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The objective of this study was to review the available research information on the envi-
ronmental risks and effects of metals leached from Finnish acid sulphate soils. The reason 
for carrying out this study was recent evidence demonstrating that much larger quantities 
of a number of metals are leached from these soils than from the entire Finnish industry 
taken together. Alarmingly few scientific studies on the actual biological impacts of acid 
sulphate soils have been published. However, they all indicate an extensive and serious 
effect on biota, including metal imbalance in crops and elevated concentrations of Al and 
Zn in the milk of cows. Acid sulphate soils have also significant, but spatially and tempo-
rally variable impacts on biodiversity and community structure of fish, benthic inverte-
brates and macrophytes, with numerous cases of mass fish kills along the Finnish coast. 
Furthermore, chronic exposure to high concentrations of metals may pose an actual threat 
on human health. The potential risks for Alzheimer’s and Parkinson’s disease in acid sul-
phate soil landscapes are discussed.

Introduction

From an environmental point of view, acid sul-
phate (a.s.) soils are regarded as the most prob-
lematic soils in the world (Dent and Pons 1995). 
They develop where sulphide-rich sediments, low 
in carbonates, are exposed to atmospheric oxygen 
resulting in sulphide oxidation and thus forma-
tion of sulphuric acid. This lowers the soil pH to 
values between 2.5 and 4.5, and as a consequence, 
adjacent drains are often severely acidified. An 
associated problem is metals, which are released 
in the soils from both dissolving metal sulphides 

and other minerals such as metal-bearing alumi-
nosilicates, thus becoming available for transport 
and leaching. The a.s. soils occur mainly in 
coastal lowlands, where population and develop-
ment pressures are as highest causing a need for 
reclamation and drainage of these sediments. The 
a.s. soils currently cover a total of approximately 
17–24 million ha in the coastal regions world-
wide, with major occurrences in Africa, eastern 
Australia, Asia and Latin America (Ritsemaa et 
al. 2000, Andriesse and van Mensvoort 2002).

In Europe, the largest a.s. soil occurrences 
are found in Finland (1600–3000 km2) (Palko 
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1994, Yli-Halla et al. 1999, Andriesse and van 
Mensvoort 2002) and Sweden (500–1400 km2) 
(Öborn 1994, Andriesse and van Mensvoort 
2002) (Fig. 1). They have developed mainly on 
fine-grained sulphide-bearing sediments depos-
ited during the Holocene in the brackish Baltic 
Sea and they are characterized by high sulphate 
concentrations, low pH, low volume weight and 
a high pore volume (Wiklander and Hallgren 
1949, Palko 1994). The oxidation and weather-
ing of these sulphide-rich sediments, which have 
risen above the sea level as a result of isostatic 
land uplift, have occurred as a result of artificial 
farmland drainage (Palko 1994, Österholm and 
Åström 2004, Österholm 2005). Intensification 
of this drainage, especially the utilisation of 
modern subsurface drainage techniques, have 
significantly increased mobility of metals and 
acidity (Erviö and Palko 1984, Palko and Yli-
Halla 1988, 1990, Palko 1994, Öborn 1994, 
Dent and Pons 1995, Österholm and Åström 
2002, Joukainen and Yli-Halla 2003, Sohlenius 
and Öborn 2004, Österholm 2005). This causes 
severe environmental problems in streams and 
rivers. However, the acidity and metal load from 
a.s. soils varies spatially, depending on the stage 
of development of the soil profile which in turn 
is controlled largely by drainage efficiency and 
inherent S abundance. Such spatial variations 
have not been mapped and can therefore not be 
considered in this review.

Despite the knowledge of the high amounts 
of metals and acidity mobilised in the a.s. soils 
on the coastal plains of Finland and Sweden, 
no comprehensive studies on the environmental 
risks of these soils, especially concerning metals, 
have been conducted. One reason for this is 
that while the acidity problems of these soils 
have been fairly well known for quite a time 
(Kivinen 1944, Wiklander and Hallgren 1949), 
the extensive pool of many metals mobilised in 
these soils has not been adequately understood 
until recently. The objective of this study was 
to review current available research information 
on the environmental risks and effects of metals 
mobilised in the Finnish a.s. soils. In the next 
chapter, before discussing the environmental 
and biological aspects, some important hydro-
geochemical features of the boreal (Finnish) a.s. 
soils are discussed.

Occurrence and behaviour of 
chemical elements in boreal acid 
sulphate soils

Aluminium (Al)

Aluminium is not particularly abundant (in the 
order of a few percent) and it occurs as alumino-
silicate and probably Al-hydroxide in the Finn-
ish a.s. soils. It is, however, very mobile due to 
the characteristic acidic conditions (pH 2.5–4.5), 
which promote aluminosilicate weathering and 
Al-hydroxide dissolution and thus Al solubilisa-
tion and transport. The Al concentration in drain-
age water from a.s. soils correlates strongly with 
pH and concentrations up to 260 mg l–1 has been 

Fig. 1. Distribution of acid sulphate soils developed in 
holocene fine-grained sediments in the coastal areas 
of Finland. the mapping survey covered a total of 
740 randomly selected agricultural field sites along the 
coast, of which 20% was identified as an acid sulphate 
soil site. each cross represents approximately 20 km2 

acid sulphate soil. (modified from Palko (1994)). all 
acid sulphate soil studies referred to in this paper are 
located within 62°30´–65°10´n and 21°10´–26°30´e.

xx
xxxx

x xxx x
x

x
xxx
xx

x
x

xx
x

xx
xx
x
xx

xxx
x
xxxx

x
x

x
x xxx x xxxx

xxxx x xxx
x

x
xx

xxx
xx
xxx

x

xxx
x
x
xx
xxx
xxxx
x
x
xx
x

x

x
x

xxx x
x
xx

x

x xx
xxxxxx xx
x xx

xx
x x x

xxxD Dx

xx
x xx

26°36´E

62
°3

0´
N

21°10´E

65
°1

0´
N

Sweden

G
ul

f o
f B

ot
hn

ia

Russia

Finland

Norway

30 km



446 Fältmarsch et al. • Boreal env. res. vol. 13

observed in small drains (Åström and Björklund 
1995). Furthermore, due to Al hydrolysis, acidi-
fication increases and thus, additional metals are 
released and leached into the aquatic ecosystem 
(Palko 1994). Åström and Corin (2000) showed 
that Al exist mainly in cationic form in a.s. soil 
affected watercourses. Aluminium is one of the 
most enriched elements in drainage water from 
a.s. soils.

Cobalt (Co), Nickel (Ni), Zinc (Zn), 
Cadmium (Cd), Manganese (Mn)

High total concentrations of Co, Ni, Zn, Cd and 
Mn do not normally exist in a.s. soils as com-
pared with sulphide-free clay soils (Sohlenius 
and Öborn 2004). However, in the a.s. soils these 
metals are partly integrated in sulphides (Åström 
1998a). Consequently, the oxidation and weather-
ing of these sulphides, as a result of soil acidity 
and increasing redox potentials, increases the 
mobility of these metals (Palko and Yli-Halla 
1988, 1990). Furthermore, weathering of other 
minerals (e.g. aluminosilicates) also contributes to 
the increased mobilisation of these metals (Sohle-
nius and Öborn 2004). This eventually results in 
extensive leaching of Co, Ni, Zn, Cd and Mn to 
nearby watercourses, in particular during heavy 
rainfall in summer and autumn and snow melting 
in spring, resulting in concentrations that are up to 
50, 30, 20, 10 and 30 times higher, respectively, 
than typical background values of the region 
(runoff from areas covered by forests underlain 
mainly with till, peat and/or glaciofluvial mate-
rial) (Åström and Björklund 1996, Åström 2001a, 
2001b, Roos and Åström 2005, Österholm et al. 
2005). Furthermore, the concentrations of Co, Ni, 
Zn, Cd, Mn and the above mentioned Al, are very 
high in streams affected by a.s. soils as compared 
with average values for Finnish and Fennoscan-
dian rivers (Edén and Björklund 1993, Lahermo 
et al. 1996, Åström 2001a, 2001b). It has been 
estimated that the current amount of leakage of 
these metals from the Finnish a.s. soils is 10 to 
100 times higher than the effluent discharges 
from the entire Finnish industry (Fig. 2). These 
metals are generally associated with the cationic 
fraction in the waters draining a.s. soils (Åström 
and Corin 2000).

Chromium (Cr)

Chromium is generally less soluble than Zn, Co, 
Ni, Mn or copper (Cu) in a.s. soils (Palko and Yli-
Halla 1990) and thus, only mobilised to a limited 
extent upon oxidation and acidification. Accord-
ing to Palko and Yli-Halla (1990), Cr responds 
only marginally to acidification. Consequently, 
Cr is commonly only weakly enriched in the 
a.s. soil affected waters (Åström and Björklund 
1995). However, particularly acidic conditions 
(pH 2.5–3.5) in a.s. soils or affected ditches can 
mobilise Cr in relatively large amounts, never-
theless, not in the same quantity as Co, Ni and 
Zn (Åström 2001b). Chromium exists mostly 
as anionic species in a.s.-soil-affected surface 
waters and its distribution is governed to a large 
extent by formation of complexes with humic 
and fulvic acids (Lahermo et al. 1996, Åström 
and Corin 2000).

Iron (Fe)

Iron is not particularly abundant in the a.s. soil, 
but it occurs as sulphide in the order of 0.5%–
1.0%. After release from these minerals, it is 
largely precipitated as insoluble Fe hydroxides in 
the soil profile and in drainage pipes. Therefore, 
Fe is not leached more extensively from a.s. soils 
as compared with other types of nearby boreal 
soils (e.g. glacial till and peat) (Åström and Corin 
2000) and therefore, leaching to adjacent water-
courses is limited (Åström and Åström 1997, 
Österholm 2005). However, increased amounts 
(up to 100 mg l–1) of Fe have been observed in 
some particularly acidic a.s. waters (pH ~2.5–
3.0). Iron is according to Åström and Corin 
(2000) predominantly associated with the anionic 
fraction in stream waters draining the a.s. soils.

Phosphorus (P), Magnesium (Mg), 
Potassium (K), Calcium (Ca)

The concentration of P, K and Ca in cultivated 
a.s. soils are similar to Finnish average values 
(FAV) of cultivated soils, while Mg is found in 
higher concentrations in the former (Erviö and 
Palko 1984). Phosphorus and Mg are gener-
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ally associated with easily dissolved minerals 
(clay minerals, mica) and K and Ca with poorly 
dissolved minerals (feldspars). Furthermore, P 
and Ca are also enriched in the plough layer of 
cultivated a.s. soils due to liming and fertilisa-
tion, respectively (Österholm and Åström 2002). 
Magnesium, K and Ca are leached out in mod-
erate to large amounts, while the leaching of P 
is limited (Åström 1998b). Several hydrogeo-
chemical studies show that abundant amounts 
of Mg, Ca and K exist in a.s. soil affected water-
courses (Åström and Björklund 1995, Åström 
and Åström 1997) and the concentration of the 
former two metals correlate significantly with 
the titrable acidity in acid rivers (Palko 1994). A 
significant portion of Mg, K and Ca in the waters 

may originate as sea salts once trapped in the 
pores of the parent sediments of the a.s. soils.

Metal accumulation in crop plant 
species

The only published papers involving metal con-
centrations in crops grown on a.s. soils in Fin-
land are those by Palko (1986) and Yli-Halla and 
Palko (1987) who studied oat and timothy sam-
ples collected from a few selected a.s. soil fields 
(64°50´N, 25°30´E) (Fig. 1). These agricultural 
fields were managed in a way typical for a.s. soils 
including normal drainage management, liming 
and fertilization. They compared their results 
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with FAV for timothy and oat, the latter repre-
senting background values of mineral elements 
in these crops grown on different soils and in 
different regions of Finland. For a more detailed 
description on the metal concentrations in timo-
thy and oat, the reader is referred to Kähäri and 
Nissinen (1978), Paasikallio (1978) and Varo et 
al. (1980a). Palko (1986) found timothy samples 
enriched in Ni (a.s soils 1.8 mg kg–1 and FAV 0.34 
mg kg–1), Co (0.27/0.06), Al (23/12), Mn (95/67) 
and Cr (1.1/0.23) and Yli-Halla and Palko (1987) 
found elevated concentrations of Fe (142/60), 
Mn (136/72), Co (0.50/0.08) and Ni (6.4/2.8) in 
oat grains. Consequently, timothy and oat were 
both enriched in Mn, Co and Ni, metals which 
are mobile in a.s. soils. The accumulation of Fe 
in oat indicates that even if the metal is generally 
immobile in the Finnish a.s. soil, the plant roots 
can still mobilise the oxide-bound Fe in the soil 
and subsequently absorb it. However, Fe was not 
enriched in timothy (Palko 1986).

The Cr concentrations in plants are generally 
governed by the soluble content of the element 
in the soil (Kabata-Pendias 2001), and it is quite 
immobile in a.s. soils in comparison with e.g. 
Ni, Co and Mn (Palko and Yli-Halla 1990). 
Timothy grown on a.s. soils have still signifi-
cantly elevated Cr concentrations as compared 
to FAV (Palko 1986). This contradiction could 
be explained by elevated solubility of Cr-bearing 
primary minerals in the very acidic conditions 
(pH ~3, in rare cases < 3) liberating plant avail-
able forms of Cr in the soil. However, the major 
part of these plant roots is located in the plough 
layer, where pH conditions are not favourable 
for Cr solubilisation due to liming management. 
It has also been reported that Mn-oxides are 
capable of oxidizing Cr3+ to Cr6+, the latter being 
the most plant available and mobile form of Cr 
(Kabata-Pendias 2001). This could explain the 
elevated absorption in timothy.

Zinc, which is mobile in the a.s. soils and 
abundantly flushed into drains, is in the same 
range in oat and even deficient in timothy com-
pared to FAV (40/43 and 23/32 mg kg–1, respec-
tively) (Palko 1986, Yli-Halla and Palko 1987). 
This shows that the plant’s absorption of this 
metal is not correlated to its concentration and 
mobility in the soil and soil water. Antagonistic 
effects (other metals inhibit Zn absorption) and 

genotypical differences in plants may contrib-
ute to the low Zn concentrations in these crops 
(Alloway 2005, Combs 2005).

No significantly deviating concentrations of 
Ca, Mg, K and P were found in oats (Yli-Halla 
and Palko 1987), but deficiency of these ele-
ments was observed in timothy (Palko 1986) 
when compared to FAV (1.6/2.6; 0.94/1.3; 18/24 
and 1.9/2.9 g kg–1, respectively) (Kähäri and 
Nissinen 1978, Varo et al. 1980a). The inhibited 
accumulation of Ca, Mg, K and P in timothy may 
be due to acidity induced metal toxicities (e.g. 
Mn and Al), which may be reflected as competi-
tive elemental interactions (antagonism, e.g. Mn 
vs. Ca) and reduced cation uptake by plants due 
to the high availability of Al3+ in the a.s. soil 
(Foy et al. 1978, Kabata-Pendias 2001).

Metal accumulation in dairy cattle

Published scientific studies on metal levels in 
animal feeding on a.s. soils are scarce. The 
only one which we are aware of is a two year 
investigation (sampling 1991–1992) of cow milk 
originating from a.s. soil farms located in the 
drainage basin of the Kyrönjoki (river outlet at 
63°09´N, 21°52´E; Fig. 1) (Alhonen et al. 1997). 
In that study it was concluded that the metal 
concentrations in the milk samples (n = 16) 
originating from a.s. soils were relatively high 
as compared with FAV from other dairies (Varo 
et al. 1980b). The Zn and Fe concentrations in 
the milk samples from cows with indoor-feed-
ing was approximately two times higher (a.s. 
soils ~5300 µg kg–1 and reference material 3500 
µg kg–1; 500/250), respectively, and the Al con-
centrations in the milk samples from cows with 
outdoor-feeding up to 50 times higher (2400/50), 
in comparison to the reference material. Alumin-
ium is, as shown above, highly mobile in the a.s. 
soils and enriched in plants (timothy) on these 
soils, so its occurrence in high levels in the cow 
milk is not surprising and indicates an important 
pathway for this potentially toxic metal, i.e. soil 
—> plant —> milk. It should be pointed out that 
inorganic Al (Al3+) is highly toxic and any asso-
ciation/complexation with e.g. dissolved humic 
matter and/or hydroxides detoxifies it. The spe-
ciation of Al in cow milk was not determined by 
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Alhonen et al. (1997).
As discussed above, also Zn is highly mobile 

in the a.s. soil, but in contrast to Al, it is not 
enriched in either of the plants investigated on 
the a.s. soil (previous chapter). However, the 
plant studies are very few so spatial variation and 
locally (regionally) high concentrations of Zn in 
a.s. soil-grown plants cannot be excluded. Zinc 
is, however, not generally associated with intoxi-
cation in animals and its enrichment in cow milk 
originating from a.s. soil farms was small. Iron is 
not leached abundantly from the a.s. soils, but it 
is still enriched in both oat and cow milk. Chro-
mium, which was enriched in timothy (previous 
chapter), was not elevated in the milk samples 
originating from the a.s. soil farm. However, K, 
Mg and Ca, which are abundantly leached from 
a.s. soils, were deficient in timothy (previous 
chapter) and also in milk samples from cows 
with out-door feeding on a.s. soils, as compared 
with the reference material. This highlights the 
complex nature of the biogeochemical cycles of 
chemical elements in these settings. In the study 
by Alhonen et al. (1997), no attention was paid 
to the geochemistry of the a.s. soil, the elemental 
composition of the feedstuffs or the vegetation 
on the a.s. soil pasture-ground. This, in addition 
to the very limited number of data, makes the 
patterns outlined above indicative only, but they 
certainly highlight the need for more studies. In 
addition, it was suggested by Coni et al. (1995) 
that large or small variations in concentrations 
and the chemical form of elements in feedstuffs 
will affect the element content of cow’s milk 
significantly. At present, therefore, we have very 
little knowledge as to what extent and how the 
a.s. soil affect metal concentrations in animals, 
except for the obviously high contents of Al in 
cow milk.

Metal accumulation in aquatic 
plants and invertebrates

It is well known that e.g. aquatic roots of sedge 
(Carex species), meadowsweet (Filipendula 
ulmaria) and shoots of water moss (Fontina-
lis antipyretica) efficiently accumulate metals 
directly from the water, and rapidly respond 
to concentration fluctuations (Cenci 2000, Lax 

2005). Therefore, these species were chosen 
for the biogeochemical mapping programme 
of Sweden, which today holds chemical data 
of these species from more than 30 000 small 
streams distributed throughout the country 
(Lax 2005). Because a.s. soils have a very large 
impact on stream-water metal concentrations in 
these northerly granitoid-dominated and sparsely 
populated regions, there has been an attempt to 
identify and map areas of a.s. soils using this 
extensive biogeochemical database. It has indeed 
been possible to locate a.s. areas (Lax 2005) 
which are poorly mapped over these regions, 
by using ratios between elements abundantly 
leached from a.s. soils (e.g. Ni, Y) to those 
not significantly leached from these soils (e.g. 
Pb), and by combining such ratios with existing 
Quaternary geological maps. The success with 
this approach shows basically three things: (1) 
biogeochemical data can be used to map pedo-
logical and geological features, (2) the above 
mentioned aquatic species efficiently accumulate 
metals in abundances correlating with those in 
the ambient aquatic phase, and (3) a.s. soils 
have a large impact on stream-water quality in 
Sweden, which in terms of climate, geology and 
topography is very similar to Finland.

Several studies were conducted dealing with 
metal accumulation in aquatic mosses as a direct 
cause by Finnish a.s. soils (Vuori and Sirén 
1996, Vuori 2002). Aquatic mosses (Fontinalis 
antipyretica) were collected for a period of three 
years in three relatively large rivers (Kyrönjoki, 
63°09´N, 21°52´E; Lestijoki, 64°03´N, 23°39´E 
and Perhonjoki, 63°49´N, 23°16´E, including 
upper and lower reaches) (Fig. 1) draining, to 
some extent, a.s. soils in western Finland (Vouri 
2002). High concentrations of Al, Cu and Fe, but 
not of Zn, were found in these mosses (Vuori 
2002). The enhanced liberation of Al and Cu in 
the a.s. soil and the subsequent leaching to adja-
cent waters is thus apparent as accumulation in 
these mosses. Consequently, the concentration 
of Al in the various media (stream water, aquatic 
moss, crops, cow milk) is an effect of the a.s. soil 
and its management. As discussed above, Fe is 
not leached out in large amounts from boreal a.s. 
soils, but it is enriched in oat and milk samples 
originating from these soils. The same trend is 
obvious in the aquatic mosses. Hence, Fe leach-
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ing is not seen in the existing hydrochemical 
and geochemical data but, in contrast, this metal 
still seems to become enriched in several plant 
and animal species existing in areas underlain 
with these soils. This contradiction indicates 
that the physiochemical speciation and bioavail-
ability of Fe in the a.s. soils and waters needs 
to be investigated in more detail. Zinc was not 
enriched in the moss species despite the fact that 
this metal is strongly elevated in the a.s. waters. 
It is assumed that e.g. Mg and Na, which are 
leached out in large quantities from a.s. soils to 
nearby waters, will reduce the bioavailability of 
Zn and thus are aquatic mosses not applicable 
as bioindicators for Zn in such waters (Vuori 
2002). Other elements (e.g. Mn, Co, Ni) leached 
out in large quantities from Finnish a.s. soils 
to recipient waters have not, to our knowledge, 
been included in moss analysis of the a.s. soil 
impacted streams.

Aquatic insect larvae (e.g. Trichoptera, 
Hydropsychidae) have been used as bioindica-
tors in a.s. soil drained watercourses because of 
their potential to efficiently accumulate metals, 
their low variation in inter-species accumulation, 
their tolerance to exposure (inter-specific) and 
their ability to accurately display both temporal 
and spatial variations of pollution in streams 
(Vuori 1993, 1996, 2002, Vuori and Kukkonen 
1996). Vuori and Kukkonen (1996) postulated 
that Al, Cd, Cu and Zn are readily absorbed in 
the tissues of aquatic insect larvae (Hydropsyche 
pellucidula, sampling period of two years) and 
Fe is predominantly adsorbed on the larval exo-
cuticle in the a.s. soil affected Kyrönjoki. Gener-
ally, good correlation exist between the metal 
concentration (e.g. Al, Fe, Zn) in lotic Trichop-
teran larvae (Hydropsychidae) and in the a.s. 
soil drained water. However, Cd is an exception, 
probably due to high concentrations of e.g. Mn, 
which prevent the bioaccumulation of the metal 
or competition between metals for the binding 
sites (Vuori 1993, 2002). The Fe adsorption on 
cuticles of larvaes in a.s. soil waters might be 
a direct consequence of Fe precipitation associ-
ated with the pH variations during the hydro-
logical events. The occurence of morphological 
abnormalities in anal pappilae and ion-regulatory 
organs in Trichopteran larvae (Hydropsyche) due 
to the deteriorated water quality in these streams, 

can according to Vuori and Kukkonen (1996) be 
used as an effective estimator of metal contami-
nation in the aquatic phase.

Ecotoxicological effects in 
aquatic organisms

Several biological field surveys and experimen-
tal studies demonstrate adverse effects of a.s. 
soils on aquatic plant and animal communities 
and populations in stream and estuarine envi-
ronments. Several fish species (burbot, smelt) 
in the coastal areas and lower reaches of the 
rivers of western Finland have, in some sites, 
been wiped out (Hildén et al. 1982, Hudd et al. 
1984). Also numerous cases of mass fish kills 
have occurred in these a.s. soil areas, the first 
documented case dates back to the early 1830s 
(National Board of Waters 1973). Acid sulphate 
soils are related to these events, since low pH 
values and high concentrations of metals, typical 
of waters from these soils, were measured during 
variable hydrological periods (e.g. heavy rainfall 
in autumn). It is well known that these factors 
can cause a number of ecotoxicological effects 
in fish. Failure in reproduction because of dis-
turbances in the yolk and sperm formation and 
spawning behavior, damage in ion regulation and 
respiration organs, growth reduction or retarda-
tion, and changes in the behavioural pattern are 
examples of the effects in fish exposed to metals 
and/or their mixtures in association with the low 
pH (Beamish et al. 1975, Mount et al. 1988a, 
1988b, Van Dijk et al. 1993, Heath 1995, Hudd 
2000, Vuorinen 2000, Vuorinen et al. 2003). 
However, fish responses to acidity vary in time 
and space according to the severity and duration 
of exposure conditions. This is demonstrated e.g. 
by Hudd (2000), Kjellman (2003) and Urho et al. 
(1990), who compiled results on studies involv-
ing recruitment and growth of burbot (Lota lota), 
perch (Perca fluviatilis) and smelt (Osmerus 
eperlanus) in the large Kyrönjoki and its estuary 
in W. Finland. The results demonstrate that acidi-
fication originating from a.s. soils often overlaps 
with hatching of juveniles of spring spawning 
fish species, which leads to decreased population 
sizes. This concerns especially burbot. On the 
other hand, in the late 1980s and early 1990s the 
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most acid periods took place prior to spawning 
and hatching of juveniles, and population sizes 
consequently increased. Further, the field experi-
ments conducted by Hildén and Hirvi (1987) in 
the estuary of the Kyrönjoki indicated that the 
survival of larval perch during the acid periods 
is dependent on the complex combination of the 
degree and duration of acidity, salinity gradients, 
aluminium speciation and overall water chem-
istry.

Impacts of a.s. soils on aquatic macrophytes 
have been much less studied than impacts on 
fish or macroinvertebrates. Results of Meriläinen 
(1989) suggested that impacts of periodically 
acidic waters of the Kyrönjoki had no significant 
effects on the species richness of macrophytes. 
A total of 22 species of aquatic vascular plants 
and luxuriant growth of dominant species (e.g. 
Phragmites australis, Scirpus lacustris, Nuphar 
lutea, Nymphaea candida) were observed in the 
a.s. soil affected inner estuary, which is the part 
of the catchment that is affected the most of 
the a.s. soils and where the most acidic condi-
tions (pH ~4–5) prevail. However, distribution 
of some sensitive species was considered to 
indicate growth inhibition due to acidity. The 
outer estuary, which is not heavily loaded by 
a.s. runoff, was characterized by a rather sparse 
vegetation. Meriläinen (1989) concluded that the 
high nutrient status in the inner estuary might 
have alleviated the detrimental effects of mono-
meric inorganic Al on the aquatic vegetation.

As compared with macrophytes, estuarine 
invertebrate communities demonstrated an oppo-
site pattern: the innermost estuary had impov-
erished fauna and low biomasses prevailed. It 
was hypothesized by Meriläinen (1989) that the 
combination of both periodic pH changes during 
flood events and heavy rainfall, and high contents 
of detrimental Al3+ is the probable cause of the 
low abundance and species richness in the inner 
estuary. The species density was clearly higher 
in the middle and the outer estuary, despite the 
distinct influence of the poor river water quality 
in the shallow parts of the middle estuary, too. 
Meriläinen (1989) suggested that other factors 
(e.g. salinity, sediment quality) tend to determine 
composition and abundance of zoobenthos in 
those parts of the estuary where influence of 
river water remains low.

Macroinvertebrate studies in river sites 
affected by a.s. soils have demonstrated impov-
erished species richness and absence of sensi-
tive species (Nyman et al. 1986). Translocation 
experiments with hydropsychid caddis larvae 
verified that the most sensitive species were 
unable to survive acute field exposure to low 
acidity and high metal concentrations (Vuori 
1996). High incidence of morphological abnor-
malities in ion-regulation and respiration organs 
appeared to impede larval development and 
growth. For the more tolerant species (Hydropsy-
che angustipennis) origin of the exposed pop-
ulation significantly affected the mortality: 
individuals collected from the a.s. soil affected 
river sites survived better and did not show any 
morphological abnormalities. Further laboratory 
studies verified that damage in the ion-regula-
tion and respiration organs are associated with 
exposure to high metal concentrations and low 
acidity (Vuori 1996). As with the fish responses, 
also macroinvertebrate responses depend on the 
severity and duration of the exposure to acidity 
and metals. For example, during the dry periods 
in 2002, when pH conditions remained favour-
able, no morphological abnormalities were 
observed (Lassila and Vuori 2005). Also long-
term macroinvertebrate monitoring results of the 
period 1981–2002 indicate recovery of macroin-
vertebrate communities (Teppo et al. 2004).

In summary, existing research evidence indi-
cates that a.s. soils have significant, but spatially 
and temporally variable impacts on biodiver-
sity and community structure of fish, benthic 
invertebrates and macrophytes. Although recov-
ery has been demonstrated, the fact that even a 
single short-term exposure to low pH and high 
metal concentrations can cause loss of sensitive 
fish and macroinvertebrate species stresses the 
importance for decreasing loading of acidity and 
metals from a.s. soils. There is a general lack of 
detailed knowledge of the short-term dynamics 
of water chemistry and metal speciation in both 
estuarine and river environments under vari-
able hydrological conditions. Such information 
would enable prediction of fish survival (Hildén 
and Hirvi 1987) and overall responses of aquatic 
communities. Furthermore, our knowledge on 
ecotoxicological impacts of a.s. soils is based 
on few river and estuary sites only. A more com-
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prehensive research on the effects of a.s. soils in 
coastal rivers and estuaries is needed.

Potential impacts on human 
health

The etiology of the most common neurodegen-
erative disorder, Alzheimer’s disease (AD), is 
still unknown, but many risk factors contributing 
to the disease have been put forward (Amaducci 
et al. 1986, Flaten 1990, 2001, Gauthier et al. 
2000, Zatta et al. 2003, Brown et al. 2005). 
Epidemiological studies linking Al and AD have 
received much attention over the last two dec-
ades and nine out of fourteen epidemiological 
studies showed significant positive association 
between drinking water Al and the incidence 
of AD (McLachlan et al. 1996, Rondeau et al. 
2000, Flaten 2001, Zatta et al. 2003), however, 
others found no significant relations (Forster 
et al. 1995, Martyn et al. 1997). The reasons 
for these conflicting results could potentially 
be due to study type design, bias, confound-
ing factors, diagnostic errors, bioavailability of 
Al (Flaten 2001, Brown et al. 2005). Another 
difficulty interpreting these results is that Al in 
drinking water only represents a small portion 
of the total dietary intake (≤ 10%), in fact drugs 
(e.g. antacid, buffered aspirin) contain high con-
centrations (~1 g/dose) of Al as compared with 
drinking water (~0.01–0.1 mg l–1) (Flaten 2001, 
Gillette-Guyonnet et al. 2005). However, Flaten 
(2001) suggested that the epidemiological evi-
dence supporting the antacid-AD causality was 
chiefly negative/not significant. Moreover, the 
link between Al speciation in drinking water 
and AD was studied by Gauthier et al. (2000) 
who found an association between monomeric 
organic Al and AD, however, no other forms 
of Al in drinking water were related to AD. It 
should also be noted that Al present in drinking 
water could presumably be more bioavailable 
than in foodstuff, but this is still a matter of 
controversy (Flaten 2001, Gillette-Guyonnet et 
al. 2005). However, studies dealing with Al in 
foodstuff and AD incidence are scarce (Rogers 
and Simon 1999). A statistically significant rela-
tionship was found between AD and elevated 
amounts of Zn and Fe in the brain, but not in 

the pituitary gland (Cornett et al. 1998a, 1998b) 
nor in the hair and serum for the latter element 
(Shore et al. 1984). As shown above, Zn and Fe 
are enriched in cow milk (Alhonen et al. 1997) 
and Fe in oat (Yli-Halla and Palko 1987) in a.s. 
soil areas. In western Finland, where these soils 
are particularly abundant (Fig. 1) and affect 
the metal concentration of stream waters (Fig. 
2), crops and milk, it is reasonable to assume 
that, at least locally on some temporal scale, the 
metal (e.g. Al, Zn) uptake by humans is elevated. 
Therefore, it can not be excluded that chronic 
exposure to the abundantly available Al may 
have potential impacts on human health. Thus, 
an obvious risk group would consist of people 
deriving their food (e.g. vegetables, milk), raw 
products and drinking water from local farmland 
consisting of these soil types supplying abundant 
amounts of soluble Al to the environment. It 
should be stressed that a systematic epidemio-
logical study on the potential health risks of a.s. 
soils in Finland is urgently needed. In addition, 
research on the speciation of potentially toxic 
elements in raw milk in a.s. soil areas should be 
conducted before any conclusive results can be 
drawn on their potential effects on human health. 
More research is also needed on the elemental 
composition of e.g. well water in a.s. soil land-
scapes.

The findings of Tanner et al. (1999) showed 
that genetic factors do not seem to play a major 
role in the majority of cases of Parkinson’s 
disease (PD), the second most widespread neu-
rological disorder. However, several environ-
mental risk factors (e.g. metals, pesticides) have 
been implicated with PD (Gorell et al. 1997, 
2004, Gorell and Checkoway 2001, Priyadarshi 
et al. 2001, Baldi et al. 2003, Zatta et al. 2003, 
Uversky 2004, Brown et al. 2005). Occupational 
exposure to Mn has been significantly associ-
ated with PD (Gorell et al. 1997, 1998, 1999), 
but others found no association between Mn 
exposure and the development of PD (Seidler 
et al. 1996, McDonnell et al. 2003, Jankovic 
2005). Nevertheless, caution should be taken in 
interpreting the results since many of the stud-
ies may have suffered from low power to detect 
outcomes. The overall high concentrations and 
widespread dispersion of Mn in the crops and 
stream water draining a.s. soils have received 
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little attention, probably due to that no conspicu-
ous impact on human health have hitherto taken 
place, which however does not mean that there 
is none. There are evidence linking exposure to 
combined metals (Fe-Cu, Pb-Fe, Cu-Pb) with 
PD (Gorell et al. 1997, 1998, 1999, Gorell and 
Checkoway 2001). However, no link was found 
between Fe exposure alone and PD (Gorell et 
al. 1999), and according to Brown et al. (2005) 
other studies showed variable results for the 
relationship between exposure to Al, Cu, Pb, Hg, 
and Zn and PD. Although the release and solubil-
ity of Pb, Hg and Fe in the Finnish a.s. soils are 
limited, Cu is mobilised in moderate and Al and 
Zn in very large amounts. Future studies provid-
ing information and knowledge on the exposure 
to elevated concentrations of potentially toxic 
metals in a.s. soil areas and surroundings and 
the possible health outcome should be under-
taken. Moreover, other elements (e.g. Cr, Co, 
Ni) which are significantly mobilised in these 
soils and elevated in crops grown on them, but 
not generally associated with PD or AD, should 
be included to further define their individual and 
combined potential effects on human health. The 
overall high heavy-metal concentrations in the 
crops grown on these soils have received little 
attention, probably due to the fact that no serious 
negative effects have so far taken place, at least 
none that has been directly linked to an a.s. soil 
source.

Conclusions

The review of the literature concerning environ-
mental effects caused by the release of metals in 
Finnish a.s. soils clearly showed that the studies 
that were undertaken are alarmingly few. In addi-
tion, those few studies indicate an extensive and 
serious effect on biota, including metal imbal-
ance in crops and elevated concentrations of Al 
and Zn in the milk of cows. Furthermore, a.s. 
soils have significant, but spatially and tempo-
rally variable impacts on biodiversity and com-
munity structure of fish, benthic invertebrates 
and macrophytes. Therefore, further research is 
urgently needed, and should include (i) the deter-
mination of all the a.s. soil derived potentially 
toxic metals and their speciation in dairy prod-

ucts, important raw materials (grain and cereal 
products), crops used in e.g. fodder and food and 
various fish and aquatic (e.g. Carex) species in 
a.s. soil landscapes, (ii) the short-term dynamics 
of water chemistry and metal speciation in both 
estuarine and river environments affected by 
a.s. soils under variable hydrological conditions 
in order to assess hybrobiological effects and 
risks, and (iii) a more comprehensive research 
on ecotoxicological impacts of a.s. soils on 
aquatic animal and plant communities. Addition-
ally, a prominent aspect that should be of great 
concern for researchers and the general public, 
would involve interdisciplinary studies assess-
ing possible relationships between the incidence 
of specific diseases (e.g. neurodegenerative and 
heart diseases) and abundances of potentially 
toxic metals (in combination with deficiencies 
of nutrients) in a.s. soil affected drinking water, 
dairy products and food.
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