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• Fe has a key role in biogeochemical and
ecological contexts in boreal catch-
ments.

• Fe hasmany harmful impacts on aquatic
organisms and ecosystems.

• Drivers of Fe transport should be better
known in water management.

• Catchment-scale approaches are re-
quired to create effective management
of Fe.
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Iron (Fe) is an important element in aquatic ecosystems worldwide because it is intimately tied with multiple
abiotic and biotic phenomena. Here, we give a survey of manifold influences of Fe, and the key factors affecting
it in the boreal catchments and their waters. It includes the perspectives of biogeochemistry, hydrology, ecology,
and river basin management. We emphasize views on the dynamics and impacts of different forms of Fe in riv-
erine environments, including organic colloids and particles, as well as inorganic fractions. We also provide per-
spectives for land use management in boreal catchments and suggest guidelines for decision making and water
management. Based on our survey, themain emphases ofwater protection andmanagementprograms should be
(i) prevention of Femobilization from soil layers by avoiding unnecessary land-use activities andminimizing soil
disturbance in high-risk areas; (ii) disconnecting Fe-rich ground water discharge from directly reaching water-
courses; and (iii) decreasing transport of Fe to watercourses by applying efficient water pollution control ap-
proaches. These approaches may require specific methods that should be given attention depending on
catchment conditions in different areas. Finally, we highlight issues requiring additional research on boreal catch-
ments. A key issue is to increase our understanding of the role of Fe in the utilization of DOM in riverine food
webs, which are typically highly heterotrophic. More knowledge is needed on the metabolic and behavioral
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resistance mechanisms that aquatic organisms, such as algae, invertebrates, and fish, have developed to counter
the harmful impacts of Fe in rivers with naturally high Fe and DOM concentrations. It is also emphasized that to
fulfil the needs presented above, aswell as to develop effectivemethods for decreasing the harmful impacts of Fe
in water management, the biogeochemical processes contributing to Fe transport from catchments via rivers to
estuaries should be better understood.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The biogeochemical and ecological status of freshwater ecosystems
has beenunder extensive investigation because different anthropogenic
pressures have strongly modified lentic and lotic ecosystems during the
past decades (Sabater et al., 2018; Reid et al., 2019; Cantonati et al.,
2020; Heino et al., 2021). However, the management of natural waters
throughout Europe (e.g. based on the EU water framework directive)
has not sufficiently considered many local catchment features and ele-
ments affecting water quality. One of these elements is iron (Fe) that
is naturally present in most rivers and streams, being especially preva-
lent in the boreal region (Björkvald et al., 2008; Sundman et al., 2014).
Fe has been considered an important element because it affects both di-
rectly (Vuori, 1995; Karvonen, 1995; Laine et al., 2001; Laine and
Heikkinen, 2000) and indirectly (Neubauer et al., 2013) multiple eco-
system functions and organisms in freshwater ecosystems (Namba
et al., 2020). Functions that are likely to be affected by Fe in river ecosys-
tems, that are typically heterotrophic (Cummins, 1979), include even
organic matter use and decomposition. The key contributors to these
processes are organisms (bacteria, fungi, and invertebrates) (Allan and
Castillo, 2007). It is, however, still inadequately understood, how such
functions are modified by varying iron concentrations, and which kind
of repercussions they have for biogeochemical and ecological dynamics.

Recent studies have indicated that Fe concentrations have increased
in boreal freshwaters over the last few decades (Kritzberg and Ekström,
2012; Sarkkola et al., 2013; Björnerås et al., 2017; Xiao and Riise, 2021).
These increases in Fe concentrations have been linked to changes in pre-
cipitation and temperature (Sarkkola et al., 2013), increased occurrence
of hydrological extremes (Xiao and Riise, 2021), and increased preva-
lence of reducing conditions in the catchments (Ekström et al., 2016).
Decreases in sulphate depositions (Löfgren and Zetterberg, 2011) and
anthropogenic changes in land drainage activities (Vuori, 1995; Laine
et al., 2001) have also resulted in elevated Fe concentrations in freshwa-
ter ecosystems. As Fe plays a significant role in key biogeochemical pro-
cesses and ecosystem functions, anthropogenic activities are likely to
have increasingly harmful impacts on freshwater ecosystems in near fu-
ture. In order to successfully decrease and mitigate such harmful im-
pacts on freshwater ecosystems, knowledge on the role of Fe needs to
be summarized and inadequately known research areas have to be em-
phasized to guide further research.

Here, we give a survey of the wide and manifold influences of iron,
and the key factors affecting it (Fig. 2) in boreal catchments. Examples
on this are given mainly from Finland (Fig. 1), but for reinforcements
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and comparison also from the other parts of the Fenno-Scandinavia. Ac-
cording to Räike et al. (2012) the area of the 29 river basins in Finland
flowing to the Baltic Sea ranges from 357 to 61,466 km2, the proportion
of upland forests underlain by mineral soils from 33 to 54% and that of
peatlands from 3 to 40%. The percentage of peatlands is highest at lati-
tudes between 63° and 66°N, where also the River Kiiminkijoki basin,
one of the examples presented in this article, is situated. In Finland,
the forest cover increases towards the south. The proportion of agricul-
tural land is ranges from 1 to 43%, the majority of the croplands being
located close to the southern and western coasts. The phytogeographi-
cal differences between the boreal areas in Finland, Sweden and
Russia are small. Russian boreal forests (known in Russia as the taiga)
represent the largest forested region on Earth (approximately 12 mil-
lion km2), larger than the Amazon (WWF).

Our survey focuses jointly on biogeochemistry, hydrology, ecology,
andwatermanagement. We specifically consider the dynamics and im-
pacts of different forms of Fe in riverine environments, such as organic
colloids and particles, as well as inorganic fractions. Moreover, we
offer novel perspectives for land usemanagement in boreal catchments
aswell as suggest guidelines for decisionmaking and rivermanagement
plans. Finally, we highlight issues for new research and pinpoint issues
that require further scrutiny in the research on the significance of Fe
in rivers draining boreal catchments.

2. Iron transport in boreal catchments

Iron is a key element influencing biogeochemical processes in the
terrestrial-aquatic continuum of soils, sediments, and waters in boreal
catchments (Sundman et al., 2014), which are commonly dominated
by coniferous forests and peatlands. Such catchments are common in
areas ranging from northern Europe and Siberia to Alaska and Canada
(Schindler and Lee, 2010). These catchments are characterized by the
substantial role played by dissolved organic matter (DOM) in Fe trans-
port, accumulation, and leaching processes, especially if the catchments
are dominated by peatlands (Heikkinen, 1990a,b).

The existing knowledge refers to the dynamic nature and behavior
of Fe compounds in boreal freshwaters. The analytical methods and de-
tection limits in the studies of these compounds have been updated
over time from the main use of gel filtration in 1990s to the use of Dy-
namic Light Scattering (DLS) and X-ray Absorbance Spectroscopy
(XAS) measurements in 2010s. It has been already for a long time
known that Fe dissolved in water containing oxygen is bound mainly
to humic substances (HS) (Shapiro, 1964), i.e. the main part of the

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. Distribution of boreal (and taiga) biome highlighted in green. Darker green represents the location of research studies closely related to this survey (Sweden and Finland) (Olson
et al., 2001).
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DOM in boreal freshwaters. This form of Fe is often referred to as “dis-
solved organic Fe”. Gel filtration has shown that such Fe is mainly
bound to the high apparent molecular weight (HAMW) DOM fraction
in boreal lakes (Pennanen, 1972; Kortelainen et al., 1986; de Haan
et al., 1987; Jones et al., 1988, 1993) and rivers (Heikkinen, 1990b) in
Finland and elsewhere (Ghassemi and Christman, 1968; Koenings and
Hooper, 1976). For example, in the River Kiiminkijoki in Northern
Finland (Heikkinen, 1990b), the HAMW DOM separated is mainly col-
loidal by nature, because gel filtration was conducted using waters
prefiltered with Whatman GF/C filter (approximate pore size 1.2 μm).
According to IUPAC (1997), the material with one or more dimensions
in the size range from 1 nm to 1 μm in aquatic systems is typically de-
fined as colloids. The HAMW DOM colloids are weakly fluorescent
(Heikkinen, 1990b), and therefore supposed to be composed mainly
of weakly fluorescent (Schnitzer and Khan, 1978; Visser, 1981) humic
acids (HA). DLS measurements have also identified larger Fe particles
and complexes in boreal waters, with some being at least partly com-
posed of organic matter (OM). For example, in the study of Herzog
et al. (2020) three size distributions for themwere found from three bo-
real rivers located in southern Sweden: (1) 10–40nm, consistingmainly
Fig. 2. Key factors affecting Fe transport across the ter
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of essentially bare Fe(oxy)hydroxide nanoparticles, (2) 100–200 nm,
consistingmainly of Fe-OM complexes, and (3) 300–900 nm, consisting
mainly of Fe(oxy)hydroxides. The existence of Fe-organic matter com-
plexes in these rivers was shown also by XAS measurements, as in the
Krycklan River catchment in Sweden by Sundman et al. (2014).

The existing knowledge suggests that by contributing to the floccu-
lation and sedimentation processes of DOM in the catchments in many
ways, Fe could facilitate the biotic use of the DOM in heterotrophic river
ecosystems. There are also observations pointing out the importance of
dissolved organic Fe-colloids in the biotic use of phosphate (PO4)
transported in boreal catchments. These issues, as well as the effects
of Fe on the photic zone in riverine environments, are considered in
more detail in Section 3.

In general, redox potential and pH conditions determine speciation
and solubility of inorganic Fe (Pankow, 2020) during its course down-
stream in the river network. In aerobic freshwaters, inorganic Fe is typ-
ically present as thermodynamically stable oxidation state Fe(III),which
is precipitated to form brownish (oxy)hydroxides. The oxidation
(Pankow, 2020) and precipitation (Neubauer et al., 2013) processes of
inorganic Fe are dependent on pH.
restrial-aquatic continuum in a boreal catchment.
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Fe originates and is weathered from bedrock and soil minerals in a
catchment (Sundman et al., 2014). Peatlands can serve as sinks or
sources of Fe in typical boreal catchments, depending on prevailing hy-
drological and biogeochemical conditions. In many cases, waters
draining peatland-dominated catchments have higher Fe concentra-
tions than those draining forest-dominated catchments (Kortelainen
and Saukkonen, 1998; Björkvald et al., 2008; Sarkkola et al., 2013;
Palviainen et al., 2015).

In boreal minerotrophic peatlands, Fe is enriched in the deeper,
partly anaerobic peat layers (Puustjärvi, 1953). It is transported from
these peatlands mainly in the form of dissolved organic Fe-P-colloids
in boreal areas (Heikkinen, 1990b), which is also a general finding
from freshwaters worldwide (Shapiro, 1964; Ghassemi and
Christman, 1968; Golterman, 1973; Jackson and Schindler, 1975; Jones
et al., 1988). It is also known that HS may enhance weathering of iron-
silicate minerals (Krachler et al., 2010). Fe, in turn, can promote soil or-
ganic matter decomposition in peatlands if oxygen (O2) becomes
limited (Chen et al., 2020). Furthermore, microbes are driving many
element cycles and linking together different chemical elements
including Fe (Falkowski et al., 2008; Lauderdale et al., 2020). Electron
acceptors, i.e. oxygen, nitrate, Fe, Mn and sulphate, contribute to the
decomposition of organic matter in different ecosystems. When
energetically more favorable electron acceptors, i.e. oxygen and
nitrate, have been depleted, the decomposition is mainly driven by Fe,
followed by Mn and sulphate.

Moreover, Fe and Al oxides and oxyhydroxides could promote the
stabilization of organic matter in peatlands, as has been observed
among a range of field soils by Wagai and Mayer (2007). The impacts
of Fe on the formation and preservation of soil organic matter presum-
ably play a significant role in the global carbon cycle, where soil organic
matter represents an important carbon reservoir. However, they are
poorly understood.

Podzols are typical soils in boreal coniferous forests. Their develop-
ment is strongly associated with Fe concentrations in soil profiles
(Lundström et al., 2000). In the podzolization process, Fe is complexed
with organic matter derived from the decomposition of the organic co-
niferous needle layer. The dissolved organic Fe complexes are subse-
quently translocated deeper in the soil profile and adsorbed or
precipitated in the illuvial horizon, resulting in a whitish, strongly
bleached eluvial horizon above. The colour of the illuvial soil horizon
is either red or reddish-brown, being strongest in the upper parts of
the soil horizon. Many fundamental aspects of podzolization and Fe
transport from podzol soils are still poorly understood, however.
Based on existing knowledge from peatlands and humic rivers
(Heikkinen, 1990b), riparian soil waters (Sundman et al., 2014), lakes
(Kortelainen et al., 1986) and headwater streams (Kortelainen et al.,
2006), it is probable that Fe from podzol soils is also transported to
water bodies mainly as dissolved organic Fe- colloids. This presumption
must be verified, however, because improved knowledge would facili-
tate the development of novel management methods for water pollu-
tion control to decrease impacts of land use, for example, under
forestry practices in the catchments.

Water passes through the riparian zone, when it enters from the soil
to the stream in the terrestrial-aquatic continuum. This step in the con-
tinuum is important, as there is a gradient, i.e. redoxcline, where the
predominant conditions for the fate of Fe (and for those of other trace
elements) change from anoxic to oxic (Lidman et al., 2017; Ingri et al.,
2018). Fe occurs in ferric and ferrous ions in oxic and anoxic conditions,
respectively, which are influenced by microbial activity. The redoxcline
serves as a strip that is shown to have a strong impact on streamwater
quality in terms of Fe concentrations (Lidman et al., 2017; Ingri et al.,
2018). The Fe concentrations in the soil waters (saturated and unsatu-
rated zone) of redoxclines are clearly higher than those in the Podzol
soils further away from the riparian zones (Lidman et al., 2017). Ripar-
ian zones are also enriched with total organic carbon (TOC) (Lidman
et al., 2017), and the speciation of Fe in the riparian soilwater is strongly
4

dominated by organic Fe colloids (Sundman et al., 2014). Recently, Ingri
et al. (2018) demonstrated the effect of riparian zones on Fe transport in
headwater streams. Their results showed that the isotopic composition
of Fe in headwaters and riparian soil waters was similar, especially in
comparison with the podzol soil water or the water of the mainstem
river. Their finding further suggested that riparian zones have a decisive
role in determining water chemistry in small headwater streams.

There is a dominant source layer of Fe in riparian soils (Ingri et al.,
2018), as inminerotrophic peatlands (Puustjärvi, 1953). Approximately
60% of the total Fe transport from riparian soils originates from this nar-
row soil layer located between 35 cm and 55 cm near the groundwater
table (Ingri et al., 2018). It is also probable that the riparian zones on
peaty areas retain Fe-organic colloids derived from the soil waters, as
peatlands. This ability of peatlands has been utilized in water pollution
control to mitigate harmful impacts caused by peat extraction
(Heikkinen and Ihme, 1995; Heikkinen et al., 2018) and by forestry
practices (Joensuu et al., 2012) in water bodies.

Rivers are considered major carriers of Fe to coastal areas and to the
sea (Saitoh et al., 2008; Krachler et al., 2010). Because of the differences
in Fe enrichment and transport processes between peatland-dominated
and forest-dominated mineral soil catchments, there are also differ-
ences in the annual patterns of the dissolved organic Fe transport be-
tween these major types of boreal catchments. In the peatland-
dominated catchments, the concentrations of dissolved organic Fe and
total Fe increase gradually attaining highest levels during the winter
baseflow conditions before the spring snowmelt (Heikkinen, 1990a;
Björkvald et al., 2008). A gradual increase in Fe concentrations has also
been observed during the baseflow conditions in summer (Heikkinen,
1990a; Joensuu, 2002). During the baseflow conditions, the major run-
off component is originating from the deeper, partly anaerobic peat ho-
rizons, where Fe is enriched (Puustjärvi, 1953). In certain locations,
there may also be direct Fe-rich groundwater seepage to river channels.
In contrast, in forest-dominated catchments, total Fe and dissolved or-
ganic Fe concentrations are highest during the discharge peak caused
by spring snowmelt because the transport of Fe is closely tied to the
transport of DOM and particulates (Björkvald et al., 2008; Sundman
et al., 2014).

In the humic rivers draining peatland-dominated catchments, Fe is
transported mainly in the form of dissolved organic Fe-P-colloids
(Heikkinen, 1990a,b). As in the riparian zones, there are probably com-
plex interactions between the formation and transformation processes
of inorganic and organic Fe compounds also in the river channel. For ex-
ample, in the River Kiiminkijoki in northern Finland, therewas a gradual
and strong increase in the fluorescence intensity (i.e. in the fluores-
cence/DOC ratio) of the DOM with increasing Fe content of the DOM
(i.e. in the Fe/DOC ratio) during low-flow conditions in summer and
early autumn (Heikkinen, 1990a). This increase was supposed to indi-
cate precipitation and sedimentation of weakly-fluorescent highmolec-
ular weight (HAMW) Fe-organic colloids in summer. This presumption
was supported by Marttila et al. (2016), who analyzed temporal
changes in SS transport in rivers draining to the Bothnian Bay, based
on long-term (1967–2011) data on runoff and SS concentrations. They
found that the concentrations of fine (<0.4–1.2 μm) SS particles were
high before springfloods, during summer low-flow conditions, and dur-
ing summer and autumn high-flow periods. During these time periods,
also Fe and Al concentrations in the river water were at their highest
levels (Marttila et al., 2016).

In the humic Krycklan River, Sweden, draining forest-dominated
catchments with patches of Sphagnum moss-dominated peatlands,
changes in Fe speciation were detected along the flow path of the
river by Neubauer et al. (2013). In the peatland -dominated headwaters
with the highest DOC concentrations, Fe was mainly transported in the
form of dissolved organic Fe-colloids, whereas in larger streams of order
>1 and with higher pH-values, the proportion of nanoparticulate iron
(oxy)hydroxides precipitates within dissolved organic Fe-colloids in-
creased. The DOC concentrations in this river ranged from 53 mg l−1
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in the small peatland -dominated catchments to 19.6 mg l−1 at the
catchment outlet. Humic acids made up ≤13% of the DOM in the river
water.

The results from the boreal Krycklan River catchment (Sundman
et al., 2014), as well as those from the Suwannee River catchment in
the transitional climatic area between the warm, temperate climate of
the southeastern U.S. and the subtropical climate of the Florida penin-
sula (Baalousha et al., 2006; Baalousha, 2009; Chekli et al., 2013) sug-
gest that DOM affects the environmental impacts of iron oxide
aggregates in freshwater ecosystems by controlling the formation and
permanence of iron oxide NP aggregates. The size of Fe-organic aggre-
gates increases with increasing pH-value andwater DOM concentration
(Baalousha et al., 2006; Sundman et al., 2014). In the Suwannee River,
remarkably high concentrations of HA, one of the main chemical com-
ponents of HS and DOM in waters, induced the disaggregation of iron
oxide NP aggregates with time (Baalousha, 2009). On the other hand,
Fe2O3 NPs coated by natural organic matter may form stronger
aggregates than HA-coated Fe2O3 NPs (Chekli et al., 2013). The results
indicate that the role of DOM in the formation of iron aggregates is com-
plicated and should be studied further especially in boreal waters with
high DOM concentrations.

In boreal rivers with low DOM content, the role of inorganic Fe
compounds in Fe transport is probably higher than that of the
DOM. It is, however, probable that dissolved organic Fe-colloids
play an important role in Fe transport in the headwaters of these riv-
ers. This is because these colloids strongly dominate the riparian
zone waters (Sundman et al., 2014). The role of Fe is also important
in the sedimentation of organic matter in boreal lakes, where water
Fe concentration and carbon pools in sediments are typically
strongly correlated (Kortelainen et al., 2004; Einola et al., 2011), a
finding similar to that in marine environments (Lalonde et al.,
2012; Barber et al., 2017). In addition to clay minerals, Fe(III) oxide
particles have been shown to be responsible for the protection and
burial of a large fraction of marine sedimentary organic carbon
(OC); e.g. 25–62% of total reactive iron was directly associated to
OC (Barber et al., 2017). On the other hand, Peter and Sobek (2018)
found high variability in Fe–OC content among five Swedish lakes,
suggesting that Fe-bound OC may play a minor role for sediment
OC release in boreal lakes. Nevertheless, they also concluded that
studies of redox-related OC cycling in boreal lake sediments should
consider that the amount of Fe–OC can be high in some lakes.

In estuarine environments, Fe compounds tend to be increasingly
precipitated with increasing salinity. However, the capacity of river wa-
ters to maintain Fe in suspension in the sea varies greatly with their Fe/
DOC-ratios (Kritzberg et al., 2014). The lower the ratio, the more Fe re-
mains in suspension. It is also known that the Fe-organic colloids are
more resistant to aggregation due to increasing salinity than the (oxy)
hydroxide Fe colloids (Herzog et al., 2017, 2020). Far reaching environ-
mental impacts for the dissolved organic Fe from the boreal humic riv-
ers could thus be supposed in the marine environment, especially in
coastal areas.

Iron is also attached to the surfaces of the fine soil particulates (tills
and clays), as seen for example in the catchmentswith large areas of ag-
ricultural fields on lowland clay soils in the southern parts of Finland
(Sippola, 1974). High correlations between total Fe and TSS transports
detected in these catchments (Palviainen et al., 2015; Saari et al.,
2020) indicate that Fe is transported also in this form to the water bod-
ies and downstream here, as probably also in the whole Baltic Sea re-
gion. The transport of particulate Fe is primarily controlled by
mechanical SS transport and erosion driven by hydrologic forces in the
catchments, thus being high especially during flood events with high
surface runoff generation.

Previous findings suggest that more research is needed on the
biogeochemical processes affecting Fe transport, precipitation, accu-
mulation, and leaching, as well as on the interactions between inor-
ganic and dissolved organic forms of Fe in boreal catchments. A more
5

comprehensive knowledge base resulting from studies of different
types of catchments would facilitate the development of improved
management practices for boreal catchments that belong to the
group of the most carbon-rich ecosystems worldwide. For example,
the importance of iron(oxy)hydroxide precipitates with harmful im-
pacts should be increasingly studied in rivers with high DOM and Fe
concentrations. Improved knowledge on the biogeochemistry of Fe
would also contribute to understanding the importance of Fe and
DOM in boreal freshwater and coastal ecosystems.

3. Ecosystem influences

Harmful impacts of Fe loading on the survival, food resources,
growth and reproduction of aquatic organisms are typically due to
toxic actions of Fe compounds. These compounds may therefore result
in decreases in the species diversity and abundance of periphyton, ben-
thic invertebrates and fishes, which has been known for boreal river
ecosystems for a long time (Vuori, 1995). More specifically, increases
in fine-grained (<0.075 mm) particulate organic matter with high Fe
content (Laine and Heikkinen, 2000) and decreases in the incubation
success of brown trout (Salmo trutta) eggs with increasing SS and Fe
loading (Laine et al., 2001) have been detected in northern Finnish riv-
ers.

However, effects of Fe on river ecosystem structure and function are
not yet fully known. It is probable that Fe plays a crucial role in the uti-
lization of DOM in river ecosystems that are typically highly heterotro-
phic, thereby relying on organic matter mainly transported from
terrestrial ecosystems to the aquatic environment (Cummins, 1979;
Allan and Castillo, 2007). The role of this transport should be better un-
derstood because DOM is the dominant organic carbon fraction in most
boreal rivers, especially in humic rivers (Heikkinen, 1989). Here, a key
issue is to understand the role of Fe in the precipitation of DOM,
which enables the biotic use of the DOM in river ecosystems in general
(Cummins, 1979; Petersen, 1986).

Current knowledge on the role of Fe in the precipitation of DOM
(Heikkinen, 1990a; Marttila et al., 2016) suggests that like in boreal
lakes (Kortelainen et al., 2004; Einola et al., 2011) and in marine envi-
ronments (Lalonde et al., 2012), Fe also contributes to the flocculation
and sedimentation processes of DOM in river ecosystems. Indications
of flocculation and sedimentation of one portion of the DOM (the
HAMW organic colloids), with increasing Fe content have also been
found in studies on the impacts of peat-extraction areas on rivers in bo-
real catchments (Heikkinen, 1990b,c; Laine andHeikkinen, 2000). Here,
an increase in Fe mobilization downstream was detected along with a
simultaneous augmentation in the Fe content (the Fe/DOC ratio) of
the HAMW DOM in the drainage waters at low-flow conditions
(Heikkinen, 1990b,c). When studying the impacts of increased loading
on water bodies, a simultaneous increase in the amount of FPOM
(fine-grained particulate organic matter, diameter < 0.075 mm) with
high Fe content was observed at the riffle sites downstream from the
peat extraction areas (Laine and Heikkinen, 2000). Also, an interesting
ecological observation in the areas of increased loading was a concom-
itant increase in the abundance of filter-feeding macroinvertebrates
(Karvonen, 1995) that mainly feed on FPOM available in the water col-
umn (Vannote et al., 1980). Although a quite old observation, this obser-
vation should be emphasized because of the significant role of
macroinvertebrates in heterotrophic river ecosystems (Allan and
Castillo, 2007). This finding also suggests a potentially important role
for Fe in the biotic use of DOM in boreal humic rivers with high DOM
and Fe concentrations. The HAMW DOM accounts for an average of 16
to 26% of the total DOM concentration in a typical humic river network
in Northern Finland (Heikkinen, 1990b). In addition to this, DOM is also
shown to participate in the formation of larger (100–200 nm) Fe-
organic particles and complexes in boreal rivers (Herzog et al., 2020).
The potential role of Fe in enabling the biotic use of DOM in river ecosys-
tems is thus important, but complex and should be studied further.
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The decomposition and use of DOM in boreal rivers are also contrib-
uted by heterotrophic and mixotrophic microorganisms able to
mineralize Fe-organic compounds (Dubinina, 1976; Kuntze, 1982).
This was indicated, for example, in the River Kiiminkijoki, where
bacterioplankton densities increased with increasing concentrations of
dissolved organic Fe (Heikkinen and Visuri, 1990). The importance of
these microorganisms in the food webs of humic rivers is inadequately
known. What is currently known, however, is that Fe associated with
DOM may also stimulate the biodegradation of humic-like DOM in Fe-
rich freshwaters, and organically bound Fe can even stimulate bacterial
growth on DOM if P is not limiting (Xiao et al., 2016)

Organisms may have different strategies to cope with Fe in boreal
humic rivers. For example, increased abundances of filter-feeding mac-
roinvertebrates at river sites downstream from peat extraction areas
(Karvonen, 1995) suggest that some macroinvertebrate species have
developed natural metabolic and/or behavioral resistance mechanisms
against the harmful impacts of high Fe concentrations in river environ-
ments. This might also apply to the fish species occurring in humic riv-
ers. For instance, despite naturally high Fe and DOM concentrations, a
native salmon (Salmo salar) stock was successfully reproducing in the
humic River Kiiminkijoki (Erkinaro et al., 2003). This stock was lost in
the 1970s (Koli, 1998), i.e. during the period of most widespread drain-
ages of peatland for forestry in this region. During the same period, in-
creasing accumulation of Fe in the pools of the river channel was also
observed in the River Sanginjoki that is situated near the River
Kiiminkijoki (Tolkkinen et al., 2014). Similar accumulation of Fe has
probably been the case in the River Kiiminkijoki, where peatlands ac-
count for 58% of the river basin. At present, half of the original cover of
peatlands in the River Kiiminkijoki basin is drained, and drained
peatlands account for 30% of the basin. However, natural salmon repro-
duction has again been observed in this river, resulting from fish stock-
ings within the Baltic Salmon Action Plan of the International Baltic Sea
Fishery Commission (IBSFC) (Erkinaro et al., 2003; HELCOM, 2011), al-
though the production of the juvenile salmon is far from the targets
set in these programs. The evidence acquired thus far suggests that
more research is needed on themechanisms affecting the ecotoxicolog-
ical effects of Fe in boreal river ecosystems. Also, similarly important is
to understand if these effects differ among key organism groups (i.e.
algae, macroinvertebrates and fish) typically used in assessing ecologi-
cal influences of metals on rivers across the world (Namba et al., 2020).

Iron andHS also play a role in enabling the use of P reserves in catch-
ment soils to be available as nutrient sources for aquatic organisms. For
example, PO4 is typically associated with the HAMW Fe DOM fraction
(Heikkinen, 1990b), both in the drainage waters from peatlands and
in humic riverwaters. Similarfindings have beenmade in other systems
(Golterman, 1973; Jackson and Schindler, 1975; Jones et al., 1988).
However, more importantly, Francko and Heath (1982) have shown
that PO4 may be released from Fe-organic colloids by a mechanism in-
volving UV-induced photoreduction of ferric iron to the ferrous state.

Effects of Fe on the photic zone may also be significant for the biota
of boreal humic rivers (Vuori, 1995), although this impact of Fe has
seldomly been examined. It should, however, be understood, because
in these rivers increase in water colour values (absorbance420) with
increasing Fe concentrations has been shown (Heikkinen, 1990b). This
is also the case in other types of water bodies (Shapiro, 1966;
Kortelainen et al., 1986; Kritzberg and Ekström, 2012; Xiao and Riise,
2021). The results of Weyhenmeyer et al. (2014), based on a
comprehensive database of boreal lakes, streams and river mouths
from Sweden and Canada, indicated that although water colour is pri-
marily driven by DOC, it is increased through the formation of Fe-
DOM colloids in catchments. Increases in water colour producing prop-
erties of Fe-DOM colloids with increasing Fe concentration have also
been reported in humic rivers in Northern Finland (Heikkinen,
1990b). In addition, Fleming-Lehtinen et al. (2015) showed that Fe
was a better predictor than TOC for the variation in Secchi depth in Finn-
ish coastalwaters. The existing research also indicates that increasing Fe
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concentrations contribute to the brownification of boreal water bodies,
which has been shown in the last decade (Kritzberg and Ekström, 2012;
Sarkkola et al., 2013; Weyhenmeyer et al., 2014; Björnerås et al., 2017;
Hayden et al., 2019; Kritzberg et al., 2020; Xiao and Riise, 2021). In
this context, brownificationmay negatively affect the abundances of in-
vertebrates, thereby having potentially harmful effects on the entire
food webs in northern lakes (Arzel et al., 2018; Hayden et al., 2019).
Similar changes are also possible in boreal rivers,where increases in dis-
solved organic Fe load may negatively affect the availability of light for
benthic algae (Otto and Svensson, 1983; Vuori, 1995), an important
group of primary producers in river ecosystems (Allan and Castillo,
2007). More knowledge should be acquired on the ecosystem-level im-
pacts and changes of photic zones in boreal rivers.

4. How to consider iron processes in catchment management?

The natural patterns of Fe transport are temporally variable and
linked to the hydrological and biogeochemical processes in boreal
catchments. In this framework, it is not surprising that land use prac-
tices also influence Fe mobilization and transport, as indicated by the
findings from boreal regions.

One typical land use practice increasing Fe transport in boreal areas
is drainage of peatlands for the purposes of agriculture and forestry, as
well as for peat extraction locally in Finland. It was started already in
the 1860s in Finland where systematic peatland drainage for forestry
was initiated in estates owned by the state in 1908 (Cajander, 1906,
1913), and in private forests in 1929, a year after the Parliament of
Finland had adopted the first forest improvement law (Lukkala, 1937;
Heikurainen, 1959). Today, a large proportion of peatlands are drained
in Northern Finland (Suoninen, 1982), where minerotrophic peatlands
typically account for 50–60% of the catchment areas (Kalliola, 1973).
Previous studies have shown that drainage increases Fe transport
from minerotrophic deep-layered peatlands to rivers (Heikkinen,
1990c). Paleolimnological studies (Tolkkinen et al., 2014) have shown
that the old peatland drainage activities have also increased Fe leaching.
Peatland drainage has also resulted in increased Fe contents of the
HAMW DOM in the drainage waters during low-flow conditions in
summer (Heikkinen, 1990b).

In catchments with large areas of agricultural fields on lowland clay
soils the main drivers behind the mobilization of particulate Fe from
soils to watercourses are the surface runoff generation bound erosion
processes (Palviainen et al., 2015; Saari et al., 2020). These fields are
more prone to erosion especially, when there is no vegetation cover
inhibiting the erosion throughout the year and the hydrological connec-
tivity is high due to the drainage systems. This transport of Fe particles
may be highly problematic in some catchments, as it weakens stream
bed conditions by silting and increases water SS concentrations. The
Fe particles settled on the stream- and riverbeds may also act as Fe
sources in anoxic conditions. Inwater management these harmful envi-
ronmental impacts are decreased by controlling the time and intensity
of soil drainage and field irrigation, by taking care of the field-soils
agricultural condition, by reducing surface runoff and surface erosion
with subsurface drainage and dams in outlet drains, and by reducing
the SS loads transportedwith subsurface runoff and treatmentwetlands
and setting up buffer zones alongwater bodies (Häggblom et al., 2020).

As shown for peatlands (Puustjärvi, 1953) and riparian soils (Ingri
et al., 2018), there are dominant soil source layers contributing most
of the mobilized Fe. With alteration of water table location through
drainage activities, the mobilization of Fe may be enhanced especially
if the potential formation of new dominant source layer is lowered to
deeper, more Fe-rich peat layers. Additionally, drainage may cause oxi-
dation of mineral soil layers below organic layers, which leads to in-
creased transport of Fe and other metals. For example, acid sulphate
soils with stable conditions can significantly increase metal transport
when oxidized (Hartikainen and Yli-Halla, 1986). These soils can be
found in river basins partially located in ancient sea bottoms
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(Andriesse and van Mensvoort, 2005). For example, areas previously
covered by the postglacial Litorina Sea comprise present-day Finnish
coastal areas, the extent of which being largest in the north where
land uplift is also fastest (Mattsson et al., 2007). Drainage activities
change also water flow paths and water table levels in soil layers,
influencing thus directly on their oxidation and anaerobic conditions.
Also, for catchments with organic soils, drainage activities may lead to
peatland-dominated headwaters and man-made ditches tending to be
more acidic than the mainstem river (Saarinen et al., 2010). This facili-
tates the out-of-system transport of Fe, as acidic conditions allow Fe to
be in a more soluble and movable form.

So far, promising experiences on the use of peatland-based treat-
ment wetlands in water pollution control have been achieved in peat
extraction areas in Finland. The long-term mean of total Fe reduction
in the 12 treatmentwetlands (OFAs), constructed on natural, undrained
peatland areas, with lateral overland flow on their peat surface layers,
was 51%, and that in the 13 treatment wetlands (DOFAs), constructed
on drained peatland areas, 24% (Heikkinen et al., 2018). The OFAs retain
effectively also dissolved organic Fe, the mean reduction ranging from
46 to 57% at low-flow conditions during the frost-free periods
(Heikkinen and Ihme, 1995). An important advantage of these treat-
ment wetlands is that they decrease the Fe-content of the HAMW
DOM (Heikkinen et al., 1995), thereby also decreasing the tendency of
DOM to precipitate in the waters downstream.

Treatment wetlands are also constructed on undrained or drained
peatlands in the water pollution control related to forestry (Joensuu
et al., 2012), which is the most widespread land use activity in boreal
catchments. Such treatment wetlands are also constructed on mineral
soils. The Fe reductions of thesewater purification structures onmineral
soils are not yet adequately known and should be studied further. Fi-
nally, filter strips, typically located on peat and mineral soils between
water bodies and disturbed areas, are also used in water pollution con-
trol of forestry practices (Joensuu et al., 2012).

Use of restored peatland areas as wetland buffers is nowadays one
tool tomitigate the harmful impacts of peatland drainage onwater bod-
ies. However, it has been noted that the use of thismethod comeswith a
high risk of increased Fe transport (Koskinen et al., 2017; Nieminen
et al., 2020). Especially nutrient-rich peatlands face risk for higher
leaching after restoration actions (Koskinen et al., 2017).

There are also more cost-efficient water pollution control methods
for mitigating harmful environmental impacts of Fe in boreal catch-
ments. First, we should avoid unnecessary land use activities and soil
disturbances in areas of increased risk of Fe transport. Second, we
should prevent Fe mobilization from such areas by utilizing environ-
mental risk assessment and careful catchment planning. Themost likely
risk areas include minerotrophic peatlands, other wetlands and natu-
rally moist areas, groundwater seepage areas and springs, stagnant
water areas, and riparian zones. These environments are typical Fe stor-
ages and important supplies of Fe entering water bodies. There are also
certain areas that are extremely prone to mobilization of Fe and other
metals in case of groundwater table manipulation, such as on soils af-
fected by mineralized black shales (sedimentary rock formations rich
in S and Fe with >0.5% organic carbon) (Parviainen and Loukola-
Ruskeeniemi, 2019). Additionally, Fe leaching should be considered
also in peatland restoration cases (Koskinen et al., 2017).

Spatial analysis tools could be used for the identification of risk
areas related to excess Fe impacts in water management. In this con-
text, for example, recently developed moisture indices could be use-
ful tools in catchment-scale mapping (Lidberg et al., 2020). In most
cases, avoiding land use activities on these areas is critical to dimin-
ish harmful impacts of increased Fe transport on river ecosystems.
For example, drainage of such natural “hotspot areas” should be
avoided to diminish the likelihood of Fe-rich GW entering streams.
In reduced conditions, GW seepage containing Fe is typically clear,
but GW oxidation creates Fe particles, sometimes even causing mas-
sive siltation of stream beds.
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If soil disturbance and land use change have already taken place or
cannot be avoided, the ways to mitigate harmful impacts of increased
Fe loading consist mainly of traditional water protection means. First,
it is crucial to avoid the promotion of increased artificial hydrologic con-
nectivity, especially in catchments with drained peatland dominated
headwaters. If areas prone to Femobilization are directly hydrologically
connected to recipient water bodies, problems associated to high Fe
concentrations are likely obvious. On the other hand, if these dominant
Fe sources have been isolated with buffer strips or other natural load-
inhibiting systems, e.g., field-based purification and treatment solu-
tions, the harmful ecological effects can be alleviated.

The development of means to mitigate the harmful impacts of Fe in
the catchments would be facilitated by better environmental monitor-
ing of dissolved and particulate inorganic and organic Fe compounds
in waters draining from areas of different catchment land use activities.
Reaching this goal also requires better understanding of the processes
that increase Fe mobilization. Especially more data on the processes
leading to the formation of particulate inorganic and organic Fe in the
soil and water environments should be acquired. The role of the DOM
in these processes should be better understood.

A suitable guideline for water pollution control and resource plan-
ning requires that peatlands, other wetlands and naturally moist
areas, groundwater seepage areas and springs, stagnant water areas,
and riparian zones that are typical Fe storages are identified in the
catchments. Therefore, any anthropogenic activities conducted in such
areas are likely to contribute to higher levels of Femobilization in down-
stream water bodies.

To summarize, the main emphases of water pollution control pro-
grams should be: i) prevention of Femobilization from soil layers by ad-
equate pre-risk assessments, avoiding unnecessary land-use activities
and minimizing soil disturbances; ii) disconnection of Fe-rich GW dis-
charge towatercourses; and iii) decreasing Fe transport towatercourses
via using efficient water pollution control methods.

5. Where to go from here?

Fe plays an important role in boreal catchments, ranging from the
headwaters to the sea. Given its importance, Fe dynamics should be
carefully considered in water management and land-use planning at
the catchment level. However, knowledge on the nuanced roles of Fe
and possibilities to mitigate its harmful impacts in boreal catchments
is still small.

Fe has traditionally been seen to possess many harmful impacts on
rivers by decreasing the species diversity and abundance of periphyton,
benthic invertebrates and fishes. However, the role of Fe in the utiliza-
tion of DOM in river ecosystems that are typically highly heterotrophic
should also be known because DOM is the dominant organic carbon
fraction in most boreal rivers. More knowledge is also needed on the
metabolic and behavioral resistance mechanisms that organisms, such
as fish and invertebrates, may have developed against the harmful im-
pacts of Fe in rivers with naturally high Fe and DOM concentrations. In
addition, the incubation success of eggs and young-of-the-year survival
of fishes should be examined in relation to direct and indirect effects of
siltation by iron-rich sediments.

To decrease the harmful environmental impacts of increasing Fe
concentrations in watercourses, key underlying reasons for such in-
creases should be better understood. The processes responsible for Fe
transport from catchments via rivers to the sea should also be given
more scrutiny. Interdisciplinary research is required on this topic, in-
cluding joining approaches and ideas derived from biogeochemistry,
hydrology, and ecology. Furthermore, knowledge sharing among stake-
holders and land managers about the role and risks of Fe leaching in
water management should be increased.

Effectivewater pollution control against the harmful impacts of Fe in
freshwater environments requires comprehensive information on the
origin, formation and quality of particulate Fe and suspended solids
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(SS), as well on the origin and formation of Fe(II). In this respect, a cru-
cial aspect from the sustainable catchmentmanagement angle is identi-
fying high-risk areas for Fe leaching and transport. Here, GIS tools can be
used for their identification, benefitting from recently developed soil
moisture maps based on the depth-to-water table (DWT) index or
other similar indices.

Further studies should distinguish between the different sources of
very fine-graded suspended solids and acknowledge the role of metal-
hydroxide-humus colloids in their formation. Although Fe is among
the elements included in the monitoring programs in Finland and
Sweden, for example, it should be considered in environmental moni-
toringmore broadly ecologically andmorewidely geographically across
the whole boreal region. In addition, national monitoring programs
should also include parameters describing the quality of SS (e.g. loss-
of-ignition and Fe) to provide information relevant to river basin man-
agement.

Effectivewater pollution control approaches are needed for decreas-
ing the impacts of Fe in water bodies. Thus far, promising technologies
of certain water pollution control measures pave the way for improved
water pollution control in boreal catchments. Additional knowledge on
the seasonal roles of the main biogeochemical processes affecting Fe
transport and retention should be acquired for further development of
water pollution control methods. Such methods should be important
for maintaining ecosystem integrity and biodiversity of boreal rivers.
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