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Abstract

Streams, rivers and lakes across wide areas of the Northern hemisphere have been subject to an increase in water
color over the last decades. This increase, also known as browning, is a result of rising dissolved organic matter
(DOM) and iron (Fe) concentrations in the water. Over the years, browning has received ample attention due to its
impact on the structure and function of freshwater ecosystems, biogeochemical cycles and drinking water
production. Several hypotheses have been proposed to explain what causes browning, with climate change and
recovery from atmospheric S deposition receiving the most attention as potential drivers. Recently, it has been
suggested that land cover changes, specifically increases in coniferous forest cover which promote accumulation of
organic soils, is an important and overlooked factor behind browning.

The main aim of this thesis was to evaluate the contribution of changing land cover on long-term water color trends.
Since afforestation represents a major shift in land cover in the last century, my aim was to explore how this may
have affected processes in the catchment that could contribute to the observed increase in Fe and DOM exports to
surface waters.

By combining uniquely long water color time series, with parallel records of climate variables, S deposition, and land
cover, it was clear that all drivers significantly influence water color, but that including afforestation was integral to
explain long-term browning. Low water color in the decades before peak S deposition, showed that observed
browning is not representing a return to pre-industrial conditions. Rather, an earlier water color increase may have
been suppressed by the reduced mobility of OM during peak acidification and has led to an accelerated water color
increase in recent decades.

The importance of spruce forest to the mobilization of Fe and DOM from soils was also supported by results from a
field study based on a forest chronosequence. Both Fe and DOM concentrations were considerably higher in soil
solution under old spruce forest stands than under young spruce forest and arable land. This supports a previously
suggested notion that impacts of afforestation on soil processes that influence Fe and DOM mobilization can only
be seen after several decades, and explain why changes in land cover and water color are temporarily mismatched.
Characterization of Fe speciation by X-ray absorption spectroscopy (XAS) supported that mononuclear Fe(lll)-OM
complexes were the dominant Fe phase in soil solution, a finding that highlights the strong link between Fe and OM
mobilization and the importance of organic soils in providing Fe to surface waters.

The role of spruce forests was further indicated by the fact that increasing trends in stream Fe concentrations were
observed in catchments with high proportion of old spruce forest, but not in catchments with more mire, open land,
and deciduous forest cover. Long-term increase of Fe concentrations in soil solution of a riparian forest soil, and the
lack of a trend in soil solution of a mire, also point to spruce forest soils as an important source to support positive
Fe trends in streams.

Collectively, these findings show that land cover sets the baseline for the amount of DOM and Fe that is available,
and that changes in land cover, S deposition and climate drivers contribute to observed browning trends.
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Abstract

Streams, rivers and lakes across wide areas of the Northern hemisphere have been
subject to an increase in water color over the last decades. This increase, also known
as browning, is a result of rising dissolved organic matter (DOM) and iron (Fe)
concentrations in the water. Over the years, browning has received ample attention
due to its impact on the structure and function of freshwater ecosystems,
biogeochemical cycles and drinking water production. Several hypotheses have
been proposed to explain what causes browning, with climate change and recovery
from atmospheric S deposition receiving the most attention as potential drivers.
Recently, it has been suggested that land cover changes, specifically increases in
coniferous forest cover which promote accumulation of organic soils, is an
important and overlooked factor behind browning.

The main aim of this thesis was to evaluate the contribution of changing land cover
on long-term water color trends. Since expansion in spruce forest represents a major
shift in land cover in the last century, my aim was to explore how this may have
affected processes in the catchment that could contribute to the observed increase in
Fe and DOC exports to surface waters.

By combining uniquely long water color time series, with parallel records of climate
variables, S deposition, and land cover, it was clear that all drivers significantly
influence water color, but that including afforestation was integral to explain long-
term water color dynamics. Low water color in the decades before peak S
deposition, showed that observed browning is not representing a return to pre-
industrial conditions. Rather, an earlier water color increase may have been
suppressed by the reduced mobility of OM during peak acidification and has led to
an accelerated water color increase in recent decades.

The importance of spruce forest to the mobilization of Fe and DOM from soils was
also supported by results from a field study based on a forest chronosequence. Both
Fe and DOM concentrations were considerably higher in soil solution under old
spruce forest stands than under young spruce forest and arable land. This supports
a previously suggested notion that impacts of afforestation on soil processes that
influence Fe and DOM mobilization can only be seen after several decades, and
explain why changes in land cover and water color are temporarily mismatched.
Characterization of Fe speciation by X-ray absorption spectroscopy (XAS)
supported that mononuclear Fe(III)-OM complexes were the dominant Fe phase in
soil solution, a finding that highlights the strong link between Fe and OM
mobilization and the importance of organic soils in providing Fe to surface waters.

The role of spruce forests was further indicated by the fact that increasing trends in
stream Fe concentrations were observed in catchments with high proportion of old
spruce forest, but not in catchments with more mire, open land, and deciduous forest
cover. Long-term increase of Fe concentrations in soil solution of a riparian forest
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soil, and the lack of a trend in soil solution of a mire, also point to spruce forest soils
as an important source to support positive Fe trends in streams.

Collectively, these findings show that land cover sets the baseline for the amount of
DOM and Fe that is available, and that changes in land cover, S deposition and
climate drivers contribute to observed browning trends.

13



Popular Summary

In recent years, the water of many lakes, streams and rivers in northern areas have
become increasingly browner. The brown color comes from decomposed organic
material and iron that originate from surrounding soils. While this so-called
browning is not directly dangerous to people swimming in the waters, it does have
an impact on organisms that live in browner and darker waters. Freshwater plants
for example need light for photosynthesis, while fish rely on vision to catch their
prey, and research has shown that both these groups of organisms are negatively
impacted by browning. The organic matter and iron also cause problems for
drinking water production, which becomes more expensive, requires more
chemicals and the quality of drinking water may be impaired. These are all reasons
why we need to understand what causes the browning and why much research on
the issue has already been done.

Researchers have studied browning intensively, but it is still not entirely clear what
causes this phenomenon. Climate change and recovery from acidification have been
most widely considered as the main explanations for browning. Acidification was
caused by high concentrations of sulfate in rain, which peaked ~1980. It is believed
that leakage of organic matter was low due to the acidic conditions, and that as soils
have recovered from acidification, more organic matter can move into the water and
cause the browner color. A theory that has received much less attention, is that
changes in land use have contributed to browning. During the last century many
agricultural areas were replaced by forests, which either grew naturally on
abandoned farmland, or were intentionally planted for forestry. Spruce forest has
become especially widespread, as it is favored for forestry. The litter from spruce
forests decomposes very slowly, and for this reason layers of organic soils build-up.
These organic soil layers are an important source of dissolved organic matter leaking
into freshwaters.

In this thesis, I studied what role expanding spruce forests have had on water color
and if their expansion can be responsible for the observed browning. To do this I
compared historic records of water color extending back to the 1930s, in a river and
three lakes, to changes in spruce forest, precipitation, temperatures and sulfate
deposition in rain. The results showed that all the above mentioned factors seem to
play an important role to water color changes, and that the expansion of spruce forest
is the one that has had the strongest effect on long-term browning. Although many
lakes and running waters have become browner, waters in areas that do not have
any forests or wetlands, do not respond to changes in climate and sulfate deposition,
since the surrounding soils do not contain enough organic matter.

The link between expanding spruce forests and browning was previously not clear
- during the last decades when browning has been very pronounced, spruce forest
has not expanded notably. However, the results in this thesis show that it takes
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several decades for organic layers to build up and become sources of organic matter.
Consequently, after forests expanded, there was a delay of several decades before
the effect was observed as browner water in streams and lakes. We also saw that the
increased amount of organic matter brought more iron, since the two are bound to
each other in soils.

In summary, this thesis shows that expanding spruce forest has played a major role
in freshwaters becoming browner and that climate change and recovery from
acidification further add to this trend. Recognizing that land use is an important
factor, means that managing the land cover can be a way to locally counteract
browning.
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Introduction

Streams, rivers and lakes across wide areas of the Northern Hemisphere have been
subject to an increase in water color over the last decades (Driscoll et al. 2003,
Hongve et al. 2004, Arvola et al. 2010, de Wit et al. 2016). This phenomenon,
commonly referred to as browning or brownification, is a result of increased
concentrations of colored dissolved organic matter (DOM) and iron (Fe) in surface
waters (Kritzberg and Ekstrom 2012, Sarkkola et al. 2013). The brown water color
comes from the optical properties of DOM and ferric iron (Fe(Ill)), giving water a
distinct reddish brown coloring (Fig.1). Although both DOM and Fe separately
absorb light, it has been observed that water color increases further when they are
associated (Maloney et al. 2005, Xiao et al. 2015).

While there is a general trend in increasing water color, DOM and Fe, the magnitude
of these increases vary by a wide range between systems. For example, between
1972 and 2010 the increase in water color, chemical oxygen demand (a proxy for
DOM), and Fe across 30 rivers in Sweden was 0 - 279 %, 0 - 122 % and 0 - 468 %,
respectively (Kritzberg and Ekstrom 2012). Studies looking at trends in DOM and
Fe at wider geographical scales also show that although increases are widespread,
they are not ubiquitous and have been most pronounced in Northern Europe and the
UK (Monteith et al. 2007, Bjorneras et al. 2017). This variation in trends among
systems poses the question if changes in water color are affected by very local
processes, or whether each catchment responds differently to large-scale changes.
Furthermore, in many waters increases in Fe have been higher than increases in
DOM, indicating that processes controlling the catchment export of the two might
differ (Kritzberg and Ekstrom 2012).

During the last two decades, several hypotheses have been proposed to explain
browning, and have been extensively studied with regards to DOM (quantified as
dissolved organic carbon; DOC), but to a lesser extent regarding Fe. Most efforts
have been directed towards exploring the role of climate change (Laudon et al. 2012,
Ekstrom et al. 2016) and recovery from atmospheric acid deposition (Monteith et
al. 2007, Neal et al. 2008), while changing land cover has only recently gained
attention as a possible cause for browning (Meyer-Jacob et al. 2015, Kritzberg
2017). Several studies have suggested that it is a combination of these factors, acting
on different geographic and temporal scales, which explain observed trends in DOM
and Fe (Clark et al. 2010, Bragee et al. 2015).

17



The overarching aim of this thesis is to increase our understanding on how browning
is influenced by changes in land on a centennial timescale. Before further specifying
the research questions, 1 here give a brief overview of the consequences of
browning, a general description of the principal controls on DOM and Fe loading
from the catchment to surface waters, and a general account over how the proposed
drivers may affect DOM and Fe concentrations.

Figure 1 Brown water in a small stream in northern Sweden. (Photo: Martin Skerlep)
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What are the consequences of browning?

The multiple and far-reaching consequences of browning are one of the reasons it
has received considerable attention (Solomon et al. 2015, Creed et al. 2018). The
impaired light climate it brings, fundamentally affects the structure and function of
the aquatic ecosystem, and the increased loading of DOM and Fe influences
biogeochemical cycling. Finally, browning may reduce the societal value of water
bodies. The following section briefly reviews these three consequences of
browning.

Biodiversity and ecosystem function

Browning of surface waters leads to increased light attenuation in the water column,
which has widespread effects on freshwater ecology. Reduced light penetration lead
to a decrease in lake primary production (Karlsson et al. 2009, Seekell et al. 2015),
and disproportionally affects primary producers, that are dependent on clear water
columns, such as submersed macrophytes (Squires et al. 2002). Species better
adapted to low light conditions or less reliant on primary production may
consequently benefitted (Rengefors et al. 2008, Mormul et al. 2012), and browning
can therefore lead to changes in species composition, and potentially lower
biodiversity and productivity in freshwater (Jones 1992, Thrane et al. 2014).
Changes in primary productivity also have effects on organisms higher in the food-
chain, as they determine the food sources available (Grubisic et al. 2012, Hansson
etal. 2013b). Predatory species that rely on vision for foraging are further negatively
affected (Ranéker et al. 2012). Although small increases in DOM may have positive
effects by offering protection from UV light and bringing organic nutrients to the
system, larger increases have been shown to negatively impact e.g. phytoplankton
and predatory fish (Finstad et al. 2014, Seekell et al. 2015, van Dorst et al. 2019).

Heterotrophic bacterioplankton could benefit from additional allochthones DOM
that can serve as a food source (Jansson et al. 2007). Higher input of DOM can
increase the importance of allochthonous carbon as an energy resource, favoring
bacterial biomass production in aquatic ecosystems (Carpenter et al. 2005, Kritzberg
et al. 2005), and thus potentially lead to more lakes becoming net heterotrophic.

Considerably less is known about direct effects of Fe on aquatic biota. Studies show
that precipitation of Fe-(oxy)hydroxides on biological surfaces leads to oxidative
stress and that high Fe concentrations cause fish gill damage, reduce fish hatching
success, induce mortality, physical and behavioral changes in invertebrates, and lead
to displacement of periphyton (Peuranen et al. 1994, Vuori 1995).
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Biogeochemical cycles

In the last decade, the role of freshwaters in the global carbon cycle has been revised,
and it is now recognized that freshwaters receive (5.1 Pg yr'!) process, emit and
store (4.5 Pg yr'!) vast amounts of terrestrially derived carbon (Cole et al. 2007,
Tranvik et al. 2009, Stocker et al. 2013, Drake et al. 2018). Understanding the
potential effects of browning on the fate of carbon in freshwaters is therefore highly
important due to the potential implications for climate change. Surface waters are
comparable sources of DOC-derived COs as peatlands and soils, and CO, emissions
from surface waters are positively correlated to DOC (Sobek et al. 2003, Moody et
al. 2013). At the same time, burial of C in lake sediments is an important long-term
sink of C, which may increase in response to browning (Heathcote et al. 2015).
Increasing concentrations of Fe may promote loss of C to sediments, since
interactions Fe protects OM from decomposition and enhances C preservation in
soils and sediments (Kaiser et al. 1996, Lalonde et al. 2012).

Societal use of freshwaters

Surface waters are an important societal resource, partly by serving as source of
drinking water in many countries. Sweden, for example, relies on surface water for
50% of its total drinking water production (http://svensktvatten.se). Although DOM
can to a large extent be removed by chemical precipitation, the increase in DOM
requires increased chemical use, which increases drinking water cost and reduces
quality (Kohler et al. 2016). As chemical precipitation never completely removes
DOM, this poses risks in the form of potentially carcinogenic chlorinated OM,
microbial growth in pipes and reduced efficiency of pharmaceutical and pollutant
removal (Lavonen et al. 2013). Another concern with increasing DOM and Fe in
freshwaters is their ability to form complexes with potentially toxic metals (Nason
et al. 2012, Okkenhaug et al. 2018) and organic pollutants (Fukushima et al. 2006),
concentration of which have been increasing along with DOC and Fe loadings in
recent years (Wallstedt et al. 2010).

Surface waters also provide recreational value. Browner waters have been found to
be less appealing for tourism and bring fewer opportunities for angling (Ranaker et
al. 2012, Keeler et al. 2015).
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What determines the amount of DOM and Fe exported
from soil to surface waters?

Catchment soils are the main source of both DOM and Fe for surface waters. The
amount of DOM and Fe that reaches surface waters is determined both by processes
regulating their mobilization from the solid phase into suspension, and by the
processes that control their subsequent transport form soils to surface waters.

Mobilization of DOM and Fe from soil to soil solution

The total amount of OM in soils represents the initial constraint for how much DOM
can be transported from soils. Soil OM pools are determined by the rates of primary
production by terrestrial vegetation and the decomposition rates. High rates of
production and lower decomposition rates lead to accumulation of OM in soils and
increase the OM pool. Only a fraction of the accumulated soil OM will however be
mobilized into solution and made available for transport to surface waters. The
mobility of soil OM is determined by mineral binding sites, redox conditions, pH
and ionic strength in solution (Kaiser et al. 1996, Hagedorn et al. 2000). In general,
DOM concentrations are higher in organic rich layers and decrease sharply in
mineral soils where DOM sorbs to Fe and Al on mineral surfaces (McLaughlin et
al. 1994). Reducing conditions promote reduction of Fe(Ill), which releases
associated OM from mineral surfaces, allowing an increase in DOM in solution
(Hagedorn et al. 2000). At low pH (<5.5) high concentrations of H" ions protonate
functional groups of OM, decreasing its surface charge and solubility, and thereby
OM mobility is suppressed as pH decreases (Tipping and Hurley 1988, Ekstrom et
al. 2011).

Although Fe is abundant in most soils, a majority of it is present in minerals of low
solubility (Lindsay and Schwab 1982). Fe is present in several different phases,
sometimes also referred to as Fe species, which can vary considerably between
different soils and soil profiles (Blume and Schwertmann 1969). Phyllosilicates and
Fe-(oxy)hydroxides (FeOOH) represent the majority of Fe in mineral soils
(Schwertmann and Taylor 1989), while Fe complexed with OM (Fe-OM) can
represent a major component especially in OM rich soils (Sundman et al. 2014).
Also, Fe can form minerals with other elements, such as phosphorus (vivianite),
sulfur (pyrite) or carbonates (siderite), which are less common but can represent
major Fe components in certain environments (Howarth and Merkel 1984,
McMillan and Schwertmann 1998, Rothe et al. 2016). The occurrence of different
Fe species in soils can vary considerably and their formation dependents on pH,
redox and the OM available in soils (Cornell and Schwertmann 1979, Schwertmann
and Murad 1983, Thompson et al. 2006). Complexation with OM for example can
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suppress formation of crystalline FeOOH and thereby increases the reactive Fe pool
in soils (Schwertmann 1966, Jansen et al. 2003).

Mobilization of Fe is determined by dissolution rates of soil Fe phases and the
solubility of Fe in solution, which are controlled by pH, redox potential and OM
(Schwertmann 1991). In general, solubility of Fe minerals increases with decreasing
pH, leading to higher mobilization rates at lower pH (Tyler and Olsson 2001,
Bjorneras et al. 2019). Reductive dissolution in low oxygen environments also leads
to reduction of Fe(IlI) to Fe(II), which is more stable in solution and therefore more
mobile (Schwab and Lindsay 1983). Finally, organic molecules, such as organic
acids, can promote dissolution of mineral Fe phases. Organic acids can either be a
byproduct of OM decomposition or can be excreted by plants or microorganisms to
mobilize Fe (Jones et al. 1996, Schmidt 1999). Complexation with OM supports
higher Fe concentrations in solution as it suppresses hydrolysis of Fe(Ill) and
thereby prevents it from precipitating (Karlsson and Persson 2012).

Transport of DOM and Fe from soil solution to surface waters

Once Fe and DOM are mobilized into soil solution, they are available for transport.
However, this does not necessarily mean that they will end up in surface waters.
The transport from soils to surface waters is highly dependent on hydrology and the
biogeochemical processing along the hydrological pathway (Tiwari et al. 2017).
Loss of Fe and DOM from solution often occur during downward transport in the
soil profile, as OM is mineralized and adsorption to mineral surfaces and
precipitation of Fe are promoted by the increasing pH (Jansen et al. 2003). Redox
barriers, such as at the interface between anoxic riparian soils and oxygenated
surface waters, can lead to oxidation and precipitation of Fe (Duckworth et al. 2009).
As Fe-OM complexes are more stable in oxygenated surface waters, they are seen
as important sources of Fe coming into surface waters (Sjostedt et al. 2013).

Hydrology exerts a primary control on both DOM and Fe transported into surface
waters and their sources can vary depending on hydrological connectivity (Agren et
al. 2007, Bjorkvald et al. 2008). Contribution by terrestrial sources, such as wetlands
and forest soils, has been shown to be highly dependent on seasonal hydrology in
catchments (Bjorkvald et al. 2008, Fork et al. 2020). For instance, surface soils rich
in OM and associated Fe are only hydrologically connected to streams during high
discharge conditions in the catchment (Agren et al. 2007). In addition, certain parts
of the terrestrial landscape might contribute disproportionally to DOM and Fe in
streams due to their proximity to surface waters or increased hydrological
connectivity. Riparian zones, for example, act as biogeochemical hotspots with a
strong influence on stream water chemistry (McClain et al. 2003, Ledesma et al.
2018). Soil water in riparian zones has been found to be highly enriched in DOC (9
times) and in Fe (33 times), when compared to upland soils (Lidman et al. 2017).
Furthermore, topographical depressions in the landscape create hydrological focal
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points within the riparian zone, also known as discrete riparian inflow points
(DRIPs), that can have a disproportionally high influence on stream water chemistry
(Ploum et al. 2020).
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What are the underlying drivers of surface water
browning?

Sulfur (S) deposition, climate change and land cover change are composite drivers
that influence the amount, the mobility and the transport of DOM and Fe from
catchments, and may thereby act as underlying drivers of browning. Beside these,
fertilization by N deposition has also been proposed as a driver of browning, since
it increases primary production and thereby the amount OM entering the system
(Finstad et al. 2016). Better understanding of the individual contributions by each
potential driver is not only important in explaining past trends, but also in order to
predict and potentially mitigate future increases in DOM and Fe. In the following
section, I layout the processes by which these drivers may influence browning, and
also what support exist in the current literature.

Recovery from atmospheric acid deposition

Atmospheric S deposition originates largely from combustion of fossil fuels, and
was enhanced ever since ~1880, but increased sharply after World War II to reach
its peak in the early 1980s. The elevated S deposition caused acidification with far
reaching consequences to forested and aquatic ecosystems (Driscoll, 2001).
Following international legislation, both S deposition and SO4* concentrations in
soil and surface waters decreased dramatically (Fig. 2), and have in several regions
returned to background levels (Schopp et al. 2003, Akselsson et al. 2013, Garmo et
al. 2014). The large organic compounds that stain water brown, e.g. humic
substances, are only soluble in water if negatively charged. At strongly acidic
conditions, negative functional groups of OM are to a larger extent protonated,
which decreases the net charge and reduces its solubility in water (Tipping and
Woof 1991, Ekstrom et al. 2011). Recovery from acidification has led to increasing
in pH and decreasing ionic strength, which should enhance OM solubility and
mobility in soils and increases its potential for export (Tipping and Hurley 1988).

Mobility of Fe may also be influenced by S deposition, through its effects on SO4*
concentration and pH in soils and surface waters. In general, the solubility of Fe
minerals increases with decreasing pH (Lindsay 1979). However, as low pH
suppresses OM solubility it may reduce the mobility of Fe-OM complexes (Neal et
al. 2008, Neubauer et al. 2013). Accordingly, field studies where SOs*
concentrations were manipulated showed that DOM fluxes rather than pH
controlled Fe leaching (Bergkvist 1986). This means that although Fe minerals
might be more soluble under low pH, the dependence on DOM suggests it might
actually be less mobile. In a recent microcosm study, however, it was found that
mobilization of Fe into suspension was enhanced by increased acidity under a high
SO4* treatment (Bjorneras et al. (2019).
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Figure 2 Examples of long-term changes in potential drivers of surface water browning. The data is from the
catchment of River Lyckeby (Paper I).

The theory that browning is a result of recovery from acidification has been
supported by field studies, demonstrating that less DOM was mobilized in soils that
were exposed to high SO4* precipitation (Ekstrom et al. (2011). Moreover, inverse
relationships between water color/DOC/Fe and SO4* concentrations, observed in
surface waters, are in line with such a mechanism and have been widely reported
(Monteith et al. 2007, Erlandsson et al. 2008, Arvola et al. 2010, Haaland et al. 2010,
Bjorneras et al. 2017). Notably however, these data series generally start during or
after the period of peak S deposition, and thus can strictly not answer if current
browning is a return to a pre-depositional state. The few studies that do provide
records extending further back in time show somewhat deviating results. In
paleolimnological studies where DOC concentrations were reconstructed, it was
suggested that DOC levels were at a minimum during the acidification period
(Valinia et al. 2014, Bragee et al. 2015). Historical data records, however, showed
no decrease in water color during the period of increasing S deposition, but that
water color was consistent and much lower 1930-1980 than during the last couple
of decades (Kritzberg 2017).

Climate change

Higher mean annual temperature and changed precipitation patterns are already
observed for higher latitude regions (Fig. 2) and expected to change further (Nikulin
et al. 2011). Consequences of ongoing warming include longer growing seasons
(growing degree days), and greening, i.e. an increase in primary production and
expansion of vegetation cover, both of which have been linked to higher DOC
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concentrations in freshwaters (Larsen et al. 2011, Finstad et al. 2016, Weyhenmeyer
et al. 2016a). Moreover, warmer winters lead to shorter soil frost periods, making
surface soils hydrologically connected for longer periods of the year and can thereby
enhance DOM export (Lepisto et al. 2014).

Higher temperatures in combination with increasing precipitation promote
microbial decomposition of OM, and reducing conditions in the catchment. OM
decomposition enhance DOM production, and reducing condition favor Fe export
as Fe(Il) is more mobile than Fe(Ill) (Andersson et al. 2000, Laudon et al. 2012,
Sarkkola et al. 2013, Ekstrom et al. 2016). As soils are the main source of both DOM
and Fe to surface waters, hydrology also plays an integral role in connecting soils
and surface water, and increasing precipitation thereby enhances export of DOM
(Hongve et al. 2004, Sanderman et al. 2009, de Wit et al. 2016).

During dry periods when the water table is low, OM accumulates in the soil,
meaning there is more OM available to be flushed out when the water table is raised.
With expected increase in the frequency and intensity of dry-wet periods,
occurrence of high OM pulses entering surface waters are expected to increase
(Fenner and Freeman 2011). Finally, increasing precipitation leads to shorter water
residence times, leaving less time for processes resulting in DOM and Fe losses
along the water continuum, such as microbial degradation, photo-transformation
and aggregation driven sedimentation (Weyhenmeyer et al. 2012, Weyhenmeyer et
al. 2014). Although precipitation and discharge are good predictors for within and
between year variation in water color, they have likely been less important for
observed long-term increases. These factors could however become more important
in regulating DOM and Fe concentrations as climate change intensifies (Haaland et
al. 2010, de Wit et al. 2016).

Land cover change

Catchment land cover has long been recognized as the best predictor of water color
in surface waters across systems (Humborg et al. 2004, Agren et al. 2007). DOM
and Fe concentrations in stream waters increase with the proportions of wetlands
and coniferous forests in the catchment, as they are major sources of OM and Fe
(Bjorkvald et al. 2008, Mattsson et al. 2009, Palviainen et al. 2015, Weyhenmeyer
et al. 2016b). On the other hand, land cover which does not promote accumulation
of organic soils to the same extent, such as agricultural or deciduous landscapes,
support lower DOC concentrations (Guo and Gifford 2002, Hansson et al. 2013a,
Camino-Serrano et al. 2014).

Humans have influenced the landscapes they live in for centuries, and this has
shaped surface water chemistry ever since the Iron Age (Renberg et al. 1993).
Several paleolimnological studies have connected reconstructed changes in lake
water DOM to land-use intensification in the catchments (Cunningham et al. 2011,
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Meyer-Jacob et al. 2015, Myrstener et al. 2021). While such studies indicate an
increase in water color synchronous with intensification of forestry in the
catchments in the past century (Meyer-Jacob et al. 2015, Myrstener et al. 2021), the
marked browning revealed from monitoring in the last few decades has generally
not been connected to land cover change. Some recent studies, however, have
proposed that changes in land cover is an important and overlooked factor behind
browning (Meyer-Jacob et al. 2015, Kritzberg 2017). These studies suggest that
coniferous afforestation in the 20™ century has led to a build-up of organic soils,
which act as sources of DOM to surface waters. An overview of how land cover has
changed is given in Box 1.

Due to slow accumulation of organic layers in forested soils, effects of afforestation
on soil OM stocks take several decades (Rosengqvist et al. 2010), which could cause
a delayed effect on DOM exports (Kritzberg 2017). In spruce forests for example,
it takes several decades (~40 years) before increased mobilization of DOM is
observed in soil solution (Rosenqvist et al. 2010). This would imply that increases
in coniferous forest cover during the earlier parts of the 20 century, and a gradual
buildup of organic soils, could be causing a delayed effect on browning (Kritzberg
2017). This would also imply that as forests continue to expand and age the
increasing pools of OM will lead to more browning in the future. The mobility of
Fe is also influenced by the vegetation cover (Li et al. 2008), although very little is
known about how changes in land cover may contribute to long-term Fe trends in
surface waters. Across a wide geographical scale in northern Europe and North
America, increasing Fe trends were found to be well correlated with the proportion
of coniferous forests in the catchments (Bjornerés et al. 2019).

Besides increasing forest cover, other land management measures may impact DOM
and Fe exports to freshwaters. Changes in water table caused by clear-cutting and
forestry soil preparation have been shown to increase DOM leaching in the short-
term, although it is less clear how long-term exports are affected (Laudon et al.
2009, Schelker et al. 2012). Effects of ditching, which has been a common practice
to promote forest production in Sweden and Finland, include lower exports of DOM
directly after ditching, due to a hydrological disconnection with surface soils, but
effects vary largely with local conditions (Joensuu et al. 2002, Nieminen et al.
2010). Interestingly, a recent study including 133 peatlands in Sweden and Finland,
showed that drainage of peatlands led to higher DOM leaching, and that the increase
in DOM leaching was correlated to the tree volume on the drained soils (Nieminen
et al. 2021). Higher DOM concentrations after drainage could be the result of
increased litter inputs from trees (Strakova et al. 2010), or caused by gradual
decomposition of peat resulting from lowering of the water table (Sarkkola et al.
2010).
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Box 1 How has land cover changed?

Human land use has significantly altered landscapes and the vegetation cover since many
centuries. From the 15-16th centuries, human utilization in much of Scandinavia included summer
forest grazing, slash and burn, and expanded farming, which resulted in an opening of the
landscape and forest loss (Larsson 2012, Meyer-Jacob et al. 2015). From the late 19th century, a
major transition has taken place, from a largely open agricultural landscape towards a more closed
landscape dominated by coniferous forest, especially Norway spruce (Picea abies; Fig. 3, (Fredh
et al. 2012, Lindbladh et al. 2014)). As inferred from sediment pollen records, coniferous forest
in Southern Sweden increased in the last 200 years, largely at the expense of grasslands and
deciduous forest, with the most dramatic change occurring between 1880 and 1940, after which
spruce dominated the landscape (Fredh et al. 2012). A land cover change from extensive
agriculture towards industrial forestry, is also supported by an increase in total forest and spruce
forest volume by 264 and 333 % respectively, between 1920 and 2008 Lindbladh et al. (2014). In
Finland, afforestation has reportedly resulted in a 50 % increase of forest biomass, associated with
a 13 % increase in soil and litter C stocks, between 1922 and 2004 (Liski et al. 2006, Hansson et
al. 2013a).

Similar large-scale patterns in land cover are seen for other temperate and boreal regions of the
world. Records from Massachusetts, Northern USA, show a loss of forest cover after European
settlement in the mid 17" century, followed by expanding agriculture, reaching 75 % coverage by
1830 (Foster et al. (1998). This was followed by a period of afforestation, starting in the late 19
century, resulting in 76 % forest cover, and 10 % agricultural cover by 1985. Afforestation, at the
expense of grassland and cropland, has been a major and widespread land cover transitions in
Europe during the last century, ranging from the Baltic countries and Scandinavia to mountainous
regions in Southern Europe with the highest rate of afforestation between 1920 and 1980 (Fuchs
et al. (2015).

S

Figure 3 Planted spruce seedlings around a cottage in Hvitthults Smaland, 1912. The photograph
was taken by Edvard Wibeck, and was made available by the photo archive of the Swedish University
of Agricultural Sciences (SLU).
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Figure 4 Schematic model over long-term water color assuming it was controlled entirely by atmospheric S deposition
(yellow line), land cover (green line), precipitation (blue line) or temperature (red line). Solid lines denote the period for
which there is monitoring data, dashed lines represent speculation about the past, and dotted lines represent future
predictions of water color, if influenced by each separate driver.
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Aims and Research Questions

Monitoring data has been a central resource for the research aiming to reveal the
impact of potential drivers of browning. Since large scale environmental monitoring
is a relatively modern phenomenon, most data series begin in the 1980s or later.
Time series of a few decades, however, are not well suited to study the influence of
land cover change, effects of which can only be observed on longer time scales
(Meyer-Jacob et al. 2015, Kritzberg 2017). Moreover, since data series generally
begin around or after the peak in S deposition, the temporal correlation between
water color and S deposition is tested only for the period of strongly declining acid
deposition. And the monitoring data cannot tell us if current browning is
representing a return to a more natural pre-depositional state (Fig. 3). Most efforts
to understand drivers of browning have focused on controls of DOC and water color,
and much less on Fe. The shortage of analyses of Fe trends and experimental studies
leaves a large gap in our understanding of processes and mechanisms that control
Fe mobilization to freshwaters.

The overarching aim of this thesis was to further our understanding of the role that
changes in land cover have on surface water browning. Since an expansion in spruce
forest represents a major shift in land cover in the last century, my aim was to
explore how this may have affected processes in the catchment that could contribute
to the observed increase in Fe and DOC exports to surface waters.

More specifically, the research questions I address in this thesis are:

o What role has land cover change, and particularly spruce afforestation,
played to the long-term dynamics of water color, in relation to other
environmental drivers on a centennial scale?

o How does the growth of spruce and forest stand age affect mobilization of
Fe and DOC into soil solution?

o Do different catchment sources of Fe, i.e. forest soils and wetlands,
contribute equally to the trends in Fe?

o Are there aspects of land cover change other than spruce afforestation,
which have been significant in relation to browning?
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Research Approaches and
Methodology

To answer the questions in this thesis I relied on a suite of complementary scientific
approaches, including analyses of temporal and spatial records of Fe, DOM and
water color in relation to environmental variables, as well as field experiments
examining Fe and DOM mobilization in soils with different land cover. The
approaches and the methodology used in each of the papers are presented in the
following.

In Paper I, temporal records of water color were combined with parallel records of
climate variables, S deposition, and land cover in the catchment to evaluate the
influence of individual drivers on browning. For this, we made use of a unique data
series from Lyckeby River in Southern Sweden, which has been used as a drinking
water source since the 17" century and where the water treatment facility has
analyzed water chemistry almost daily since 1940 (Fig. 5).

We hypothesized that temperature and discharge control short-term changes
(seasonal and periodical) in water color, while S deposition and afforestation
(spruce volume) are the dominant drivers of long-term browning.
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Figure 5 Monthly average water color (mg Pt L") for Lyckeby River.
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Total tree volume of Norway spruce (Picea abies) in the catchment was used as the
measure of land cover change and was based on data from the Swedish National
Forest Inventory. Total tree volume integrates both aerial extent and growth, which
should reflect accumulation of OM in the catchment.

Long-term trends in water color and environmental variables, were assessed by the
non-parametric Mann-Kendall trends test. Absolute yearly change rates (A yr)
were determined from the Theil slope of the Mann-Kendall test (Theil 1950), to put
the changes into perspective.

In the next step, tested how well each variable separately and all variables together
predicted the variation in water color. Partial least square (PLS) regression was
used to determine how well explanatory variables correlated with water color. PLS
regression ranks explanatory variables in accordance to how well they can explain
the variation in the response variables and are presented as variable importance of
projection (VIP) values (Wold et al. 2001). In addition, standard regression
coefficients (SRC) were presented to quantify the contribution of each variable in
explaining water color variation in the PLS model. To further test how well different
combinations of explanatory variables could predict water color, multiple linear
regression (MLR) models were created. The relative quality of each model was
assessed using the Akaike information criterion (Akaike 1974).

For Paper 11, a field experiment was designed to test the effects of growing Norway
spruce forest mobilization of Fe into suspension, as well as effects on the speciation
of Fe in soil and soil solution. A chronosequence of first generation spruce, planted
onto formerly agricultural land, was used to test how long after plantation effects
can be seen. Three plots with spruce stands aged 35, 61 and 90 years, were selected
to and three adjacent plots with arable land were used as controls. In these plots,
lysimeters were installed to sample soil solution, and soil samples were collected
from different depths to determine the amount, crystallinity, and speciation of Fe

(Fig. 6).

We hypothesized that thicker organic soil layers and lower pH under older spruce
stands would promote Fe dissolution, complexation, and solubility, which would
result in higher Fe concentrations in soil solution. With regards to soil Fe, we
hypothesized that there would be more extractable Fe in mineral soils under older
forest, due to the prolonged weathering and precipitation and adsorption of more
amorphous (less crystalline) Fe phases associated with OM.
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Figure 6 Experimental layout for the forested and accompanying control plots used in Paper Il. Grey dots show the
position for soil samples and lysimeters. White shapes in soil profile represent lysimeter depth position in each plot.
Dashed white lines represent the surface of the mineral layer on each plot.

To compare the chemistry in soil solutions of the different plots, suction cup
lysimeters were installed at two depths, just below the organic rich O-layer and
deeper down in the mineral layer (Fig. 6 and 7). The lysimeters were sampled seven
times during 2018-2019 to account for seasonal and between-year variation.
Collected soil solution samples were analyzed for Fe, DOC, pH, conductivity, and
concentrations of several other ions. In addition, some of the collected soil solution
was freeze-dried and the material was used for analysis of Fe speciation by XAS.

To quantify the amount of extractable Fe in soils, three Fe extractions were
performed. Oxalate extractable Fe (Fe,), represents more amorphous Fe phases,
such as ferrihydrite and to some extent Fe-OM, phases that are most easily
mobilized from soil. Dithionite extractable Fe (Fea) represents both amorphous
and crystalline Fe-(oxy)hydroxides, which includes phases such as goethite and
hematite. Finally, a fotal Fe digestion (Fe:w) was performed in order to quantify the
total Fe pools in the soils.

X-ray absorption spectroscopy (XAS) is a powerful tool that can be used to
determine the speciation of elements in their natural state. XAS is element specific,
so one can examine one element without interference from other elements in the
sample. Here it was used to determine Fe speciation in both soil and soil solution.
Understanding Fe speciation in the soil allowed us to identify changes to the Fe
pool, resulting from growing spruce forest, and helped us understand what Fe
fractions could be mobilized into solution. XAS techniques have previously been
successfully used to study Fe speciation and biogeochemical processing in soils and
aquatic environments (Karlsson and Persson 2012, Sundman et al. 2014,
Bhattacharyya et al. 2018, Herzog et al. 2019).
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Figure 7 Spruce forest plot (61-years old; left) and lysimeter sampling bottles with soil solution (right) from Paper II.

XAS data was collected at Stanford Synchrotron Radiation Lightsource (SSRL),
beamline 4-1. Linear Combination Fitting (LCF) was then used, to determine the
relative proportions of different Fe phases in the samples. LCF reconstructs a sample
spectrum by using a combination of model spectra, and reports goodness of fit
parameters, along with the contribution of each model to the final fit. The accuracy
of this method depends on the quality of the obtained sample spectra and the chosen
modeled spectra (Datta et al. 2012). In this case sample spectra from the Extended
X-ray Absorption Fine Structure (EXAFS) region were fit with reference spectra
representing Fe(II[)-OM complexes, several Fe-(oxy)hydroxides and biotite. To
determine the coordination and oxidation state of Fe in the samples, pre-edge peak
integrated intensity and centroid energy position were identified. In addition,
geochemical equilibrium modelling was performed using Visual MINTEQ ver. 3.1
(Gustaffson 2020), to calculate the theoretical speciation of Fe(IIl) in solution and
the saturation indices of other Fe minerals.

In Paper III, we used the infrastructure and monitoring data from the Krycklan
Study Catchment (KSC) in Northern Sweden (Laudon et al. 2013). To test if
catchment sources, namely forest soils and mires, contribute differently to Fe trends,
long-term monitoring data of Fe from boreal streams with varying proportion of
forest and mire in the catchment, were examined. Stream water chemistry data,
collected during 2003-2020, from 13 nested catchments (Fig. 8) was analyzed and
correlated to specific land cover components in each catchment. In addition, we
studied temporal dynamics in soil solution of the main catchment sources - a riparian
forest soil and a mire — to understand what control Fe mobilization in these source
areas (Agren et al. 2007, Bjorkvald et al. 2008). Finally, to better understand the
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pools of Fe that are present and can potentially be mobilized from the two sources,
both the riparian and mire soils were sampled and analyzed using XAS.

Since forest soils were previously shown to be the important source for increasing
DOM trends in these same systems, while wetlands did not contribute to long-term
trends (Fork et al. 2020), we hypothesized that a similar pattern, with long-term
increases in Fe that would be positively correlated to spruce cover in the catchment.
We further hypothesized that wetlands and riparian soils would vary in their
contribution to long-term trends and that this would be reflect by trends in streams.

To study Fe dynamics in riparian soils we used monitoring data from lysimeters
installed at six different depths and sampled several times per year. For mire
solution, data from piezometer installations was used (Fig. 8 & 9). Particular focus
was on processes dominant source layer (DSL) of the riparian zone and mire, since
this is the layer that provides the greatest contribution of solute and water fluxes
from the catchment.

Seasonal Kendall tests were used to test for trends in Fe and other variables in both
streams and the soil solutions, for the period 2003-2020. The Seasonal Kendall Test
calculates trends for each month separately and then combines the results to identify
trends that are not affected by seasonal variability. Principal component analysis
(PCA) analysis was used to sort the 13 streams in the study based on catchment
characteristics. To assess whether Fe trends were correlated with certain catchment
characteristics, Theil-Sen slopes from the Seasonal Kendall test were correlated
with scores on principal component one (PC1). XAS analysis was used to determine
Fe speciation of the riparian soils, as described for Paper II. For mire samples XAS
measurements were done at Balder beamline at the MAX IV synchrotron light
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Figure 8 Overview of the sampling sites. Catchments in the Krycklan Study Catchment (middle), lysimeter setup in the
riparian forest soil (S4), which drains into stream C2 (left), piezometer setup in the mire draining into stream C4 (right).
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Figure 9 Experimental infrastructure on the C4 mire in the Krycklan Study Catchment. Photo: Martin Skerlep

facility in Lund, Sweden. In addition to the EXAFS spectra, LCF fitting was also
done on the X-ray Absorption Near Edge Structure (XANES) spectra and was fit
with vivianite, siderite and ferrihydrite for the mire.

In Paper IV, we compiled long-term records of water color for three lakes (1935-
2020), and related them to historic land cover changes in the individual lake
catchments. The catchment land cover of the three lakes differed widely (Table 1,
Fig. 10). Lake Fiolen is an oligohumic lake with deciduous and mixed forest in the
catchment. Lake Skarshultsjon is a polyhumic lake, with a high proportion of
coniferous forest in the catchment. Finally, Lake Vombsjon is a eutrophic lake and

Table 1 Catchment characteristics of the three study lakes in Paper IV.

Catchment Retention Water color Open

Lake Lake area o time 20102019 Forest e Mire
WGS84 km? km? yr mg Pt L' % % %
Fiolen

e 1.6 55 3.8 17 64 33 35

Skarshultsjon

579N, 14°30'E 0.3 6.8 0.6 112 82 12 4.3
Vanlze o 12 447 1.0 22 18 81 0.4

55°41'N, 13°35'E
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the catchment is dominated by open land used for agriculture. The dataset was
complemented by data on atmospheric S deposition, and climatic variables, to also
consider other factors than land cover change, on long-term water color dynamics.

We hypothesized that a change from a land cover type that does not promote build-
up of organic soils, e.g. open land and deciduous forest, to a land cover type that
does promote build-up of organic soils, e.g. coniferous forest and/wetland, would
result in a significant water color increase in lakes. Furthermore, we expected that
the age of the coniferous forest determines how much organic matter has
accumulated, and that the effect of afforestation on water color would be delayed
by several decades.

Land cover was reconstructed from aerial photographs, which has previously been
used in a variety of studies, to assess effects of forest fires on vegetation (Lydersen
and Collins 2018), landscape change due to urbanization (Lopez et al. 2001), and
afforestation of grasslands (Mast et al. 1997). For the two smaller catchments,
reconstruction was done for the complete catchment, by separating distinct land
features into polygons and land cover interpretation was done for each polygon (Fig.
10). For the significantly bigger catchment of Lake Vombsjon, reconstruction was
done on a point-grid system, since interpretation of the entire catchment would have
been too time consuming. This resulted in six catchment maps for each of the lakes
from different time-points starting 1947 and ending in 2019.
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Figure 10 Reconstructed catchment cover of the three lakes in Paper IV for the most recent timepoint (2019/2016).
Fiolen (left), Skarshultsjon (middle), Vombsjon (right).
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Main Results

Long-term browning cannot be explained without accounting for
afforestation (Paper I)

Water color in Lyckeby River increased by 84% between 1940 and 2016. When
trying to explain the observed changes in water color, all five predicting variables
used in this study (discharge, temperature, GDD, S deposition and spruce volume
in the catchment) played a significant role and could together explain 75% of the
variation in water color in a MLR model (Fig. 11B). PLS analysis further identified
spruce forest, S deposition and discharge as the most important variables explaining
variation in water color (Fig. 11A). This highlights the importance of considering
multiple variables when evaluating the importance of drivers of browning.

Short-term dynamics were well explained by changes in discharge and to some
extent temperature, both of which play an important role in catchment DOC
production and its transport to surface waters. S deposition and spruce forest volume
on the other hand, were better predictors of long-term water color trends. Spruce
volume in the catchment increased by 508% between 1926 and 2016 and could on
its own explain 49% of the variation in water color.
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Figure 11 Correlations between water color and explanatory variables from a PLS model (A) and measured water
color (brown line) vs. fitted water color (black line) from a MLR model using all explanatory variables (B).
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By only including S deposition and climatic and variables as predictors, we could
explain 45% of the variation in water color, but the model overestimated water color
in the beginning and underestimated it in the end of the time series. There was little
change in water color in the beginning of the time series when S deposition was
increasing. This goes against the atmospheric deposition hypothesis, which predicts
that increasing acidity suppressed mobility of DOC in soils. When spruce volume
was included in the MLR model, this led to a significant improvement in the
predicting power and to a considerably better fit (R?> = 0.75) especially in the initial
part of the time series. The mismatch between modelled and measured water color
in the end of the time series (Fig. 11 B) can be attributed to windfall caused by storm
Gudrun during 2007, which severely reduced spruce volume in the catchment, but
may not necessarily have decreased the soil organic C pools.

This and other recent studies, highlight the importance of considering water color
dynamics on a longer timescale than monitoring generally support, to be able to
distinguish the importance of different drivers of long-term trends (Meyer-Jacob et
al. 2015, Kritzberg 2017).

Mobilization of Fe and DOM is enhanced by spruce afforestation
(Paper II)

Fe concentrations in soil solution under 61- and 90-year old spruce stands were 5-
and 6-times higher than under grass covered control plots and under the 35-year old
spruce forest. The higher Fe concentrations were correlated to higher DOC
concentrations and lower pH in older spruce stands. In fact, DOC was the best
predictor for Fe concentrations across all plots (including control plots), which
indicates that complexation with OM is important to stabilize Fe in solution (Fig.
12). XAS analysis, supported by geochemical modelling, showed that mononuclear
Fe(III)-OM complexes were the dominant form of Fe in solution, which confirmed
the importance of OM complexation and that this is the dominating Fe phase being
translocated. Functional groups of OM, such as carboxylic groups, form strong
mononuclear Fe complexes (Karlsson and Persson 2012) which have been indicated
to be important in facilitating transport of Fe from organic soils to surface waters
(Sjostedt et al. 2013).

While ageing spruce stands had a pronounced effect on Fe concentrations in soil
solution, there were no clear differences in Fe speciation and crystallinity in the soil
phase between the plots. Fe-(oxy)hydroxides dominated Fe speciation in all soil
profiles and the abundance of Fe-OM complexes was highest in organic soil layers.
We did however find that more Fe was extractable (Feox) from deeper than from
upper mineral soils in older forest plots (p<<0.001), while such a gradient was not
observed in control plots. This suggest translocation of Fe from upper to lower
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mineral soils and could reflect early stages of podsolization under the older spruce
stands.

These results show that as spruce forest ages, it can support higher concentrations
of Fe in solution, which is highly related to the availability of DOM. This is in line
with previous findings showing that increasing trends of Fe in surface waters are
more often found in catchments with high percentage of coniferous forest (Bjorneras
etal. 2017). The similarity between the 35-year old plot and the control plots, further
shows that the effects of afforestation are not immediate and it may take several
decades before Fe mobilization is enhanced.
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Figure 12 Correlation between Fe and explanatory variables in a PLS analysis for soil solution of forested plots.

Riparian forest soils are the source of increasing Fe trends in small
streams (Paper III)

Of the 13 streams investigated, three showed significant increasing trends in Fe (Cl1,
C2, C7), one showed no trend (C4) and the remaining nine showed decreasing
trends. Trends in Fe concentrations were well correlated to the catchment
characteristics, and all three streams with increasing Fe concentrations had
catchments dominated by old spruce forest and high tree volume (Fig. 13). The
stream with no trend had a catchment strongly influenced by an upstream mire,
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while the streams with negative Fe trends generally had bigger catchments with
higher proportions of birch and pine forest in the catchment (Fig. 13). The
decreasing trends in the majority of the streams were surprising, especially
considering most of those streams exhibited positive trends in DOC.

In the forest riparian zone, Fe concentrations increasing over the study period,
particularly in the DSL (~0.25 mg L' yr''; Fig. 14B). Concentrations of both Fe and
DOC increased after 2007, and showed a strong negative correlation with SO4*,
which increased by 5-fold between 2006 and 2007 (Fig. 14F). This is believed to
have been caused by an extremely dry year in 2006, which promoted mineralization
of organic sulfur and a subsequent pulse of SO4* once the soils were re-wetted
(Ledesma et al. 2016). This drought likely also led to an increase in OM degradation
in the riparian soil and may thereby have caused a prolonged increase in Fe and
DOC mobilization. These dynamics in the riparian zone were well reflected in the
Fe, DOC and SO4* in stream C2 that drains the riparian zone in this study. On the
other hand, data from the mire solution indicates no long-term change in Fe or DOC
mobilization, and again, this was well reflected in the receiving stream (C4), where
no long-term trends were observed for either Fe or DOC.

Besides showing differential trends in Fe exports, the riparian soil and the mire were
also considerably different in Fe speciation. Riparian soil samples were dominated
by Fe-OM complexes in the surface layer and contained a mixture of ferrihydrite,
goethite, and biotite deeper down in the profile. In the mire, ferrihydrite, as well as
vivianite and siderite, were identified with little variation with respect to depth.
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Figure 14 Concentrations of Fe, DOC and SO+ in stream C2 (left panels) and the DSL of the riparian zone (right

panels). Different colors represent different seasons.

In all, these results show that while both riparian zones and mires are important
sources of Fe and DOC to boreal streams, the observed long-term increases can be
linked to mobilization from riparian forest soils but not from mires. Finally, while
the negative trends in Fe concentrations in the majority of streams could not be
explained, these are possibly linked higher inputs from groundwater with lower Fe
concentrations. Alternatively, the negative trends could be due to changes in in-
stream Fe losses as the majority of these steams had larger catchments with
presumably longer water residence times.
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Land cover sets the base line for temporal trends in water color (Paper
IV)

Water color in lake Fiolen was relatively low (mean 17 mg Pt L) and exhibited a
significant increase since 1935 (0.4 mg Pt L' yr!). Lake Skirshultsjon had
considerably higher water color (112 mg Pt L") and also showed a strong browning
since 1935 (1.4 mg Pt L' yr'"). In Lake Vombsjon water color remained low
throughout the time series (mean 22 mg Pt L) and showed a slight decrease since
1937 (-0.2 mg Pt L' yr'!). The catchments of the two lakes were water color
increased, had a considerable proportion of forest in 1947, which increased during
the study period (Fig. 15). Forest cover increased at the expense of open land and
wetland area. This land cover change is part of a landscape transition in this region
that began earlier, where abandonment of open land led to afforestation from the
end of the 19" century, and to intensive forestry dominated by spruce in more recent
times (Fredh et al. 2012, Lindbladh et al. 2014). Although our results do not
specifically show a strong expansion in spruce forest cover, the general expansion
of forest in the catchment probably led to an increase in organic soils, which increase
the amount of DOM and Fe available for export to surface waters. Wetland area was
replaced by pine forest, and in Lake Fiolen where the wetland area was in close
connection to the lake, wetland area was negatively correlated to water color. The
catchment of Lake Vombsjon was strongly dominated by open land and showed
little change in land cover throughout the time series.

Water color in Lake Fiolen and Skérshultsjon was negatively correlated with S
deposition, and positively correlated with the length of the growing season and
discharge. However, when looking at the period before and after peak S deposition
separately, we found that while water color increased during the period of declining
deposition, there was no response in water color to increasing deposition. Water
color in Lake Vombsjon did neither show an inverse relationship with S deposition
nor a positive relationship with GDD or precipitation. This demonstrates, that the
influence of climate variables and S-deposition on water color depend on the
presence of organic soils, which were abundant and increasing in Lake Fiolen and
Skarshultsjon, but lacking in the catchment of Lake Vombsjon.

Overall, these results highlight that climate variables, S deposition, and land cover
change in the catchment, all have an influence on lake water color, but that the
degree of influence depends on the prevailing conditions surrounding individual
lakes.
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Conclusions and Outlooks

This thesis shows that the three major drivers considered - S deposition, climate
change and land cover change — all contribute significantly to long-term trends in
water color. Moreover, the pronounced long-term browning since the 1930/1940s
cannot be explained without accounting for land cover change. Land cover
determines the size of the OM pool in the catchment, and thereby sets the baseline
for the amount of DOM and Fe available. Climate drivers and S deposition can then
modulate the amount of DOM and Fe that is mobilized and transported to
freshwaters.

These conclusions relied on a combination of uniquely long water color time series
and the characterization of land cover change (Paper I, IV). Although previous
research recognized land cover as decisive to water color on spatial scales, the
shorter time perspective in most temporal studies cannot reveal effects of land cover
change, which take place on longer temporal scales. The use of spruce volume from
forest inventory provided a quantitative and temporally well-resolved measure of
land cover change that integrated both the areal extension and tree growth and
should thereby reflect the accumulation of OM pools in spruce soils (Paper I). Land
cover reconstruction form aerial photographs, provided more spatially resolved
information that included several land cover types. The methods are
complementary, since the use of spruce volume provided a stronger basis for
establishing statistical models, and the use of land cover from aerial photographs
allowed the identification of changes in other land cover types that may be of
significance, such as wetlands, and knowing where in the catchment changes have
happened. There is further potential to use this data to determine the importance of
land cover changes depending on their hydrological connectivity with the lake, by
including information on hydrology (Bhattacharjee et al. 2021).

The idea that afforestation with spruce may contribute to rising concentrations of Fe
and DOM in surface waters, was further supported by experimental efforts, showing
considerably higher mobilization of Fe and DOM in soils under older spruce stands
in a chronosequence (Paper II). While previous studies have reported similar results
for DOM, this enhances our considerably more limited understanding about Fe
dynamics and the processes that govern its export form soils. Characterization of Fe
speciation by XAS revealed that mononuclear Fe(IlI)-OM complexes were the
predominant phase for Fe mobilization, which in combination with other studies
(Sjostedt et al. 2013, Sundman et al. 2014), suggests that this is also the most likely
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Fe phase to be transported to surface waters from organic soils. Mobilization of Fe
and DOM under 35-year old forest did not differ from control plots, indicating that
effects off afforestation will not be immediate, but can take several decades to
materialize. That the slow and gradual build-up of organic moor layers after
afforestation will have a delayed effect on browning (Kritzberg 2017) is also in line
with the temporal mismatch between changes in land cover and water color in Paper
V.

The role of spruce forests was further highlighted by the fact that increasing trends
in stream Fe concentrations were observed in catchments with high proportion of
old spruce forest, but not in catchments with more mire, open land, and deciduous
forest cover (Paper III). Long-term increase of Fe concentrations in solution of the
riparian forest soils, and the lack of a trend in the soil solution of the mire, also point
to spruce forest soils as an important source to support increasing Fe trends in
streams. Notably, it was only by looking at the dynamics in riparian soil solution
that it became clear that the increase in Fe and DOC mobilization was linked to an
extreme drought event. This underlines the importance of studying dynamics in
source areas, to understand the factors that control mobilization from the catchment,
and not relying solely on stream water chemistry.

Besides these main conclusions, research in this thesis led point to several
interesting but unresolved questions. For example, the exact mechanism/s involved
in the mobilization of Fe into soil solution in organic forest soils remain to identify.
The potential role of microorganisms is particularly interesting, since fungal
communities differ with the dominant tree species and age of forest, and some
species are known to use Fenton chemistry which may enhance Fe mobilization
(Reichard et al. 2007, Op De Beeck et al. 2018). Moreover, to what extent and how,
mobilized Fe moves through catchment soils, and can provide a source of Fe to
surface waters, is poorly understood and warrants further study. That the majority
of streams in Paper III showed negative Fe trends is an interesting finding, at odds
with other studies that mostly show positive Fe trends in Swedish waters (Ekstrom
et al. 2016, Bjornerés et al. 2017), and could thus far not be explained by the
associated data.

With continuous build-up of organic soils under coniferous forests and the slow
release of historically deposited S from organic soils, one may predict that browning
will continue in the upcoming decades. Longer growing seasons, shorter periods
with soil frost and increasing precipitation and discharge would further promote
such a trend. However, forecasting future water color is not as simple. Increasing
deciduous forest cover at the expense of coniferous forest, which is motivated by
several positive ecosystem effects and resistance to storm fall and climate change,
may reduce export of DOM and Fe to freshwaters, although effects in surface waters
could be delayed for decades. Another strongly complicating factor is the increased
occurrence of extreme weather events (Stott 2016), and our limited knowledge of
the consequences of e.g. drought on DOM and Fe export to surface waters.
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My family You have been with me this whole way and are the main reason this
thesis could ever become. My Mom, who always made sure we had everything we
need, my Dad who has taught me how to walk bike ski and all the practical things
in life, my Little Sister who I love very much and has painted this amazing cover
for me, Gregor who has always taken care of us, my Grandparents who took care
of me when I was little and my Aunts, who have taken care of me in Sweden. And
to all the other family that [ wish I could see more.

Lou Finally I came to you! It has not been that long since I have met you, here in
Lund, and you have fast become the most important person in my life. You make
everything possible for me. / love you!
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