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ABSTRACT

NO;, Mn, Fe, and SO, act as terminal electron
acceptors (TEAs), modifying mineralization path-
ways and coupling biogeochemical cycles. Al-
though single TEA concentrations and fluxes have
been intensively studied, the factors regulating the
simultaneous fluxes and molar ratios of TEAs are
poorly elucidated. We studied the mean concen-
trations, exports, and molar ratios of TEAs from 27
boreal catchments differing in land cover (per-
centage of agricultural land, peatland, forest, and
built-up area) during the years 2000-2011. TEA
exports and molar ratios were strongly controlled
by land cover and only a little by atmospheric
deposition. Fields produced the highest export of
TEAs, particularly NOs. Peatland was linked to low
NOs; and SO, but high Fe exports. NO3, Mn, and Fe

exports from forests were low, SO, having pro-
portionally the highest export. Together, the per-
centages of field and peatland predicted 93, 80, 75,
and 67% of the variation in the export of NO3, Mn,
Fe, and SO, respectively. The variable export of
TEAs having different availability and physical
behavior may create different premises for anaer-
obic mineralization in downstream systems, which
adds a new dimension to the link between terres-
trial system, land use, and environmental prob-
lems, such as eutrophication and climate change.

Key words: atmospheric  deposition;  climate
change; eutrophication; iron; land cover; manga-
nese; nitrate; organic carbon; sulfate.

INTRODUCTION

Only linking the ecological status of surface waters
to the load of nutrients and organic C may prove to
be too narrow a perspective toward understanding
and managing aquatic ecosystems. The export of
terrestrial organic C and primary production
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determine the potential for mineralization in a
body of water. Microbial redox reactions consum-
ing terminal electron acceptors (TEAs) are central
in mineralization processes. TEAs include a set of
common compounds, for example, O,, NO3;, Mn
and Fe oxides, and SO4. Through the primary and
secondary redox reactions, TEAs contribute to
(i) the availability of nutrients (Rysgaard and oth-
ers 2001; Smolders and others 2006, 2010; Lehto-
ranta and others 2009; Burgin and others 2011;
Hall and Silver 2013), (ii) the fluxes of greenhouse
gases (Conrad 1996; Dise and Verry 2001; Davidson
and Seitzinger 2006; Raghoebarsing and others
2006; Beal and others 2009; Knittel and Boetius
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2009; Cai and others 2012; Bridgham and others
2013; Kortelainen and others 2013), and (iii) the
mobilization of harmful substances (Islam and
others 2004; Burgin and others 2011). For exam-
ple, a generation of toxic sulfides (Wang and
Chapman 1999) may block Fe cycling and enhance
the release of P from bottom sediments into water
(Smolders and others 2006, 2010; Lehtoranta and
others 2009). Therefore, the ecological status of an
aquatic system is also a function of TEAs, as they
partly control mineralization processes and path-
ways. Yet, the fluxes of TEAs and the factors reg-
ulating them at the catchment level have remained
poorly quantified.

Depending on the availability of organic C and
TEAs, and the morphological features of the sys-
tem, TEAs and their end products may escape an
aquatic system (i) untouched, (ii) in a more re-
duced or oxidized, yet dissolved form, (iii) in a
gaseous form (N,, N,O, H,S) after the reduction
process, or (iv) through burial of solid compounds
(N, Mn, Fe, S) in bottom sediments. Owing to such
losses, an external source of TEAs or their precur-
sors is needed to maintain TEA concentrations in
the system, although endogenous oxidation pro-
cesses may sustain a specific mineralization path-
way in surface sediments for significant periods
(that is, reductive and oxidative cycles of Fe or S;
Urban and others 1994; Holmer and Storkholm
2001; Thomsen and others 2004).

Atmosphere, soil, and bedrock form the primary
sources of TEAs, while land cover may markedly
modify the TEA export from the catchment into
aquatic systems (Figure 1). In agricultural fields,
fertilization increases the fluxes of NOs; and SO4
(Korkman 1973; Mattsson and others 2007) and
tillage those of Fe oxides by accelerating soil ero-
sion (Ekholm and Lehtoranta 2012). In peatland,
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Figure 1. Factors controlling the export of major elec-
tron acceptors from terrestrial systems affecting miner-
alization and the coupling of element cycles in aquatic
systems.

the export of TEAs may be governed by the peat
itself and by soil underneath through anaerobic
microbial redox processes, driven by natural or
man-made fluctuation of the water level (Marti-
kainen and others 1993; Regina and others 1996;
Morth and others 1999; Eimers and others 2004;
Kane and others 2013). In contrast to water-logged
peatland, the prevailing oxic conditions in forests
may maintain the ability of soil to retain TEAs
(MacDonald and others 2002; Fuss and others
2011). NOs; may also be retained through the
assimilation of biota to long-term organic pools,
which reduces the flux of NO; from boreal forests
(Tamm 1991; Kortelainen and others 2006). In
addition to land cover, atmospheric deposition may
be an important driver affecting TEA export (Dise
and Wright 1995; Gundersen and others 2006;
Mattsson and others 2007), but the separate and
mutual importance of these two factors regulating
TEA export is largely unknown in boreal catch-
ments. Moreover, most of the studies on TEAs have
not recognized the inherent connection of TEAs,
but have looked at specific TEAs separately from
the viewpoint of acidification, erosion, eutrophi-
cation, and pollution (Henriksen and others 1992;
Curtis and others 2005; Lehtoranta and others
2009; Ekholm and Lehtoranta 2012; Kopacek and
others 2013).

The objective of this study was to investigate the
export and molar share of TEAs (NOs, Mn, Fe, and
SO4) and how they vary in relation to the catch-
ment land cover. To this aim, we examined
numerous boreal catchments differing in land
cover, hypothesizing that land cover and atmo-
spheric deposition control the average annual ex-
port and the molar proportion of TEAs from the
catchments.

MATERIALS AND METHODS
Study Areas

The analysis was made for 27 catchments differing
in land cover (Figure 2; Table 1). The catchments
were located all over boreal Finland, between lati-
tudes 60 and 68°N, and their areas ranged from 0.1
to 4,283 km?. Land cover was divided into five
percentual classes: peatland (open and forested
peatlands, Peat%), forests on mineral soils (For-
est%), agricultural fields (Field%), built-up areas
(Built-up%), and water (Water%). The land-cover
data were derived from the national CORINE land-
cover (CLC2006) database (25 x 25 m grids), except
for Field% and Built-up%. In the national CORINE
database, Peat% was based on the topographical
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database of the National Land Survey of Finland.
Peat% includes areas in which peatland vegetation
dominates and the thickness of the peat layer is at
least 30 cm. Field% was obtained from the field plot
register owned by Mavi (Agency for Rural Affairs),
in which all the field plots receiving area-based
subsidies in 2010 were digitized. Built-up% was
derived from the Urban layer database (25 x 25 m
grids) of the Finnish Environment Institute. Land-
cover data for small forested catchments (4, 6, 13,
17, 19, 22, 23, 24, 25, 27) were derived from field
inventories.

Forest% ranged from 30 to 92 (average 62,
Table 1) and was dominated by coniferous species,
mainly Norway spruce (Picea abies Karsten) and
Scots pine (Pinus sylvestris L.). Field% varied be-
tween 0 and 42 (average 6.7) and Peat% between 0
and 70 (average 28). Water areas, mainly small
lakes, covered only 0-4% (average 1%) of the
catchments. Built-up% included paved surfaces,
such as urban or industrial areas, road networks,
and aggregate extraction sites, and accounted for
0-6.9 (average 1.3). All the catchments were
sparsely populated and point-source loading was
negligible. Thus, the main human impacts in these
catchments were due to agriculture, forestry, and

Catchments
1 Yli-Knuuttila
2 Laanioja
3 Paimionjoki
4 Kangasvaara
5 Mustijoki
6 Kangaslampi
7 Siikajoki
8 Aurajoki
9 Teeressuonoja
10 Ruunapuro
11 Ylaneenjoki
12 Virojoki
13 Porkkavaara
14 Kiiminkijoki
15 Vaha-Askanjoki
16 Myllypuro
17 Kivipuro
18 Kesselinpuro
19 Koivupuro
20 Huhtisuonoja
21 Kelopuro
22 Liuhapuro
23 Murtopuro
24 Korsukorpi
25 Valipuro
26 Kuivajoki
27 Suopuro

Atmospheric deposition stations
South (Kotinen)
Central (Hietajarvi)
North (Kuusamo)

Figure 2. Location of the
catchments and
atmospheric deposition
stations.

atmospheric deposition. The forestry practices,
when present, consisted of thinning, clear-cutting,
ditching, and/or soil scarification. Three catch-
ments (22 Liuhapuro, 25 Valipuro, and 13 Porkk-
avaara) represented natural-state forests, where no
forestry operations had been carried out during
recent decades. Agricultural practices consisted of
cereal crop and grass cultivation, with some poul-
try, pig, and cattle animal husbandry.

Bedrock was formed of granitic rocks, migma-
tites, and schists. Till and fine late-glacial minero-
genic sediment covered the bedrock. Extensive
fine-sediment deposits were mainly found in
southern and western Finland. The soils in forested
areas were Podzols or Dystric and Eutric Histosols.
The soils not covered by forest were Leptosols,
Cambisols, and Gleysols. The mean annual tem-
perature was about 6°C in the southernmost
catchments and about 0°C in the northernmost
catchments. The mean annual precipitation ranged
from 400 to 700 mm and the mean annual runoff
from 203 to 440 mm during the study period
(Table 1). The catchments have been described in
more detail by Seuna (1983), Finér and others
(1997), Vuorenmaa and others (2002), and Korte-

lainen and others (2006).
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Sampling and Determinations

The study period covered the years 2000-2011. Daily
runoff from the catchments was monitored for, pre-
dominantly, 11 or 12 years, except Yli-Knuuttila (1),
where the runoff data was only available for 4 years.
Daily runoff was determined by the rating curve
method, using continuous water level data, or in the
case of some rivers, from data obtained from hydro-
power plants. Water samples were taken, on average,
9-41 times per year, concentrating on spring and
autumn high-flow periods (Table 2). The samples
were analyzed with accredited methods in the labo-
ratories of Regional Environment Centres and the
Finnish Environment Institute. NO; was analyzed by
the Cd method and SO, by ion-chromatography.
Concentrations of total Fe, total Mn, total N, and total
P were determined colorimetrically after digestion
with K,S,0g in an autoclave. The digestion trans-
forms analyte to a reactive form, oxidizes organic
matter, and reduces inferring color, but may not at-
tack all element forms, for example, those strongly
bound in mineral particles. In Fe and Mn determi-
nations, digestion is performed at low pH to form
reactive forms of Fe and Mn. Fe(Ill) is reduced to
Fe(II) by hydroxylammonium chloride, and Fe(II) is
stained by TPTZ. Mn(Il) is stained by formaldoxime.
According to a validation performed on natural waters
by the Finnish Environment Institute, the total Fe
determined with the above method differed less than
10% from total Fe determined with ICP-OES after
digestion with nitric acid in a microwave oven.
However, the colorimetrically analyzed total Mn gave
somewhat higher and more variable results than ICP-
OES, which may indicate that the Mn values are
overestimates. In our catchments, Fe and Mn have
probably been in various chemical and physical forms,
such as attached to inorganic particles in agricultural
runoffand to organic colloids in humic waters. In such
a setting, total concentrations include a variable
fraction of bioavailable forms. The concentrations of
total suspended solids (TSS) were determined as the
portion retained on the 0.4 um polycarbonate or glass
fiber filter. TOC concentrations were determined
using high-temperature oxidation followed by infra-
red gas measurements. We excluded O,, as its supply
is determined by water—air interactions, rather than
land cover or atmospheric deposition.

The annual SO4, NO;, Fe, and Mn bulk deposi-
tion values for southern, central, and northern
Finland were derived from three deposition sta-
tions (Kotinen, Hietajidrvi, and Kuusamo, Figure 2)
run by the Finnish Meteorological Institute. The
bulk deposition was measured continuously, using
weekly or monthly sampling, according to the

EMEP manual (EMEP 2001). The samples were
analyzed with accredited methods in the laboratory
of the Finnish Meteorological Institute.

Calculations and Statistical Analyses

Daily concentrations for non-sampled days were
linearly interpolated from sequential determined
values. The daily loads were calculated by multi-
plying daily concentrations with daily runoff and
annual exports were obtained by summing up the
daily values. The limited frequency of the sampling
and interpolation of concentrations may cause
uncertainties in the calculated exports. The esti-
mated exports may differ from the true exports, as
the concentrations do not change linearly over time
and there can be a short-term variation in water
quality related to flow paths, transit times and dis-
charge, and temporal variability in the biological
activity (Barco and others 2013). In our study, the
sampling frequency was higher during the high-flow
periods in spring and autumn, which improved the
accuracy of the element export estimates (Rekolai-
nen and others 1991). To estimate the reliability of
the linear interpolation method, annual exports
were also estimated, using flow-weighted mean
concentrations for a few catchments and the results
given by these two methods were at the same level.
The relationship between land-use patterns and
the export of TEAs was examined with principal
component analysis (PCA) and multiple regression
analysis. The five land-cover classes (field, built-up
area, forest, peatland, and water) were used as pre-
dictors of mean annual concentrations and exports of
TEAs. In the regression analysis, we entered the land-
cover classes one by one in the model, built sepa-
rately for each TEA, and then selected the models on
the basis of explanation power and mutual correla-
tion between the explaining variables, excluding
models with a variance inflation factor exceeding
five. The regression models were validated using an
independent dataset: catchments were arranged,
according to Peat% in ascending order and every
second, that is, 14 catchments were included in the
model and the remaining 13 catchments were used
in the model validation. The statistical analyses were
performed with CANOCO and SAS softwares.

REsuLTS

TEA Concentrations, Export,
and Proportions

The atmospheric deposition of all the TEAs de-
creased from south to north (Figure 3A, B), but the
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molar share of TEAs was similar in all the three
sites, NO3 and SO,4 being the dominant TEAs (Fig-
ure 3C). In runoff, the variation in the average
annual concentrations of NO; (range 0.3-
130 pmol 1), Mn (0.2-4.7 pmol 1"), Fe (2-
122 pmol I7), and SO, (5-189 umol 17'), among
the catchments was large (Table 2). The concen-
tration of NO; increased with Field% (NOs = 3.1
Field% + 5.5, * = 0.89), with only two “non-
agricultural” catchments (1 Yli-Knuuttila and 9
Teeressuonoja) having a high NO5; concentration.
The concentration of Fe also correlated positively
with Field%, although less than NO; (Fe = 1.7
Field% + 22, r* = 0.57). In agricultural catchments,
Fe and Mn concentrations correlated positively with
TSS (r = 0.93, P < 0.01), indicating that Fe and Mn
were mainly in a particulate form. The concentra-
tions of SO, increased with Field% and decreased
with Peat%. The concentrations of SO, correlated
best with total N (r =0.89, P < 0.01) and NO;
(r=0.87, P < 0.01) out of the determined water
quality variables. Catchment 18 (Kesselinpuro) had
a high SO, concentration despite a negligible
Field%, which is probably related to the presence of
black schists in the bedrock of this catchment.

The variation in the TEA export among the
catchments (Figure 4) was highest for NO; (range
50-40700 mol km~2 a~!, the maximum export
was 814 times higher than the minimum export)
followed by Fe (850-44,300 mol km™2 a~!, max/
min = 52x), Mn (50-1470 mol km % a~', max/

min = 29x), and SO, (1790-42260 mol km % a™’,
max/min = 24x). The relative distribution of the
concentrations and exports of TEAs were rather
similar (Figure 5). NO3;, Mn, and SO, exports were
highest in the agricultural catchments (Figure 4).
Fe exports were higher in agricultural and peat-
land-dominated catchments than in forest-domi-
nated catchments. The exports of Mn, Fe, and SO4
exceeded their inputs from atmospheric deposition
(Figures 3, 4). In contrast, NO5 exports from forest-
and peatland-dominated catchments were smaller
than inputs from the deposition. The molar distri-
bution of TEAs in runoff differed greatly from that
in atmospheric deposition; SO, and Fe were the
dominant TEAs in runoff, the proportion of Mn
being only 0.5-4% (Figure 5). The proportion of
NO; was highly variable among catchments
(1-46%). Atmospheric deposition was a poor pre-
dictor for Fe (r#=0.002, P=0.316) and SO,
( = 0.001, P = 0.321) export and explained only
24% and 27% of the variation in NO; and Mn
exports, respectively (P < 0.01).

Effect of Land Cover on TEA Export

According to PCA, land cover explained 76% of the
variation in TEA export (F = 13.0, P = 0.002). The
first two axes represented 68 and 7% of the total
variation. The PCA ordination indicated that the
export of TEAs increased with Field% (Figure 6A).
The export of SO, was also positively correlated
with Built-up%. The increase in Forest% decreased
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the export of Fe, and an increase in Peat%
decreased the export of SO, (Figure 6A).

Land cover explained 76% of the variation in
TEA proportions (F = 13.3, P =0.002). The PCA
ordination indicated that the proportion of NO;
flux increases with an increasing Field% and Built-
up% (Figure 6B). Peat% increased the proportions
of Mn and Fe and resulted in a low proportion of
SO4. The proportion of SO4 increased with For-
est%.

Multiple regression analysis showed that out of
the land-use classes, Field% and Peat% best de-
scribed the TEA export. Together, they explained as
much as 93, 80, 75, and 67% of the NO;, Mn, Fe,
and SO, export, respectively, when all the catch-
ments were included in the analysis (Figure 7). The
coefficients of SO, and NO5 for Peat% were nega-
tive. The model validation gave similar results. The
models for the 14 catchments predicted 93, 86, 76,
and 76% of the NOs, Mn, Fe, and SO4 exports for
the 13 validation catchments, respectively. The

exports estimated from the regression models show
that the increase in Field% enhances the export of
all TEAs (Figure 8A), but that the proportion of SO4
in the TEA export decreases (Figure 8C). On the
other hand, an increase in Peat% decreases for NO
and SO, exports (Figure 8B), Fe being the major
TEA from peaty catchments (Figure 8D).

DiscussioN
Deposition and TEA Export

Our study showed that the export and molar ratios
of TEAs in northern European boreal catchments
are predominantly a function of land cover and
catchment processes, rather than atmospheric
deposition (Figure 7). This is also the case for the
export of NOs, although in boreal forest- and
peatland-dominated  catchments, atmospheric
deposition is the major N source, larger than N
fertilization (Kortelainen and others 1997) and
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N-fixation (DeLuca and others 2002). The deposi-
tion of NOs; and SO, in Finland (5,300-
11,200 mol km™2 a~! NO;, 3,100-5,600 mol km™
2a~!' s0O,) is small, compared to central and
southern Europe (43,000-135,000 mol km™% a™'
NO;, 25,000-87,000 mol km % a~' SO,) (Lorenz

and others 2008). In areas of higher deposition,

NOs3 and SO4 exports are presumably more closely
linked to atmospheric deposition (Dise and Wright
1995; Gundersen and others 2006; Evans and
others 2008). Despite the fact that Finland is a long
country and the deposition decreases from south to
north, the molar ratio of TEAs in the deposition
was similar in both southern and northern Finland.
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Agricultural Land and TEA Export

Fields produced the highest TEA export (Figure 4),
the high molar share of NO5 giving field runoff an
identifiable signature (Figures 5, 6B). Several fac-

cultural lands are fertilized and tend to locate on

tors affect the large TEA export from fields. Agri-

clayey soils that are sensitive to erosion. The soils
have high concentrations of Mn and Fe (Sippola
1974) and are well drained by ditches and subsur-
face-drains. The surface is also tilled and often lacks
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vegetation during high run-off periods in the spring
and autumn. Soil erosion was presumably the
major source of Mn and Fe, as suggested by their
close correlation with TSS, whereas NO; and SOy4
probably mainly originated from fertilizers, organic
matter degradation, and atmospheric deposition
(Vuorenmaa and others 2002; Mattsson and others
2007; Ekholm and Lehtoranta 2012). Annually
about 650,000-850,000 mol N km > and 47,000~
62,000 mol S km™? are added with fertilizers to
agricultural fields in Finland (Salo and others 2007;
Yli-Halla and others 2011). Both NO5; and SO4
concentrations have also been shown to correlate
positively with Field% in previous studies (for
example, Korkman 1973; Ekholm and others 2000;
Strayer and others 2003; Williams and others 2005;
Mattsson and others 2005, 2007).

Forests and TEA Export

Forests exported TEAs much less than fields
(Figure 4). Boreal forests are N-limited and the
losses of NO5; are negligible (Tamm 1991; Mac-
Donald and others 2002), if extensive forestry
operations have not been carried out (Palviainen
and others 2014). In podzolic forest soils, Mn and
Fe are enriched and retained in the B-horizon as
oxides and hydroxides (Lundstrom and others
2000). SOy, in turn, is adsorbed onto the surfaces
of aluminum and iron oxides and hydroxides in
mineral soils (Gustavsson and Jacks 1993; Piirai-
nen and others 2002). TEA concentrations and
exports in forest-dominated catchments were of
the same order of magnitude as previously
reported for boreal forested catchments (Nilsson
1985; Tarvainen and others 1997; Kortelainen and
Saukkonen 1998; Mattsson and others 2003; Finér
and others 2004; Kortelainen and others 2006;
Bjorkvald and others 2008). Forests leached pro-
portionally more SO, than peatlands. Coniferous
trees are efficient at intercepting SO, dry deposi-
tion and, therefore, throughfall in the forest con-
tains more SO, than bulk deposition (Piirainen
and others 2004). The export of Mn, Fe, and SO4
in runoff exceeded the atmospheric input which is
in line with other mass balance studies from for-
ested catchments (Navratil and others 2007;
Watmough and others 2005, 2007; Bjorkvald and
others 2009).

Peatlands and TEA Export

The water-logged peatlands produced low exports
of NO5 and SOy, but high exports of Fe. Retention
of NOs is usually high in northern peatlands and

NO; concentrations in peatland waters are low
(Gorham and others 1984; Lepist0 and others
2001). Nitrogen mineralization and nitrification
rates are lower in peatlands than in mineral forest
soils (Devito and others 1999), and a high water
table promotes anaerobic conditions in peatlands,
which can result in increased denitrification and
consequently low NO5; export (Martikainen and
others 1993; Regina and others 1996). The increase
in Peat% decreased the export of SO,4. Unlike well-
aerated forest soils, anaerobic peat layers may
immobilize S in the form of organic C bonded S, Fe
monosulfide (FeS), and pyrite (FeS,) by means of
dissimilatory bacterial SO, reduction (Morth and
others 1999; Eimers and others 2004; Novak and
others 2005). Significant negative correlation be-
tween Peat% and NO; and SO, concentrations
have also been observed in other boreal headwater
and river basins (Kortelainen and Saukkonen 1995;
Eimers and others 2004; Finér and others 2004;
Mattsson and others 2005, 2007; Kortelainen and
others 2006; Bjorkvald and others 2009; Pester and
others 2012). Fields produced the highest export of
Fe, but it is evident that peat environments are also
a major source of terrestrial Fe in surface waters, as
highlighted by previous studies (Heikkinen 1994;
Kortelainen and Saukkonen 1998; Dillon and
Molot 1997; Kortelainen and others 2006). Fe
export from peatland-dominated catchments cor-
related with TOC export (r = 0.599, P = 0.007).
The biogeochemical cycles of TOC and Fe are
strongly interlinked (for example, Shapiro 1966;
Knorr 2013) and a major part of Fe is exported as
organic Fe-rich colloids (Kortelainen and Saukko-
nen 1998; Bjorkvald and others 2008). Likewise,
the mobilization of Mn is strongly controlled by dis-
solved organic matter (Tarvainen and others 1997;
Graham and others 2002), which was reflected in our
data as an increased proportion of Mn in the TEA
export with increasing Peat%.

In addition to the above land-cover classes, other
factors, such as bedrock, soil texture and fertility,
weathering, the decomposition degree of peat,
catchment slope, and land management practices,
probably cause a variation in TEA export (Urban
and others 1990; Ekholm and others 2000; Matts-
son and others 2003; Finér and others 2004; Her-
ranen 2009; Palviainen and others 2014). For
example, a high NOj export from forested Catch-
ments 1 (Yli-Knuuttila) and 9 (Teeressuonoja) may
be due to the abundance of fertile Oxalis—Myrtillus
forest site types (Cajander 1949) in these catch-
ments (Kortelainen and others 2006). Furthermore,
geology and soil properties largely determine the
land use. Generally, most fertile soils are converted
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to fields and, therefore, runoff chemistry is the
combination of soil development and land use.

Significance of TEAs

We have shown a great variability of the export of
TEAs from different land-cover classes in the boreal
zone, but the behavior and retention of TEAs and
their significance may vary in the recipient system,
depending on the morphology, retention time, and
trophic status of the system (Rysgaard and others
2001; Thomsen and others 2004; Maerki and others
2009; Finlay and others 2013). The physical and
chemical forms of NOs5, Mn, Fe, and SO, determine
whether these substances can actually be used as
TEAs in anaerobic mineralization processes down-
stream. In our study, NOs and SO, are probably
predominantly in a dissolved form, readily to be
used as TEAs, whereas Mn and Fe were measured
as total concentrations, which do not reveal their
direct availability as TEAs in clay particles (Kostka
and others 1999, 2002) or in organic complexes
(Allard and others 2004; Gaffney and others 2008;
Pédrot and others 2011). In agricultural and peat-

land catchments, Mn and Fe correlated with TSS
and TOC, respectively, indicating that Mn and Fe
were in a form that may settle on the bottom. In
contrast, dissolved NO5; and SO, are more likely to
be transported through the system with less con-
tact to anaerobic layers. Yet, the export of organic
N and S may form a significant source for TEAs
after mineralization and oxidation to NO; and
SO4. TEAs also affect mineralization and material
fluxes in the catchment, but their importance is
pronounced in aquatic systems, where anaerobic
mineralization plays an important role in sedi-
ments. Climate change scenarios predict increasing
precipitation for northern FEurope and an
increasing frequency of heavy rainfalls over land
areas (Denman and 2007), which can be supposed
to result in an increased variation of redox con-
ditions. Several recent studies suggest that climate
change may lead to increased TEA export from
temperate and boreal catchments, due to changes
in precipitation, runoff regimes, and soil redox
conditions (Heal 2001; Clark and others 2005;
Kritzberg and Ekstrom 2012; Knorr 2013; Sarkk-
ola and others 2013).
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CONCLUSIONS

Our study demonstrates that both concentrations
and exports of TEAs are specific for each land-cover
class (Figure 8). On the basis of our findings,
changes in the export of TEAs may emerge through
an increase in Field%, whereas afforestation may
decrease TEA export, but increase the relative
proportion of SO4. Clear-cutting, in turn, may en-
hance NOs fluxes (Palviainen and others 2014).
Terrestrial ecosystems and their utilization create
different premises for the anaerobic mineralization
pathways. These pathways, in turn, may have
fundamental effects on the system functions
through the feedbacks on the retention ability of
nutrients and harmful substances and the forma-
tion of greenhouse gas fluxes in the aquatic eco-
systems. The acknowledgement of the concept of
coupled biogeochemical cycles might enhance an
understanding of not only the outcome of a diffuse
load in a body of water, but also of the load gen-
erating factors in the catchments. This highlights
the need for considering the influences of land-
scape characteristics on the export of TEAs—in
addition to the load of organic C and nutrients—in
predicting long-term changes in the biogeochem-
istry of terrestrial and aquatic systems.
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