-
trate are hydrogen-ion consuming reactions.

Hannu Fritze

Hence the excess hydrogen-ions produced from
nitrification and plant ammonia uptake are re-
tained during leached nitrate loss from the soil.
Fertilization with NH,NO;-N or urea-N have
resulted in lower soil respiration (Séderstrém et
al. 1983, Nohrstedt et al. 1989). In the former
study the pH reduction in the soil, due to NH,NO;
addition, was only partly attributed to the low-
ered respiratory activity the and remaining de-
crease was due to the addition of nitrogen itself.

Litter decomposition

In order to be able to compare the investigations
cited below an estimate of annual load of pro-
tons on a soil area basis was in each case calcu-
lated from the experimental designs given by
the authors. The values were calculated on the
basis of yearly application of the acidic loads.
This may overestimate the proton loads of some
treatments and underestimate others but it makes
comparison of treatments possible. For each es-
timate it was assumed that acids were totally
dissociated in water and that one mol of ammo-
nium contributed to two moles of protons via
nitrification. The neutralizing nature of ammo-
nia was not considered.

Mass loss studies

In forest ecosystems the major part of the net
primary production results in the formation of
litter (Paul and Clark 1989) which through mi-
crobial activity in soil is decomposed and sub-
sequently released as nutrients for plant growth
(see Baath 1985).

The effects of artificial acidification on litter
decomposition has been widely reported (B&ath
et al. 1980, Hovland et al. 1980, Hagvar and
Kjgndal 1981, Lee and Weber 1983, Berg 1986a
and b). Lee and Weber (1983) reported an en-
hanced decomposition of hardwood leaf litter
when treated with dilute sulphuric acid of pH
3.5, but not with acid of pH 3.0 equaling
12 x 10° mol H* ha™! year™'. In their experiment
the acid was applied three days a week for a
period of 408 days. Similar results where re-
tarded decomposition rates were seen only for
the highest acid application level was reported
for spruce needles (Hovland et al. 1980) and
birch leaves (Hagvar and Kjondal 1981). Berg
(1986a and b) detected a decrease in the de-
composition rate of needle litter in Scots pine
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(Pinus sylvestris) and Norway spruce (Picea
abies) stands as a result of artificial acidification.
In the former study, Berg had applied dilute
sulphuric acid, equivalent to 32 and 96 kg SO,-S
ha™' over a 6 months period which corresponded
to an annual input of 4 X 103 and 12 x 10° mol H*
ha!, respectively.

Recently Neuvonen et al. (1990), reported re-
duced decomposition of Scots pine needle and
mountain birch (Betula pubescens ssp. tortuosa)
leaf litter in field experiments acidified with a
mixture of H,SO, and HNO; at pH 3 and 4. The
pH 3 treatment in their experiment received a
15-fold sulphur load and a 11-fold nitrogen load
compared to the ambient air pollution of the
area: 1.52 kg SO,-S ha! year, 0.32 kg NH,-N
ha' year”, and 0.40 kg NO;-N ha! year, cor-
responding to 0.095 x 10°,0.046 x 103 and 0.029
x 10° mol H* ha™! year™', respectively. The litter
bags containing the needles or leaves had been
mounted onto the litter layer of the forest floor.

In an area surrounding a point source with
large emissions of SO, (36 t per day) and ele-
mental sulphur, retarded decomposition of pine
needles towards the point source was also ob-
served (Prescott and Parkinson 1985). In contrast
to this Fritze (1988) reported that urban pollution
(emission data: 26000 t SO, and 15000 t NO,
per year) had no effect on the decomposition
rate of pine or spruce needles incubated in the
soil humus for one year.

Nutrient dynamics in decomposing litter

The release of the nutrients N, P, S, K, Ca, Mg,
and Mn from the decomposing needle litter has
been studied by Staaf and Berg (1982). They
showed a linear correlation between accumu-
lated weight loss and nutrient concentration
which suggest that N, P, and S were immobi-
lized during the decomposition of needle litter.
Of the other nutrients, K and Mg were first
released but were then slightly immobilized in
the later decomposition phase (> 50 % mass
loss), whereas Ca and Mn showed a constant
release pattern for the whole decomposition
process.

When soil mounted with coniferous litter bags
was acidified with 32 or 96 kg SO,-S ha', cor-
responding to 2 X 10° mol and 6 x 10° mol H*
ha™! (equal to an annual input of 4 x 10° and
12 x 10° mol of protons per hectare, respective-
ly), a greater release of Mn was observed in the
decomposing litter but a greater release of Mg
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was only measured in the higher S treatment
(Berg 1986a). Hovland et al. (1980), using labo-
ratory lysimeters, demonstrated the leaching of
K, Mg, Mn and Ca from Norway spruce needles
treated with different amounts of distilled water
acidified to pH 3 or 2 with sulphuric acid for 16
or 38 weeks. The treatments equaled annual
depositions of 12 x 10%, 24 x 103, 120 x 10, and
240 x 10° mol H* ha™! year!, respectively. The
leaching of all cations became apparent in the
24 x 10° mol treatment (Hovland et al. 1980).

Brown (1985) demonstrated the leaching of
Ca, Mg, K and Mn from bracken litter when
acidified with dilute sulphuric acid, pH 3,
(equivalent to 240 kg S ha! year!, correspond-
ing to 15 x 10° mol H*) over a period of five
years. Similar results were obtained by Skiba
and Cresser (1986) in an experiment where
simulated rain, acidified with sulphuric acid to
pH 3 (7.1 x 10° mol H* ha! year), was applied
to Sitka spruce litter during a 3 month incubation
on a soil from a spruce stand. The litter had
been preincubated with sulphuric acid pH 3
(0.7 x 10° mol H* ha! year) for 7 months. In
the study of Lee and Weber (1983) Mn was the
only element that was leached from ten differ-
ent hardwood leaf litters when treated with dilute
sulphuric acid, pH 3, for 408 days (12 x 10° mol
H* ha! year™).

In an urban area, where the anthropogenic
emissions of oxidized sulphur and nitrogen
compounds had no effect on the decomposition
rate of coniferous litter burried into the humus
layer, a higher rate of Mn release from the litter
was obvious in the affected area as when com-
pared to the reference area (Fritze 1988).

Microflora

It is generally believed that the fungal compo-
nent of the microbial biomass is greater than the
bacterial component in acid forest soils (Paul
and Clark 1989). The application of artificial
acid rain decreases both the bacterial and the
fungal biomass of the soil. Staining with fluo-
rescein diacetate (FDA) can be used to express
microbial activity in soil; B&ath et al. (1979)
reported both a decrease in the length of fungal
hyphae and bacterial counts in response to the
artificial acidification of a plantation of young
pine seedlings which had received sulphuric acid
acidified water at pH 3 and pH 2 over a period
of four years. The pH 3 treatment resulted in the
addition of 40 kg of SO,-S ha™! during 5 months
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of the year, equivalent to 6 X 10° mol H* ha!
year'. A significant decrease of FDA-active
bacteria was only detected in the pH 2 treat-
ment. No effect, however, could be seen on the
total length of fungal hyphae.

In a further experiment Baéth et al. (1980)
showed that repetitive application of 150 kg (3
x 10° mol H*) H,SO, ha™' for six subsequent
years reduced the FDA-active fungal hyphal
length in the humus layer when given as a single
annual dose. At greater depth, however, the de-
crease was also apparent with an application of
50 kg (1 x 103 mol H*). The total length of fun-
gal mycelium was not influenced by any of the
acid treatments in the humus layer and was even
found to increase in the lower soil profile. The
number (microscopical counts) of acridine or-
ange stained bacteria in the humus layer was
reduced in the 150 kg treatment. However, four
years later, the amount of FDA-active fungal
hyphae was significantly smaller in the humus
layer, as compared to the controls, in all the
treatments even though no acid was applied
between the two studies (Bath et al. 1984).
Similarly a changed composition of microfungal
species in response to the 150 kg treatment was
found (B&éth et al. 1984).

Persson et al. (1989) reported on two labora-
tory experiments, where in one the FDA-active
fungal hyphae decreased in response to the acid
treatment and in the other experiment no chang-
es occured. The acid treatments in the two ex-
periments were similar and corresponded to 38
kg (0.780 x 10°* mol H*) and 150 kg (3 x 10° mol
H*) H,SO, ha™! during a 55 day period. This
would correspond to an annual application of
5.1 x 10° and 20 x 10° mol H* ha™' year, re-
spectively. The reason for this observation can
be explained by the different C/N-ratios of the
soils. According to the results of Persson et al.
(1989), a high C/N-ratio seemed to make the
FDA-active fungal hyphae more independent of
changes in pH than a low C/N-ratio soil.

Application of artificial acid rain (identical
rates of a H,SO,/HNO; pH 3 mixture as given
above for Neuvonen et al. 1990) had no effect
on FDA-active hyphae, total length of fungal
hyphae or on AO-stained bacteria but a signifi-
cant decrease in the numbers of bacteria utiliz-
ing different organic compounds was observed
(Kytoviita et al. 1990). Béath et al. (1980) also
observed that the acid treatments caused marked
changes in the physiological characteristics of
the soil bacterial population. In a laboratory
experiment simulating a 3.2 m high polluted
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snowpack, acidified to pH 2.3 (equivalent to
880 x 10° H* ha™! year™), melting into the soil,
Thompson et al. (1987a) demonstrated a nega-
tive effect on the number of bacteria in the
humus fraction and subsequently alterations in
their physiological characteristics (Thompson
et al. 1987b).

In the forest environment near a sour gas
processing plant (emitting 36 t SO, day™' in ad-
dition to elemental sulphur deposition), a sig-
nificant reduction in total heterotrophic counts
of bacteria and starch-utilizing bacteria in the
humus layer could be demonstrated at a dis-
tance of 2.8 km from the plant as compared to a
control site (Bewley and Parkinson 1984). Later
a reduction of microbial biomass (Bewley and
Parkinson 1985) and changes in the microflora
able to decompose vanillin (Bewley and Par-
kinson 1986a) were reported. Maynard et al.
(1986) reported a non-significant decrease of
bacteria in a forest soil acidified (pH 2.6) by the
action of Thiobacilli oxidizing stored elemental
sulphur and at sites close to the former, Visser
and Parkinson (1989) reported reduced soil mi-
crobial biomass. In the surroundings of an oil
refinery, mainly emitting sulphur dioxide (24000
t yr'), only the fungal hyphal length was found
to decrease due to the pollution, whereas no
significant differences in soil respiration, mi-
crobial biomass or the decomposition rate of
needle litter could be detected (Fritze et al. 1992).

Bewley and Stotzky (1983b) showed in a lab-
oratory experiment that the toxic effect of arti-
ficial acid rain on the fungal growth rate and
soil respiration could be overcome by additions
of montmorillonite to the soil. This single ex-
periment highlights the difficulties in comparing
results obtained in different ecosystems on vari-
ous soil types receiving different amounts of
acids. To enable comparison of the above stud-
ies and for the future a much better description
of the physicochemical characteristics of the
recipient soil is needed when assessing the im-
pact of acid precipitation on terrestrial microbi-
al communities. Soil chemical variables related
to acidification such as exchangeable acidity,
base saturation, and cation exchange capacity
should be provided.

Many of the studies with experimental acid
rain involved acid loads exceeding the present
deposition in Finland. The southern part of Fin-
land receives the highest sulphate, nitrate and
ammonium depositions and general levels de-
crease towards the north. According to the latest
calculations for southern Finland the annual SO,-
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S deposition in 1987 was 12 kg per hectare,
equal to 0.75 x 10° mol H* (Jarvinen and Vénni
1990, Tuovinen et al. 1990). In 1985 the amounts
were 2.5 kg each for oxidized (0.18 x 10°* mol H*)
and reduced nitrogen (0.36 x 10° mol H*) per
hectare (Tuovinen et al. 1990). This suggests a
potential annual input of about 1.3 x 10° mol
protons per hectare in a year. Against this back-
ground, many of the experiments cited above
have only an indicative value.

In conclusion, acid deposition may be expected
to reduce the activity of the soil microbial flora,
to affect the species composition and to reduce
the soil microbial biomass.

Effect of heavy metals on soil microorgan-
isms

Heavy metals in the atmosphere originate from
the combustion of fossil fuels, from the smelt-
ing of metal ores, and from the use of leaded
petrol. From studies made in the Nordic Coun-
tries it is known that heavy metals are trans-
ported over long distances and that, in general,
the deposition in the south is higher than in the
north (Riihling et al. 1987). Many heavy metals
are essential micronutrients for microorganisms,
plants and animals, including humans but at
elevated concentrations these metals are toxic
to life. The mechanisms of metal toxicity can be
divided into three categories, those (1) blocking
essential functional groups of biological mol-
ecules, (2) displacing an essential metal ion in
biomolecules, or (3) modifying the active con-
figuration of biomolecules (Collins and Stotzky
1989). The detrimental effect of heavy metal
pollution on soil microbial processes has been
reviewed by Duxbury (1985) and Bé&ath (1989).

Soil respiration

In laboratory experiments the addition of heavy
metals such as Pb (Doelman and Haanstra 1979),
or Cr, Cd, Cu, Zn, and Mn (Chang and Broadbent
1981) to soil samples caused depressed respira-
tion. Doelman and Haanstra (1979) observed in
a sandy soil a 15 % decrease in soil respiration
when amended with 375 pg of Pb g! dry soil, the
lowest concentration used, whereas a clay soil
required 1500 pg of Pb g! dry soil for the same
inhibition. A peat soil showed no effects even at
the highest concentration of Pb (7500 g of Pb
g! dry soil). Differential respiration responses
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with respect to soil type was reported following
the addition of Cd, Cr, Cu, Pb, Ni, or Zn
(Doelman and Haanstra 1984) and Cd to the
soils (Reber 1989). In the latter study, the addi-
tion of Cd at a rate of over 50 ug g dry soil had
the greatest inhibitory effect on substrate-in-
duced respiration in a phaeosem (loamy silt)
followed by a neutral sandy soil. This implies
that the toxic effect of heavy metals is also
controlled by abiotic soil factors other than the
mineral constituents (Doelman and Haanstra
1984, Collins and Stotzky 1989).

Addition of Zn to a sandy clay loam (1000 pg
of Zn g! dry soil) showed a greater influence on
bacterial as compared to the fungal respiration
and a concomitant reduction in the number of
the viable bacteria was observed (Ohya et al.
1985). Basal respiration rate was shown to be
the variable most inhibited by heavy metals when
compared with substrate-induced respiration, lag
time before the exponential increase of the soil
respiration rate and the specific respiration in-
crement during the exponential phase (Nordgren
et al. 1988).

Field studies at forest sites surrounding
smelters agree with the laboratory studies. Res-
piration of soils decreased with increasing met-
al content containing up to 2600 pg of Cu and
1900 pug Ni g dry soil (Freedman and Hutch-
inson 1980) or 3600 pg of Cu and 360 pg Ni
cm> dry soil (Fritze et al. 1989) near Cu-Ni
smelters and up to 20000 pg of Cu, 20000 pg of
Zn, and 1000 pg of Pb g dry soil near a brass
mill (Nordgren et al. 1983). Lower soil respira-
tion rates were also reported in the surroundings
of a smelter emitting many different heavy met-
als (Fe, Pb, Zn, As, Cu, V, Ni, Cr) where the
soil near the smelter contained approximately
6000 pg of Fe and Pb, 2600 pug of Zn, 2000 ug
of Cu, 1000 pg of As, and between 10 and 50
ug of Cr, V and Ni g! dry soil (Nordgren et al.
1986). In the former study the respiration in-
creased with increasing distance from the smelter
and concomitantly with decreasing soil metal
content.

There are only a few studies where heavy
metals had no effect on soil respiration. Nohr-
stedt (1987) contaminated forest sites with
acidified water containing elevated cadmium
and copper concentrations representing up to a
hundred times the normal deposition. The normal
Cd and Cu deposition of that area was 50 pg
and 500 pg m~ 5 months~, respectively. No ef-
fect on the soil respiration rate was seen. The
explanation could be that the heavy metals did
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not reach the toxic level for this soil, or the
metals were washed to deeper soil horizons due
to the acidified water. The evolution of CO, from
decaying needles treated with acidified water,
pH 3, enriched with different heavy metals
showed additional repression for Pb and Zn at
concentrations of 5000 g and 10000 pg 1-!' but
not for Al or Cu at the same application levels
(Moloney et al. 1983).

Litter decomposition

Litter decomposition is affected by heavy metal
pollution. Accumulation of litter on the forest
floor in response to metallic pollution, which
affects the decomposition rate, has been reported
(Williams et al. 1977, Strojan 1978, Coughtrey
et al. 1979, Freedman and Hutchinson 1980,
Fritze et al. 1989, Berg et al. 1991). Application
of Cu and Ni to a leaf litter homogenate in the
laboratory caused a depressed rate of dry weight
loss after the application had exceeded 500 ug
of both Cu, and Ni g! dry litter (Freedman and
Hutchinson 1980). Berg et al. (1991) indicated
that the lignin decomposition of the litter was
more sensitive to metallic pollution than de-
composition of whole litter and was affected
further away from the pollution source. Ohtonen
etal. (1990) showed that the heavy metals emit-
ted from a Cu-Ni smelter were enriched within
the decaying needles and that the increased rate
of manganese release paralleled the decreased
rates of litter decomposition towards the smelter.

Microflora

The effect of heavy metals on soil microbial
communities is also apparent. Bisessar (1982)
found 28000 pug of Pb, 1000 pg of As, 600 g of
Cu, and 150 pg of Cd g dry soil near a sec-
ondary Pb smelter. The amounts of these metals
decreased with increasing distance from the
smelter and showed a negative correlation with
the abundance of bacteria including actinomyc-
etes, fungi, nematodes, and earthworms (Bises-
sar 1982). Ohya et al. (1986) reported a changed
bacterial flora, as characterized by the fatty acid
composition of the isolates, when soil was
amended with 1000 pg of Zn g' dry soil in the
laboratory. However, field studies at urbanly
polluted sites, contaminated mainly with Zn and
Pb ranging between 504700 pug and 3—-1500 pg
g dry soil, respectively, indicated that the mi-
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crobial biomass was not affected by increasing
Pb and Zn pollution although respiration was
depressed (Ohya et al. 1988). Brookes and
McGrath (1984) reported reduced microbial
biomass in soils polluted with Cu, Ni, Cd, Pb,
Cr, and Zn. The extractable Cu and Ni concen-
trations of the soil, respectively, reached 100 pg
and 10 pg g dry soil, but the concentration of
the other heavy metals affecting the microbial
biomass was not reported (Brookes and Mc-
Grath 1984). Soil artificially polluted with Cu
(100-1600 pg of Cu g' dry soil) showed
changes in fungal flora with increasing copper
concentrations proving that for some species
the pollution was beneficial whereas for others
it was toxic (Yamamoto et al. 1985).

Alterations to the fungal flora resulting from
metal deposition has also been observed in field
studies. The soil microfungal community struc-
ture responded to metal deposition near a smelt-
er contaminating the environment with mainly
Cu and Zn (Nordgren et al. 1985). A survey of
the 26 most common soil microfungal taxa indi-
cated a changed community structure at soil Cu
concentrations around 1000 pg g' dry soil. Ac-
cording to the study the most common conifer-
ous soil microfungi disappeared close to the
mill, while fungi that became dominant in the
polluted sites are normally rarely isolated in
background coniferous forest soils. Species iso-
lated from the polluted sites were usually toler-
ant to Cu (Arnebrant et al. 1987). Additionally
the length of fungal hyphae, both active and
total, was reduced by the pollution (Nordgren et
al. 1983). This was shown also by Fritze et al.
(1989) for the total fungal hyphal length near a
Cu-Ni smelter.

In another study near a smelter with a more
complex emission pattern (mainly As, Cd, Cu,
Pb, and Zn) both the total and the FDA-active
stained mycelial lengths in the soil mor horizon
remained unchanged with increasing pollution
level (Nordgren et al. 1986). However, changes
to the fungal community were reflected in the
amount and species diversity of Basidiomycetes
on the basis of fruitbody diversity and numbers
(Riihling and Soderstrom 1990). The pollution
caused a reduction in both the number of spe-
cies and fruitbodies. At these study sites the
pollution also reduced the numbers of bacterial
groups able to utilize different organic com-
pounds (Nordgren et al. 1986).

Summing up, heavy metal pollution is a special
problem of greater local importance than S and
N depositions. All the studies strongly indicate
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that heavy metals negatively affect the soil mi-
crobial community and its activity. The critical
load for each metal is different and is strongly
dependent on the soil texture and its physico-
chemical properties (Collins and Stotzky 1989).
Collins and Stotzky (1989) attributed the fol-
lowing physicochemical soil variables in hav-
ing an influence on the toxicity of a heavy met-
al: (1) pH, (2) oxidation-reduction potential, (3)
inorganic anions, (4) inorganic cations, (5) wa-
ter hardness, (6) clay minerals, (7) organic mat-
ter, and (8) temperature.

Effect of base cations on soil microorgan-
isms

Alkaline deposition is often not regarded as a
pollution problem but it is in two respects
strongly connected with soil acidification. Al-
kaline substances neutralize some fractions of
the acids, and atmospheric deposition of Mg,
Ca, Na, and K may be a considerable source of
new base cations to a soil ecosystem depleted of
them following acidic precipitation (Anttila
1990). Alkaline aerosols are introduced into the
environment from open sources such as traffic-
raised dust, wind erosion, agriculture and sea
salts or from industrial sources e.g. fuel com-
bustion, kraft- and sulphite-pulping, clay prod-
ucts manufacture, cement and concrete process-
ing, solid waste disposal and iron and steel
manufacture (Anttila 1990). In Finland deposi-
tion values of Ca and Mg show a clear decreas-
ing gradients towards the north with a maxi-
mum in southeastern Finland (Jarvinen and
Vinni 1990). Fritze (1991) published an article
on the response of the soil microflora receiving
continuous alkaline deposition. As no other soil
microbial research has, to my knowledge, been
done in areas receiving unusually high deposi-
tions of alkaline dust, the effects of liming on
forest soil microbiology are summarized, as the
effects of liming might be considered analogous
to those of alkaline deposition.

The practice of liming acidic forest soils was
seen as a measure for counteracting soil acidifi-
cation by raising the base saturation of the hu-
mus soil and concomitantly the soil pH. The
following lime applications performed in the
studies cited below have been calculated on a
hectare basis: 1960 kg (Lohm et al. 1984), 4000
kg (Zelles et al. 1987), 3000 kg (Persson et al.
1989), 7500 kg (Shah et al. 1990), 1960 kg
(Bdath et al. 1980), 640 kg (Berg 1986b), 2000,
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4000, and 8000 kg (Hojito et al. 1987), and
1000 kg (Carter 1986). Haynes and Swift (1988)
amended 1.8 mg and 4.3 mg of Ca(OH), g™ dry
soil, respectively, in their laboratory experiment.

Soil respiration

Liming of acid forest soils is known to increase
soil respiration. Laboratory studies have shown
that liming of mor humus initially induced an
intense evolution of CO, which then declined
with time (Persson 1988). In certain field stud-
ies (see Soderstrom 1984, Lohm et al. 1984) the
respiration rate in limed mor humus remained
higher than in untreated plots for as long as 2—7
years after liming. Elevated respiration in limed
forest soils has also been reported by Zelles et
al. (1987), Haynes and Swift (1988), Persson et
al. (1989), and Shah et al. (1990). Also in the
study with the soil receiving continuous alka-
line deposition elevated soil respiration was de-
tected (Fritze 1991). A greater supply of soluble
C sources following the elevation of soil pH has
been proposed to explain the increases in soil
respiration after liming (Persson et al. 1989).

Litter decomposition

The effect of liming on litter decomposition has
not been greatly studied. B&ath et al. (1980) and
Berg (1986b) could not show any significant
stimulatory or inhibitory effects of lime appli-
cation on mass loss of coniferous needle litter.
Neither could Fritze (1991) demonstrate any
effect of alkaline deposition on the decomposi-
tion rate of pine needle litter. Miiller and Berg
(1988) showed that organic residues, derived
from clover roots during decomposition, pro-
vide a well buffered microenvironment for the
decomposing microflora.

Microflora

The bacterial component of the soil microbial
communities seem to be most affected by lim-
ing. In all plate counting studies increased
numbers of bacteria have been recorded fol-
lowing liming (see Séderstrom 1984, Hojito et
al. 1987) although the numbers have remained
constant when counted microscopically (Baéth
etal. 1980, see Soderstrom 1984). Persson (1988)
suggested that a shift to more culturable bacte-
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rial populations rather than an actual increase in
the numbers of bacteria was the reason for the
observed behaviour.

No significant effects of liming on the FDA-
active or total fungal hyphal lengths in the hu-
mus horizon of a coniferous forest soil have
been found, although increases in the total fun-
gal hyphal length was seen in the B-horizon
(Baath et al. 1980) and in the soil of an acidified
grassland (Hojito et al. 1987). Persson et al.
(1989) reported on two liming experiments, one
of which resulted in decreases of FDA-active
hyphae and unchanged total mycelial length and
the other in increased FDA-active fungal hyphae
but a decrease of total hyphal length. Shah et al.
(1990) reported unaltered of fungal hyphal length
after liming.

Carter (1986) reported on a higher microbial
biomass C in laboratory experiments with limed
soil. In a similar study by Haynes and Swift
(1988), higher microbial biomass N was also
reported in response to liming but four weeks
later the biomass N had declined back to control
levels. As no bacterial or fungal counts were
made in these two studies it cannot be ascertained
whether the biomass increase was due to the
bacterial or fungal growth. In contrast to these
studies Fritze (1991) reported the microbial bio-
mass C and N to decrease or increase a little
when expressed per soil volume or organic mat-
ter, respectively, due to the alkaline deposition.
As there has an increase of the fungal hyphal
length been measured in the same area it was
concluded that the alkaline deposition did not
decrease the fungal biomass but could have af-
fected negatively the bacterial part of the soil
microbial biomass (Fritze 1991). In two yet un-
published works it became evident that neither
the fungal or the bacterial biomass was affected
by the alkaline deposition (Fritze and Baith
199X, Béath et al. 199X) when expressed per
organic matter content of the soil. The fungal
biomass was assessed by the soil extracted
amounts of ergosterol and the bacterial biomass
by the sum of soil extracted bacterial phosphol-
ipid fatty acids (PLFA), respectively. But a
change of the microfungal species composition,
resembling that of limed soils, characterized the
soil of the alkaline deposition affected area
(Fritze and Baath 199X).

Conclusions

There is a great deal of evidence indicating that

Hannu Fritze

environmental pollution affects soil microbial
activity and community structure. Much of the
data originates from experimental designs where
high levels of pollutants were applied to the soil
under field or laboratory conditions. Further-
more, many were short-term experiments de-
signed to look for large effects. These experi-
ments have an indicative value, but it has to be
kept in mind that environmental pollution is a
combination of many pollutants, mostly at low
concentrations, acting over long periods of time.
There is therefore consequently a demand for
research performed in natural forest environ-
ments polluted with anthropogenic compounds.

Acknowledgements: This review was written as the
introduction part of my Thesis: Effects of Environ-
mental Pollution on Forest Soil Microflora, which
was kindly reviewed and commented by professor
Veronica Sundman, docent Kristina Lindstrom and
professor Bengt Soderstrom. The English was cor-
rected by Robin Sen.

References

Anderson, J.P.E. & Domsch, K.H. 1975. Measure-
ment of bacterial and fungal contributions to res-
piration of selected agricultural and forest soils.
Canadian Journal of Microbiology 21: 314-322.

Anttila, P. 1990. Characteristics of alkaline emis-
sions, atmospheric aerosols and deposition. In:
Kauppi, P., Anttila, P. & Kenttimies, K. (eds.).
Acidification in Finland. Springer-Verlag, Hei-
delberg. p. 111-134.

Arnebrandt, K., Baath, E. & Nordgren, A. 1987.
Copper tolerance of microfungi isolated from
polluted and unpolluted forest soil. Mycologia
79: 890-895.

Baath, E. 1985. Pollution effects on soil microorgan-
isms. In: Symposium on the effects of air pollution
on forest and water ecosystems. Suomen
Luonnonvarain Tutkimussiitio. p. 57-61.

— 1989. Effects of heavy metals in soil on micro-
bial processes and populations (a review). Water,
Air, and Soil Pollution 47: 335-379.

— , Lundgren, B. & Soderstrom, B. 1979. Effects of
artificial acid rain on microbial activity and bio-
mass. Bulletin of Environmental Contamination
and Toxicology 23: 737-740.

— , Berg, B., Lohm, U., Lundgren, B., Lundkvist,
H., Rosswall, T. & Soderstrom, B. 1980. Experi-
ment of experimental acidification and liming on
soil organisms and decomposition in a Scots pine
forest. Pedobiologia 20: 85-100.

— , Lundgren, B. & Séderstrom, B. 1984. Fungal
populations in podsolic soil experimently acidi-
fied to simulate acid rain. Microbial Ecology 10:

197-203.

Silva Fennica 26(1)

— , Frostegard, A. & Fritze, H. 199X. Soil bacterial
biomass, activity, community structure and pH
tolerance in an area polluted with alkaline depo-
sition. Manuscript.

Berg, B. 1986a. The influence of experimental acidi-
fication on the decomposition of organic material
and nutrient release in the forest floor. Forest
Ecology and Management 15: 195-213.

— 1986b. The influence of experimental acidification
on needle litter decomposition in a Picea abies L.
forest. Scandinavian Journal of Forest Research
1: 317-322.

— , Ekbohm, G., Soderstrom, B. & Staaf, H. 1991.
Reduction of decomposition rates of scots pine
needle litter due to heavy-metal pollution. Water,
Air, and Soil Pollution 59: 165-177.

Bewley, R.J.F. & Parkinson, D. 1984. Effects of sul-
phur dioxide pollution on forest soil microorgan-
isms. Canadian Journal of Microbiology 30: 179—
185.

— & Parkinson, D. 1985. Bacterial and fungal ac-
tivity in sulphur dioxide polluted soils. Canadian
Journal of Microbiology 31: 13-15.

— & Parkinson, D. 1986a. Monitoring the impact of
acid deposition on the soil microbiota, using glu-
cose and vanilin decomposition. Water, Air, and
Soil Pollution 27: 57-68.

— & Parkinson, D. 1986b. Sensitivity of certain soil
microbial processes to acid deposition.
Pedobiologia 29: 73-84.

— & Stotzky, G. 1983a. Anionic constituents of
acid rain and microbial activity in soil. Soil Biol-
ogy and Biochemistry 15: 431-437.

— & Stotzky, G. 1983b. Simulated acid rain (H,SO,)
and microbial activity in soil. Soil Biology and
Biochemistry 15: 425-429.

Bisessar, S. 1982. Effect of heavy metals on microor-
ganisms in soils near a secundary lead smelter.
Water, Air, and Soil Pollution 17: 305-308.

Bitton, G. & Boylan, R.A. 1985. Effect of acid pre-
cipitation on soil microbial activity I. Soil core
studies. Journal of Environmental Quality 14: 66—
69.

— , Volk, B.G., Graetz, D.A., Bossart, .M., Boylan,
R.A. & Beyrs, G.E. 1985. Effect of acid precipi-
tation on soil microbial activity II. Field studies.
Journal of Environmental Quality 14: 69-71.

Brookes, P.C. & McGrath, S.P. 1984. Effects of metal
toxicity on the size of soil microbial biomass.
Journal of Soil Science 35: 341-346.

Brown, K.A. 1985. Acid deposition effects of sul-
phuric acid at pH 3 on chemical and biochemical
properties of bracken litter. Soil Biology and
Biochemistry 17: 31-38.

Bryant, R.D., Gordy, E.A. & Laishley, E.J. 1979.
Effect of soil acidification on the soil microflora.
Water, Air, and Soil Pollution 11: 437-445.

Carter, M.R. 1986. Microbial biomass and
mineralizable nitrogen in solonetzic soils: Influ-
ence of gypsum and lime amendments. Soil Biol-
ogy and Biochemistry 18: 531-537.

Chang, F.H. & Broadbent, F.E. 1981. Influence of
trace metals on carbon dioxide evolution from a
Yolo soil. Soil Science 132: 416-421.

45



Collins, Y.E. & Stotzky, G. 1989. Factors affecting
the toxicity of heavy metals to microbes. In:
Beveridge T.J. & Doyle R.J. (eds.). Metal ions
and bacteria. John Wiley & Sons, New York. p.
31-90.

Coughtrey, P.J., Jones, C.H., Martin, H. & Shales,
S.W. 1979. Litter accumulated in woodlands
contaminated by Pb, Zn, Cd, and Cu. Oecologia
(Berlin) 39: 51-60.

Doelman, P. & Haanstra, L. 1979. Effect of lead on
soil respiration and dehydrogenase activity. Soil
Biology and Biochemistry 11: 475-479.

— & Haanstra, L. 1984. Short-term and long-term
effects of cadmium, chromium, copper, nickel,
lead, and zinc on soil microbial respiration in
relation to abiotic factors. Plant and Soil 79: 317—
327.

Duxbury, T. 1985. Ecological aspects of heavy metal
responses in microorganisms. In: Marshal, K.C.
(ed.). Advances in microbial ecology. Vol 8. Ple-
num Press, New York-London. p. 185-235.

Francis, A.J. 1982. Effects of acidic precipitation and
activity on soil microbial processes. Water, Air,
and Soil Pollution 18: 375-394.

Freedman, B. & Hutchinson, T.C. 1980. Effects of
smelter pollutants on forest leaf litter decomposi-
tion near a nickel-copper smelter at Sudburry,
Ontario. Canadian Journal of Botany 58: 1722—
1736.

Fritze, H. 1987. The influence of urban air pollution
on soil respiration and fungal hyphal length.
Annales Botanici Fennici 24: 251-256.

— 1988. Influence of urban air pollution on needle
litter decomposition and nutrient release. Scandi-
navian Journal of Forest Research 3: 291-297.

— Niini, S., Mikkola, K. & Mikinen, A. 1989. Soil
microbial effects of a Cu-Ni smelter in south-
western Finland. Biology and Fertility of Soils 8:
87-94.

— 1991. Forest soil microbial response to emissions
from an iron and steel works. Soil Biology and
Biochemistry 23: 151-155.

— Kiikkild, O., Pasanen, J. & Pietikiinen, J. 1992.
Reaction of forest soil microflora to environmental
stress along a moderate pollution gradient next to
an oil refinery. Plant and Soil 140: 175-182.

— & Baéth, E. 199X. Microfungal community
structure and fungal biomass in coniferous soil
polluted by alkaline deposition. Manuscript.

Grennfelt, T. & Hultberg, H. 1986. Effects of nitro-
gen deposition on the acidification of terrestrial
and aquatic ecosystems. Water, Air, and Soil
Pollution 30: 945-963.

Haynes, R.J. & Swift, R.S. 1988. Effects of lime and
phosphate additions on changes in enzyme ac-
tivities, microbial biomass levels and extractable
nitrogen, sulphur and phosphorus in an acid soil.
Biology and Fertility of Soils 6: 153—158.

Hagvar, S. & Kjgndal, B.R. 1981. Decomposition of
birch leaves: dry weight loss, chemical changes
and effects of artificial acid rain. Pedobiologia
22:232-245.

Hinrichsen, D. 1986. Multiple pollutants and forest
decline. Ambio 15: 258-265.

Hojito, M., Higashida, S., Nishimune, A. & Takao,
K. 1987. Effects of liming on grass growth, soil
solution composition and microbial activities. Soil
Science and Plant Nutriation 33: 177-185.

Hovland, J., Abrahamsen, G. & Ogner, G. 1980.
Effects of artificial acid rain on decomposition of
spruce needles and on mobilization and leaching
of elements. Plant and Soil 56: 365-378.

Johnson, D.W. & Todd, D.E. 1984. Effect of acid
irrigation on carbon dioxide evolution, extract-
able nitrogen, phosphorous, and aluminum in
dedicious forest soil. Soil Science Society of
America Journal 48: 664—666.

Jarvinen, O. & Vinni, T. 1990. Bulk deposition
chemistry in Finland. In: Kauppi, P., Anttila, P.
& Kenttimies, K. (eds.). Acidification in Fin-
land. Springer-Verlag, Heidelberg. p. 151-165.

Kauppi, P., Anttila, P. & Kenttéimies, K. (eds.). 1990.
Acidification in Finland. Springer-Verlag, Hei-
delberg. 1237 p.

Kenk, G. & Fischer, H. 1988. Evidence from nitrogen
fertilization in the forests of Germany. Environ-
mental Pollution 54: 199-218.

Killham, K., Firestone, M.K. & McColl, J.G. 1983.
Acid rain and soil microbial activity: effects and
their mechanisms. Journal of Environmental
Quality 12: 133-137.

Klein, T.M., Novick, N.J., Kreitinger, J.D. & Alex-
ander, M. 1984. Simultaneous inhibition of carbon
and nitrogen mineralisation in forest soil by
simulated acid precipitation. Bull. Environmen-
tal Contamination and Toxicology 32: 698-703.

Kytoviita, M-M., Fritze, H. & Neuvonen, S. 1990.
The effects of acidic irrigation on soil microor-
ganisms at Kevo, northern Finland. Environmen-
tal Pollution 66: 21-31.

Lee, J.J. & Weber, D.E. 1983. Effect of sulphuric
acid rain on decomposition rate and chemical
element content of hardwood leaf litter. Canadian
Journal of Botany 61: 872-879.

Lohm, U., Larsson, K. & Nommik, H. 1984. Acidifi-
cation and liming of coniferous forest soil: long
term effects on turnover rates of carbon and ni-
trogen during an incubation experiment. Soil Bi-
ology and Biochemistry 16: 343-346.

Marion, G.M., Hendricks, D.M., Cutt, G.R. & Fuller,
W.H. 1976. Aluminum and silica solubility in
soils. Soil Science 121: 76-85.

Martikainen, P. 1988. Typpilaskeuman vaikutus
metsimaahan. Ilmansuojelu-uutiset 12: 21-25.

Maynard, D.G., Germita, J.J. & Addisson, P.A. 1986.
The effect of elemental sulphur on certain
chemical and biological properties of surface or-
ganic horizons of a forest soil. Canadian Journal
of Forest Research 16: 1050-1054.

Moloney, K.A., Stratton, L.J. & Klein, R.M. 1983.
Effects of simulated acidic, metal containing
precipitation on coniferous litter decomposition.
Canadian Journal of Botany 61: 3337-3342.

Miiller, M. & Berg, B. 1988. Release of carbon and
nitrogen from decomposing roots of red clover as
affected by liming of soil. Plant and Soil 105:
149-152.

Neuvonen, S., Suomela, J., Haukioja, E., Lindgren,

Hannu Fritze

M. & Ruohomiki, K. 1990. Ecological effects of
simulated acid rain in a subarctic area with low
ambient sulphur deposition. In: Kauppi, P.,
Anttila, P. & Kenttdamies, K. (eds.). Acidification
in Finland. Springer-Verlag, Heidelberg. p. 477—
493.

Nihlgérd, B., Nilsson, S.I. & Popovic, B. 1988.
Acidification chemistry. In: Andersson, F. &
Persson, T. (eds.). Liming as a measure to im-
prove soil and tree condition in areas affected by
air pollution. National Swedish Environmental
Protection Board, Report 3518: 20-26.

Nohrstedt, H-O. 1985. Studies of forest floor bio-
logical activities in an area previously damaged
by sulphur dioxide emissions. Water, Air, and
Soil Pollution 25: 301-311.

— 1987. A field study on forest floor respiration
response to artificial heavy metal contaminated
acid rain. Scandinavian Journal of Forest Research
2: 13-19.

— Arnebrandt, K., Bdath, E. & Soderstrom, B. 1989.
Change in carbon content, respiration rate, ATP
content, and microbial biomass in nitrogen-ferti-
lized pine forest in Sweden. Canadian Journal of
Forest Research 19: 323-328.

Nordgren, A., Baith, E. & Soderstrom, B. 1983.
Microfungi and microbial activity along a heavy
metal gradient. Applied and Environmental
Microbiology 45: 1829-1837.

— , Béath, E. & Soderstrom, B. 1985. Soil microfungi
in an area polluted by heavy metals. Canadian
Journal of Botany 63: 448—455.

— , Kauri, T., Bdath, E. & Soderstrom, B. 1986.
Soil microbial activity, mycelial lengths and
physiological groups of bacteria in a heavy metal
polluted area. Environmental Pollution (Series
A) 41: 89-100.

— , Baith, E. & Soderstrom, B. 1988. Evaluation of
soil respiration characteristics to assess heavy
metal effects on soil microorganisms using
glutamic acid as a substrate. Soil Biology and
Biochemistry 20: 949-954.

Ohtonen, R., Markkola, A.M., Heinonen-Tanski, H.
& Fritze, H. 1990. Soil biological parameters as
indicators of changes in Scots pine forests (Pinus
sylvestris L.) caused by air pollution. In: Kauppi,
P., Anttila, P. & Kenttimies, K. (eds.). Acidifica-
tion in Finland. Springer-Verlag, Heidelberg. p.
373-393.

Ohya, H., Komai, Y. & Yamaguchi, M. 1985. Zinc
effects on soil microflora and glucose metabo-
lites in soil amended with “C-glucose. Biology
and Fertility of Soils 1: 117-122.

— , Komai, Y. & Yamaguchi, M. 1986. Zinc effects
on soil bacterial flora characterized by fatty acid
composition of the isolates. Biology and Fertility
of Soils 2: 59-63.

— , Fujiwara, S., Komai, Y. & Yamaguchi, M. 1988.
Microbial biomass and activity in urban soils
contaminated with Zn and Pb. Biology and Fer-
tility of Soils 6: 9-13.

Paul, E.A. & Clark, F.E. 1989. Soil microbiology and
biochemistry. Academic Press Inc., San Diego.
273 p.

Silva Fennica 26(1)

Persson, T. 1988. Effects of acidification and liming
on soil biology. In: Andersson, F. & Persson, T.
(eds.). Liming as a measure to improve soil and
tree condition in areas affected by air pollution.
National Swedish Environmental Protection
Board, Report 3518: 53-70.

— , Lundkvist, H., Wiren, A., Hyvonen, R. &
Wessen, B. 1989. Effects of acidification and
liming on carbon and nitrogen mineralisation and
soil organisms in mor humus. Water, Air, and
Soil Pollution 45: 77-96.

Prescott, C.E. & Parkinson, D. 1985. Effect of sulphur
pollution on rates of litter decomposition in a
pine forest. Canadian Journal of Botany 63: 1436—
1443.

Reber, H.H. 1989. Threshold levels of cadmium for
soil respiration and growth of spring wheat
(Triticum aestivum L.), and difficulties with their
determinations. Biology and Fertility of Soils 7:
152-157.

Rodhe, H. 1989. Acidification in a global perspec-
tive. Ambio 18: 155-160.

Riihling, A., Rasmussen, L., Pilegaard, K., Mikinen,
A. & Steinnes, E. 1987. Survey of atmospheric
heavy metal deposition in the nordic countries in
1985 as monitored by moss analysis. Nord 21: 1—
44.

— & Soderstrom, B. 1990. Changes in fruitbody
production of mycorrhizal and litter decomposing
macromycetes in heavy metal polluted coniferous
forests in northern Sweden. Water, Air, and Soil
Pollution 49: 375-387.

Salonius, P.O. 1990. Respiration rates in forest soil
organic horizon materials treated with simulated
acid rain. Canadian Journal of Forest Research
20: 910-913.

Schifer, H. 1987. Auswirkung der Bodenversauer-
rung und Schwermetallakkumulation in Wildern
auf die CO,-Produktion und Dekomposition der
Streu. Verhandlungen Gesellschaft fiir Okologie
16: 279-290.

Shah, Z., Adams, W.A. & Haven, C.D.V. 1990.
Composition and activity of microbial popula-
tion in an acidic upland soil and effect of liming.
Soil Biology and Biochemistry 22: 257-263.

Skiba, U. & Cresser, M.S. 1986. Effects of precipita-
tion acidity on the chemistry and microbiology of
Sitka spruce litter leachate. Environmental Pol-
lution (Series A) 42: 65-78.

Staaf, H. & Berg, B. 1982. Accumulation and release
of plant nutrients in decomposing Scots pine for-
est II. Canadian Journal of Botany 60: 1561—
1568.

Strayer, R.F. & Alexander, M. 1981. Effects of
simulated acid rain on glucose mineralization and
some physiochemical properties of forest soils.
Journal of Environmental Quality 10: 460-465.

Strojan, C.L. 1978. Forest leaf litter decomposition in
the vicinity of a zinc smelter. Oecologia (Berlin)
32:203-212.

Soderstrom, B. 1984. Some data on acidification and
liming of forest soils. National Swedish Environ-
mental Protection Board, Report 1860: 1-15.

— Baith, E. & Lundgren, B. 1983. Decrease in soil

47



microbial activity and biomasses owing to nitro-
gen amendments. Canadian Journal of Microbi-
ology 29: 1500-1506.

Tamm, C.O. 1976. Acid precipitation: Biological ef-
fects in soil and on forest vegetation. Ambio 5:
235-238.

Thompson, LP., Blackwood, I.L. & Davies, T.D.
1987a. The effect of polluted and leached
snowmelt waters on the soil bacterial community
- quantitative response. Environmental Pollution
43: 143-154.

— , Blackwood, I.L. & Davies, T.D. 1987b. Soil
bacterial changes upon snowmelt: laboratory
studies of the effect of early and late meltwater
fractions. FEMS Microbiological Ecology 45:
269-274.

Tuovinen, J.P., Kangas, L. & Nordlund, G. 1990.
Model calculation of sulphur and nitrogen depo-
sition in Finland. In: Kauppi, P., Anttila, P. &
Kenttidmies, K. (eds.). Acidification in Finland.
Springer-Verlag, Heidelberg. p. 167-197.

Ulrich, B., Meyer, R. & Khana, P.K. 1979. Deposi-
tion von Luftverunreinigungen und ihre

Auswirkung im Waldokosystem im Solling.
Schriften aus der Forstlichen Fakultit der Uni-
versitit Gottingen 58: 1-291.

Visser, S. & Parkinson, D. 1989. Microbial respira-
tion and biomass in soil of a lodgepole pine stand
acidified with elemental sulphur. Canadian Jour-
nal of Forest Research 19: 955-961.

Will, M.E., Graetz, D.A. & Roof, B.S. 1986. Effect
of simulated acid precipitation on soil microbial
activity in a typic quartzipsamment. Journal of
Environmental Quality 15: 399-403.

Williams, S.T., McNeilly, T. & Wellington, E.M.H.
1977. The decomposition of vegetation growing
on metal mine waste. Soil Biology and Biochem-
istry 9: 271-275.

Yamamoto, H., Tatsuyama, K. & Uchiwa, T. 1985.
Fungal flora of soil polluted with copper. Soil
Biology and Biochemistry 17: 785-790.

Zelles, L., Scheunert, I. & Kreutzner, K. 1987.
Bioactivity of limed soil of a spruce forest. Biol-
ogy and Fertility of Soils 3: 211-216.

Total of 99 references

Hannu Fritze





