
1. Introduction
Over the last decades, increases in surface water iron (Fe) concentrations have been observed in Europe and parts 
of North America (Björnerås et al., 2017; Musolff et al., 2017; Neal et al., 2008; Sarkkola et al., 2013). These Fe 
trends coincide with increasing dissolved organic carbon (DOC) concentrations, which together lead to greater 
surface water color, also known as “browning” or “brownification” (Kritzberg & Ekström,  2012). Browning 
has been extensively studied due to its effects on species distributions, ecosystem functioning, biogeochemical 
cycles, and the challenges it brings to drinking water production (Kritzberg et al., 2019; Solomon et al., 2015). 
The majority of studies looking at the causes of browning have focused on changes in DOC concentrations 
and water color (Haaland et al., 2010; Kritzberg, 2017; Monteith et al., 2007), whereas fewer have investigated 
what factor/s may cause the increase in Fe concentrations (Björnerås et al., 2022; Ekström et al., 2016; Neal 
et al., 2008). While several hypotheses have been proposed, it remains unclear what drives the increase in Fe 
concentrations and if this is linked to broad scale factors, such as climate and acid deposition, or reflects more 
local, catchment scale processes, such as changes in land cover and land use.
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patterns of Fe in a boreal stream network. For this, we determined Fe speciation in riparian and mire soils, and 
studied temporal Fe dynamics in soil-water and stream-water over a span of 18 years. Positive Fe trends were 
found in the solution of the riparian soil, while no long-term trend was observed in the mire. These differences 
were reflected in stream-water, where three headwater streams dominated by coniferous cover also displayed 
positive Fe trends, whereas the mire dominated stream showed no trend. Surprisingly, the majority of higher 
order streams showed declining Fe trends, despite long-term increases in DOC. In addition, we found that an 
extreme drought event led to a prolonged release of Fe and DOC from the riparian soils, that could have long-
term effects on stream Fe concentrations. Our results show that riparian forest soils can be major contributors to 
ongoing increases in freshwater Fe concentrations and that drought can further promote the release of Fe from 
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Plain Language Summary Iron (Fe) concentrations have been increasing in many northern 
streams, rivers and lakes. Together with increasing organic matter concentrations this leads to water becoming 
browner, which has consequences for aquatic organisms and interferes with drinking water production. To 
better understand what causes the increase in Fe, we studied Fe trends in boreal streams and organic rich mire 
and forest soils, which are the main sources of Fe to aquatic systems. We found that where coniferous forest 
soils were the main catchment source, Fe concentrations in streams were increasing, whereas Fe concentrations 
did not change over time when mires were the main sources. Our results also suggest that extreme events such 
as drought can lead to increased release of Fe from organic forest soils to streams. This research improves our 
understanding of the catchment Fe sources and how they contribute to past and future Fe trends in streams.
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Research to date points to a range of factors that may influence trends in Fe concentrations, including changes in 
precipitation and temperature, decreases in sulfur (S) deposition, and land cover change (Björnerås et al., 2017). 
For example, warmer and wetter conditions promote reductive dissolution of Fe(III) minerals in catchment soils, 
which may enhance export to surface waters, because ferrous iron (Fe(II)) is more soluble than ferric (Fe(III)) 
(Ekström et al., 2016; Sarkkola et al., 2013). Recovery from deposition-driven acidification may indirectly lead 
to increasing Fe concentrations by enhancing the solubility of organic matter (OM) (Neal et al., 2008), which is 
suppressed at low pH (Ekström et al., 2011; Monteith et al., 2007). In this context, interactions with DOC stabi-
lize Fe in solution (Karlsson & Persson, 2012; Stumm & Morgan, 2012). The tight coupling between Fe and DOC 
is also the reason that soils with high organic matter content, such as organic forest and wetland soils, support 
high Fe concentrations in solution and act as major sources of Fe to freshwaters (Lidman et al., 2017; Palviainen 
et al., 2015; Sarkkola et al., 2013). Notably, coniferous (e.g., spruce) forests that build up thick organic soil layers 
have been identified as a particularly important source of Fe to surface waters (Maranger et al., 2006; Sarkkola 
et al., 2013). In parts of the northern hemisphere, coniferous forests have expanded over the last century (Fuchs 
et al., 2013; Lindbladh et al., 2014), which could lead to an increase in Fe available for export to surface waters. 
Moreover, older spruce forest stands with higher soil OM content, and lower pH, can support higher dissolved 
Fe concentrations, suggesting that not only expanding catchment cover but also the aging of spruce forests could 
enhance Fe export from forest soils (Škerlep et al., 2021).

Although several of the abovementioned studies have assessed drivers of Fe exports at catchment or regional 
scales, little is known about how different catchment sources (i.e., forest soils and mires) contribute to ongoing 
trends in surface water Fe concentrations. To the extent that Fe concentrations in streams reflect the distribution 
of different sources and the mobilization of DOC, temporal trends may be highly variable at the scale of stream 
networks. For example, spatial heterogeneity in DOC trends can reflect the small-scale distribution of peatlands 
(mires) with large and vulnerable OM pools (Monteith et al., 2015). By contrast, recent work in a boreal stream 
network showed that DOC increases were strongest in streams draining forest-dominated catchments, which were 
parallel to changes in riparian soil solution chemistry, whereas DOC in streams draining mires showed no trends 
(Fork et al., 2020). Further, the contribution of organic rich riparian soils and mires to stream Fe concentrations 
may vary with seasonal changes in discharge, with mires being the main source of Fe to streams during baseflow, 
and with greater contributions from organic forest soils during high discharge (Björkvald et al., 2008). Despite 
these findings, to date, no studies have explicitly tested the importance of catchment land cover to long-term 
Fe trends. Knowing where the trends originate is a prerequisite for any management action to try to suppress or 
mitigate browning.

Here, we ask how catchment characteristics, namely the contribution of forest soils and mires, shape long-term 
trends in stream Fe concentrations. For this, we utilize the infrastructure and long-term data records from the 
Krycklan Catchment Study (KCS) in Northern Sweden (Laudon, Hasselquist, et  al.,  2021). We compare 13 
streams with differing land cover and drainage areas to test whether long-term trends in stream Fe concentration 
are uniform across catchments or if instead catchment components contribute disproportionally to the observed 
trends. We also characterize Fe pools in riparian forest and mires soils using X-ray absorption spectroscopy 
(XAS) and focus on understanding the dynamics of mobilization in and from these two catchment sources by 
analyzing soil solutions. Since mobilization and transport of Fe are tightly connected to that of DOC, we expected 
that Fe trends in streams would follow those of DOC and that the correlation between Fe and DOC would be 
strongest closest to the catchment sources and will fade further downstream.

2. Materials and Methods
2.1. Site Description

The Krycklan Catchment Study (64°14′N, 19°46′E) is located in boreal Northern Sweden approximately 50 km 
from the city Umeå. The climate is characterized as cold temperate humid, with an average yearly temperature 
of 2.0°C (1981–2020), the lowest monthly average in January (−9.2°C) and the highest in July (14.6°C). Mean 
annual precipitation, ca. 30% of which comes as snowfall, is 620 mm (ranging between 324 and 903 mm), with no 
statistical trend over the last 40 years (Laudon, Hasselquist, et al., 2021). The area is susceptible to climate change 
as the mean annual temperature has increased by 2.5°C in the last 40 years, most rapidly during winter months. 
Snow cover lasts on average 167 days (during the last 40 years) but has been decreasing at a rate of ∼0.5 days per 
year during the period (Laudon, Hasselquist, et al., 2021).
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Bedrock at the site is dominated by migmatised meta-greywacke or paragneiss and has been strongly shaped by 
the latest glaciation. The ice retreated from the area ca. 10200 BP, leaving behind till deposits and bare bedrock 
in exposed areas as well as glacifluvial silt and sand deposits in the lower areas. Approximately half of the KCS 
was located below the highest postglacial coastline at the termination of deglaciation. Land cover in the KCS 
is currently dominated by forest (87%), of which 63% is Scots pine (Pinus sylvestris) and 26% Norway spruce 
(Picea abies) with an understory of ericaceous shrubs. Peatlands have developed in areas of lower topographic 
relief and are classified as oligotrophic minerogenic mires. More detailed information on the climate, geology, 
land use and land cover in the KCS can be found in Laudon et al. (2013) and Laudon, Hasselquist et al. (2021).

2.2. Sampling and Analysis

For this study, physicochemical monitoring data of both stream water and soil solutions from a riparian zone 
and a mire in the KCS were compiled for the period 2003–2020. We assessed long-term trends for 13 streams 
draining catchments that vary widely in land cover and size (Figure 1; Table 1). In terms of land cover, streams 
C2 and C4 represent the most extreme characteristics, with 100% forest cover in C2, and 44% mire and 54% forest 
cover in C4. Concentrations of Fe and other metals were determined using ICP-AES (ICP-MS in 2008), while 
DOC concentrations were determined using high-temperature catalytic-oxidation. Data on Fe concentration were 
available for the whole period (2003–2020) for the majority of streams, while data were limited to the period 
2003–2016 for streams C10, C12, C14, and C15. To characterize the Fe pools in the forest riparian zone and 
mire, soil samples were collected and analyzed for Fe speciation using XAS (see Section 2.4). XAS was selected 
for its strengths in investigating the local atomic structure of complex natural systems due to its compatibility to 

Figure 1. An overview of the land cover in the study catchments and the monitoring sites at catchment outlets. On the right, the C2 (coniferous forest dominated) and 
the C4 (mire dominated) catchments, as well as the soil and soil solution sampling sites in the mire and the riparian transect.
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measure nearly all sample-types, detection limit to trace levels, and capabilities in “seeing” all the atoms of the 
element of interest.

To study the contribution of coniferous forest soils to stream Fe, we took soil and soil solution samples from 
a riparian monitoring station just above the C2 stream sampling station. Soil samples were collected at three 
distances (S4 = 4 m, S12 = 12 m and S22 = 22 m) from stream C2 (Figure 1), to represent both near stream ripar-
ian soils and more upland mineral soils. S4 and S12, which are 10 and 20 cm elevated from the stream channel 
edge (Laudon et al., 2004), can both be considered as within the riparian zone and lack distinct soil horizons. 
The organic layer is 80 cm thick at S4 and 20–30 cm thick at S12. This accumulation of OM in the riparian zone 
is typical for headwaters in northern boreal landscapes, including the Krycklan catchment (Grabs et al., 2012). 
S22 is considered to be in upland soil (55 cm elevated from stream channel edge) and is characterized as an iron 
Podzol, with an 8 cm thick organic layer and low content of OM below 10 cm (<0.8%; Lidman et al. (2017)). 
Most of the water transport takes place above a compact basal till layer at a depth of ca. 1 m (Laudon et al., 2004; 
Peralta-Tapia et al., 2015). At each sampling point, soil samples were taken from 2 to 3 depths, corresponding to 
the observed layers in the soil profile (S4: 10–19, 19–35, 45–55 cm; S12: 10–20, 20–40, 40–55 cm; S22: 8–15, 
20–35 cm). The upper sample at each sampling point was taken below the moss and coarse undecomposed plant 
litter and represented the surface organic soil layer (Oa horizon). Further data for the forest soil transect are avail-
able in Laudon et al. (2004) and Lidman et al. (2017).

To study Fe trends in the spruce forest riparian zone, soil solution chemistry data were collected 4 m from 
the stream (S4), using ceramic suction lysimeters (P80, UMS, Germany) installed in 1995 at 6 depths (10, 
25, 35, 45, and 65  cm; Figure  1). The Dominant Source Layer (DSL) at this site, that is, the layer that 
provides the greatest contribution of solute and water fluxes to the stream, is between 35 and 55 cm deep 
(Peralta-Tapia et al., 2015). Lysimeters were sampled 2–10 times per year (5.5 time on average) during the 
period 2003–2020.

Solid samples were collected from the mire with a Russian corer at half-meter increments. The cores were kept 
intact, stored in plastic bags, and frozen immediately upon return to the field station (ca. 1 hr after sampling). 
From each core a subsample was taken, keeping it frozen throughout, and was freeze-dried for XAS analysis in 
order to remove water and concentrate the Fe. Finally, the soil solution in oligotrophic minerogenic mire, located 
within catchment C4, was sampled using 12 piezometers installed at depths between 25 and 450 cm (Figure 1). 
The DSL in the mire is located between 200 and 250 cm deep (Peralta-Tapia et al., 2015). Mire samples were 
analyzed for Fe during the years 2004 and 2007 as well as during the period 2017–2020.

Table 1 
Stream Catchment Characteristics

Stream

Area
Lake 
cover

Forest 
cover

Mire 
cover Open Arable

Tree 
volume Birch Spruce Pine

Stand 
age Till

Thin 
soils

Bedrock 
outcrop

Sorted 
sediments

(ha) (%) (%) (%) (%) (%) (m 3/ha) (%) (%) (%) (yr) (%) (%) (%) (%)

C1 48 – 98 2 – – 187 2 63 35 87 92 8 – –

C2 12 – 100 – – – 212 0 36 64 103 84 16 – –

C4 18 – 56 44 – – 83 0 45 55 57 22 27 – –

C5 65 6.4 54 40 – – 64 12 26 62 50 40 5.5 – –

C6 110 3.8 71 25 – – 117 4 26 70 69 54 11 2.5 –

C7 47 0 82 18 – – 167 1 35 64 86 65 15 0 –

C9 288 1.5 84 14 – – 150 6 29 65 78 69 7 1.7 4

C10 336 – 74 26 – – 93 12 21 68 60 60 11 – 1

C12 544 – 83 17 – – 129 8 34 57 72 67 8 – 6

C13 700 0.7 88 10 0.2 0.6 145 8 25 68 78 61 9 1.3 16

C14 1410 0.7 90 5 0.9 2.9 106 10 23 67 62 45 8 1.6 38

C15 1913 2.4 82 15 1.4 0.1 85 10 26 64 54 65 8 0.7 10

C16 6790 1 87 9 1.1 1.9 106 10 26 63 62 51 7 1.2 30
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2.3. Discharge Modeling and Flux Estimates

Discharge (Q) was measured at the outlet of each subcatchment, at the same locations where samples were 
collected for water chemistry (Karlsen et al., 2016). In short, automatic water-level observations from pressure 
loggers at each site were used to estimate stage (depth). Frequent manual water-level measurements were made 
to calibrate the automatic data, and stage-Q relationships were calculated for each catchment outlet using manual 
flow gauging. Missing data, especially during winter from stations without heated weirs were gap-filled using a 
semidistributed hydrological model (Karlsen et al., 2019). From the modeled daily discharge values, we calcu-
lated the Fe fluxes for each stream by linearly interpolating daily concentrations between measured values and 
multiplying by daily discharge. Fe fluxes are expressed as mean fluxes in kg day −1.

2.4. XAS Data Collection

XAS data for riparian soil samples were collected at Stanford Synchrotron Radiation Lightsource (SSRL), beam-
line 4-1, California, USA. The beamline was equipped with a Si[2 2 0] double crystal monochromator, one 
passive implanted planar silicon detector for fluorescence measurement and had three consecutive ion chambers 
to monitor the incident beam as well as the beam passing through the sample and a Fe(0) reference foil. A manga-
nese filter and Soller slits were used to reduce unwanted scattering contributions to the measured signal. Samples 
were mounted at 45° relative to the beam and kept frozen in a liquid nitrogen cryostat (ca. 80 K) to prevent sample 
damage. For each sample, 2–5 scans were recorded and recordings of the Fe(0) reference were made simultane-
ously for energy calibration. Fe K-edge spectra were collected up to k 13.15 Å −1 in fluorescence mode.

X-ray data for mire soil samples were collected at the Balder beamline at the MAX IV synchrotron light facility 
in Lund, Sweden. The Balder beamline is equipped with a Si[111] double crystal monochromator, which was 
detuned to 50% to remove higher harmonics. Monochromator energy calibration was performed at the start of 
measurements using the first inflection point of an Fe(0) reference foil. The energy axis was monitored with 
repeated collection of Fe(0) reference foil spectra. Sample measurements were collected at room temperature in 
transmission mode using ion chambers before and after the sample position with a beam spot size of approxi-
mately 100 μm. For each sample, 99–132 scans were measured across the Fe K-edge with a data acquisition time 
of 1 min for each scan. The measuring position was relocated to fresh spots on the sample between each scan to 
prevent X-ray induced photo-damage.

2.5. XAS Data Analysis

XAS data treatment was performed using the VIPER program (Klementiev, 2001). First, all individual spec-
tra were energy calibrated identically with a standard Fe(0) reference foil by setting the energy axis to the 
lowest-energy inflection point of Fe(0) reference foil at 7111.08 eV to establish a constant and accurate baseline 
for comparing all spectra. This energy calibration allows us to compare spectra collected at different times and 
at different beamlines. Following, data were normalized, averaged and background subtracted using a Bayesian 
smoothing spline function. A linear combination fit (LCF) was performed using least-squares optimization of 
model Fe spectra using the DATFIT program (George, 2000). Suwannee River fulvic acid (SRFA; 1S101 F) 
complexed with Fe(III) was used as a model for organically complexed Fe (Karlsson & Persson, 2012). X-ray 
Absorption Near Edge Structure (XANES) spectra were fit from 7,100 to 7,200 eV and Extended X-ray Absorp-
tion Fine Structure (EXAFS) spectra ranging from k 3.0 to 12.0 Å −1 depending on the data quality. During LCF 
optimization, E0 was allowed to float and components with contributions of less than 1%, after considering 
one standard deviation, were omitted. Preedge peaks were also fit following the method described by Wilke 
et al. (2001) using the Fityk program (Wojdyr, 2010). Briefly, a spline function was used to remove the baseline 
and isolate the preedge peak. The preedge peak was then fitted using a 50/50 pseudo-Voigt function to identify 
the integrated centroid and peak intensities.

2.6. Statistical Analysis

All statistical analyses were performed using RStudio version R 3.6.2 (Dark and Stormy Night). To test for trends 
in chemical and climatic variables in streams, the riparian forest soil and the mire, Seasonal Kendall Tests were 
performed in package “rkt” (Marchetto & Marchetto, 2015), and the Theil-Sen estimates of slope were calculated 
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to determine the rate and direction of change. In this analysis, trends are calculated for each month separately 
and then summed for the overall statistics. This test is robust against missing data and excludes months with less 
than 4 observations from the overall statistics (Hirsch & Slack, 1984). Median monthly values were used for the 
Seasonal Kendall Test.

To assess the impact of catchment characteristics on Fe trends, we used principal component analysis (PCA) of 
catchment characteristics. The PCA analysis was performed using the package “vegan” (Oksanen et al., 2013) 
and values were scaled to unit variance prior to analysis. The scores from the first principal component (PC1) 
were then correlated with the Theil-Sen slope estimates from the Seasonal Kendall Test to see how the trends in 
streams were related to the catchment characteristics.

To compare the relationship between Fe concentrations and chemical variables in the different systems, we used 
the nonparametric Kendall correlation analysis. In addition, we used linear regression to determine the intercepts 
and slopes of the relationships between Fe and other variables. When evaluating the effect of discharge (Q) 
on Fe concentrations in the streams, tests were performed using log-transformed Q values. Partial least square 
(PLS) analysis was performed, using the package “plsdepot” (Sanchez & Sanchez, 2012), to test the relationship 
between Fe and other variables in the solution of the riparian zone and the mire as well as in stream water of C2 
and C4. The number of significant PLS components was determined by cross-validation and standard regression 
coefficients (SRC) are reported to quantify the separate contribution of each variable in explaining the variation 
in Fe concentrations. One-way ANOVA was used to compare Fe concentrations between depths in the riparian 
soil and in the mire.

3. Results
3.1. Iron Speciation in Source Area Soils

Linear combination fitting of the XANES and EXAFS regions showed that Fe was present in riparian forest 
soils mainly as organically complexed Fe (SRFA), Fe oxides (modeled as ferrihydrite and goethite), and biotite 
(Figure 2a, Table 2). Organically complexed Fe was strongly dominant in the shallow soil 4 m from the stream 
(S4; 85%–91% of total Fe) and was also higher in shallower than deeper soil layers at 12 and 22 m from the 
stream  (S12, S22). The proportion of amorphous Fe (SRFA + ferrihydrite) to crystalline Fe oxides (goethite) was 
higher in the shallow soil layer where there was more organically complexed Fe and in the deeper layer of S22 
where ferrihydrite was abundant.

Fe speciation in the mire was notably different from that in the riparian forest soil and was much more homoge-
nous across depths. Amorphous Fe oxides were identified as the dominant fraction (40%–61% of total Fe), with 
roughly equal contributions of siderite (20%–26%) and vivianite (16%–37%) (Figure 2b, Table 3). Notably, the 
inclusion of an organically complexed Fe model as a contributing component in the LCF fit was ineffective. The 
preedge peak centroid positions and intensities, which indicate the oxidation state and coordination of Fe, varied 
for riparian soil samples (7112.23–7113.17 eV) and mire samples (7112.62–7112.89 eV), and was consistent 
with a variable contribution of Fe(II) and Fe(III). In the riparian soils at S4, the contribution of Fe(II) was higher 
in the deeper samples, which reflects the increasing contribution of biotite and a likely redox gradient. In the 
mire, the DSL (200–250 cm) contained a mixture of Fe(II) and Fe(III).

3.2. Trends in Soil Solution Chemistry of Source Areas

In the riparian forest soil, which drains into the C2 stream, mean Fe concentrations in the soil solution at different 
depths ranged between 2.1 and 2.9 mg L −1 (Table S1 and Figure S1 in Supporting Information S1). While differ-
ences over depth were moderate in general, Fe concentrations at 35 cm were significantly lower than those at 45 
and 55 cm (p35–45 = 0.014, p35–55 = 0.008). Between 2003 and 2020, Fe concentrations increased at all depths, 
with the highest increase within the dominant source layer (DSL, 35–55 cm), where concentrations increased by 
0.23–0.26 mg L −1 yr −1 (Table S1 in Supporting Information S1, Figure 3b). DOC concentrations were more vari-
able across depths (26–67 mg L −1), with the highest concentrations in the top 10 cm and decreasing with depth 
(Table S1 and Figure S1 in Supporting Information S1). DOC increased at a rate of 1.41–1.90 mg L −1 yr −1 in 
the DSL (Figure 3d), but showed a negative trend at 25 cm and no trend at 10 cm depth (Table S1 in Supporting 
Information S1). SO4 2− concentrations in the DSL showed a pronounced decrease in the beginning of the time 
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series (2003–2006), but increased by 5-fold in 2007, and then declined gradually after that (Figure 3f). pH in the 
riparian soil, although measured only from 2009 to 2020, displayed no temporal trend (Figure 3h). Partial least 
square analysis, including data from all depths and sampling occasions, showed that Fe concentrations in riparian 
soil solution were negatively correlated with SO4 2− (SRC = −0.30) and positively correlated with aluminum (Al; 
SRC = 0.24), NH 4+ (SRC = 0.18), and DOC (SRC = 0.16) concentrations. In the DSL of the riparian zone, both 
Fe (tau = −0.43, p < 0.001) and DOC (tau = −0.38, p < 0.001) were strongly negatively correlated to SO4 2− but 
not with pH.

For the mire, mean Fe concentrations in solution at different depths ranged between 0.6 and 1.8 mg L −1 (Figure 
S2 in Supporting Information S1). Fe concentrations were significantly lower in the DSL (200–250 cm), than 
in the layer above (150–175 cm, p < 0.01), but were highest at 350 cm. DOC concentrations were similar over 
depth, and varied from 36 to 43 mg L −1 (Figure S2 in Supporting Information S1). Temporal trend analysis was 
precluded by a large gap in the data series, but there was no apparent change in Fe concentrations when compar-
ing the years 2004 and 2007 with 2017–2020 (Figure 4b). There was also no significant trend in DOC concentra-
tions for the DSL in the mire (p = 0.11). This conforms with the data from the mire dominated stream C4, where 
no trends were observed for either Fe or DOC (Table 4, Figures 2a and 2c). A PLS analysis of data from the mire 
showed that Fe concentrations were best correlated with concentrations of other metals (SRC: Al = 0.45, silicon 
(Si) = 0.32, and manganese (Mn) = 0.29), while correlations with DOC (SRC = 0.06) and SO4 2− (SRC = −0.06) 
were weak. When looking only at the DSL (200–250 cm) of the mire, Fe correlated positively with magnesium 
(Mg) (SRC = 0.23), DOC (SRC = 0.18), conductivity (SRC = 0.17), Al (SRC = 0.17), Mn (SRC = 0.16), and 

Figure 2. Normalized X-ray Absorption Near Edge Structure spectra for the riparian forest S4 soil samples (a) and the 
C4 mire samples (b). Standard specta are included on the top for comparison with the sample spectra (SRFA as model for 
organically complexed Fe). The red dashed lines serve for comparison of the peak positions.
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negatively with pH (SRC = −0.11). Above the DSL at depths 125–175 cm, Fe correlated positively with other 
metals (SRC: Mn = 0.41, Si = 0.18, Al = 0.18), as well as DOC (SRC = 0.24) and Mg (SRC = 0.20), while the 
correlation with pH was negative (SRC = −0.14).

3.3. Trends in Streams Water Chemistry

Mean Fe concentrations in the streams were between 0.7 and 1.7 mg L −1. Out of the 13 streams, three exhibited 
a significant increase in Fe for the study period (C1, C2, C7), one stream had no significant trend (C4), while 
the remaining nine showed significant declines in Fe concentrations (Table 4). In the forest dominated stream 
C2 (Figure 3a), positive Sen slopes were observed for all months of the year, with significant trends for March, 
April, May, June, November, and December. In the mire dominated stream C4 (Figure 4a), Sen slopes were not 
significant for most months, but for March and April, there were significant negative trends over time.

Significant positive trends in DOC were found in all streams except for C4, C5, and C6, which showed no signif-
icant trend (Table 4). Recovery from atmospheric sulfate (SO4 2−) deposition was evident as all streams showed 

significant declining trends in SO4 2− concentrations (Table S2 in Support-
ing Information S1). Significant declining trends in total nitrogen were also 
found for all streams except for C1, which showed no significant trend (Table 
S2 in Supporting Information S1). Despite the declining SO4 2− concentra-
tions, pH exhibited significantly declining trends in all streams (Table S2 in 
Supporting Information S1). There was no significant trend in discharge (Q) 
in any of the streams.

The relationship between Fe and DOC was positive in all streams, with the 
slope of the relationship being steeper in the lower order streams (Table S3 
in Supporting Information S1). The relationship between Fe and Q showed 
differences between streams, with streams showing positive, negative and 
insignificant correlations between Fe and Q (Table S3 in Supporting Infor-
mation S1). In the mire outlet stream (C4), Fe showed the strongest negative 

Table 2 
Proportion of Fe Phases Identified by Linear Combination Fitting and Residuals of the Fits From the X-Ray Absorption 
Near Edge Structure and Extended X-Ray Absorption Fine Structure Data

Distance from stream Depth (cm) SRFA (%) Ferrihydrite (%) Goethite (%) Biotite (%) Residuals

4 m (S4) 10–19 XANES 91 9 b.t. b.t. 0.0000508

EXAFS 85 15 b.t. b.t. 0.233

19–35 XANES b.t. 8 61 32 0.000147

EXAFS b.t. 24 35 41 0.168

45–55 XANES b.t. 3 43 54 0.000133

EXAFS b.t. 6 21 73 0.257

12 m (S12) 10–20 XANES 34 8 32 27 0.0000879

EXAFS 41 29 8 23 0.169

20–40 XANES b.t. 8 48 44 0.000132

EXAFS b.t. 11 26 63 0.650

40–55 XANES b.t. 6 44 51 0.000172

EXAFS b.t. 12 20 68 0.361

22 m (S22) 8–15 XANES 42 b.t. 14 44 0.000284

EXAFS 31 b.t. 24 45 0.810

20–35 XANES 18 44 13 25 0.000088

EXAFS 14 40 20 26 0.253

Note. b.t.: below threshold. Contribution lower than the threshold limit of 1%. The soil samples were collected at different 
depths and distances from stream C2 in a spruce forest transect. SRFA was used as a model for organically complexed Fe.

Table 3 
Proportions of Fe Phases Identified by Linear Combination Fitting Based 
on X-Ray Absorption Near Edge Structure Data From the Mire, and 
Residuals of the Fit

Depth (cm) Ferrihydrite (%) Siderite (%) Vivianite (%) Residual

00–50 61 20 19 0.000212

50–100 40 23 37 0.000187

100–150 53 24 23 0.000142

150–200 46 24 29 0.000136

200–250 56 25 19 0.000120

250–300 58 26 16 0.000144
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Figure 3. Fe, dissolved organic carbon, and SO4 2− concentrations and pH in the forest dominated stream C2 (left panels) and in the dominant source layer (DSL, 
35–55 cm) of the riparian zone (right panels, S4). Colors represent seasons: winter (December–March), spring (April–May), summer (June–August) and autumn 
(September–November). Statistical outliers (<5%, except for panel E (7%)) were excluded for better visualization.
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Figure 4. Fe, dissolved organic carbon, and SO4 2− concentrations and pH in the mire dominated stream C4 (left panels) and in the dominant source layer (DSL, 
200–250 cm) of the mire (right panels). Colors represent seasons: winter (December–March), spring (April–May), summer (June–August) and autumn (September–
November). Statistical outliers (<5%, except for panels E (8%) and G (17%)) were excluded for better visualization.
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correlation with Q, indicating the dilution at high discharge, while this relationship was positive in the forest 
dominated stream C2. Seasonally changing discharge also influenced Fe fluxes across the year with the highest 
fluxes of Fe seen during the spring freshet in April and May, while fluxes were lowest during winter baseflow 
(Table S4 in Supporting Information S1). Fe fluxes generally increased with catchment area.

The rate and direction of change in Fe concentrations across streams was well explained by differences in land 
cover (Figure 5a), that is, the Theil-Sen estimate of slope correlated positively with the integrated measure of 
catchment characteristics (PC1; r 2  =  0.51, p  =  0.015; Kendall correlation test; Figure  5b). Catchments with 
high positive scores on PC1 were characterized by a higher percentage of spruce, larger tree volume, older stand 

Table 4 
Mean Concentrations and Rates of Change for Fe and Dissolved Organic Carbon in Streams During 2003–2020

Stream Stream order

Fe DOC

Mean (mg L −1)
Change 

(mg L −1 y −1) p value Mean (mg L −1)
Change 

(mg L −1 y −1) p value

C1 2 1.1 0.04 <0.001 19.1 0.31 <0.001

C2 1 0.8 0.02 <0.001 18.1 0.29 <0.001

C4 1 1.3 −0.01 0.24 31.2 −0.03 0.74

C5 1 1.7 −0.03 <0.001 21.4 −0.05 0.25

C6 1 1.3 −0.03 <0.001 17.4 0.05 0.18

C7 2 1.3 0.02 <0.001 23.0 0.21 <0.001

C9 3 1.1 −0.02 <0.001 16.2 0.13 <0.01

C10 a 2 1.2 −0.01 <0.05 18.9 0.23 <0.001

C12 a 3 1.3 −0.03 <0.001 17.6 0.20 <0.01

C13 3 1.3 −0.01 <0.01 18.6 0.28 <0.001

C14 a 2 0.9 −0.03 <0.001 12.3 0.11 <0.01

C15 a 4 0.7 −0.01 <0.01 11.8 0.08 <0.05

C16 4 1.0 −0.02 <0.001 10.8 0.12 <0.01

Note. Significant trends are in bold.
 aData only available for period 2003–2016.

Figure 5. Distribution of the 13 streams across two principal component analysis components based on differences in 
catchment characteristics (a) and correlation between scores on PC1 and the Theil-Sen slopes form the Seasonal Kendall 
Test for Fe (b). Streams denoted in red had significant positive trends, blue had significant negative trends and black had 
no significant trend. The values in brackets (a) on each axis are the percentages of variance in catchment characteristics 
explained by each PC.
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age and higher percentage of till soils in the catchment. Catchments with negative scores on PC1 had a higher 
proportion of birch and pine forest, open and arable land, lake and mire cover, and had a larger overall catchment 
size (Figure 5a).

4. Discussion
Increasing Fe concentrations have been widely reported across Northern Europe (Björnerås et al., 2017; Sarkkola 
et al., 2013) and while riparian soils and wetlands have been identified as major Fe sources to streams (Björkvald 
et al., 2008; Ingri et al., 2018), it remains unclear how these sources contribute to long-term trends. Our assess-
ment of Fe time series across 13 nested, boreal streams provides evidence that large differences in these trends 
can emerge over relatively small scales as a function of catchment characteristics. Positive trends were found 
only in headwater streams draining catchments dominated by older spruce forests, while the remaining streams 
showed either no trend (a mire dominated headwater) or a significant negative trend (nine, primarily larger catch-
ments). Consistent with the observations across the stream network, Fe concentrations increased in the spruce 
dominated riparian soils, while there was no evident trend in the mire peat over the 18-year study period.

In both riparian soils and forested headwater streams, Fe and DOC concentrations were well correlated, suggest-
ing that the two are mobilized together. Surprisingly, however, the majority of streams in the network showed 
declining Fe trends, highlighting differences within the stream network that were not in line with increasing DOC 
trends observed for the majority of those streams (Fork et al., 2020). Since most sites with declining Fe trends 
were higher order streams, this suggests that Fe-DOC interactions alone cannot explain Fe trends downstream and 
that in-stream processes or changing source contributions might be driving these observations. In the following 
sections, we discuss our results from the standpoint of Fe movements in the catchment: starting with the soil Fe 
sources and mobilization into the soil solution, followed by transport into streams and finally the processing of 
Fe along the aquatic continuum.

4.1. Fe Mobilization From Riparian Soils

In the riparian forest soil, the contribution of Fe-OM complexes was strongly dominant in the shallow layer, 
where the OM content was highest, while Fe(oxy)hydroxides and biotite were more prominent in deeper soil 
strata. The tendency of increasing Fe(II) with soil depth may reflect biotite, which contains both Fe(II) and Fe(III) 
in its mineral structure. Similar speciation in the riparian soil phase was identified by Sundman et al. (2014), who 
also investigated speciation in the soil solution and found that it was dominated by Fe(II)-OM and Fe(III)-OM 
mononuclear complexes. In the present study, Fe concentrations correlated well with DOC, which is in line with 
Fe-OM complexes being the main form of Fe mobilized from organic riparian soils. A predominant contribu-
tion of Fe-OM complexes in the soil solution has also been found in other organic and mineral soils (Škerlep 
et al., 2021), highlighting the importance of OM complexation for Fe translocation and in preventing Fe precip-
itation (Sjöstedt et  al.,  2013). In addition, Fe(oxy)hydroxides can be mobilized through reductive dissolution 
under water-saturated periods with low oxygen conditions when Fe(III) becomes the preferred electron acceptor 
(Schwab & Lindsay, 1983), and through other biotic processes where Fe is dissolved by organic acids and sidero-
phores (Reichard et al., 2007) or is dissolved to facilitate Fenton reactions (Krumina et al., 2022).

In the DSL of the riparian zone, Fe and DOC concentrations both increased during the period observed in this 
study and showed an inverse temporal relationship with SO4 2− concentrations. Although atmospheric S deposi-
tion in Northern Sweden has largely returned to preindustrialization levels, an extreme drought in 2006 seems to 
have led to the oxidation of reduced organic S, causing an episodic increase in riparian soil SO4 2− concentrations 
(Laudon, Sponseller, et al., 2021; Ledesma et al., 2016). Reduced organic S is a dominant form of S in organic 
soils (Skyllberg et al., 2003) and can quickly oxidize when soils are aerated during drought (Clark et al., 2005; 
Prietzel, Thieme, et al., 2009). We suggest that the extreme drought event led to a rapid oxidization of organic S 
and degradation of OM, which generated a pool of available Fe and OM that was released into solution over the 
following years. High SO4 2− concentrations immediately after the drought likely suppressed the solubility of OM 
by decreasing the pH (Clark et al., 2005; Ekström et al., 2011; Evans et al., 2012), and indirectly influenced Fe, 
which depends on complexation with OM to remain in solution.

While SO4 2− concentrations recovered to predrought levels within a couple of years, Fe and DOC continued to 
increase and reached concentrations twice as high as predrought. Drought induced suppression of DOC mobility 
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has previously been reported in peat soils, however past studies mostly report recovery to predrought DOC 
levels within weeks or months upon rewetting (Clark et al., 2005, 2012; Freeman et al., 2004). Yet, in a study 
exploring drought effects in a UK peat catchment, Worrall et al. (2006) suggest that severe drought can trigger 
biogeochemical processes that lead to a decade-long period of elevated DOC production. The proposed mecha-
nism behind this is that oxygenation of organic soils triggers an enzymic latch mechanism, where enzymes are 
switched on by drought and are not switched off again afterward (Freeman, Evans, et al., 2001; Freeman, Ostle, 
& Kang, 2001). In the present study, these mechanisms could explain the decade-long increase in DOC and 
consequently Fe mobilization in the riparian soil and further suggest that severe drought could alter DOC and Fe 
trends in forested headwater streams long after such events end. Further research will be needed to explore the 
effects of severe droughts on riparian biogeochemistry and their potential to increase Fe and DOC mobilization 
(Tiwari et al., 2022).

4.2. Fe Mobilization From Mires

In the mire, poorly ordered Fe(oxy)hydroxides, siderite, and vivianite were identified as major soil phases by XAS 
analysis. Siderite and vivianite are known to form as authigenic secondary minerals in peat mires under anoxic 
conditions (Bojanowski et al., 2016; Heiberg et al., 2012; McMillan & Schwertmann, 1998). Fe(oxy)hydroxides 
could form as an oxidation product when Fe(II) in siderite or vivianite is oxidized. We can also not exclude 
that some phases, such as Fe sulfides, may have been lost due to oxidation during sample handling (Prietzel, 
Tyufekchieva, et al., 2009). Poorly ordered Fe(oxy)hydroxides should be available for mobilization by reductive 
dissolution, which has been shown to be an important process controlling Fe mobility in wetlands (Knorr, 2013; 
Roden & Wetzel, 2002); however, oxidation could also lead to the release of Fe from vivianite or siderite. In this 
study, the PLS analysis showed a strong positive correlation between Fe and Mn in the mire, especially above 
the DSL, indicating that reductive dissolution plays an important role in Fe mobilization in the mire. Since Mn is 
reduced at higher redox potentials than Fe, we can assume that when conditions favor Fe reduction, Mn will also 
be reduced and there will be a positive correlation between the two in solution (Shiller, 1997). Changing redox 
conditions during water table fluctuations have previously been shown to be important in Fe mobilization from 
wetlands (Knorr, 2013). In the present study, drought likely had little effect on Fe exports from the mire since 
the DSL is located several meters deep and is unlikely to get oxidized during even extreme drought events. In 
shallower layers of the mire, extreme drought could lead to similar mobilization of Fe and DOC as discussed for 
riparian soils, but we were unable to observe this due to the lack of continuous soil solution data.

4.3. From Sources to Streams

Previous studies testing surface water Fe trends in Northern Europe have mostly reported increasing concentra-
tions (Kritzberg & Ekström, 2012; Sarkkola et al., 2013; Xiao & Riise, 2021), while decreasing trends have been 
reported in some parts of North America (Björnerås et al., 2017). Here we observe these opposing trends within a 
single nested mesoscale catchment. The fact that streams with increasing Fe trends in this study were dominated 
by coniferous forest conforms with an analysis on a much wider geographic scale, demonstrating that rates of 
increasing Fe concentrations were higher in catchments with a larger proportion of coniferous forest (Björnerås 
et al., 2017). In older spruce forests, thick organic soil layers accumulate (Rosenqvist et al., 2010) and can support 
high concentrations of Fe-OM complexes in solution (Škerlep et al., 2021). The accumulation of OM is particu-
larly pronounced in riparian zones, which has been identified as significant contributors of Fe to boreal streams 
(Ingri et al., 2018). On the other hand, mire Fe concentrations did not change for the duration of this study, which 
was reflected in the stream (C4) that directly drains the mire. While hydrological conditions may exert strong 
seasonal controls on Fe concentrations coming from the mire (Björkvald et al., 2008), discharge showed no long-
term trend. Surprisingly, stream C5, which is located directly at a lake outlet, had the highest average Fe concen-
trations and showed a declining Fe trend. Collectively, these observations show how catchment heterogeneity, 
namely the relative cover of forests, mires, and lakes, can regulate Fe dynamics in headwater streams, in this case 
leading to highly variable trends across relatively small spatial scales.

While Fe concentrations in streams reflect changes in the terrestrial sources, we show that changes in the 
headwaters cannot be generalized to higher-order streams in the same network. Indeed, the declining Fe 
concentrations in nine of the streams were unexpected, not least considering that DOC concentrations were 
increasing in the majority of streams (10 out of 13; Table 4; Fork et  al.  (2020)). Fe and DOC concentra-
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tions in boreal headwater streams are usually well correlated (Neubauer et al., 2013; Oni et al., 2013), both 
because the major source for both is organic soils, and because organically complexed Fe appears to be 
the dominant form of Fe transported from soils to headwaters (Herzog et  al.,  2020; Sjöstedt et  al.,  2013; 
Sundman et al., 2014). Despite these interrelationships, our results suggest that while increases in DOC input 
to headwaters can translate into browning throughout the network, the upstream-downstream Fe trends are 
seemingly uncoupled. This uncoupling could arise from ongoing changes in in-stream Fe processing or if 
headwater Fe trends from particular sources contribute to higher relative signals downstream. For example, 
an explanation for declining Fe trends at some of these sites could be that the lake outlet at C5 dominated Fe 
loadings to sites further downstream, since it had the highest average Fe concentrations and showed a long-
term decline in Fe. The lake outlet (C5) has been shown to contribute up to 75%, 50%, and 25% of the total 
water flow to streams C6, C9, and C13, respectively, and has the highest downstream water flow contribution 
during moderate flow levels (Leach & Laudon, 2019). This hypothesis is further supported by our calcula-
tions of Fe fluxes, which show that during some periods of the year, C5 represented up to 85%, 49% and 21% 
of the Fe loadings at C6, C9, and C13, respectively (Table S4 in Supporting Information S1). Declining Fe 
concentrations in the lake would therefore lead to declining trends at its outlet C5 as well as at downstream 
locations C6, C9, and C13. The lake is small (0.04 km2) but deep enough (maximum depth 6.7 m) to allow 
the loss of Fe by sedimentation, which may increase during drier periods when retention time in the lake 
increases (Weyhenmeyer et al., 2014). Unfortunately, long-term physio-chemical data were not available for 
the lake and the stream data could not help pinpoint mechanisms diving downstream Fe concentration trends. 
The decline could be connected to processing in the water column, where for example, pH or light induced 
transformations of Fe leads to aggregation and loss from suspension (Neubauer et al., 2013; Weyhenmeyer 
et  al.,  2014). Alternatively, the declining trends could be caused by changing climate (e.g., cloud cover, 
ice cover, water temperature, stratification) or changing metabolism in the water column. Regardless of the 
mechanisms behind observed Fe trends, hydrological connectivity between catchment sources and streams 
exerts a strong control over stream Fe concentrations and can have a strong downstream influence. To explain 
downstream trends when headwater trends are heterogenous, it is clearly important to understand how water 
from the smallest streams mixes, as well as how the pot contribution from groundwater sources may further 
alter chemical  signals (Leach & Laudon, 2019).

5. Conclusions
Organic soils are major sources of Fe to boreal freshwaters, and in this study, we show that forested parts of catch-
ments contributed to increasing Fe trends, while mires did not seem to be increasing sources. While large-scale 
drivers such as atmospheric deposition and climate change might explain Fe trends on regional and large catch-
ment scales (Björnerås et al., 2017), we show that when studying headwater streams, understanding the contri-
butions from discrete catchment sources is essential. This is highlighted by the differential trends in streams 
draining forest-, mire-, and lake-dominated catchments in this study. At the same time, we show that changes in 
headwater Fe concentrations cannot necessarily be generalized to higher order streams downstream. Although we 
show that Fe and DOC are strongly correlated with headwater streams, the mismatch in long-term trends suggests 
that changes in DOC concentrations alone cannot explain the trends in Fe concentrations. Finally, we show that 
extreme events such as drought can shape soil solution and stream Fe dynamics not only within a season but 
also over a span of several years and can strongly influence long-term trends. Although it is unclear how climate 
change will shape the frequency and severity of droughts in northern regions (Forzieri et  al.,  2014; Spinoni 
et al., 2018), understanding their effects on Fe and other OM associated metals will be important in predicting 
future stream water chemistry trajectories. Further studies are needed to investigate the exact mechanisms behind 
the drought induced release of Fe and DOC from organic soils and how these processes will affect stream Fe 
dynamics in diverse catchments.

Data Availability Statement
The data used for the purpose of this study are available through zenodo.org via https://doi.ogr/10.5281/
zenodo.7374175 and can be freely accessed at https://zenodo.org/record/7374175#.Y4UdKXbMIaY Škerlep 
et al. (2022).
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